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ARTICLE INFO ABSTRACT

Associate Editor—Joseph Curiale In this study, pyrolysis experiments were performed on two crude oils with different origins in a closed system,
and the pyrolyzed oils were then analyzed for spectral parameters, including fluorescence lifetime, fluorescence

Keywords: spectra and infrared spectra, as well as for gross chemical compositions. The results show that the evolution of

Crude oil the fluorescence lifetime of crude oil (14 can be divided approximately into two stages during oil cracking. With
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the increasing extent of oil cracking (Pc), the t,; first increases at the early cracking stage of P¢c < 40%, and then
it decreases at the late cracking stage of P¢ > 40%. The type and concentration of aromatics in crude oils, which
can be respectively characterized by the fluorescence lifetime of aromatics (tar,) and the saturates/aromatics
ratio (Rsat/aro) Of the oils, largely control the fluorescence quantum yield and fluorescence quenching degree of
the oils, respectively, and thus the changes in the two factors during oil cracking determine the fluorescence
lifetime evolution of crude oils. The differences in fluorescence lifetime of the crude oils that are sourced from
diverse types of organic matter cannot be masked by the oil cracking process when the P¢ is smaller than 80%.
Combined with fluorescence or infrared spectral data, the fluorescence lifetime potentially can be applied to
discriminate oils of various origins in petroleum reservoirs, especially in deep, light oil/condensate reservoirs
where biomarker concentration is extremely low.

Ryder, 2005; Lakowicz, 2006; Blamey and Ryder, 2007; Rodgers and
McKenna, 2011). The fluorescence lifetime of crude oils is more stable,
repeatable and sensitive than other fluorescence parameters (Landis and
Borst, 1989; Owens et al., 2008; Rodgers and McKenna, 2011). Because
the fluorescence lifetime of crude oils correlates well with their gross
chemical compositions and physical properties (McLimans, 1987;
Ryder, 2002; Ryder et al., 2004; Pantoja et al., 2011), it is a promising
parameter to classify oil types effectively (Camagni et al., 1991; Hegazi
and Hamdan, 2002; Baron et al., 2008; Alaruri, 2014), identify oil
sources (Blamey et al., 2009; Conliffe et al., 2010), detect oil spills in
marine environments (Brown and Fingas, 2003), and even predict the
chemical compositions and physical properties of single inclusion oils in
petroleum reservoirs (Przyjalgowski et al. 2005; Liu et al., 2017; Cheng
et al., 2019).

The fluorescence lifetime as well as other fluorescence characteris-
tics of oils are mainly influenced by the types and concentrations of
chromophores in them (Wang and Mullins, 1994; Downare and Mullins,

1. Introduction

Biomarkers and isotope values of crude oils are generally used to
characterize their types, origins and classification (Peters et al., 2005).
However, the measurement of these parameters is destructive and time-
consuming, and it is also difficult to obtain information on a single in-
clusion oil (Liu et al., 2014; Volk and George, 2019). Fluorescence
measurement of crude oils provides advantages over the above methods.
It is a rapid and nondestructive method for the characterization of crude
oils, and is particularly useful for single fluid inclusion oil, light oils or
condensate samples whose diagnostic biomarker information is usually
inadequate (Burruss, 1991; Kihle, 1995; George et al., 2004, 2007; Liu
and Eadington, 2005; Steffens et al., 2011; Liu et al., 2014; Volk and
George, 2019; Ping et al., 2020). Crude oils generally have fluorescence
that can be characterized by the color, emission wavelength, emission
intensity and fluorescence lifetime (George et al., 2001; Landgraf, 2004;
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Nomenclature

PAHs polycyclic aromatic hydrocarbons

Pc the extent of oil cracking

Csat relative percentage of saturates in oil

Caro relative percentage of aromatics in oil

Rsatzaro  Saturates/aromatics ratio

Cres relative percentage of resins in oil

Casph relative percentage of asphaltenes in oil

PP-1 (1-methylphenanthrene + 9-methylphenanthrene)/(2-
methylphenanthrene + 3-methylphenanthrene)

Toil fluorescence lifetime of oil

Taro fluorescence lifetime of aromatics

Azsg 870 sum absorbance at the wavenumbers of 748 cm ™, 813
em ! and 879 cm ™! in infrared spectra

A1600 absorbance at the wavenumber of 1600 cm™! in
infrared spectra

Qes0/500 red/green ratio in fluorescence spectra

Amax maximum emission wavelength in fluorescence spectra

1995; Ryder et al., 2002; Lakowicz, 2006; Mullins, 2009, 2010; Owens
and Ryder, 2011). Chromophores generally are compounds with con-
jugated z-systems, and the dominant chromophores in crude oils are
polycyclic aromatic hydrocarbons (PAHs) (Bertrand et al., 1986). In
general, it is the PAHs in the crude oils that determine their fluores-
cence. However, PAHs with different molecular weight and chemical
structure are diverse in fluorescence quantum yield under the same
excitation condition (Lin and Davis, 1988; Ryder, 2004; Hsu and Rob-
inson, 2017). For example, high molecular weight PAHs with more fused
aromatic rings have lower fluorescence quantum yields, resulting in a
longer emission wavelength (red shift) and a weaker fluorescence
emission intensity. In contrast, low molecular weight PAHs with fewer
fused aromatic rings have higher fluorescence quantum yields, leading
to a shorter emission wavelength (blue shift) and a stronger fluorescence
emission intensity (Berlman, 1971; Ralston et al., 1996a,b; Strausz et al.,
2008, 2009; Zhang et al., 2014). Additionally, the PAHs with NSO-
containing structures generally have lower fluorescence quantum
yields than the PAHs without these structures (Bertrand et al., 1986;
Pradier et al., 1990). The concentration of PAHs in crude oils signifi-
cantly affects the collision frequency between the PAHs and other matrix
molecules, and subsequently influences the fluorescence quenching
degree of oils (Downare and Mullins, 1995; Owens and Ryder, 2011).
For example, because there are no PAHs in saturated hydrocarbon
fractions, an increasing saturates content can significantly reduce the
PAH concentration in crude oils and lead to a decrease in their fluo-
rescence quenching and a subsequent increase in fluorescence lifetime of
the oils (Ryder, 2004; Riveros et al., 2006; Cheng et al., 2019).

Table 1
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Under geological conditions, crude oils may suffer thermal cracking
to various extents after their accumulation in petroleum reservoirs,
especially in deep reservoirs (Hao et al., 2008; Bourdet et al., 2014). The
types and concentrations of the PAHs in crude oils progressively change
during oil cracking, making oil fluorescence evolve with thermal
maturation (Pradier et al., 1991; Pironon and Pradier, 1992; Huang and
Otten, 2001; Bourdet et al., 2012). On the one hand, the molecular
weight and chemical structure of PAHs are significantly altered by
thermal stress during oil cracking. The PAHs with alkyl or naphthenic
side chains first crack into methylated aromatics via the breakdown of
side chains, and then the methylated aromatics are further condensed
into fused PAHs with more aromatic rings that finally form pyrobitumen
at elevated maturation levels (Tissot and Welte, 1984; Watanabe et al.,
2001; Al Darouich et al., 2006). On the other hand, the concentration of
PAHs in crude oils also changes during oil cracking. At the early stage of
oil cracking, the breakdown of side chains in some polar fractions of
crude oils may generate a certain amount of saturates, resulting in a
decrease in the PAHs concentration and subsequently reducing fluo-
rescence quenching. At the late stage of oil cracking, however, most
saturate hydrocarbons progressively crack to gaseous hydrocarbons,
leading to an increase in the PAH concentration and subsequently
enhancing fluorescence quenching (Khorasani, 1987; Huang and Otten,
2001; Teinturier et al., 2003). It was reported (Hagemann and Holler-
bach, 1986; Behar et al., 2002; Dartiguelongue et al., 2006; Chang and
Huang, 2008) that, with increasing extent of oil cracking, the fluores-
cence intensity increases and the red/green ratio (Qgs0,500) decreases,
accompanying a blue-shift (a decrease in emission wavelength) for the
maximum emission wavelength (Amax); after reaching a certain extent of
oil cracking, however, both the fluorescence intensity and the Qgs0,500
trend reverse, accompanying a red-shift (an increase in emission
wavelength) for the Apax; at the end stage of oil cracking, the PAHs in
crude oils are completely converted into gases or pyrobitumen, and the
fluorescence of crude oils finally vanishes.

These are still relatively few studies on the fluorescence lifetime of
crude oils. Especially, the effects of oil cracking on the oil fluorescence
lifetime are unclear, which hinders its application in petroleum
geochemistry studies. In this study, two typical crude oil samples
generated from distinct source rocks were used in closed pyrolysis ex-
periments to obtain pyrolyzed oils with different cracking extents. The
fluorescence lifetime, fluorescence and infrared spectral parameters,
molecular index of thermal maturity as well as gross chemical compo-
sitions of the original oils and their pyrolyzed oils were measured to
investigate the fluorescence lifetime evolution and its main controlling
mechanisms during oil cracking. Our results strengthen the application
of fluorescence lifetime to the identification and characterization of
crude oils or inclusion oils in deep, light oil/condensate reservoirs.

Geological and geochemical information of the two crude oil samples used for pyrolysis experiment in this study.

Sample information Reservoir temperatures  Density (g/cm?®,

Sulfur content  Viscosity (50 °C, Biomarker indices Organic facies of

o a ° 2
Name Depth (m) Formation o 20°0) 0 mm’/s) Ts/Tm Ca9Ts/ source rocks
b ng c
WC19  1277-1281  Miocene 59.1-59.2 0.9200 ¢ 0.14 ¢ 56.24 4 207¢ 0661 medium-deep
Zhujiang lacustrine ¢
YJ33 17885 Miocene 76.7 0.8004 © 0.06 © 1.72°¢ 091°  046° swamp
Zhujiang

2 The reservoir temperatures were calculated based on the burial depth of reservoirs, the averaged geothermal gradient of this basin (3.45 °C/100 m) and the

averaged seafloor temperature of this basin (15 °C) (Gong and Li, 2004).
b Ts/Tm: ratio of Cy7 18a(H)-trisnorneohopane to Cy; 17a(H)-trisnorhopane.
€ Cy9Ts/Cao: ratio of Cag 18a(H)-trisnorneohopane to Cag hopane.
4 Data cited from Cheng et al. (2013a,b).
¢ Data cited from Cheng (2013).
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Table 2
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The extent of oil cracking and gross chemical compositions of the original and pyrolyzed oils at different experiment temperatures in this study.

Sample Experiment EASY% Weight of Weight of DCM- Extent of oil Gross chemical composition
name temperature Ro * (%) original oil soluble fractions of cracking (Pc, K K

) (m,, mg) pyrolyzed oil (m,, %) Saturates Aromatics Resins Asphaltenes Saturate.as/ )

(%) (%) (%) (%) Aromatics ratio
mg)
(Rsat/aro)

WC19 Original Original _b _b 0.0 54.3 ¢ 23.9°¢ 15.2°¢ 6.6 ¢ 2.27

300 0.74 264.1 218.1 17.4 60.3 22.0 14.1 3.6 2.75

330 0.87 266.9 207.2 22.4 60.0 20.4 13.6 6.0 2.94

360 1.06 281.4 204.9 27.2 66.5 20.6 9.8 31 3.24

380 1.23 276.8 168.2 39.3 67.3 20.6 9.8 2.3 3.27

400 1.42 253.0 102.0 59.7 56.7 29.1 9.0 5.3 1.95

420 1.65 238.9 40.4 83.1 17.3 69.8 8.8 41 0.25
YJ33 Original Original _b _P 0.0 78.9 13.5 3.6 4.0 5.84

300 0.74 267.5 228.1 14.7 81.1 11.6 3.6 3.6 6.99

330 0.87 281.3 205.4 27.0 86.6 7.3 3.5 2.7 11.89

360 1.06 271.3 185.1 31.8 86.1 7.1 3.2 3.6 12.15

380 1.23 275.3 162.5 41.0 86.2 8.7 2.9 2.2 9.89

400 1.42 250.1 108.5 56.6 78.2 16.1 2.2 3.5 4.85

420 1.65 237.8 42.5 82.1 52.2 42.0 2.8 3.0 1.24

2 EASY%Ro values were calculated using the software GOR-Isotope (GeolsoChem Corporation, 2003) based on experimental temperature and duration time.

b Data unavailable.
¢ Data cited from Cheng et al. (2019).

2. Samples and experiments
2.1. Crude oil samples

Two crude oil samples, WC19 and YJ33, collected from the Miocene
Zhujiang Formation in the western Pearl River Mouth Basin, were used
for pyrolysis experiments. The geological and geochemical information
of the two oil samples is listed in Table 1. The WC19 oil was generated
from the Wenchang source rocks from a medium-deep lacustrine facies
(i.e., semi-deep to deep lakes). Its density, sulfur content and viscosity
are 0.9200 g/cm®, 0.14% and 56.24 mm?/s, respectively. The YJ33 oil
was derived from the Enping source rocks from a swamp facies, and its
density, sulfur content and viscosity are 0.8004 g/cm?>, 0.06% and 1.72
mm?/s, respectively (Table 1). Samples WC19 and YJ33 are located at
shallow burial depths of 1277-1281 m and 1788.5 m, respectively, and
their reservoir temperatures are in the range of 59.1-59.2 °C and
76.7 °C, respectively, indicating that thermal cracking in reservoirs for
the two original samples was minimal (Table 1). The respective Ts/Tm
and Cy9Ts/Cyg values for WC19 are 2.07 and 0.66 compared to 0.91 and
0.46 for YJ33 (Table 1), further illustrating that both oil samples are of
low thermal maturity (Cheng, 2013).

2.2. Pyrolysis experiment

Oil pyrolysis experiments in sealed gold tubes have been reported in
detail previously (e.g., Hill et al., 2003; Behar et al., 2008; Tian et al.,
2008), so only the main procedures are briefly summarized here. After
one end of the gold tube was welded, the gold tube was first weighed,
then approximately 250-300 mg of the original crude oil sample was
loaded into the gold tube, and it was weighed again. The difference is the
weight of the loaded original crude oil sample (m,, mg; see details in
Table 2). The air in the gold tube was purged with high-purity argon for
10 min, and then the other end of the gold tube was welded under argon
gas. The sealed gold tube was placed in a stainless steel autoclave whose
internal pressure was maintained around 50 MPa (+1 MPa). In the
temperature-programmed oven, the autoclaves were heated from room
temperature to 240 °Cin 5 h, and then heated to each target temperature
at a rate of 20 °C/h and held for 24 h. The target temperatures in this
study were set to be 300 °C, 330 °C, 360 °C, 380 °C, 400 °C and 420 °C,
respectively. After reaching the target temperature, the autoclave was
immediately taken out of the oven and cooled to room temperature with
water quenching. The gold tube was pierced in dichloromethane (DCM)
to release the gaseous fractions and then held for 12 h. The soluble and

insoluble compositions were separated by filtering. After the DCM sol-
vent was volatilized at room temperature (25 °C), the DCM-soluble
fractions of pyrolyzed oils were collected and weighed (mp, mg; see
details in Table 2), and the extent of oil cracking (Pc, %) was then
calculated using Eq. (1).

P.= (mg 7mp)/m0 x 100% (€8]

2.3. Separation of oil fractions

The collected DCM-soluble fractions of pyrolyzed oil samples were
immersed in excess n-hexane for 12 h to preliminarily precipitate
asphaltenes, and then they were further separated into saturates, aro-
matics, resins and remaining asphaltenes with a silica gel-alumina col-
umn chromatography wusing the n-hexane, n-hexane and
dichloromethane mixture (9:1, v/v), methanol and dichloromethane,
respectively (Cheng et al., 2019). The solvents in the collected resins and
asphaltenes were first volatilized in a rotary evaporator, and then
further volatilized at room temperature (25 °C) in the fume cupboard
until the solvents were fully removed. However, the solvents in the
collected saturates and aromatics were directly volatilized in the fume
cupboard at room temperature to reduce the volatilization of the light
compositions in them (Ahmed and George, 2004). After this, the chro-
matographed asphaltenes and preliminarily separated asphaltenes were
combined together, and the weight of each collected fraction was
normalized by the total weight of the four collected fractions to obtain
their relative persentages.

2.4. Gas chromatograph-mass spectrometer measurement

A Trace-DSQ II gas chromatograph-mass spectrometer (GC-MS)
equipped with a DB-1MS fused silica capillary column (60 m x 0.32 mm
i.d., 0.25 pm film thickness) was applied to analyze the aromatic frac-
tions of oils. The temperature of the GC oven was first maintained at
100 °C for 3 min, then it was programmed to 300 °C at a rate of 3 °C/min
and held for 10 min. The electron energy and ion source temperature
were 70 eV and 250 °C, respectively. The measurement was performed
in full scan mode (m/z 50-650). The integrated area of compound peaks
was used to calculate their relative contents.

2.5. Spectra measurements

2.5.1. Fluorescence lifetime measurement
Approximately 3-5 mg of each crude oil sample was placed in the
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Fig. 1. The extent of oil cracking for the WC19 and YJ33 oil samples at
different temperatures.

inner concave of a quartz slide that was then sealed with a quartz
coverslip and non-fluorescent glue (Cheng et al., 2019). The fluores-
cence lifetime measurements were conducted using a time-resolved
fluorescence microscope (HORIBA DeltaMyc) with a TCSPC system
(Time-Correlated Single Photon Counting). Excitation light with a
wavelength of 377 nm was induced by a laser source and a barrier filter
(BA400) which limits the fluorescence emission wavelengths to greater
than 400 nm. The measurement with a maximum collected photons of
10,000 was performed in a 200 pm pinhole. A standard Ludox AS-40
(CAS number: 7631-86-9) sample without fluorescence was first used
to measure the prompt curve (i.e., the instrument response data), and
then the oil samples were measured to obtain their fluorescence decay
curves. A three-exponential method in the “DAS6-DataStation” software

Organic Geochemistry 159 (2021) 104273

was applied to fit the prompt and fluorescence decay data, and the
fluorescence lifetime of the oil sample (t,j) was obtained when the
fitting variance value is less than 1.2 (Ryder et al., 2002). Each oil
sample was measured five times on its different areas, and the averaged
fluorescence lifetime was used in this study with analytical errors in the
range of 0.4-3%.

2.5.2. Fluorescence emission spectra measurement

A Leica DM4P microscope equipped with a Craic 508PV spectrom-
eter was applied to measure the fluorescence emission spectra of the oil
samples. The light source of the instrument was an X-Cite 120 high-
pressure metal halide arc lamp having a peak excitation wavelength of
365 nm. The light path channel includes a BP excitation filter with a
peak wavelength of 360 nm, a 400 nm dichroic mirror and a 425 nm
long pass barrier filter. The measured wavelengths of fluorescence
emission spectra ranged from 400 nm to 900 nm. The normalized
fluorescence spectra as well as the Ayax and Qgso/500 values were applied
to characterize the fluorescence of investigated samples. Two mea-
surements were performed on each oil sample and the average value was
used in this study.

2.5.3. Infrared spectra measurement

A Thermo Fourier Transform Infrared Spectrometer equipped with a
“Continupm” microscope was used for the infrared spectral measure-
ment of oil samples. The background values were first measured on air at
room temperature (25 °C). Approximately 3-5 mg of each oil sample
was smeared homogeneously on the surface of a KBr crystal, and then it
was covered by another KBr crystal. The oil film located between the two
KBr crystals was immediately measured. For each sample, 265 scans
were collected with measured wavenumbers in the range of 4000-400
em™!. The measured oil infrared spectral data as well as background
values were processed with the in-built “Omnic 8” software. Five points

100 100
O Saturates @ Aromatics WC19 oil sample YJ33 oil sample
@Resins O Asphaltenes 2 N Lt 000
<80 1 b <80 1 e-® e
S / S
2 e Yo W b g
260 1 -0 T / 260 4 | ©Saturates A
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o ~\ 2] @ Aromatics ® .
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40 N 40 .
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= =
O | @t .- - \ [5] L
2y { ® €900 ® &20 -
& e o o - L gu |} o ¢
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Fig. 2. The relative percentages of gross chemical compositions for the WC19 (a) and YJ33 (b) oil samples and the saturates/aromatics ratio (Rsat/aro) Of the two oil

samples (c) at different cracking extents.
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Table 3
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Fluorescence lifetimes of the oils and their aromatic fractions, fluorescence and infrared spectral parameters as well as the molecular parameter of the original and

pyrolyzed oils.

Sample Experiment Fluorescence lifetime (ns) Fluorescence spectra data Infrared spectral data Molecular
name temperature (°C) parameter
0Oil sample Aromatics Q650,500 Amax (nm) © Az4g 879 ° Ass00 © pp-1f
(Toi)) (Taro) *
WC19 Original 1.51-1.64 6.14-6.87 0.97-0.99 570.58-570.62 0.08-0.12 0.04-0.05 0.89
(1.59) (6.58) (0.98) (570.60) (0.10) (0.05)
300 1.65-1.71 7.11-7.68 1.26-1.36 580.78-584.76 0.19-0.23 0.11-0.12 1.56
(1.69) (7.35) (1.31) (582.77) (0.22) (0.11)
330 1.89-2.15 7.94-8.17 0.90-1.08 573.46-576.90 0.11-0.14 0.07-0.09 1.36
(2.02) (8.05) (0.99) (575.18) (0.13) (0.08)
360 2.19-2.48 8.20-8.86 0.78-0.88 550.31-561.51 0.08-0.12 0.03-0.05 1.17
(2.37) (8.40) (0.83) (558.41) (0.10) (0.04)
380 2.80-2.93 8.89-9.51 0.66-0.72 551.99-552.28 0.05-0.07 0.02-0.03 0.94
(2.87) (9.18) (0.69) (552.13) (0.06) (0.03)
400 2.32-2.48 8.57-8.79 1.96-2.01 585.84-586.06 0.26-0.29 0.06-0.08 0.65
(2.37) (8.66) (1.98) (585.95) 0.27) (0.07)
420 1.71-1.87 6.11-6.17 4.98-5.25 606.08-623.17 1.20-1.27 0.33-0.41 0.36
(1.80) (6.14) (5.11) (614.62) (1.24) (0.38)
YJ33 Original 3.25-3.49 6.01-6.04 1.23-1.27 578.71-580.43 0.06-0.07 0.02-0.03 1.36
(3.42) (6.02) (1.25) (579.57) (0.07) (0.02)
300 3.45-3.65 6.45-6.76 1.30-1.35 573.86-579.57 0.09-0.11 0.04-0.06 1.12
(3.59) (6.57) (1.32) (576.72) (0.10) (0.05)
330 3.86-4.18 7.21-7.27 0.51 (0.51) 539.26-541.79 0.05-0.06 0.02-0.03 1.01
(4.06) (7.24) (540.52) (0.05) (0.02)
360 4.35-4.40 7.56-7.91 0.34-0.42 526.22-531.00 0.02-0.03 0.01-0.02 0.93
(4.37) (7.63) (0.38) (528.61) (0.03) (0.01)
380 4.60-4.79 8.13-8.53 0.27-0.29 513.16-526.00 0.02-0.03 0.01-0.02 0.80
(4.66) (8.30) (0.28) (519.58) (0.02) (0.01)
400 3.68-3.87 7.56-8.08 0.32-0.38 524.91-526.66 0.05-0.07 0.02-0.03 0.62
(3.75) (7.85) (0.35) (525.78) (0.06) (0.02)
420 1.96-2.01 1.97-2.44 1.56-1.66 579.57-582.91 0.32-0.36 0.12-0.15 0.52
(1.99) (2.20) (1.61) (581.24) (0.34) (0.14)

The data in the brackets are the averaged values.
# The fluorescence lifetimes of the aromatics in corresponding oil samples.

b The red/green ratio, i.e., the ratio of fluorescence intensity at the fluorescence emission wavelength of 650 nm and 500 nm.

¢ The maximum emission wavelength of fluorescence spectra.

4 The sum of absorbance at the wavenumbers of 748 cm ™%, 813 cm™! and 879 cm ™! in the infrared spectra.

¢ The absorbance at the wavenumber of 1600 cm ™! in the infrared spectra.

f Aromatic maturity index PP-1 = (1-methylphenanthrene + 9-methylphenanthrene)/(2-methylphenanthrene + 3-methylphenanthrene).

in different zones in the KBr crystal were measured for each oil sample,
and the measured data were averaged in this study with analytical errors
in the range of 1-3%.

3. Results
3.1. Changes in the gross chemical compositions during oil cracking

Although the two oil samples have diverse origins (Table 1), the
pyrolysis processes are similar and can be divided approximately into
two stages (Table 2; Fig. 1). At the early stage with EASY%Ro values
ranging from 0.74% to 1.23%, the P¢ values of the WC19 and YJ33 oil
samples increased slightly, from 17.4% and 14.7% to 39.3% and 41.0%,
respectively. However, at the late stage with EASY%Ro values ranging
from 1.23% to 1.65%, the respective P values of the WC19 and YJ33 oil
samples increased rapidly, from 39.3% to 83.1% and from 41.0% to
82.1% (Table 2; Fig. 1). Under the same thermal maturity levels, the P¢
values of the WC19 oil samples are slightly lower than those of the YJ33
oil samples at the early stage; however, the P¢ values of the two oil
samples are similar at the late stage (Table 2; Fig. 1).

Because the saturates, aromatics, resins and the asphaltenes differ in
thermal stability, the relative percentages of the four fractions show
different evolution trends during the oil cracking process (Table 2;
Fig. 2). At the early stage with P¢c < 40%, the relative percentages of
saturates (Cg,¢) are high and show a slight increase with increasing Pc,
whereas the relative percentages of aromatics (Cayro), resins (Cres) and
asphaltenes (C,spn) decrease with increasing Pc (Table 2; Fig. 2a,b). At
this stage, the saturates/aromatics ratios (Rsat/aro) of the WC19 and YJ33

oil samples increase from 2.27 and 5.84 to 3.27 and 9.89, respectively
(Table 2; Fig. 2c). At the late stage with P¢ > 40%, increasing Pc is
accompanied by a remarkable decrease in Csyt and increase in Cgypo.
Meanwhile, the Cres and Cygpp values are low and show a slight decrease
with increasing P¢ (Table 2; Fig. 2a,b). The Rgat/aro values of the WC19
and YJ33 oil samples dropped from 3.27 and 9.89 to 0.25 and 1.24,
respectively (Table 2; Fig. 2c). The evolutions of the gross chemical
compositions during oil cracking in this study are basically consistent
with those in other studies (Hill et al., 2003; Ping et al., 2017).

3.2. Changes in molecular maturity index PP-1 during oil cracking

The modified methylphenanthrene maturity index, i.e., the molec-
ular PP-1 parameter (1-methylphenanthrene + 9-methylphenan-
threne)/(2-methylphenanthrene + 3-methylphenanthrene), has been
used to characterize a wide range of oil maturation (Cassani et al., 1988;
Peters et al., 2005). With increasing P, the PP-1 values of the WC19 and
YJ33 samples significantly decreased from 1.56 and 1.12 to 0.36 and
0.52, respectively (Table 3; Figs. 3 and 4). Though the PP-1 parameter
can be used to reflect the extent of oil cracking, this molecular index fails
to distinguish between the WC19 and YJ33 oil samples at the late stage
of oil cracking (Fig. 4).

3.3. Fluorescence lifetime evolution of the oils and their aromatics
The fluorescence lifetimes are 1.59 ns and 3.42 ns for the original

WC19 and YJ33 oil samples, respectively (Table 3). Similar to the gross
chemical compositions, the fluorescence decay curves of the oils also
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Fig. 3. Mass chromatograms displaying methyl-phenanthrenes (m/z 192) for the original oil and pyrolyzed oil samples. (Pc: extent of oil cracking; PP-1: (1-methyl-
phenanthrene + 9-methyl-phenanthrene) / (2-methyl-phenanthrene + 3-methyl-phenanthrene)).
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Fig. 5. The fluorescence decay curves of the WC19 (a) and YJ33 (b) original oil
and pyrolyzed oil samples. The prompt curve is the background of instru-
ment response.

change with the extent of oil cracking (Fig. 5), and the fluorescence
lifetime of the oils (t,;) reveals two evolutionary stages (Fig. 6). At the
early stage with P¢ < 40%, the 7, values of the WC19 and YJ33 oil
samples increase from 1.59 ns and 3.42 ns to 2.87 ns and 4.66 ns,
respectively (Table 3; Fig. 6). At the late stage with P¢c > 40%, however,
the 1,; values of the WC19 and YJ33 oil samples decrease from 2.87 ns
and 4.66 ns to 1.80 ns and 1.99 ns, respectively (Table 3; Fig. 6).
Although the fluorescence lifetimes of the WC19 and YJ33 oil sam-
ples show similar evolutionary trends during the main stage of oil
cracking (i.e., P¢ < 80%) (Fig. 6), there are also some differences
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of the WC19 and YJ33 original oil and pyrolyzed oil samples. The normalized
oil fluorescence lifetimes are the fluorescence lifetimes of oils normalized by the
maximum fluorescence lifetime of each set of oil samples.

between the two samples. Compared with the YJ33 oil sample, the
WC19 oil sample has a higher rate of increase of 7, at the early stage
and a lower rate of decrease at the late stage (Table 3; Fig. 6). In addi-
tion, the difference in t,; values between the two samples is obvious at
the early stage of oil cracking (Pc < 40%). However, the difference
becomes progressively smaller with increasing P¢ at the late stage of oil
cracking (P¢ > 40%), and the fluorescence lifetime values of the two oil
samples become identical when the P¢ reaches approximately 80%
(Table 3; Fig. 6). Therefore, during the main oil cracking stage (P¢ <
80%), oil cracking cannot mask the difference in fluorescence lifetime
for crude oils that are derived from different source rocks.

Although the fluorescence lifetimes of aromatics (Tar,) are much
longer than those of their corresponding oil samples, their fluorescence
lifetime evolutions are similar (Table 3; Figs. 6 and 7). With increasing
P, the respective T,, values of the WC19 and YJ33 oil samples first
increase from 6.58 ns and 6.02 ns to 9.18 ns and 8.30 ns at the early
stage of oil cracking, and then decrease from 9.18 ns and 8.30 ns to 6.14
ns and 2.20 ns at the late stage of oil cracking (Table 3; Fig. 7). At the
same P conditions, the WC19 oil samples have larger 74y, values than
the YJ33 oil sample, and the difference in their t,,, values changes little
prior to Pc < 40%, but gradually becomes obvious after P¢ > 40%
(Table 3; Fig. 7).

3.4. Fluorescence spectra evolution of the oils

Fluorescence spectral data are commonly applied to identify crude
oils or inclusion oils according to their maturities or origins (Rodgers
and McKenna, 2011; Ping et al., 2019; Volk and George, 2019). Our
pyrolysis experiments indicate that the fluorescence spectra of oil
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samples change with oil cracking processes and their evolutions are
diverse at the two stages of oil cracking (Table 3; Figs. 8 and 9). At the
early stage of oil cracking (Pc < 40%), the oil fluorescence spectra
exhibit a progressive blue-shift. The Qes0/500 and Amax of the WC19 oil
sample decrease from 0.98 and 570.60 nm to 0.69 and 552.13 nm,
respectively. The Qgs0,500 and Amax of the YJ33 oil sample decrease from
1.25 and 579.57 nm to 0.28 and 519.58 nm, respectively (Table 3;
Figs. 8 and 9). At the late stage of oil cracking (P¢ > 40%), however, the
fluorescence spectra of oils display a progressive red-shift. The Qgs0,500
and Amax of the WC19 oil sample increase from 0.69 and 552.13 nm to
5.11 and 614.62 nm, respectively. The Qgs0/500 and Amax of the YJ33 oil
sample increase from 0.28 and 519.58 nm to 1.61 and 581.24 nm,
respectively (Table 3; Figs. 8 and 9). The evolutionary trends of fluo-
rescence spectra during oil cracking observed in this study are consistent
with those of oils pyrolyzed in previous studies (McLimans, 1987; Sta-
siuk and Snowdon, 1997; Chang and Huang, 2008; Ping et al., 2017). At
similar P¢ conditions, both the Qgs0/500 and Amax values of YJ33 are
lower than those of WC19, which indicates that the fluorescence spectra
of YJ33 are significantly blue-shifted in comparison with that of WC19
(Table 3; Fig. 9). Additionally, the difference in fluorescence spectra
between the two oil samples is relatively small at the early stage of oil
cracking; however, it becomes progressively larger with increasing P¢ at
the late stage of oil cracking (Table 3; Fig. 9).

3.5. Infrared spectra evolution of the oils

Infrared spectra are generally applied to distinguish crude oils of
different maturities or origins, because the absorbance at some emission
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Fig. 8. Fluorescence spectra of the WC19 (a) and YJ33 (b) original oil and
pyrolyzed oil samples.

wavenumbers in infrared spectra can effectively indicate the relative
content of certain compound classes in crude oils (Aske et al., 2001;
Abbas et al., 2012; Pabon and Filho, 2019). The absorbance at the
wavenumbers of 748 cm ™!, 813 cm™!, 879 cm™! in infrared spectra
represents the bending vibration of the C—H bond in aromatic rings,
while the absorbance at the wavenumbers of 1600 cm ! (A1600) repre-
sents the stretching vibration of the C=C bond in aromatic rings (Per-
manyer et al., 2007; Garmarudi et al., 2019; Paboén and Filho, 2019). The
respective Ay4g g79 values (sum of the absorbance at the three wave-
numbers) of the original WC19 and YJ33 oils are 0.10 and 0.07, and the
Aj600 of the original WC19 and YJ33 oils are 0.05 and 0.02, respectively
(Table 3). The two aromatization parameters (A74g g79 and Aiggo) also
change with the extent of oil cracking and display two distinct evolu-
tional stages (Table 3; Figs. 10 and 11). At the early stage of oil cracking
(Pc < 40%), the A748 g79 and A1g00 of WC19 decrease from 0.22 and 0.11
to 0.06 and 0.03, respectively, and the two parameters of YJ33 decrease
from 0.10 and 0.05 to 0.02 and 0.01, respectively (Table 3; Figs. 10 and
11). At the late stage of oil cracking (P¢ > 40%), however, the A74s_g79
and Aigp0 of WC19 increase from 0.06 and 0.03 to 1.24 and 0.38,
respectively, and the two parameters of YJ33 increase from 0.02 and
0.01 to 0.34 and 0.14, respectively (Table 3; Fig. 11). At similar P¢
values, the WC19 oil sample has higher A745 g79 and Ajggp values than
the YJ33 oil sample, indicating a higher aromatization degree during oil
cracking. In addition, with increasing Pc, the difference in the aroma-
tization parameters between the two oil samples progressively decreases
at the early stage, however, it progressively increases and becomes
greater at the late stage (Table 3; Fig. 11).
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4. Discussion
4.1. The main mechanism of oil fluorescence lifetime evolution

Though all the aromatics, resins and asphaltenes contain a certain
number of PAHs, the PAHs in themselves are diverse in molecular
weight and structure, resulting in different fluorescence quantum yields.
The PAHs in aromatics generally are small in molecular weight and do
not have NSO-containing structures. However, the PAHs in resins
generally do have NSO-containing structures (Hagemann and Holler-
bach, 1986; Khorasani, 1987; Pradie et al., 1991; Pantoja et al., 2011),
and the PAHs in asphaltenes generally have higher molecular weights
and are dominated by fused aromatic rings (Ralston et al., 1996a; Ryder,
2004; Strausz et al., 2008, 2009; Zhang et al., 2014). Therefore, the
fluorescence quantum yields of the PAHs in aromatics are much higher
than those in resins and asphaltenes, and the fluorescence lifetimes of
oils are dominantly affected by their aromatic fraction (Bertrand et al.,
1986; Lakowicz, 2006; Pantoja et al., 2011). Furthermore, the relative
percentage of aromatics can significantly affect the concentration of
PAHs in crude oils and subsequently influence the fluorescence
quenching (Downare and Mullins, 1995; Riveros et al., 2006; Owens and
Ryder, 2011). Therefore, the fluorescence lifetime of a crude oil is
basically controlled by the types and concentrations of its aromatics, and
the two factors can be approximately characterized by the fluorescence
lifetime of aromatics (Tar,) and the saturates/aromatics ratio (Rgat/aro) Of
the oils, respectively. Both the Tar, and Rgat/aro values are positively
correlated with the fluorescence lifetimes of the WC19 and YJ33 oil
samples (Fig. 12), and these correlations indicate the main controls of
these two parameters on oil fluorescence lifetime. Therefore, in this
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Fig. 10. The infrared spectra of the WC19 (a) and YJ33 (b) original oil and
pyrolyzed oil samples.

study, we used the Taro and Rsat/aro Of the oils to investigate the main
mechanism of the fluorescence lifetime evolution during oil cracking.

At the early stage of oil cracking, the aromatics with long side chains
are progressively transformed to methylated aromatics via the break-
down of side chains. Because the fluorescence quantum yields of the
methylated aromatics are much higher than those of the aromatics with
long side chains (Pradier et al., 1990, 1991; Downare and Mullins, 1995;
Al Darouich et al., 2006), the transformations of the aromatics enhance
their fluorescence quantum yields and 7, values, subsequently result-
ing in an increase in the 7, values (Fig. 12a). Meanwhile, the break-
down of side chains of polar compositions progressively generates some
saturates at this stage (Burnham et al., 1998; Behar et al., 2002, 2008;
Hill et al., 2003; Dartiguelongue et al., 2006; Uguna et al., 2016; Ping
etal., 2017), and the generated saturates enhance the Rg,t/aro Values and
reduce the fluorescence quenching of the oils, also resulting in an in-
crease in T, values (Fig. 12b). Therefore, breakdown of long side chains
of polar compositions and the subsequent generation of some saturates
are probably the main reasons for the increasing trend of fluorescence
lifetime of crude oils at this stage.

At the late stage of oil cracking, the methylated aromatics further
evolve to fused aromatics with higher thermal stability via poly-
condensation reactions (Burnham et al., 1998; Dartiguelongue et al.,
2006; Uguna et al., 2016). Because the fluorescence quantum yields of
the latter aromatics are much lower than methylated aromatics (Lin and
Davis, 1988; Ralston et al., 1996a,b; Al Darouich et al., 2006; Mullins,
2009, 2010), such a transformation among the aromatics reduces their
fluorescence quantum yields and t,,, values, subsequently leading to a
decrease in T, values (Fig. 12a). Meanwhile, most of the saturates in oils
are progressively cracked into gaseous hydrocarbons at this stage (Al
Darouich et al., 2006; Behar et al., 2008), but the majority of the fused
aromatics are preserved due to their higher thermal stability. The
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cracking of saturates further reduces the Rgyt/aro values of oils and en-
hances their fluorescence quenching, also resulting in a decrease in 7o
values (Fig. 12b). Therefore, both the enhanced polycondensation of
aromatics and cracking of saturates are probably the main reasons for
the decreasing trends of fluorescence lifetime of oils at this stage.

Based on the fluorescence intensity of crude oils and their gross
compositions, previous studies have demonstrated that the fluorescence
of crude oils is controlled mainly by the fluorescence of their aromatics.
However, this recognition was only based on crude oils with a certain
maturity. Our study provides further information on the fluorescence of
crude oils controlled by their aromatics during the main stages of oil
cracking according to the evolution of fluorescence lifetime of crude oils
and their aromatics (Fig. 12a). Additionally, it is noteworthy that
although the 14, values of the WC19 oils are greater than those of the
YJ33 oils, the tj values of the former oils with lower Rgat/aro Values are
much less than those of the latter oils with higher Rg,t/aro Values. This
indicates that the Rgat/aro values of crude oils may have a more pro-
nounced influence on their fluorescence lifetime in comparison with the
Taro Values of the oils during oil cracking.

4.2. Correlations of fluorescence lifetimes with molecular and spectral
parameters

The evolutionary models of different spectral parameters are diverse
during oil cracking, but all of them are mainly controlled by the changes
of oil chemical composition and thermal maturity. Therefore, examining
the correlations of fluorescence lifetimes with molecular maturity pa-
rameters, fluorescence and infrared spectral parameters provide addi-
tional information on the application of fluorescence lifetime on the
classification of reservoir or inclusion oils and the identification of oil
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sources or thermal maturities.

As illustrated in Fig. 13, the fluorescence lifetime of oil is correlated
negatively with the PP-1 parameter at the early stage of oil cracking;
however, it becomes positively correlated with the PP-1 parameter at
the late stage of oil cracking Fig. 13. Although the PP-1 parameter alone
can effectively indicate the maturity of WC19 and YJ33 oil samples
during oil cracking, it is insufficient to distinguish the diverse origins of
the two oils (Fig. 3). However, it is evident that the plot of 7,;—PP-1 can
distinguish the WC19 and YJ33 oils effectively, even in the oils that have
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suffered different extents of oil cracking (Fig. 13).

This study also reveals that the correlations of fluorescence lifetimes
with fluorescence and infrared spectral parameters are diverse at the
two stages of oil cracking (Figs. 14 and 15). At the early stage of oil
cracking, the increase in fluorescence lifetime of oils corresponds to a
decrease in Q50,500 and Amay values (i.e., a blue-shift of the fluorescence
spectra); at the late stage of oil cracking, however, the fluorescence
lifetime decreases with increasing Qgs0/500 and Amax values (i.e. a red-
shift of the fluorescence spectra). During both oil cracking stages, the
Q650,500 and Amax of oil samples are negatively correlated with their
fluorescence lifetimes (Table 3; Fig. 14). Negative correlations between
the fluorescence spectral parameters and fluorescence lifetime were also
reported for crude oil samples from the Western Pearl River Mouth Basin
(Cheng et al., 2019). The WC19 and YJ33 oil samples with different
extents of oil cracking can be clearly distinguished in the plots of
Toil-Amax and Toi—Qes0/500 (Fig. 14).

The fluorescence lifetime of oils increases with the decrease in the
Az4s_879 and Aj6p at the early stage of oil cracking, but it decreases with
the increase in the two parameters at the late stage of oil cracking
(Table 3; Fig. 15). During both oil cracking stages, the A745_g79 and Aje00
of oil samples are negatively correlated with fluorescence lifetime
(Table 3; Fig. 15), indicating that the aromatization of oils significantly
reduces their fluorescence lifetime. The WC19 and YJ33 oils with
different extents of oil cracking also can be clearly distinguished with
the plots of Tyj—A74g g79 and Tei1-A1g00 (Fig. 15). Therefore, when
combined with fluorescence spectra and/or infrared spectral data, the
fluorescence lifetime may be a potential method to effectively charac-
terize crude oils with different origins or the crude oils with same origins
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Fig. 15. Correlations of the absorbance at the wavenumbers of 748-879 cm™!

(A74s-879) (@) and 1600 cm ™ (A1600) (b) with the fluorescence lifetime for the
WC19 and YJ33 original oil and pyrolyzed oil samples. The data in the figures
are Pc values.

but different cracking extents. For example, oils with a longer fluores-
cence lifetime have a higher cracking extent when they exhibit other
similar spectral parameters such as Amax, Q650,/500, A748-879 and Aje00-

4.3. Geological significance

Under geological conditions, petroleum reservoirs may be charged
by crude oils of different origins, and the crude oils or inclusion oils in
reservoirs may also be partially cracked during their geological history
(Teinturier et al., 2003; Hao et al., 2008; Tian et al., 2008; Hu et al.,
2010; Cheng et al., 2013b; Bourdet et al., 2014; Ping et al., 2017).
Sometimes it is difficult to effectively distinguish the crude oils and in-
clusion oils that were charged at different stages, especially in deep
petroleum systems with multiple sets of potential source rocks and
higher thermal maturity levels, such as those in the Tarim Basin,
northwestern China (Zhu et al., 2021). In addition, oil-oil correlations
for the light oils or condensates are also difficult, because these oils
generally have low concentrations of diagnostic biomarkers such as
steranes. The fluorescence color and spectral data are generally used to
investigate the crude oils and inclusion oils in petroleum reservoirs;
however, the interpretation of these parameters is generally complicated
due to oil cracking, and thus they frequently fail to effectively identify
the oil types and their correlations without other information (Oxtoby,
2002; Blanchet et al., 2003; Blamey and Ryder, 2007; Zhang et al.,
2012). For example, it is difficult to identify the relative cracking extent
of crude oils or inclusion oils solely based on fluorescence spectral data,
even when the investigated oils have the same origin (Ping et al., 2019).

Our pyrolysis experiments indicate that the fluorescence lifetimes of
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the WC19 oils derived from medium-deep lacustrine source rocks are
always lower than those of the YJ33 oils generated from swamp source
rocks (Fig. 4a), indicating that the differences in the fluorescence life-
time of the crude oils with diverse origins cannot be masked during the
main stage of oil cracking (Pc < 80%). Therefore, the fluorescence
lifetime is a potential parameter to classify the crude oils or inclusion
oils with different origins in petroleum reservoirs, even though these oils
have been cracked to some extent. For example, Cheng et al. (2019)
reported that there are two types of oil inclusions in the Wenchang A sag
of the Western Pearl River Mouth Basin, and that the early-formed type I
oil inclusions have much longer fluorescence lifetimes than the reser-
voired oils and the late-formed type II oil inclusions. If both types of oil
inclusions are related to a single source (e.g., the Enping source rock),
the oils in type I oil inclusions are expected to have lower thermal
maturity than those in type II oil inclusions (George et al., 2007; Chang
and Huang, 2008; Volk and George, 2019). In terms of the current re-
sults, however, the longer fluorescence lifetime represents a higher
thermal maturity. This inconsistency indicates that besides the Enping
source rock, there is likely an independent source rock that has sourced
the type I oil inclusion. As a matter of fact, the higher abundance of 4-
methylsteranes in the inclusion oils than in the reservoired oils also
support the idea that the medium-deep lacustrine Wenchang source
rock is a potential source rock in Wenchang A sag (Cheng et al., 2013a).
It is worth noting that the gaseous hydrocarbons and part of the light
compositions in the oil samples have volatilized during sample prepa-
ration, and these volatilized fractions also influence the fluorescence of
the oils to some extent (Huang and Otten, 2001; Bourdet et al., 2012,
2014). However, their effects on the 7, were not assessed in this study.
Given that most of the oils evaluated by our experiments are actually
“dead” oils with most of their light fractions having been lost, the
fluorescence lifetime evolution model in this study can still be useful.

5. Conclusions

The fluorescence lifetimes of crude oils (1;) experience two stages
during the main stage of oil cracking. With the increasing extent of oil
cracking (Po), fluorescence lifetimes first increase at the early stage with
Pc < 40%, and then decrease at the late stage with Pc > 40%. At the
early stage of oil cracking, the increases in the fluorescence lifetime of
aromatics (Taro) and the saturates/aromatics ratio (Rsat/aro) Of the oils
indicate the oil cracking process enhances the fluorescence quantum
yield and reduces the fluorescence quenching degree of the oils,
resulting in an increase in the 7, values. At the late stage of oil cracking
(Pc > 40%), however, the decreases in both parameters indicate that the
oil cracking process reduces the fluorescence quantum yield and en-
hances the fluorescence quenching degree of the oils, resulting in a
decrease in the 74 values. During the main oil cracking stage (i.e., P¢ <
80%), oil cracking cannot mask the differences in fluorescence lifetime
between the crude oils of diverse origins. When combined with molec-
ular maturity parameters, fluorescence and infrared spectral data, the
fluorescence lifetime can effectively distinguish crude oils of different
origins, or the relative cracking extent of crude oils of the same origin,
and thus may provide new clues to the geochemical study of light oil/
condensate in deep reservoirs.
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