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Abstract: The Songliao Basin is famous for the Daqing Oilfield, the biggest in China. However, no
economic hydrocarbon reservoir has been found in the northeastern Binbei district. Its thermal history,
which is of great importance for hydrocarbon generation and migration, is studied with apatite fission
track (AFT) thermochronology. Samples with depositional ages of the late Cretaceous (~108—73 Ma) are
analyzed. The AFT ages of the samples from reservoir rock (depositional age > 76.1 Ma) fall between
the late Cretaceous (72+5 Ma) and the early Eocene (41+3 Ma) period, indicating their total annealing
after deposition. In contrast, two samples from the main seals of the Qingshankou (depositional age
> 89.3 Ma) and the Nenjiang Formation (depositional age > 73.0 Ma) are not annealed or partially
annealed (AFT ages of 9749 Ma and 70+4 Ma, respectively). Because the maximum burial temperature
(<90 °C) evidenced by low vitrinite reflectance (R,<0.7) is not high enough to account for the AFT total
annealing (110-120 °C), the transient thermal effect arising from the syntectonic fluid flow between the
late Cretaceous and the early Eocene is proposed. Transient thermal effects from fluid flow explains the
indicated temperature discrepancies between the AFT thermometer and the R, thermometer because the
transient thermal effect from the fluid flow with a temperature high enough (110-120 °C) to anneal the
AFT thermometer does not last long enough (10*-10° yrs.) for an enhancement of the R, (minimum 10°-
107 yrs. under the same temperature). This indicates that dating thermal effect from fluid flow might be
a new means to reconstruct the tectonic history. It also answers why the samples from the main seals are
not annealed because the seals will prohibit fluid flow and supply good thermal insulation. The large-scale
fluid flow in the Binbei district calls for a new idea to direct the hydrocarbon exploration.

Key words: Apatite fission track, vitrinite reflectance, transient fluid flow, Binbei district, Songliao
Basin

1 Introduction

The thermal history of sedimentary basins reflects their
tectonic evolution. It controls source rock maturation,
hydrocarbon generation, migration and accumulation,
and also influences the late-stage variation of trapped
hydrocarbons (Lutz and Omar, 1991; Hansen et al, 2001).
Apatite fission track (AFT) analysis is a method commonly
used to trace sedimentary provenance and to quantitatively
constrain the thermal history of sedimentary basins (Miller
and Duddy, 1989; Resak et al, 2010; Danisik et al, 2010).

This study is intended to reconstruct the thermal history
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of the Binbei district of the Songliao Basin. There are several
extraordinary features that make the thermal history an
interesting area to study. The most obvious feature is from
the hydrocarbon exploration. The Binbei district accounts for
1/3 area of the whole Songliao Basin, but the hydrocarbon
exploration here has failed to make any significant progress in
the past fifty years (Yang et al, 1985; Wang et al, 2006b; Lin
et al, 2009). The main source rocks of the Qingshankou and
the Nenjiang formations have been discovered in more than
1,000 exploration wells and proved to be widely distributed
in the whole district (Yang et al, 1985; Yang, 1985; Wang
et al, 2006b; Lu et al, 2009) Their thermal evolution is
the only question to be further specified. Limited research
using vitrinite reflectance (R,) and clay minerals indicate
that the highest temperature (75-93 °C) occurred at the late
Cretaceous (~65 Ma) and then cooled in the Cenozoic due to
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tectonic inversion and denudation (Cai and Fu, 2005). The
thermal gradient in the Cretaceous (4.5-5.7 °C/100 m) was
higher than that in the Cenozoic (3.7-4.5 °C/100 m) (Ren
et al, 2001; Cai and Fu, 2005; Su et al, 2006). However, the
Binbei district should be further considered because most
of the thermal data sets are from the north of the central
depression zone (CDZ).

The Binbei district underwent tectonic uplifting and
denudation during the inversion stage of the basin. But very
few studies have discussed its specific tectonic evolutionary
history mainly due to the shortage of sedimentary records
(~500 m), which makes it impossible to rebuild the long
evolutionary history (65-0 Ma) by traditional methods (Lu
et al, 2000; Yu et al, 2005). Whether or not it has undergone
the same tectonic evolutionary history as the southern part
of the basin is a question to be further answered (Xiang et al,
2007). Due to the significance arising from both hydrocarbon
exploration and tectonic evolution, three boreholes were
targeted and sedimentary samples of late Cretaceous from
the depth shallower than the present-day partial annealing
zone (PAZ) were collected. The samples were analyzed by

the AFT method and the results combined with available
R, data were used to quantify its thermal history and the
controlling factors. The results allowed an identification of
the thermal effect from fluid flow and provided new insights
for hydrocarbon exploration and tectonic evolution.

2 Geologic setting

The Songliao Basin is one of the biggest lacustrine
basins (an area of 26x10* km?) in the world. Exploration and
development of the Daqing Oilfield in the central depression
of the basin have played an important role in China’s
petroleum industry and in the advancement of non-marine
petroleum geologic theories (Yang et al, 1985; Yang, 1985;
Zhao et al, 2010). The Binbei district refers to the vast area of
the Songliao Basin that lies to the north of the northwestward
trending Binzhou fault along the railway from Harbin to
Qigihar (Fig. 1). It is characterized by tectonic units of the
uplifting zones and/or slope zones surrounding the northern
part of the CDZ (Lu et al, 2000). Abundant hydrocarbons
have been found in the south, but only limited hydrocarbons
have been found in this district.
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Fig. 1 Geological and tectonic characteristics of the Binbei district, Songliao
Basin. 1: Boundary of the basin; 2: Fault; 3: Tectonic boundaries (See Yang et al
(1985) for details); 4: Wells that have been sampled; 5: The profile shown in Fig. 2

The filling sequence of the district, which is identical with
that of the Songliao Basin, can be classified into Jurassic
rifting, early Cretaceous subsidence and late Cretaceous-
Cenozoic inversion (Yang et al, 1985; Feng et al, 2010a). The
filling sequence and the tectonic feature can be best illustrated
by a typical northeast profile from the central depression zone
(CDZ) to the northern plunge zone (NPZ) (Fig. 2).

The synrift sequence (Jurassic-early Cretaceous) consists
mostly of thick coal-bearing lacustrine and volcanic rocks that
are controlled by syn-depositional faults (Fig. 2). It has been
extensively studied due to the discovery of the big Qingshen

gas reservoir (Feng, 2008; Zhao et al, 2008). The post-
rifting sequence (late Cretaceous) is made up of the upper
Cretaceous Qingshankou, Yaojia and Nenjiang Formations,
all of which are mainly lacustrine-fluvial mudstone, oil shale
and sandstone according to both the numerous exploration
wells and the China Cretaceous Continental Scientific
Drilling Songke-I borehole (Wu et al, 2008; Cheng et al,
2009; Wang et al, 2009). The Qingshankou and the Nenjiang
Formations provide the most important source rocks and
seals in the basin. The Yaojia Formation provides the most
prevailing reservoir rocks for the Daqing Oilfield (Yang et al,
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Fig. 2 Representative NE-trending cross-section from the CDZ to the NPZ illustrating the filling sequence and the tectonic
framework. The post-Cretaceous sedimentary record is thin (<500 m) which makes it hard to reconstruct the tectonic
evolutionary history by traditional methods

1985; Hou et al, 2004; Feng et al, 2010a).

The tectonic inversion sequence (late Cretaceous-
Cenozoic) is characterized by the moderate-total inversion
and denudation of the NPZ and the northeast uplifted zone
(NUZ) and by the subsidence and deposition in the west
slope zone (WSZ) and the CDZ (Fig. 2 and Fig. 3). It is
related to the westward compression from the east, which led
to a quick shrinkage of the lacustrine basin and a westward
migration of the subsidence and depositional centers (Yang et
al, 1985; Feng et al, 2010a). The widely distributed inversion
structures, including the Daqing anticline, were formed at this
period (Song, 1997; Xiang et al, 2010). Structures in the NUZ
and the CDZ are totally or moderately inverted, while those
in the WSZ are only mildly inverted (Song, 1997).

3 Sampling and methods

Sampling targets were selected according to their tectonic
features with the intention to reveal the tectonic and thermal
evolution. The wells were selected on the basis of the extent
of core segment availability in order to maximize the vertical
sample distribution. As a result, ten sandstone samples were
collected from three different wells, two of which are from
the NPZ that is obviously influenced by tectonic uplifting and
denudation. The samples cover the filling sequence from the
Nenjiang Formation to the Denglouku Formation with the
depositional ages ranging from 73 Ma to 94.3 Ma according
to biostratigraphic and paleomagnetic study (Feng et al,
2010a; Wu et al, 2008) (Table 1).

The well temperatures that were determined during
oil testing were used to constrain the burial temperature.
According to the result (Fig. 4), the geothermal gradient is
~4.5 °C/100 m. Meteorological data from 101 observation
stations over fifty years (1958 to 2007) show that the present
mean annual land surface temperature in the basin ranges
from —5 to 10 °C (Sun et al, 2009; Ma et al, 2009). Thus the
surface temperature is assumed to be 10 °C (Zhou and Littke,
1999). The partial annealing zone (PAZ from Wagner et al,
1989) for the AFT thermometer is 60-120 °C, depending
on mineral chemistry and cooling rate (Laslett et al, 1987;
Ketcham et al, 1999), which corresponds to a burial depth of
1,300-2,700 m (Fig. 4). The samples cover a depth range from

~200 m to ~1,100 m, which falls above the upper boundary of
the PAZ and fits for the reconstruction of the thermal history
(Table 1, Fig. 4).
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Fig. 3 Stratigraphic column and elements of the petroleum system in

the Songliao Basin. 1: Volcanoclastic rocks; 2: Conglomerate; 3: Sandy

conglomerate; 4: Sandstone; 5: Sandy shale; 6: Shale; Dep. Age: the

minimum depositional ages according to Wu et al (2008) and Feng et al

(2010a). Different reservoirs of Heidimiao (H), Saertu (S), Putaohua (P),

Gaotaizi (G), Fuyu (F), Yangdachengzi (Y) were developed and were best
described in Feng et al (2010a)
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Table 1 Results of apatite fission track data from the Songliao Basin

Sample Well Burial depth, Form. " P, 10%cm’  p, 10°/em’ P 10°7em’®  P(p) Cen;\rﬁ age :;(;01;& MTL

No. m (Age F) (Ny) (08) (Ny) % 1o (ii %) um £ SD (NL)
SBA1 Dongl 716 K,y*” (76.1) 28  2.395(504) 1.896(399) 2.156 (3144) 833 5244 52+4 12.0£2.0 (96)
SBA2 Dongl 763 K,y' (83.5) 28  2.854(484) 2.388(405) 1.797 (3144) 872 4143 41£3 11.242.1 (95)
SBA3 Dongl 942 K,qn' (89.3) 28 4.311(831) 1.816(350) 2.219(3144) 109 9749 1017 11.5+1.7 (99)
SBA4 Dongl 995 K,q' (94.3) 28 4290 (919) 2.488(533) 1.797 (3144) 99.1 59+4 59+4 11.7+1.8 (99)
SBA5  Bai3 262 Kin' (73) 28  3.942(1169) 2.030(602) 1.881(3144) 99.3 70+4 70+4 12.1£1.6 (105)
SBA6  Bai3 482 K,y*”? (76.1) 28  3.114(1010) 2.109 (684) 1.797 (3144) 99.1 513 5143 12.2£1.9 (102)
SBA7  Bai3 760 K,q' (94.3) 28 2968 (1161) 1.853(725) 2.113(3144) 88.9 65+4 65+4 11.7£1.9 (97)
SBA8  Bai3 770 K,q" (94.3) 28 3.904 (855) 1.909 (418) 1.649 (3144) 529 63£5 65+5 11.842.1 (63)
SBA9  tongl 1069 K,qn™@ (85.0) 26 2.289(868) 1.456(552) 1.945(3144) 44.1 56+4 59+4 11.4+1.8 (84)
SBA10 tongl 1094 K,qn™@ (85.0) 28 2496 (1124) 1.219(549) 1.839 (3144) 23.8 7245 72+5 11.742.0 (100)

Notes: Burial depth: the depth below the surface; Form.: denotes the formation sampled; Age F is the youngest age of the formation according to

Wau et al (2008) and Feng et al (2010a); »: the number of counted grains; p /p;: spontaneous/induced track densities respectively (10° tracks/cm?); N/

N;: number of counted spontaneous/induced tracks; p : dosimeter track density (10° tracks/cm?); N,: number of tracks counted in dosimeter; P(x*):

probability obtaining chi-square value ()?) for n degree of freedom (where 7 is the number of crystals minus 1); the central ages are given for the
sediment samples with high P(y?), where the +1o stands for the +1 standard error (Galbraith and Laslett, 1993); MTL: mean horizontal confined track
length; SD: standard deviation of track length distribution; NL: the number of horizontal confined tracks measured. The ages were calculated using

the zeta calibration method (Hurford and Green, 1983), glass dosimeter CN-5 and a zeta value of 385 + 12 yr./cm?. The well distribution can be found

in Fig. 1

The samples were analyzed following the procedure
outlined by Donelick et al (2005). After their separation
using standard magnetic and heavy-liquid techniques, apatite
grains were mounted in epoxy resin and polished to expose
internal sections. The external detector method (Gleadow,
1981) was applied with the etching protocols of Carlson
et al (1999) for apatite (5.5 mol HNO, for 20 seconds at
21 °C). Low-uranium muscovite external detectors were
packed together with sampled grain mounts and with Corning
CNS5 glass dosimeters and irradiated in the 492 swimming-
pool hot-neutron nuclear reactor at the China Institute of
Atomic Energy, Beijing. This reactor has a well-thermalized
neutron flux with a Cd ratio for Au>100. After irradiation,
the muscovite external detectors were detached and etched in
40% HF for 20 minutes at 25 °C to reveal the induced fission
tracks. The ages were calculated using the Zeta calibration
method (Hurford and Green, 1983; Hurford, 1990) with
a Zeta value of 385+12 year/cm’. In order to increase the
number of observable horizontal confined tracks, the samples
were exposed to “°Cf fission fragments (Donelick and Miller,
1991). Horizontal confined fission track lengths (e.g. Laslett
et al, 1987; Gleadow et al, 1986) were measured only in
prismatic apatite crystal faces because of the anisotropy of
fission track annealing in apatite (Green et al, 1985). Where
possible, up to 100 horizontal confined tracks were measured
in the prismatic grains of each sample.

4 Results

Apatite fission track ages and lengths for 12 samples are
given in Table 1. Both the radial plots and the histograms of
the single grain ages (SGAs) are illustrated in Fig. 5. All the

Temperature, °C
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Fig. 4 Temperatures from drill stem tests (DST)
and location of the present apatite PAZ

SGAs belong to the same age group indicated by passing
the y’-test and thus the pooled age is reported (Tagami and
O’Sullivan, 2005).

4.1 Lateral distribution

The samples from well Dongl represent all those from
the northern part of the CDZ. The samples from the reservoir
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rocks fall in the Cenozoic period with ages ranging from 5944
Ma to 41£3 Ma that are much younger than their Cretaceous
depositional ages (Fig. 5), indicating total annealing.
However, one sample from the Qingshankou Formation has
AFT age of 101+£7 Ma that is older than its oldest depositional
age of 94.3 Ma, indicating no annealing.

Samples SBAS to SBA10 are from the NPZ. The oldest
age (72+5 Ma) was reported by sample SBA10 (1,094 m)
from the Qingshankou Formation, the youngest age of 51+£3
Ma was from sample SBA6 from the Yaojia Formation. All
the AFT ages are younger than their youngest depositional
ages of 73-94 Ma, which suggests total annealing.

Samples from wells Bai3 and Tongl have successive
burial depths ranging from ~200 m to ~1,100 m. Their
vertical distribution increased from 51+£3 Ma to 72+5 Ma
with an increasing burial depth from ~500 m to ~1,100 m if
sample SBAS is not considered. Sample SBAS is from the
Nenjiang Formation and is totally annealed, but more SGAs
older than its depositional age are recorded.

All the samples are characterized by a unimodal track
length distribution that is skewed to the left, which may
indicate a simple thermal cooling according to the geologic
settings (Fig. 5(c)).

(a) (b)

Age ;
Strat. Dep]Lith
ra (Ma p

CV: 56.0 Ma

4.2 Vertical distribution

The two seals of the Qingshankou and the Nenjiang
Formations are good insulators for vertical heat transfer,
which justifies our looking into the vertical age distributions
of the samples that lie in the middle segment (between the
Qingshankou and the Nenjiang Formations) and of the
samples that lie in the lower segment (below the Qingshankou
Formation) respectively (Fig. 6).

Samples with shallower burial depth show older ages in
the lower segment. Samples from the middle segment show
different characteristics. Younger ages were found in those
samples that have shallower burial depth. It is contrary to
our common expectation that the AFT age should become
younger with the increasing burial depth (Wagner, 1981).
If the AFT ages from the Qingshankou and the Nenjiang
Formations are taken into consideration, the overall age
distribution assumes a “bow” shape, with the youngest age
found in the middle, and the age becomes older toward the
main seals on both sides. The single grain age distribution has
also shown the same characteristics. Samples from the main
reservoir of the Yaojia Formation have younger and narrower
SGA distribution, while those from the second and third
segments of the Qingshankou Formation have more SGA
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Pet.Sci.(2013)10:314-326 319
(Continued)
(a) (c) (d)
Strat. :\%:)
20 30}-Samp.: SBAS
2 Depth: 262 m
73. MTL£SD=12.141.
20FN(L): 105

K,n

CV:62.3 Ma

80
.
Now Tt 70
0 e

89.3

706010 30 20
Rel. error, %

Probability, %

P N w

o o o
T

0 100 200 !

Probability, %

200 ! !

\ 100"

30]. Samp.: SBAG

N Depth: 462 m
= | MTL£SD=12.20+1.9
Z 20FN(L): 102
©
Qo
o
& 10f
1 Il

30} Samp.: SBA7
Depth:760 m
MTL+SD=11.7+(]
20F N(L): 97

Probability, %

| Samp.: SBA8
Depth:770 m
MTL+SD=11.8+2.1
F N(L): 63

T 30}-Samp.: SBA9

N Depth: 1069m
| = | MTL+SD=11.4%1g
E | S 20PN(L): 84
©
Q
o
4 & 10k

o4
=
o
o

2

o

o
o
I
©
=
N
(o)
N
o

I-Samp.: SBA10
Depth: 1094 m
MTL+SD=11.7+2.

['N(L): 100

10

c_i . .
Probability, %

N w

o

0 4 8 12 16 20

Single grain age, Ma Fission track length, ym

Fig. 5 AFT data displayed in radial plots after Galbraith (1990) (b) and histograms (c); AFT track length distribution (d)
in the different tectonic belts in the Binbei district. Radial age plots left y-axis:  error, x-axis: relative error in %, right
y-axis: age in Ma. The band across all the histograms denotes the minimum depositional ages of the samples

older than the depositional ages and wider SGA distributions.

The track length is becoming shorter vertically with the
increasing burial depth. However, the track length is much
shorter (~12 um) than expected from the samples that are
situated above the PAZ. The reason will be further discussed.

5 Interpretation and discussion

All AFT ages from samples of the main reservoir fall

between the late Cretaceous (oldest AFT central age of 7245
Ma) and the Eocene (youngest AFT central age of 41+£3 Ma)
period that are younger than their depositional ages and thus
indicate that the samples have been heated up to the total
annealing zone (110-120 °C) (Laslett et al, 1987; Wagner et
al, 1989; Ketcham et al, 1999) (Fig. 5-Fig. 7). Two samples
from the main seals of the Qingshankou and Nenjiang
Formations have the AFT ages of 101£7 Ma and 70+4 Ma
respectively. The former is older than its depositional age (89.3
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Fig. 6 Vertical variation of AFT ages (a and b) and AFT MTL (c) in the Binbei district. a-b: The central AFT age with +1s

standard error in the middle and the lower segments respectively. ¢: The MTL with standard deviation (Table 1). The present-

day burial depth (m) is shown on the left hand axis. The minimum depositional ages of the formation is shown by the dashed

line. The main seals of the Qingshankou and the Nenjiang Formations are indicated by shadow rectangles that have been
labeled by k,qn' and k,n' respectively.

Ma) without being annealed, whereas the latter is younger
than its depositional age (73 Ma). The factors that lead to the
different annealing characteristics between the reservoir rock
and the seals and their geologic significances are discussed
below.

5.1 Burial heating

Burial heating (due to either increased thermal gradients
or burial depth), magmatism, and fluid flow are the most
three common reasons that account for the resetting of AFT
and zircon fission track (ZFT) thermometer (Ehlers, 2005).
The annealing processes of all samples happened during
the depression-inversion stage, during which there was no
magmatism as indicated by precise Ar-Ar dating results of
the volcanic rocks in northeast Asia (Wang et al, 2006a). We
first take a close look at the burial processes with evidence
from R,, which was collected by the standard analytic
procedure (ISO, 1994; ICCP, 1998). Only those data having
a minimum number 20-30 particles, which are the minimum
ones proposed for good estimation of the mean random R,
of dispersed organic matter (DOM) according to Barker and
Pawlewicz (1993), were selected and their mean maximum R,
were used.

The vertical distribution of the mean maximum R, from
the NPZ and NUZ was shown in Fig. 7(a) and Fig. 7(b). R,
in the NPZ is more systematic, but R, from the NUZ is more
limited and sparser. Both of them increased vertically with
the increasing burial depth. When the burial depth <1,100
m, the deepest burial depth that has been sampled for our
AFT dating, the R, is <0.7%. Horizontal R, distribution in the
Quantou Formation, which is the lowermost formation that
has been sampled, indicates that well Bai3 and well Tongl
are located in the NPZ, where R <0.5%, while well Dongl is
located in the CDZ, where R <0.7% (Fig. 7(c)).

To estimate the highest paleotemperature that has been
indicated by the R, two factors that influence the maturation

of the source rock should be considered. The first is the
kerogen type. The source rocks in the Songliao Basin
change from type I sapropelic kerogen in the CDZ to type
III terrestrial kerogen at the margin due to changes in the
depositional environments. As a result, the main kerogen
types in the Binbei district are type II and type III kerogen
(Yang et al, 1985). This excludes the higher paleotemperature
needed for the same organic maturation that has been
proposed for type I kerogen in the CDZ (Hutton and Cook,
1980). The second factor is the overpressure systems that
might prohibit the metamorphism of the organic matters
(Barker, 1989; Lo, 1993; Carr, 1999). There exist widely
distributed abnormal high pressure systems in the CDZ of the
Songliao Basin (Xiang et al, 2007). In this district, there are
no abnormal pressure systems above the Quantou Formation
because the upper boundary of the abnormal system is at the
burial depth of ~1,350 m, which is deeper than most of the
burial depths of the Quantou Formation (Xiang et al, 2007).
Abnormal high pressure systems might have existed before
the inversion of the Songliao Basin. If R, from the Binbei
district (type III kerogen with or without abnormal pressure
systems) is compared with that from the CDZ (type I kerogen
with obvious abnormal high pressure symstems), it should
indicate a lower temperature than the same R, from the CDZ
(Yang et al, 1985; Zhou and Littke, 1999).

According to the thermal evolution of the source rocks
in the CDZ, the threshold of hydrocarbon generation is at
a burial depth of 1,300 m and an R,=0.5% that corresponds
to a burial temperature <60 °C. When 0.5% < R, < 1.0%
(burial depth ranging between 1,300 m and 1,900 m), which
corresponds to the maximum burial temperature of 60-
90 °C, the source rocks were mature and began generating
hydrocarbons (Yang, 1985; Zhou and Littke, 1999). The
above defined thermal history has been proved by other
independent parameters, such as spore colors, compositions
of the kerogen (H/C ratio and O/C ratio), through thermal
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Fig. 7 Distribution of the vitrinite reflectance isolines from the Quantou Formation. a-b. Vertical

distribution of the vitrinite reflectance from the NPZ and the NUZ respectively. c. Horizontal

distribution of the vitrinite reflectance. The low R, values of <0.5% from well Tongl and well

Bai3 and the R, of ~0.7% from well Dongl, which correspond to the highest burial temperature of
60-90 °C, indicate that burial heating cannot account for the AFT total annealing

gravimetric analyses, and by the thermal evolution of
saturated/aromatic hydrocarbons and clay minerals (I/S) (Yang
et al, 1985).

Accordingly, the low R, values of <0.5% from well Tongl
and well Bai3 indicate a burial temperature <60 °C and the
R, of ~0.7% from well Dongl indicates a burial temperature
of 60-90 °C. Since the vitrinite reflectance tends to record the
peak temperature (Baker and Goldstein, 1990), it is clear that
the above defined burial temperature cannot lead to the total
annealing of the AFT thermometer. We have to rely on some
transient thermal effect to explain the AFT annealing and the
temperature discrepancies between the AFT thermometer and
the R,

5.2 Thermal annealing from fluid flow

Thermal effects from different scales of fluid flow have
a far greater influence on the temperature field than those
from the lithosphere-scale events and have been widely
documented (Blackwell and Steele, 1989; Ehlers, 2005).
All the AFT ages from the samples that have been totally
annealed range between the late Cretaceous and the early
Eocene, during which time the Songliao Basin was under its
tectonic inversion. Because almost all the tectonic movements
involve the movement of fluid, our consideration of the
thermal effect from fluid flow is justified (Sibson, 2000;
2003; Oliver and Bons, 2001; Stanislavsky and Garven, 2003;
Barker et al, 2006). To seek foundations for our explanation,
questions concerning the source, the driving mechanism and
the pathway systems of the fluid should be first answered.
The question “how the thermal effects from fluid flow control
the AFT annealing” is then discussed.
1) Source of the hot fluid

High temperature fluids both from the CDZ and from

the underlying rifting sequences existed. High temperature
formation water and hydrocarbon fluid have been documented
by fluid inclusions from the CDZ. The time of their existence
and movement was between the late Cretaceous and the early
Eocene. High temperature fluids must have existed at the
underlying rifting sequence of the Binbei district as indicated
by >3 km burial depth (Fig. 2) and the high (~45 °C/km)
geothermal gradient (Fig. 4).

2) Driving mechanism

Thermal effects from the fluid account for the AFT
annealing, thus the AFT ages record the time of the fluid
flow. Because all the samples that have been totally annealed
record the time from the late Cretaceous (oldest age of 72+5
Ma) to the early Eocene (4143 Ma), during which time the
basin underwent extensive inversion from east to west (Xiang
et al, 2010), the fluid flow might have been syntectonic. It was
triggered or driven by tectonic faulting or compression and
was often advective fluid flow (Sibson, 2000; 2003; Oliver
and Bons, 2001; Stanislavsky and Garven, 2003; Barker et
al, 2006). There exist different mechanisms that could have
driven the fluid flow to the Binbei district during the main
stage of tectonic inversion.

One of the possible driving mechanisms is the fluid flow
driven by the tectonic compression along the faults. Faults
in the Binbei district are obvious as shown in Fig. 2. Some
of them have cut through the main seals of the Qingshankou
Formation. As the NW-strike faults tend to open during
the main stage of the NW tectonic compression at the late
Cretaceous (Sibson, 2000; 2003), it was easy for the hot fluid
to migrate from the underlying formation vertically along the
faults and enter the reservoir to reset the AFT thermometers.

Thermal effects from the hot fluid along the faults can
be used for an easy explanation of the AFT annealing of the
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samples from well Tongl because it is situated on the vicinity
of the NW faults. However, it is hard to account for those
samples from the well Dongl and well Bai3 because there are
no obvious faults from the seismic cross section. The other
mechanism of large-scale lateral fluid flow is proposed.

One of the driving mechanisms for large-scale lateral fluid
flow is the combined effect from the abnormal high pressure
systems that developed in the CDZ and from the tectonic
compression, according to the model that has been well built
(Sibson, 2000; 2003; Stanislavsky and Garven, 2003). The
Qijia-Gulong Depression is characterized by an abnormal
high fluid pressure (the pressure coefficient falls between
1.2 and 1.6), which is controlled by both the rapid burial
processes and the hydrocarbon generation (Liu et al, 2000;
Wang et al, 2002; Xiang et al, 2004). It is quite possible that
the abnormal, highly pressurized fluid flow from the Qijia-
Gulong Depression, triggered by the tectonic compression
during the inversion of the Songliao Basin, will migrate to the
NPZ and lead to the total AFT resetting.

Fluid flow driven by gravitational energy is the other
possible contributor. It is best illustrated by Garven et al
(1993) and its thermal effect has been recently reviewed by
Bernet and Garver (2005). The difference of the elevation
(~250 m) between the east and the west has been recognized
in the regional profile (Yang et al, 1985; Zhou and Littke,
1999; Xiang et al, 2007) if the main seal of the Qingshankou
Formation or the Nenjiang Formation is taken as a reference.
Such a difference might have been even greater at the end of
the Eocene due to the elevation and denudation (1,200-1,500
m) (Xiang et al, 2010).

3) Pathway systems

Thermal effects from fluid flow indicate a lateral
or vertical convective heat transfer, either of which is
characterized by being more efficient than conductive heat
transfer along the main pathway systems of the fluid flow
(Ehlers, 2005). The pathway systems for the fluid in a basin
have been defined as the permeable rock masses, which are
the permeable sandstones and unconformities or the faults
and fracture systems (Lin et al, 2009) (Fig. 1, Fig. 2).

Due to the lack of pathway systems for the hot fluid
flow, the thermal effect may result in the sample’s failure
to be annealed. Sample SBA3 is from the main seals of
the Qingshankou Formation that deposited during the
main subsidence of the Songliao Basin. The fine grained
sandstone in the seals is discrete and cannot form continuous
pathway systems for the fluid from the CDZ. At the same
time, the fine grained mudstone is characterized by low
thermal conductivity, which will shield the vertical and
lateral heat conductivity. The above two factors lead to the
sample’s failure to be annealed (Blackwell and Steele, 1989).
The lateral connectivity of the permeable reservoir might
account for the different characteristics of vertical AFT age
distribution between the middle reservoirs group and the
lower reservoirs group. The lower reservoirs group was
deposited under a braided fluvial-shallow lake environment
and is characterized by discrete fluvial channel sandstone
bodies (Feng et al, 2010a), whereas the middle reservoirs
group is controlled by the large fluvial-delta systems from the

Binbei district and the sandstone bodies are overlapped and
well laterally connected (Feng et al, 2010b). The vertical AFT
ages of those from the middle segment increased with the
burial depth, indicating a local thermal effect from fluid flow
(Tagami and O’Sullivan, 2005). Driven by the buoyancies
that arose from their temperature differences, hot fluid from
the CDZ tends to ascend to flow beneath the bottom of
the main seals during its lateral migration. This resulted in
younger ages with shallower burial depths (Fig. 6). Those
samples from the lower segment are different as indicated
by the younger ages with increasing burial depth. This may
be either due to the limited sampling interval, which focuses
on the upper part of the lower group, or indicates a limited
temperature anomaly, which has no totally overturned thermal
effect from conductivity due to the lack of lateral pathway
connectivity.

5.3 Transient fluid flow

Thermal effects from the fluid flow accounts for the
different annealing between the reservoir and the seals. The
following discussion will be focused on the temperature
discrepancy shown by the AFT thermometer and the R,
respectively.

1) Transient thermal effect

Research results indicate that the fluid flow of a regional
scale, driven by topographic reliefs, may result in transient
(10*-10° yrs. according to Ehlers, 2005) regional thermal
anomaly as has been documented in the basin and province
of the middle continent and the Paris Basin (Bachu, 1985;
Garven et al, 1993). Local fluid flow in connection with the
magmatism, tectonic faulting or seismic activity, and with
the breakthrough of the abnormal high pressure systems,
is instant and transient (Sibson, 2000; 2003; Stanislavsky
and Garven, 2003). Both regional and localized thermal
effects from fluid flow are transient and may account for the
temperature discrepancy indicated by AFT thermometer and
R, respectively.

Thermal effects from fluid flow are the only possible
choice that can account for the AFT total annealing but will
not result in a significant enhancement of R,. Research results
show that the maturation of the organic matters requires
longer time than the resetting of the AFT. A minimum of 10°-
10" yrs. of continuous heating (within 15 °C of maximum
temperature) is required to stabilize the thermal maturation
of organic matters (Barker, 1989). Take the temperature
range of 100-120 °C for example, decarbonxylation reactions
with an Ea of 30-40 kcal/mol (130-170 kJ/mol), which is the
activation energy for preferentially eliminating water and
carbon dioxide during the early maturation stage (Burnham
and Sweeney, 1989), require on the order of 10°-10" yrs.
to approach completion (Barker, 1989). According to the
evidences both from experiments and from the calculation
based on the Arrhenius equation (Green et al, 1985), however,
the time needed for AFT annealing (<1 year) at the same
temperature (100-120 °C) is almost instant (Laslett et al,
1987; Green et al, 1985; Crowley et al, 1991).

The above time difference between the stabilization of
the vitrinite reflectance and the total annealing of the AFT



Pet.Sci.(2013)10:314-326

323

thermometer can help explain the temperature difference
indicated by AFT total annealing (110-120 °C) and the
vitrinite reflectance (60-90 °C with R <0.7%). The duration
of the thermal effect from the fluid flow (which lasts typically
on the order of 10*-10° yrs. according to Ehlers (2005)) is not
long enough to affect the R, although its temperature is high
enough to reset the AFT thermometer.

2) Episodes of fluid flow

Transient fluid flow indicates that fluid flow happened at
some point between the late Cretaceous and the early Eocene.
It should be treated not as the time span over which the fluid
flow has lasted, but typically as the time point when one or
more episodes of fluid flow have been driven or triggered by
tectonic compression. For a more accurate time table of the
fluid flow, and consequently the time table for the tectonic
activity, special attention should be paid to how the fluid and
the pathway system cool down after the main episode of fluid
flow.

The cooling velocity of the fluid flow depends on the
temperature differences between the fluid flow and the wall
rock. Higher temperature differences will result in a higher
cooling velocity and more accurate time will be recorded
by AFT age because the AFT ages record the time when the
temperature passed the upper boundary of the PAZ (Gleadow
et al, 1986). Regardless the cooling effect of the fluid during
its migration along the pathway systems, the temperature
difference between the fluid and wall rock then depends on
the burial temperature which is closely linked to the burial
depth. The post-rifting sequence is a depression with the
burial depth increasing from the periphery to the basin center
as shown in Fig. 2. Higher temperature differences between
the fluid flow and the wall rock are found in samples from
well Tong3 and well Bai3, both of which are located at the
margin of the basin.

Limited samples from well Tong3 and well Bai3 indicate
three episodes of fluid flow at late Nenjiang (72+5-70+4
Ma), late Cretaceous (65+4—63+5 Ma), and late Paleocene
(56£4-514£3 Ma) periods respectively (Table 1, Fig. 5). All
of them fall in the standard deviation of the +1 standard error
of the AFT dating and their accuracy is acceptable (Galbraith
and Laslett, 1993). Due to the transient characteristics of
the thermal effect from fluid, they should not be treated
as the same episode of fluid flow because the time lasts
so long that the maturation of the organic matter will be
enhanced. Although limited samples may fail to support the
above conclusion, its reliability is supported by the geologic
background of the Songliao Basin.

The thermal effect from syntectonic fluid flow suggests
that there must have been some tectonic activity that can drive
or trigger the fluid flow. According to the geologic setting,
three episodes of tectonic movement in the Songliao Basin
are well established. The first episode appeared before the
deposition of the third member of the Nenjiang Formation,
as indicated by the progradation effect of the filling sequence
from the east (Feng et al, 2010a; 2010b). The second episode
of tectonic movement happened at the late Cretaceous (65
Ma), which marked the beginning of tectonic inversion with
more than 750 m of erosion recorded by AFT dating from the

south uplifted zone (Xiang et al, 2007). The third episode of
tectonic activity occurred in the late Paleocene (56 Ma) and
might have arisen from the combined effect of the subduction
of the Pacific Plate underneath the Eurasian Plate (Patriat
and Achache, 1984; Gordon and Jurdy, 1986; Maruyama et
al, 1989; Lee and Lawver, 1995; Sharp and Clague, 2006)
and of the collision between the Indian subcontinent and
the Eurasian Plate (Maruyama and Send, 1986; Lee and
Lawver, 1995). The third episode of tectonic movement in
the Songliao Basin must have lasted till the early Eocene as
suggested by the AFT dating from the south uplifted zone of
the basin (Xiang et al, 2007).

It is hard to provide more evidence to prove the above-
mentioned three episodes of fluid flow. However, we can
suppose all samples from well Dongl as tests and get further
information.

Three samples from well Dongl that have been totally
annealed record AFT age of 59+4 Ma, 52+4 Ma and 41£3 Ma
respectively. The first two ages fall within the late Paleocene.
The limited data from well Dongl have proved at least the
last episode of fluid flow, but failed to prove the two episodes
of fluid flow that happened at the late Nenjiang and late
Cretaceous periods. At the same time, one sample records
another age of the early Eocene (4143 Ma). Whether they are
reliable or not is worth discussion.

5.4 Thermal overprinting

Thermal effects from fluid flow left only their footprints
on the pathway systems. This leads to the following two
results. Syntectonic fluid flow tends to change its pathway
systems (Oliver and Bons, 2001; Baker et al, 2006) that cause
some of their thermal effects to fail to be recorded. Thus
large-scale fluid flow will leave its thermal effect in a broad
range and small-scale fluid flow will only leave its footprint
on limited reservoir rocks. On the other hand, the unchanged
pathway systems will only preserve the thermal effect of
the latest episode of fluid flow due to its overlapping on the
thermal effect of the early-stage thermal event. The above
two characteristics can explain the AFT ages that record the
thermal effect from fluid flow.

The second characteristic of the thermal effect from fluid
flow gives us a direct clue to explain the AFT data from the
well Dongl which is nearer to the CDZ. The CDZ has a high
pressurized fluid flow with a high temperature and can be
easily triggered or driven by the tectonic movement. Thus,
thermal effects from the late Paleocene fluid flow must have
totally overlapped those from the late Nenjiang and the late
Cretaceous periods and caused their lack of preservation as
AFT ages.

The first characteristic of the fluid flow gives us more
information as follows. First, real large-scale fluid flow will
leave its footprint in a wide range of pathway systems, which
in turn makes it easier to be sampled and recorded. The late
Paleocene large-scale fluid flow can be ascertained because
it has been recorded by samples from the three wells that are
scattered in a vast area and vertically from ~500—1,100 m.
The late Nenjiang fluid flow and late Cretaceous fluid flow
should be more obvious than the early Eocene fluid flow
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because they were recorded by samples from well Bai3 and
well Tongl, both of which are located in farther north than
well Dongl. The early Eocene fluid flow is only recorded at
good reservoirs of the first member of the Yaojia Formation
near CDZ, which in turn indicates its limited thermal effect
and distribution.

The above two assumptions may have wide applications
in dating the tectonic movements if they have been further
proved. Tectonic reconstruction relies heavily on the rock
framework, the lack of which will cause big challenges. The
late-stage tectonic movement in the Songliao Basin, starting
from the late Cretaceous (~65 Ma) with <500 m sedimentary
record, is one of such challenges. Our analysis defines at least
three episodes of tectonic movement with the time much
more accurately defined than anticipated. What is more, if
tectonic movements can be dated by their syntectonic fluid
flow, all the methods that date the fluid flow and the thermal
events can be used to quantify the timetable of the tectonic
movements. Thus, dating the time of the tectonic activity
by dating the syntectonic fluid flow and its thermal effect
should evolve into a new method. Thermal overprinting by
the fluid flow may also account for the shortened AFT MTL
distribution (Fig. 6). The MTL distribution may be attributed
to the sluggish annealing kinetics for the sample’s long time
(30-65 Ma) of location in the low temperature range of <70
°C (Spiegel et al, 2007). According to the above discussion,
transient thermal effects from fluid flow with the temperature
between 60 °C and 120 °C can easily lead to partial annealing
of the AFT, as indicated by the shortening of the MTL.

5.5 Source rock maturation and hydrocarbon
exploration

Thermal history is the key factor that controls source rock
maturation and the successive hydrocarbon migration and
accumulation. There are two families of source rocks that
developed in the Songliao Basin, namely the Qingshankou
and the Nenjiang Formations (Yang, 1985; Lu et al, 2009;
Feng et al, 2010a). The proposed thermal effects have
important implications for hydrocarbon exploration in the
Binbei district.

Hydrocarbon exploration under the guide of conventional
hydrocarbon exploration around local pods of active source
rocks in the Binbei district has never gained a prominent
outcome. This is mainly due to the low matured source rocks
that have been proved both by the low R, (Fig. 7) and by the
unannealed AFT age (Fig. 5) from the main source rock of the
Qingshankou Formation.

The defined thermal effect from fluid flow, however, gives
a new idea to overcome the above stalemate. Hydrocarbon
exploration around the active source rocks should be changed
to look for the hydrocarbons that have migrated from the
main active source pods in the CDZ. The late Paleocene
fluid flow is a large-scale fluid flow that has left its footprint
both on the vicinity of the mature source region (samples
from well Dongl) and in those areas farther north of the
Binbei district, where R <0.5%. The two sets of source rocks
that have been buried up to the threshold of hydrocarbon
generation (Yang et al, 1985) before the Paleocene justify our
assumption of the large-scale hydrocarbon migration together

with the migration of the formation fluid flow. Independent
evidence from the composition and the geochemistry of the
natural gas and the crude oils has demonstrated a long range
hydrocarbon migration in the basin (Feng et al, 2003; Xiang
et al, 2004; 2005).

6 Conclusions

AFT dating in the Binbei district further clarifies
its thermal history and has important implications for
hydrocarbon exploration. The following are the most
significant results:

1) The AFT ages of samples from the Cretaceous reservoir
rocks (youngest deposition age of 76.1 Ma) fall between the
late Cretaceous (the oldest AFT age of 72+5 Ma) and the
early Eocene (the youngest age of 4143 Ma), indicating AFT
thermometer total annealing after deposition. Two samples
from the main seals of the Qingshankou (the youngest
depositional age of 89.3 Ma) and Nenjiang (the youngest
depositional age of 70.6 Ma) Formations yield AFT ages (70+4
Ma and 9749 Ma respectively) identical with or older than
the depositional ages, indicating partial or no annealing.

2) Thermal effects from syntectonic fluid flow are
proposed to account for the AFT total annealing because
the burial heating is not high enough as evidenced by low
R, (<0.7%). Driven by the tectonic compression and the
abnormal pressure systems, the fluid flow from the CDZ or
from the underlying rifting sequences is proposed to account
for the AFT total annealing.

3) The characteristics of the transient thermal effect
from the syntectonic fluid flow help explain the indicated
temperature discrepancies between the AFT thermometer and
the R,. Thermal effects from fluid flow are hot enough (110-
120 °C) to anneal the AFT thermometer, but they do not last
long enough (10*-10° yrs.) to enhance R, (minimum 10°-10’
yrs. under the above temperature). Thus, dating fluid flow
may be a new way to reconstruct the tectonic history and may
have extensive applications.

4) The late Paleocene (51£3—59+4 Ma) large-scale fluid
flow is recognized from all the AFT ages according to the
thermal overprinting effect. The large-scale fluid flow calls
for a new idea to direct the hydrocarbon exploration.
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