
AUTHORS

Jian-Bing Yun � Key Laboratory of Isotope
Geochronology and Geochemistry, Guangzhou
Institute of Geochemistry, Chinese Academy
of Sciences (GIGCAS), Guangzhou 510640,
China; present address: Graduate University
of Chinese Academy of Sciences (GUCAS),
Beijing 100049, China

Jian-Bing Yun is a Ph.D. student at GIGCAS and
GUCAS.

He-Sheng Shi � School of Ocean and Earth
GEOHORIZONS

Dating petroleum emplacement
by illite 40Ar/39Ar laser
stepwise heating
Jian-Bing Yun, He-Sheng Shi, Jun-Zhang Zhu,
Ling-Hao Zhao, and Hua-Ning Qiu
Science, Tongji University, Shanghai 200092,
China; present address: Research Institute,
Shenzhen Subsidiary, China National Offshore
Oil Corporation (CNOOC) Limited, 168 Jiang-
nan Road, Guangzhou 510240, China

He-Sheng Shi is the general engineer of the Re-
search Institute, Shenzhen Subsidiary, CNOOC
Ltd. His research interests include sedimentary
facies analysis and petroleum geology.

Jun-Zhang Zhu � Research Institute, Shenzhen
Subsidiary, CNOOC Ltd., 168 Jiangnan Road,
Guangzhou 510240, China

Jun-Zhang Zhu is an engineer of geochemistry
in the Research Institute, Shenzhen Subsidiary,
CNOOC Ltd.

Ling-Hao Zhao � Key Laboratory of Isotope
Geochronology and Geochemistry, Guangzhou
Institute of Geochemistry, Chinese Academy of
Sciences, Guangzhou 510640, China

Ling-Hao Zhao is an M.Sc. degree student at
GIGCAS and GUCAS.

Hua-Ning Qiu � Key Laboratory of Isotope
Geochronology and Geochemistry, Guangzhou
Institute of Geochemistry, Chinese Academy
of Sciences, Guangzhou 510640, China; present
address: Key Laboratory of Tectonics and Pe-
troleum Resources (China University of Geo-
sciences Wuhan), Ministry of Education, Wuhan
430074, China; qiuhn@gig.ac.cn

Hua-Ning Qiu is in charge of the argon labora-
tory in GIGCAS. His research interests include
ABSTRACT

The timing of petroleum emplacement is crucial in under-
standing petroleum-forming processes and predicting new
prospecting regions. This study investigates the possibility of
determining the age of petroleum emplacement by an illite
40Ar/39Ar laser stepwise heating technique. A specially de-
signed apparatus has been used to clean up the organic gases in
samples contaminated with residues from oil or gas fields, re-
sulting in credible 40Ar/39Ar data. The sandstone samples are
from the Zhuhai and Zhujiang formations in the Huizhou sag
in the Pearl RiverMouth Basin, South China Sea. Illite 40Ar/39Ar
laser stepwise heating consistently yields gradually rising age
spectra at the low-temperature steps until reaching age plateaus
at high-temperature steps. The first-step apparent ages of the
six samples from the Zhujiang formation give a weighted mean
age of 11.4 ± 0.5 Ma (1s), in agreement with an age of 12.1 ±
1.1 Ma in the first three steps of the sample from the Zhuhai
Formation. These dates are interpreted as being caused by the
formation of fine authigenic illite and therefore indicative of
the maximum age of petroleum emplacement in the Huizhou
sag because illite is commonly one of the latest forming miner-
als prior to hydrocarbon accumulation. The plateau ages ran-
ging from 58 to 276 Ma in high laser-output steps are inter-
preted as being caused by variable contributions from detrital
K feldspar in the sandstones. The older total ages based on the
illite 40Ar/39Ar stepwise heating results are equal to the K-Ar
ages and are not usable in delineating petroleum emplacement
the techniques and applications of 40Ar/39Ar
geochronology, especially in stepwise crushing
techniques to determine the mineralization ages
of hydrothermal deposits. Currently, his focus
is on 40Ar/39Ar techniques to date oil or gas
emplacement ages.
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because they represent mixtures with variable contributions
from authigenic illite and detrital K feldspar. The 40Ar/39Ar step-
wise heating technique thus can be applied to resolve important
petroleum emplacement age information from illite samples
that otherwise cannot be provided by traditional K-Armethods.
INTRODUCTION

Petroleum emplacement chronology is one of the frontier re-
search subjects in both petroleum geology and isotope geo-
chronology. Determining the oil or gas emplacement ages
has important implications for oil or gas genesis and resource
prediction. Typical relative chronology for oil or gasmigration,
emplacement, and accumulation is established by petrology,
basin tectonic evolution, trap formation, and hydrocarbon
generation from the source rock (Kelly et al., 2000;Middleton
et al., 2000; Xiao et al., 2002). As we will show in this article,
the 40Ar/39Ar stepwise heating technique holds significant
promise in establishing absolute constraints on the maximum
emplacement age of oil and gas in their parent reservoirs.

Illite is a nonexpanding, clay-size, micaceous phyllosili-
cate with the chemical formula (K,H3O)(Al,Mg,Fe)2(Si,
Al)4O10(OH)2.H2O and occurs as an alteration product of
muscovite and feldspar in weathering and hydrothermal en-
vironments. Some illite is authigenic or could be derived from
alteration of K feldspars or recrystallization of smectites. Illite
is a commonmineral in sediments, clays, marls, shales, and some
slates. Interstratified illite-smectite converts to illite at depths.
Since themiddle of the 1980s, authigenic illite K-Ar dating has
been applied to determine the ages of petroleum migration in
the North Sea oil fields (Lee et al., 1985; Liewig et al., 1987;
Hamilton et al., 1989; Robinson et al., 1993). The dating is
based on the hypothesis that “illite is commonly the last or
one of the latest mineral cements to form prior to hydrocarbon
accumulation. Because the displacement of formation water
by hydrocarbons will cause silicate diagenesis to cease, K-Ar
ages for illite will constrain the timing of this event and also
constrain themaximum age of formation of the trap structure”
(Hamilton et al., 1989, p. 215–216).Wang et al. (1997, 1998)
investigated oil or gas emplacement ages in the Tarim Basin by
this technique. More illite K-Ar dating work has been done in
the Exploration and Development Research Institute, China
National Petroleum Corporation (Zhang et al., 2001; Zhang
and Luo, 2004; Zou et al., 2007).

Dong et al. (1995) were the first to date authigenic illite by
40Ar/39Ar stepwise heating and Wang et al. (2005) performed



40Ar/39Ar dating of illite in a gas reservoir. Com-
pared to the K-Ar total fusion methodology, the
40Ar/39Ar stepwise heating age dating technique
has significant advantages. (1) It generally requires
a much less amount of sample (∼10 mg) and gives
higher precision, in which a small amount of sam-
ple is important because authigenic illite is sparse
in sandstone and requires much extraction time.
(2)Dating only requires the isotope ratio determina-
tion of argon on one sample to obtain a well-defined
age, avoiding the problem of inhomogeneity using
two separate splits of a sample to measure potas-
sium and argon contents separately. (3) By using
the stepwise heating technique, the contributions
to the age spectrum of different mineral compo-
nents (e.g., detrital K feldspar) are distinguishable,
whereas the total fusion K-Ar ages reflect the mix-
ing contributions from different minerals in the
separated samples.

One drawback is that illite is a fine-grainedmin-
eral on the order ofmicrons, and 39Ar will therefore
be lost because of nuclear recoil during irradiation.
Earlier workers used a microampoule encapsula-
tion method (Hess and Lippolt, 1986; Smith et al.,
1993) to monitor the ratio of 39Ar lost by nuclear
recoil to examine its influence on the age spectrum.
Because the nuclear recoil gasses are typically amix-
ture fromdifferent sources (Dong et al., 1997, 2000),
the encapsulationmethodwas not used in this study.

Another drawback is the necessity of sampling
pure illite; aswith current technology, obtainingpure
authigenic illite is difficult. However, as we show in
this article, it is possible to get a reliable age date of
impure illite samples from the 40Ar/39Ar age spec-
trum by careful stepwise heating, making the very
important timing of petroleumemplacement feasible.

Qiu et al. (2009) summarized the difficulty and
feasibility in determining the emplacement ages
of oil or gas reservoirs by 40Ar/39Ar techniques. In
the analysis of authigenic illite using the 40Ar/39Ar
technique, two key problems must be confronted:
(1) the separation and extraction of authigenic illite
from their host rocks and (2) the purification of the
extracted argon gasses from organic active gases.
Proper experimentation requires high-purity authi-
genic illite. Liewig et al. (1987) proposed a repe-
titive freezing-heating method that breaks up fine
grain-size sandstone along the grain borders or
cleavages to prevent contamination of the illite
samples with detrital K feldspar. Nevertheless, cur-
rent illite separation techniques cannot practically
avoid contamination with detrital minerals. Or-
ganic matter retained in illite samples is released
during heating of organic gases, which, split into
small fragments, will show the progressive outgas-
sing mass-to-charge (m/e) ratios changing over the
course of a single stepwise heating experiment and
covering all argon isotopes and the components con-
tributing to each of the argon isotopes. The pres-
ence of the fragments derived from the organic
matter will alter the argon isotope compositions,
resulting in misleading (and commonly wrong)
age data in addition to seriously polluting the sam-
ple tubes, the mass spectrometer ion source, and
its highly sensitive signal detectors.

In this study, we have researched a novel purifi-
cation apparatus that can remove these harmful or-
ganic gases effectively, improving the quality of age
results, preventing themass spectrometer from con-
tamination, and thus providing credible 40Ar/39Ar
age data for illite samples in oil or gas reservoirs.
The tasks of our first trial study were destined for
illite 40Ar/39Ar dating, x-ray diffraction (XRD),
and scanning electron microscopy (SEM) analyses
related with the interpretations of the age spectra
by the entrusting petroleum company. The novel
purification technique and significant 40Ar/39Ar re-
sults are reported in this article.
GEOLOGICAL BACKGROUND AND
SAMPLE CHARACTERISTICS

The study area, Huizhou sag, is located in the
middle Pearl River Mouth Basin, South China Sea
(Figure 1). All the sandstone samples are from the
oil saturation zones marked by the petroleum geol-
ogists. Sample 06ZJ26 is from the Zhuhai Forma-
tion, the others are from the Zhujiang Formation.
The reservoir sandstones of these two formations are
about 1000–2000 m (3281–6562 ft) in thickness.
Our illite samples were selected from oil-saturated
sandstone intervals. According to the stratigraphic
succession in the Pearl RiverMouth Basin (Figure 2)
Yun et al. 761



(Wu, 1994; Yan et al., 2001; Yan et al., 2006) and
the newest version of the international stratigraphic
chart (ICS, 2009), the Zhuhai Formation ranges
from 28.4 to 23.0 Ma in age and the Zhujiang for-
mation ranges from 23.0 to 16.0 Ma.

Powder XRD and SEM will help us interpret
the 40Ar/39Ar age spectra. For instance, the XRD
analysis of 06ZJ26I from the Zhuhai Formation
shows the presence of illite (11%), interstratified
illite-montmorillonite (6%), kaolinite (22%), chlo-
rite (1%), andK feldspar (15%), together with some
unidentifiable minor components (19%) (Figure 3).
The SEM analysis of 06ZJ26I shows widely distrib-
uted illite (Figure 4). Commonly filamentous illite
occurs on particle surfaces, in intergranular pore
and particle surface corrosion holes, or in intergranu-
lar paragenesis with authigenic quartz. Some flaky
detrital illite is developed in secondary pores and in
762 Geohorizons
paragenesis with secondary quartz or kaolinite on
particle surfaces. The other samples from the youn-
ger and shallower Zhujiang Formation (06ZJ06I,
06ZJ08I, 06ZJ14I, 06ZJ16I, 06ZJ17I, and
06ZJ22I) have less authigenic illite than 06ZJ26I.
As a whole, authigenic illite is poorly developed in
reservoir sandstones of the Pearl RiverMouth Basin.
EXPERIMENTAL METHODS

Illite Sample Separation and Detection

The sandstone samples were crushed by a hammer
to about 1 cm (0.4 in.) in size and cleaned in an
ultrasonic bath with distilled water to remove sur-
face dirt. The crushed fragments were placed in a
stainless steel container with distilled water. The
Figure 1. Geographic map of the South China Sea. Modified from Google Imagery ©2009. The study area is shown as a square in the
Pearl River Mouth Basin.



container was alternately placed in a refrigerator
(−18°C) and an oven (60°C) in repetitive freezing-
heating cycles until the sample collapsed to fine
grains, which was subsequently dried. To avoid
chloride ion interference, a mixture of benzene
and methanol with a volume ratio of 3:1 was used
to extract organic matter for more than 72 hr until
oil fluorescence disappeared.

Thirty grams of the sample grains were then
placedwith 1L distilledwater in a beaker in an ultra-
sonic bath. Ultrasonics removed the clay minerals
from the surface of the grains and left a suspension
with a grain size less than 0.5 mm. Acetic acid was
used to remove carbonates, and H2O2 and acetone
were used to remove residual organic matter from
the grain surface. The liquid suspension was left
for 110 hr at 25°C to separate illite from the det-
rital fraction, followed by siphoning the top 10 cm
(3.9 in.) of the suspension liquid. The clay mineral
(<0.5 mm) fraction was separated by centrifugation
at a rotary speed of 5000 rpm for 1 h.

An XRD analysis was used to determine the
purity and component of clay minerals. Scanning
electronmicrographs of rock-core specimens were
used to examine the authigenic illite morphology.
Preliminary Tests of the Illite Samples

To determine the overall nature of the gases (i.e., ar-
gon and other reactive gasses) emanating from the
Figure 2. Stratigraphic succes-
sion of the Pearl River Mouth
Basin based on He et al. (2008,
with permission of the authors)
and the latest international stra-
tigraphic chart (ICS, 2009). The
samples in this study were col-
lected from the Zhuhai and
Zhujiang formations. SR = seis-
mic reflector; SRCA = source-
reservoir-caprock assemblage.
Yun et al. 763



illite samples and the effectiveness of ourpurification
line, two nonirradiated illite samples (∼15mg) were
preliminarily tested with our old MM-1200 instru-
ment after removal of residual organic matter with
H2O2 and acetone. Prior to analysis, the samples
were baked out at 250°C for 2 days to reduce the
blanks.

The samples were heated at two steps of 600
and 900°C for 30 min. Gases released through a
trap in liquid nitrogen were purified by a sponge
Ti furnace (at 800°C for 20 min) and a Ti sublima-
764 Geohorizons
tion pump (two times at a current of 30 A for 45 s),
followed by further purified purification with an
SAES NP10 getter (operated at room temperature
for 10 min). Then the gases were analyzed by an
MM-1200 instrument with a Faraday cup and out-
put to a recorder. The peak scan (Figure 5) shows
Figure 3. X-ray diffraction spectrum of
06ZJ26I. Q = quartz; K = kaolinite; Ksp = K
feldspar; I = illite; I/S = interstratified illite-
montmorillonite; Ch = chlorite; cps =
counts per second. The Philips X’pert pro
MPD x-ray diffractometer is courtesy of
He-Jing Wang, Microstructure Analytical
Lab, Peking University.
Figure 4. Scanning electron micrograph of 06ZJ26 showing
authigenic illite in the pores among grains.
Figure 5. Peak scanning for the gases released from the non-
irradiated illite sample 06ZJ40I at 600°C analyzed by an MM-
1200 mass spectrometer, showing a variety of organic fragments
within the illite sample.



clearly that a considerable amount of organic gases,
with carbon fragments of m/e = 8–18, was released
from the samples, with some signals significantly
outside the linear range at the lowest trap current
of 10 mA. The m/e peaks between 36 and 44 were
clearly affected by large signals from these organic
gas components. Because the nonirradiated sam-
ples have no 37Ar and 39Ar, the peaks of 37, 39,
and 41–43 must be from organic components in
the released gasses, whereas peak 44 probably re-
presents a mixture of both CO2 and organic com-
ponents. These preliminary tests indicated that the
regular purification line did not suffice in cleaning
up our oil-field illite samples. It therefore com-
pelled us to manufacture a special purification ap-
paratus tomeet the specific needs of 40Ar/39Ar geo-
chronology studies on oil or gas emplacements.
Experimental Procedure and Gas Purification

The samples and monitor samples were packed in
aluminum and copper foil, respectively, in thin
cylinders (about 5–7mm[0.2–0.27 in.] in diameter,
2–4mm [0.08–0.16 in.] in thickness) and placed in
glass tubes. To obtain the irradiation parameter
J values (the J value of a monitor standard sample
is calculated with J ¼ eltms�1

ð40Ar�=39ArKÞms
; ms is themoni-

tor standard; the asterisk indicates radiogenic ar-
gon), the monitor standard samples with known
age were inserted between every four unknown
samples and both ends of glass tubes, and the posi-
tions (heights) of all unknown and monitor sam-
ples in the glass tube were recorded. Based on the
J values and the positions of monitor sample, a re-
gression line of each sample tube was obtained.
Next, the J values of the unknown samples were
calculated by interpolation from the regression line
and their position. Cadmium, 0.5 mm (0.02 in.)
thick, was employed to shield the samples and
monitors from slow neutrons. The samples were
irradiated for 48 hr in the 49-2 reactor in Beijing.
Themonitor sample was the DRA-1 sanidine used
in theVrijeUniversiteit UniversityAmsterdam,with
an age of 25.26Ma (Qiu andWijbrans, 2006). The
correction factors for interfering Ar isotopes were
(39Ar/37Ar)Ca = 8.984 × 10−4, (36Ar/37Ar)Ca =
2.673 × 10−4, and (40Ar/39Ar)K = 5.97 × 10−3.

The argon isotopes were analyzed on a GVI–
5400®mass spectrometer in the 40Ar/39Ar labora-
tory of the Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences. A carbon dioxide
infrared laser, MIR10-50W® (10.6 mm, 50 W),
was used for stepwise heating.

To avoid illite powders from spurting out and
contaminating the surrounding samples in the cham-
ber, we proceeded as follows: (1) each sample was
individually covered with a small ZnS cover glass
(4.5 mm [0.18 in.] in diameter, Figure 6) and a big
ZnS cover glass for all the samples in the chamber;
(2) the sample was heated for 60 s in each step by
increasing slowly the laser output from zero during
the first 40 s followed by a fixed predetermined
output during the last 20 s.

The released gases from illite samples by laser
heating were first cleaned up in our new appara-
tus, which is specially designed to exclude organic
gases. The apparatus consisted of a U-shaped trap,
a Ti sublimation pump, a Zr-V-Fe pump, and a Zr-
Al pump (Figure 7). The trap and pumps are op-
erated at different temperatures: the U-shaped
Figure 6. Illite sample holder and ZnS
cover glass to avoid the powders from
spurting out and contaminating the sur-
roundings.
Yun et al. 765



trap at a temperature from −150 to −50°C, the Ti
sublimation pump at a current of 30 A for 45 s
with a chiller outside, the Zr-V-Fe pump at 250°
C, and the Zr-Al pump at 400°C. Then the gases
were further purified by two SAES NP10 getters
at approximately 400°C and room temperature,
respectively (Qiu and Jiang, 2007). The resulting
gases were sufficiently pure to be analyzed for Ar
isotopes in the mass spectrometer (Figure 8). The
40Ar/39Ar dating results were calculated and
plotted using the professional software ArArCALC
version 2.4 (Koppers, 2002).

RESULTS

The 40Ar/39Ar dating results of all the samples in
this study were summarized in a file in Microsoft
Excel sheets that we supply with this article as an
electronic supplement (see AAPG Datashare 35).
766 Geohorizons
Zhuhai Formation

Sample 06ZJ26I is from the Zhuhai Formation at a
depth of 3677m (12,064 ft). Its illite 40Ar/39Ar laser
stepwise heating yields a gradually rising age spec-
trum at low-temperature steps with a plateau at
high-temperature steps (Figure 9). The apparent
ages of the first three low-temperature steps agree
with each other within experimental errors with a
weighted mean age of 12.1 ± 1.1 Ma (1s). From
the 4th step onward, the apparent age gradually
rises from 17.2 to 95.8 Ma at the 14th step. An
age plateau is yielded from steps 15 to 19 with a
plateau age of 98.0 ± 0.4 Ma. With further high
temperature, the apparent ages decrease slightly.

The total age of a sample by incremental heat-
ing is given by Koppers (2002) in the software
ArArCALC, calculated in terms of the ratio of the
summary radiogenic 40Ar ðP 40ArRÞ to the sum-
mary neutron-induced 39Ar ðP 39ArKÞ of all steps.

ttotal ¼
1
l
ln 1þ J

P 40ArRP
39ArK

� �

Here, l is the total decay constant of 40K and J
is the irradiation parameter. The total age of a
sample should be equal to its traditional K-Ar age.
Figure 7. Schematic diagram of the Zr-V-Fe and Zr-Al pump. The
Zr-V-Fe pump is operated at 250°C and the Zr-Ar pump at 400°C.
Figure 8. Plot of 40Ar intensity vs. inlet time during mass spec-
trometer analyses for illite 06ZJ26I. The 40Ar intensity decreased
linearly with time, which suggested that no obvious amounts of
organic fragments were present in the purified inlet gases. It in-
dicated that our newly developed purification apparatus is effec-
tive in excluding organic contaminants from illite samples in oil-
saturated sandstones.



The total age of sample 06ZJ26I is 83.9 ± 0.2 Ma,
which is much older than the age range of the upper
Oligocene Zhuhai Formation.
Zhujiang Formation

The other six samples are from the Zhujiang For-
mation from 2950 to 1630 m (9678 to 5348 ft) in
depth. This illite 40Ar/39Ar laser stepwise heating
also yields gradually increasing stepping-age spectra
(Figure 10) but without a short age plateau in the
initial lowest temperature steps. Nonetheless, their
first-step apparent ages are very similar and range
only from 13.1 to 10.2 Ma (Table 1). They are rea-
sonably younger than the top boundary age of
16.0 Ma of the Zhujiang Formation (Figure 2)
Figure 10. Age spectra of
the six illite samples from the
Zhujiang Formation by 40Ar/39Ar
laser stepwise heating. tw =
weighted mean age calculated
from the first-step apparent ages
for the six illite samples.
Figure 9. Age spectrum of illite 06ZJ26I based
on the 40Ar/39Ar dating results by laser stepwise
heating. The weighted mean age for the first
three steps, tw = 12.1 ± 1.1 Ma, is interpreted as
the contribution of authigenic illite, representing
the age of petroleum emplacement. The plateau
age in the high-temperature steps, tp = 98.0 ±
0.4 Ma, is interpreted as the contribution of the
detrital feldspar in the sandstone. The total age
of all steps, ttotal = 83.9 ± 0.2 Ma, equal to K-Ar
age, represents the contribution of all K and
Ar minerals in the sample and has no process
significance.
Yun et al. 767



(Yan et al., 2001). The weighted mean ages for
the first steps of six samples, 11.4 ± 0.5 Ma (1s)
(Figure 10), are concordant with that of 06ZJ26I,
12.1 ± 1.1 Ma, from the Zhuhai Formation within
analytical error.

DISCUSSION

Oil Emplacement Ages

The illite samples from both the Zhuhai and Zhu-
jiang formations by 40Ar/39Ar laser stepwise heat-
ing yield similar gradually rising age spectra start-
ing consistently at a low apparent age at the lowest
temperature, then increasing in age until reaching
a plateau. The low-temperature sections represent
the contributions to the age spectrum from re-
gions within the illite samples that most readily re-
lease the argon gas. Compared to detrital minerals,
authigenic illite is the finest mineral and therefore
releases argon the easiest by diffusion in the low-
temperature steps of laser incremental heating. As
a result, the apparent ages in the low-temperature
steps are young, agreeing with the idea that authi-
genic illite represents the last mineral formed prior
to petroleum emplacement. The weighted mean
age of 12.1 ± 1.1 Ma for the three lowest tempera-
ture steps of 06ZJ26I from the Zhuhai Formation
agrees with the age of 11.4 ± 0.5 Ma for the first
steps of the six illite samples from the Zhujiang
Formation. These first-step ages are younger than
the top boundary age of the Zhujiang Formation
768 Geohorizons
and agreewith the petroleum emplacement age de-
duced from basin simulation based on a variety of
traditional techniques.We therefore conclude that
the ages of 12–11 Ma represent the maximum age
of petroleum emplacement of the Huizhou sag.

The homogeneity temperatures of the fluid
inclusions in quartz of the Zhujiang Formation
range from 160 to 100°C. Based on the homoge-
neity temperatures, burial history, and the tem-
perature gradient of 3.6°C/100 m (328 ft) of the
reservoirs, the geological engineers working in the
oil fields in the South China Sea roughly estimated
that the hydrocarbon fluid emplacements oc-
curred in approximately 10 Ma (J. Z. Zhu, 2008,
personal communication). Therefore, they agreed
with our 40Ar/39Ar dating results because it coin-
cides with results from their own emplacement
assessment.
Detrital Source Ages

In the incremental heating experiments we con-
ducted, gradually rising laser output increases
the heating temperature, causing bigger detrital
mineral grains to start releasing gas and thus caus-
ing a gradual increase in ages. The plateau age of
98.0 ± 0.4 Ma in medium- to high-temperature
steps is much older than the bottom boundary
age 28.4 Ma of the Zhuhai Formation, the lower
reservoir sandstone, and thus must represent the
age of the detrital feldspar in the source rocks.

The total age of a sample by the stepwise heat-
ing experiment based on the ratio of the summary
Table 1. First-Step Ages of Illite Samples from the Zhujiang Formation*
Sample No.
 Drill No.
 Depth (m)

First-Step Age
(Ma ± 1s)
Weighted Mean Age
(Ma ± 1s)
Average Age
(Ma ± 1s)
06ZJ06I
 HZ21-1-2
 2941.2
 10.5 ± 2.3

06ZJ08I
 HZ21-1-2
 2948.8
 10.2 ± 2.1

06ZJ14I
 LF13-1-2
 2506.1
 12.8 ± 2.4
 11.4 ± 0.5
 11.7 ± 1.2

06ZJ16I
 LF13-1-2
 2513.1
 13.1 ± 3.1

06ZJ17I
 LF13-1-2
 2521.5
 12.1 ± 4.5

06ZJ22I
 LF22-1-3
 1636.6
 11.6 ± 3.6
*The weighted mean age, tw, and its error, s tw , are calculated with tw ¼
P

ðWitiÞP
Wi

and s tw ¼ P
ti � tw½ �2Wi

� �
=
P

Wið Þ � N � 1ð Þ
n o1=2

. The weight, Wi, is obtained

by Wi ¼ 1=ðs tI Þ2 . Here, N is the number of samples and ti is the age of sample i.



argon isotopes of all steps is equivalent to its tradi-
tional K-Ar age. The total age of 83.9 ± 0.2 Ma of
the 06ZJ26I illite, representing a mixture of authi-
genic illite and detrital K feldspar, is much older
than the ages of the upper Oligocene Zhuhai For-
mation and is therefore geologically irrelevant. As a
consequence, accurate K-Ar ages can only be ob-
tained when analyzing very pure authigenic illite.
Technical Aspects

Dong et al. (1997, 2000) obtained 40Ar/39Ar age
spectra of illite showing zero apparent ages for the
initial 5–30% 39Ar release in the low-temperature
steps, which we argue might be caused by impur-
ity of the argon gases measured because of ineffi-
cient cleanup and thus a high contribution of or-
ganic gases. Organic fragments withm/e = 36might
be considered as 36Ar, causing some radiogenic 40Ar
to be incorrectly excluded as air argon according to
the formula 40Ar� ¼ 40Arm � 295:5� 36Arm (m is
the measured data) and thus lowering the appar-
ent age calculated. We did not observe this zero
age phenomena in any of our samples, further tes-
tifying to the effectiveness of our newly developed
purification apparatus in removing organic gases.

Besides the thorough cleaning of the gasses re-
leased during stepwise heating, the dating of pe-
troleum emplacement by the authigenic illite
40Ar/39Ar method requires the following prere-
quisites. First, oil saturation of the reservoir sand-
stone must be sufficiently high. If the reservoir
sandstone does not contain sufficient oil and gas
to displace the potassium-bearing aqueous solu-
tion, authigenic illite will continue to grow, and
its 40Ar/39Ar age does not represent the time of oil
intrusion in the reservoir. Second, the 40Ar/39Ar
dating samples should have sufficient authigenic
illite. The higher the content of authigenic illite,
the higher the ratio of gas release and the larger
the proportion of 39Ar (K) from authigenic illite
contributing to the 40Ar/39Ar age spectra at the very
low temperature steps. Therefore, during illite sepa-
ration, K-rich detrital minerals should not be ground
to micron level to mix with the clay minerals.

Because the authigenic illite minerals in our
study are only present on the micron size, the in-
fluence of nuclear recoil should be considered.
The 40Ar/39Ar age dates may become older as a re-
sult of 39Ar loss because of recoil. The age spectrum
of the 06ZJ26I illite indicates that the although
apparent age of the first step is slightly higher
than that of the second step, both of them are still
consistent within analytical error, and that the
weighted mean age of 12.1 ± 1.1 Ma of the first
three steps agrees with the geologically estimated
oil emplacement age in the Huizhou sag. Thus,
nuclear recoil does not affect our results.

Concordant first-step ages are obtained from
the seven illite samples by 40Ar/39Ar laser stepwise
heating in this study, which may be interpreted as
the age of petroleum emplacement in the Huiz-
hou sag. Although many difficulties exist at the
frontier of oil or gas emplacement geochronolo-
gical studies, authigenic illite 40Ar/39Ar laser step-
wise heating is a feasible and potentially useful no-
vel technique to be applied in prospecting studies.
CONCLUSIONS

The following findings were obtained by authi-
genic illite 40Ar/39Ar laser stepwise heating.

1. A novel purification apparatus that can effec-
tively remove organic impurities resulting in
gases pure enough for mass spectrometer analy-
sis is crucial for reliable 40Ar/39Ar timing of pe-
troleum emplacement.

2. Gradually rising age spectra are obtained by
40Ar/39Ar laser stepwise heating of the illite
samples from the Tertiary reservoir sandstones
in the Huizhou sag, Pearl River Mouth Basin.
The youngest ages at the first steps are inter-
preted as being caused by contributions from
authigenic illite, suggesting that the petroleum
emplacement occurred after 11 Ma. The high
plateau ages in the high-temperature steps that
are rather variable between the seven samples
are interpreted as being caused by contributions
of detrital K feldspar in the sandstones.

3. Among the advantages of 40Ar/39Ar dating over
traditional K-Ar methods are that stepwise
Yun et al. 769



heating can distinguish contributions from authi-
genic illite and detrital K feldspar by interpreting
their gas release characteristics. The K-Ar dating
and total fusion 40Ar/39Ar dating, however, yield
a meaningless mixing age of the authigenic illite
and detrital K feldspar.

4. Illite separation techniques must be improved
further to obtain higher illite contents and their
wider proportions at low-temperature steps in
age spectra. Also, higher sensitivity would be
good, allowing formore steps at low temperatures
to better image the shape of the spectra there.
The wider the lowest age plateau, the better we
can estimate the actual age of oil emplacement.
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