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Abstract

This paper is aimed at defining two new advantageous maturation parameters based on distribution
and abundance of phenanthrene (P) and methylphenanthrene (MP) isomers in the tricyclic fraction of
aromatic hydrocarbons: MPI 3+1/PAI 1 and [2(2-MP+3-MP)+P]/1-MP. The applicability of newly pro-
posed parameters was checked by correlation analysis. Depth of the reservoir rock, diasterane maturation
parameter, as well as several typical aromatic fraction maturation parameters were used for this purpose.
The examined oils (fourteen samples from nine oil fields of Sakhalin Island, Russia), were of Miocene age
and from reservoir rocks of relatively wide range of depths (73-2841 m). All samples represented biode-
graded, or mixtures of biodegraded and nonbiodegraded oils [1].

I ntroduction

Structural changes of methylphenanthrene (MP)
isomersin sedimentsare pretty well understood. They
werefound to consist mainly of the transformation of
a-isomers (1-MP and 9-MP) into thermodynamically
more stable 3-isomers (2-MP and 3-MP), aswell as
dealkylation of both a- and B-isomers yielding
phenanthrene (P). Hence, important maturation pa-
rameters based on crude oil tricyclic aromatic frac-
tion constituents resulted from the investigation of
these reactions [2,3]. The corresponding parameters
most frequently used were the following: methyl-
phenanthrene index 1 MPI 1 = 1,5 (2-MP+3-MP)/
(1-MP+9-MP+P) [4], methylphenanthrene index 3
MPI 3= (2-MP+3-MP)/(1-MP+9-MP) [5,2], phenan-
threne parameter 1 PP 1 = 1-MP/(2-MP+3-MP) [6],
phenanthrene alkylation index 1 PAl 1 = (1-MP+2-
MP+3MP+9-MP)/P[ 7] and methylphenanthreneratio
1 MPR 1=2-MP/1-MP [8].

Considering the fact that crude oil aromatic hy-
drocarbonsin reservoir rocksare much moreresistant
towards microorganismsthan its alkane constituents
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[9], MP-Pmaturation parametersare particularly use-
ful and important in correlation studies of biodegraded
crude oils. Thus, for example, fourteen samples of
biodegraded crude oilsoriginating from Sakhalin Is-
land (Russia) ail fields were recently classified, ac-
cording to maturation degree based on maturity pa-
rameter MPI 3, into three groups [1]. Moreover,
investigating the same fourteen samples of biode-
graded oils, it was shown that the content of phenan-
threneinthetricyclic aromatic fraction, [P], may also
be successfully used for the assessment of crude ail
maturity. High maturity crude oilswere suggested to
contain more than 14% phenanthrene, crude oils of
moderate maturity between 7 and 14%, and crude ils
of low maturity lessthan 7% phenanthreneinthetri-
cyclic aromatic fraction [1].

Favourable properties of the available set of crude
oils originating from the Sakhalin Island oil fields,
i.e., inthefirst place thewiderange of depthsof their
reservoir rocks (73-2841 m), but also their matura-
tion degree heterogeneity [1], aroused our interestin
widening the list of reliable maturation parameters,
preferably based on both i somerization and dealkyla-
tion processes of methylphenanthrenes. Therational
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for thisinterest was found in the belief that alarger
number of reliable maturation parameters may only
be helpful in any future correlation study of biode-
graded oils.

Consequently, in this paper the contents of al in-
dividua MPisomersaswell asPwerefirst correlated
with the reservoir rocks depths, aimed at checking
whether their usage for defining maturation param-
eterswasjudtified. Since significant positive correla-
tions were observed, two novel maturation param-
eterswere proposed. Having in mind that i someriza-
tion of phenanthrene a-methyl isomersinto [3-isomers,
as well as their dealkylation into phenanthrene, do
represent two basic maturation processes of methyl-
phenanthreneisomersin crudeoils, parametersinvol v-
ing both mentioned types of transformation processes
were considered to be advantageous as maturation
parameters.

Experimental

Fourteen crude oil samples of Miocene age from
nine Sakhalin Idand (Russia) oil fieldswere analyzed
in this paper. The list of samples, including data on
thewiderange of reservoir rock depths (73-2841 m),
together with the wide range of formation pressures
(2-25 MPa) and temperatures (9-86°C) is shown in
Table 1. All ssmpleswereeither biodegraded or were
mixtures of biodegraded and nonbiodegraded crude
ails[1].

Methylphenanthrene isomers as well as phenan-
threneitself wereidentified by gas chromatographic
analysisof thetricyclic aromatic hydrocarbons frac-
tion (Biochrom 3700, quartz capillary column; SE-
54; He carrier gas; FID) [10,3]. Identification of in-
dividual isomerswasbased on comparison with amix-
ture of standards, and their proportions were deter-
mined by computer data processing (Shimadzu, Model
ICR, 1B). Locations of the oil fields, together with
geological data on the whole basin, as well as ana-
lytical methods and instrumental techniques applied,
were described in detail elsewhere[1].

Results and discussion

The proportions of methylphenanthrene isomers
1-MP and 9-MP (a-isomers) and 2-MP and 3-MP
(B-isomers), aswell asphenanthreneitsalf, determined
inthetricyclic aromatic fraction of fourteen samples
examined, are shownin Table 2.

Significant positive correlations were observed

Tablel
List of crude oil samples, together with reservoir depthsand
thewiderange of formation pressures and temperatures.

Sample No Field Reservoir depth (m)
1 Kolendo 1489
2 Okha 1190
3 Okha 586
4 Okha 73
5 Ekhabi 514
6 Eastern Ekhabi 794
7 Eastern Ekhabi 710
8 Eastern Ekhabi 219
9 Sabo 1983
10 Paromai 956
n Paromai 929
12 Low Dagi 2841
13 Mongi 2203
14 Katangli 128

Formation pressure range 2-25 MPa
Formation temperature range 9-86°C

Table2
Values of parameter Dr and proportions of (MP), (P)
and anthracene (A) in crude oils (relative to total
tricyclic aromatic hydrocarbons), %.

No | Dr |1-MP|9-MP|2-MP|3-MP| P A

1 |0.605| 858 | 9.91|10.02| 9.80 | 11.68| 0.35
2 |0.640| 822 | 11.11| 8.22 | 10.44| 10.22| 0.32
3 |0.625| 690 | 858 | 7.65| 8.21| 8.58 | 0.58
4 10610 6,50 | 10.13| 4.16 | 3.84| 4.37 | 0.64
5 |0.630| 8.07| 891 | 807 | 857 |11.76| 0.58
6 |0.643| 8.36 | 10.20| 850 | 8.22 | 13.31| 0.57
7 10.619| 8.60 | 11.17| 10.46| 11.75| 13.18| 0.72
8 |0.629| 661 | 881 | 872 | 7.34 |11.74| 0.69
9 |0.652| 7.33 | 10.81| 10.62| 13.37| 20.88| 0.48
10 |0.632| 9.65| 9.18 | 8.16 | 8.63 | 13.73| 0.49
11 |0.623| 8.66 | 8.66 | 8.74 | 9.15 | 12.86| 0.37
12 [0.672| 9.17 | 7.72 | 10.42| 8.69 | 15.44| 0.30
13 [0.656| 7.97 | 9.36 | 9.19 | 11.09| 17.85| 0.35
14 |0.600| 4.70 | 2.78 | 3.08 | 2.60 | 6.05 | 1.54
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between the proportions of these rel evant constituents
of tricyclic aromatic fraction and the corresponding
crude oil reservoir rock depths (Table 3; Fig. 1). In
correlations of [P] with the reservoir rock depths,
calculation of correlation coefficients was based on
logarithmic dependence (Table 3; Fig. 1a), since dur-
ing the process of maturation the proportion of
phenanthrenefirst increased to amaximum, remaining
constant afterwards. In this particular case the
logarithmic curve reached amaximum at the depth of
approximately 2500 m.

Table3
Results of correlaton analyses: proportions of phenan-
threne and methylphenanthrene isomers in tricyclic
aromatic fraction — reservoir rock depths.

Parameters Mathem;(tri)gal aequation OSIE?;:JCFG
Yi|X & Depth !

[F1 (%) y= 3(.).288%59I Em?k())?o%.265 1@
2MP (%) y= -1.24-106-761Z Eroi()).g(l))fssx +a04] 10
SMP OOy - _2.54%3_?32(2.%(.)&))9)( +363| 1©
1-MP (%)), _ _8'45.55537?2 iogjégglx +598] M9
SMPCO) y = -1.63.265-g§2(2'%§8())5x re71| 1©

*ar — correlation coefficient; p — degree of reliability

Ontheother hand, in MPisomers—reservoir rock
depths correlations, correlation coefficients were
calculated from quadratic dependence. Compared to
logarithmic or linear dependence, from the point of
view of organic geochemistry, the quadratic depen-
dence seemed to be much better grounded. Namely,
inthis particular case, with the maturation processes
progressing, the proportion of the corresponding iso-
mersincreased inthe earlier stagesand gradually de-
creased after reaching a maximum. The parabolic
curve representing the correlation of the most stable
methyl phenanthrene, 2-M P (Dewar number: 2.18; [2])
showed a theoretical maximum at approximately
2000 m, whilethat thethermodynamically |east stable
isomer, 9-MP (Dewar number: 1.80; [2]) had amaxi-
mum at smallest depths of ca. 1500 m (Table 3; Fig.1;
b and e, respectively). This observation was quite
logical, sincethe concentration of the most stableiso-
mer, 2-MP, was beginning to decrease in the later
stages of maturation processes (i.e., at greater depths)
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Fig. 1. Correlation diagrams: (a) logarithmic dependence
[P] - depth; (b and c) quadratic dependence (3-isomers —
depth; (d and €) quadratic dependence a-isomers — depth.

compared to the least stable isomer, 9-MP. On the
other hand, dueto a higher stability of phenanthrene
compared to MP isomers, the parabolic curves were
reaching a maximum at lower depths compared to
the corresponding logarithmic [P] - depthscurve(i.e.,
1500-2000 m relative to 2500 m; Table 3; Fig. 1).
Theresults observed suggested that the processes
of isomerization and dealkylation of methylphenan-
threne isomers in the investigated set of crude ail
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samplesfor the most part occurred during their matu-
ration in reservoir rocks. Hence, these observations
justified, once more, the usage of methylphenanthrene
isomers and phenanthrene concentrations for defin-
ing crude oil maturation parameters. Consequently,
benefiting from the circumstance of having aunique
st of biodegraded crude oil samples, which, moreover,
demonstrated significant positive correlations of
methylphenanthrene isomers and phenanthrene —
reservoir rock depths, in this paper two new param-
eters are proposed as crude oil maturation param-
eters which combine both methylphenanthrene iso-

MErs Processes:

a) MPI 3+ 1/PAI 1, asmaturation parameter which
involves isomerization processes (MPI 3; [5,2])
and dealkylation processes (PAI 1; [7]); and

b) [2(2-MP + 3-MP) + P]/1-M P, as parameter aimed
at avoiding the known problems involved in the
application of 9-MPin crude oil maturity assess-
ment [2,11-13]. A newly proposed parameter is
based on isomerization processes (1-MP - 2-and
3-MP), but, in contrast to parameter PP 1 which
was proposed earlier [6], it includes dealkylation
reactions of methylphenanthrenes as well. 1so-
merization processes being energetically more
favourable than dealkyl ation processes, afactor 2
was introduced ahead of the sum of -isomers.
In order to check the reliabiliy of the MPI 3 + 1/

PAI 1 maturation parameter, the values cal cul ated for

the 14 examined crude oil samples were correlated

(linear dependence) with thereservoir rock depthsas

well as with other parameters not significantly

influenced by biodegradation: diasterane ratio Dr =
>C,—Cyx (S) diasterane/>C,—Cy (R+S) diasterane

[14,9], MPI 3, /PP 1, MPR 1, phenanthrene anthra-

ceneratio (P/A; [10]) and content of phenanthrenein

the tryciclic aromatic fraction [P] (Table 4; Fig. 2).

To carry out the correlation analysis, the parameters

used should have the Gaussian distribution. It was

checked using the Kolmogorov-Smirnov test [15].

According to the Kolmogorov-Smirnov test, therewas

no statistically significant difference between the

empirically obtained Dr (Z = 0.471; Asymp. Sig =

0.979), MPI 3 (Z = 0.642; Asymp. Sig = 0.804), 1/

PP 1 (Z = 0.655; Asymp. Sig = 0.784), MPR 1 (Z =

0.708; Asymp. Sig=0.699), P/A (Z=0.378; Asymp.

Sig = 0.999), [P] (Z = 0.600; Asymp. Sig = 0.864)

and MPI 3+1/PAl 1 (Z=0.868; Asymp. Sig = 0.438)

and the theoretical Gaussian distribution, that iswhy

it was possible to carry out the correlation analysis.

High positive correl ation coefficients were observed

in all cases, i.e., both when x-axis parameters were
partly incorporated into the proposed MPI 3 + 1/PAI
1 parameter (Table 4; Fig. 2, ¢, d, €), aswell aswhen
this was not the case (Table 4; Fig. 2, a, b, f, ).

Table4
Results of correlaton analyses: two novel parameters of
crude oil maturation with reservoir rock depths aswell as
with other maturatoin parameters independent of biodeg-
radation.

r(p) Grafics
Correlatio Mathematical equation on
Parameters figures
[2(2-MP + 3-
X1 |Y = [MPI 3+ 1/PAI 1 MP) +PI-MP |
Depth 0.690 (0.006) | 0.566 (0.035) | 2(a),
y = 2:10*x+1.13]y = 0.001x+4.78| 3(a)
o, | 0600(0023) (;5:53{%0;‘_)) 2b),
y = 7.68x- 3.50 20.03 3(b)
Mp 3 | 0-960(0.000) | 0.920(0.000) | 2(),
y=125x+0.12|y=6.89x - 0.97| 3(c)
ypp1 | 0807 (0.000) | 0.979(0.000) | 2(d),
y = 0.40x + 0.50| y = 2.76x - 0.07| 3(d)
Mpr1 | 0817 (0.000) | 0.940 (0.000) | 2(e),
y=093x+0.37|y=6.18x- 0.65| 3(e)
BIA 0.727 (0.003) | 0.631(0.016) | 2(),
y = 0.013x+1.01|y = 0.06x + 4.14| 3(f)
7 %) 0.890 (0.000) | 0.866 (0.000) | 2(g),
y = 0.054x+0.69|y = 0.30x + 2.15| 3(g)

“ar — correlation coefficient; p — degree of reliability

The reliability of [2(2-MP + 3-MP) + P]/1-MP
maturation parameter was checked in the same way
(Table 4; Fig. 3). According to the Kolmogorov-
Smirnov test, therewas no statistically significant dif-
ference between theempirically obtained [2(2-MP+3-
MP)+P]/1-MP (Z = 0.641; Asymp. Sig = 0.806) and
thetheoretical Gaussian distribution.

The correlation coefficients observed were again
sdtisfactory, i.e., they werehighly positiveinall cases.

Hence, based on significant positive correlations
with the reservoir rock depths and diasterane ratio
(Dr) aswell aswith the most important crude oil tri-
cyclic aromatic hydrocarbons maturation parameters
independent of biodegradation (Table 4; Figs. 2 and
3), thesetwo new relations could have been proposed
asreliable maturation parameters.

Following the above mentioned classification of
the examined crude oilsinto high, moderate, and low
maturity crude oils (MPI 3 and [F]; [1]), ranges for
the new maturation parameters corresponding to these
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Fig. 2. Correlation diagrams: (a) MPI 3 + 1 PAI 1 — depth; and (b-g) MPI 3 + 1/PAI 1 — biodegradation independent
maturation parameters.

three categoriesof crude oilsare also suggested (Table proposed: MPI 3+ 1/PAl 1 and [2(2-MP + 3-MP) +

5; Fig. 4). P]/1-MP. Very good correlation of these parameters
was observed with reservoir rock depths of fourteen

Conclusions variously biodegraded crude oil samples originating
from the Sakhalin Island (Russia) oil fields, as well

Two novel parameters of crude oil maturation as with several maturation parameters independent
based on tricyclic aromatic fraction constituents are of biodegradation. Thefollowing ranges of thesetwo
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Fig. 3. Correlation diagrams: (a) [2(2-MP + 3-MP) + P]/1-MP — depth; and (b-g) [2(2-MP + 3-MP) + P]/1-MP — biodeg-
radation independent maturation parameters.

Table5
The ranges of newly proposed parameters determined for the mentioned three groups of crude oils
Maturation degree
Group (MPI 3 values): ([P]) MPI 3 + 1/PAI 1 [2(2-MP+3-MP)+P]/1-MP
High maturity
! (> 1.00); (> 14.00) > 1.50 > 5.80
Moderate maturity
! (0.80-1.00); (7.00-14.00) 1.25-1.50 4.00-5.80
Low maturity
" (< 0.80); (< 7.00) <125 <4.00
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Fig. 4. Classification of the investigated crude oils according to méturity (groups1-111), based on the proportion of phenan-
threnein tricyclic aromatic fraction [P], on parameter MPI 3, aswell as on two newly proposed maturation parameters: (a)

MPI 3+ L/PAI 1, and (b) [2(2-MP + 3-MP) + P]/1-MP.

parameters are suggested: for high maturity crude oils
(group I) > 1.50 and > 5.80, for moderate maturity
crude oils (group I1) 1.25-1.50 and 4.00-5.80, and
for low maturity crude oils (group 111) < 1.25 and <
4.00, respectively.

The observed proportionality of thereservoir rock
depths, at which logarithmic [P] - depth curve and
the parabolic MP - depth curves reached theoretical
maximal values, with the thermodynamic stability of
individual isomers, i.e., P (ca. 2500 m) > 2-MP (ca.
2000 m) > 3-MP= 1-MP (ca. 1800 m) > 9-MP (ca.
1500 m), suggested that i somerization and dealkyla-
tion maturation processes of methylphenanthreneiso-
mersin crudeoilsof SakhalinIsland oil fieldsmainly
occurred in reservoir rocks themselves. The justifi-
ability of using the proportions of phenanthrene and
its methyl isomers in the tricyclic aromatic fraction
for the cal culation of maturation parameterswasthus
confirmed.
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