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Abstract: The Cretaceous Hegang Basin is located on the Jiamusi Block, NE China, and separated
from the Songliao Basin by the Lesser Xing’an Range (LXR). Seismic interpretation shows that the
Chengzihe, Muling and Dongshan formations of the Hegang Basin thicken eastwards with west-
wards onlap, indicating that the LXR existed as a palaeo-uplift during that period, whereas the
Houshigou Formation shows no thickness change, indicating that the LXR was possibly under
water at this time. This is supported by results of detrital zircon analysis from the Hegang Basin
in which the Chengzihe Formation is dominated by approximately 180 Ma zircons, which can
only be provided by the LXR, whereas the Houshigou Formation records no early Jurassic ages.
This view is consistent with previous studies of the Songliao Basin for a provenance change
between the Denglouku and Quantou formations. We conclude that the LXR was a highland
during deposition of the Chengzihe, Muling and Dongshan formations but that it was under
water when the Houshigou Formation was deposited. There was thus a connection between the
Hegang and Songliao basins, which marks an eastwards migration of the depositional and exten-
sional centre of the Songliao—Hegang basin system. This eastwards migration implies lithospheric

extension driven by palaeo-Pacific roll-back.

Zircon grains in clastic sedimentary rocks are
derived from the weathering of the surrounding
source rocks, and are recognized as being highly
resistant to chemical and physical weathering and
other sedimentary processes (Jackson & Sherman
1953). Detrital zircon analysis is widely recognized
as a powerful tool for interpreting the provenance
of sedimentary rocks (Drewery et al. 1987; Thomas
2011) because it has the ability to link sedimen-
tary basins to their surrounding source regions
(Riggs et al. 1996). Detrital zircon analysis can
also be applied to infer maximum depositional
ages of strata (Dickinson & Gehrels 2009), to recon-
struct supercontinent cycles (Li et al. 1995) and to
reflect the tectonic settings of the basins in which
they were deposited (Cawood et al. 2012).

The Hegang Basin is located to the east of the
Lesser Xing’an Range (LXR), the Zhangguangcai
Range (ZR) and the Songliao Basin, and lies
within the Jiamusi Block to the west of the Sanjiang
Basin, NE China (Fig. 1). It is 100 km long from
north to south, and 28 km wide from east to west,
with a total area of approximately 2800 km?. The
Hegang Basin has been mined for coal since 1917

and contained China’s largest opencast coal mine
(before 2010) — the Lingbei Opencast Mine, which
is now part of the Hegang National Mine Park. The
coal types are mainly bituminous coal to anthracite.
The strata of the Hegang Basin were previously con-
sidered to be Late Jurassic in age; however, a recent
study based on palacontology suggests that they
were deposited in the Early Cretaceous (Sha ef al.
2002).

The Songliao Basin is located between the
LXR and ZR to the east, and the Great Xing’an
Range to the west (Fig. 1). It is approximately
1000 km long from north to south, and 400 km
wide from east to west, with a total area of approx-
imately 350 000 km”. The Songliao Basin contains
oil- and gas-bearing non-marine sedimentary strata,
and is one of the largest oil fields in China. It
includes the Daqing oil field, which started pro-
duction in 1959. The structure and sedimentol-
ogy of the Songliao Basin have been well studied
because of extensive oil and gas exploration and
development (Wu et al. 2007; Feng et al. 2010b,
2011). Its structural evolution has been subdivided
into three stages: synrift stage (the Huoshiling,
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Fig. 1. (a) Location of the Central Asian Orogenic Belt (CAOB) and adjacent cratons. (b) Basin distribution in NE
China and adjacent areas (after Zhou et al. 2009; Sorokin et al. 2010; Wu et al. 2011): F1, Mudanjiang Fault; F2, Yi-Shu
Fault; F3, Dun-Mi Fault; LXR, Lesser Xing’an Range; ZR, Zhangguangcai Range.

Shahezi, Yingcheng and Denglouku formations)
with asthenospheric upwelling and crustal exten-
sion; post-rift stage (the Quantou, Qingshankou,
Yaojia and Nenjiang formations) with lithosphere
cooling and subsidence; and the structural inversion
stage (the Sifangtai, Mingshui, Yi’an, Da’an and
Taikang formations) with compression and folding
(Ren et al. 2002; Feng et al. 2010a).

Along the present eastern boundary of the Son-
gliao Basin, most of the post-rift strata are deep
lake facies (Zhang & Bao 2009; Feng et al. 2010a,
2013; Gao et al. 2010; Xi et al. 2011; Wang et al.
2013). This poses some important scientific
questions.

e Where was the original eastern boundary of the
Songliao Basin in the post-rift period?

e Did the Songliao Basin ever spread east over the
LXR?

e What is the relationship between the Songliao
and Hegang basins?

In this study, we report a sensitive high-resolution
ion microprobe (SHRIMP) zircon U-Pb age of a
tuff from the Houshigou Formation, and detrital
zircon ages for the Chengzihe and Houshigou for-
mations of the Hegang Basin. In light of these
results, we review the distribution of Late Triassic—
Early Jurassic igneous rocks in NE China and the

detrital zircon geochronology of the Songliao
Basin in order to test for any similarities with the
Hegang Basin. This study will help in understand-
ing sedimentary basin development and the tectonic
evolution of East Asia. It is also relevant to the
timing of changes in tectonic regime, associated
with the advance and retreat of the palaco-Pacific
Plate, which has dominated the architecture of
eastern China since the early Mesozoic.

Geological setting

NE China and adjacent regions in Far East Russia
are made up of several massifs and terranes that
are located between the Siberia and North China
cratons (Fig. 1), including the Erguna, Xing’an,
Songliao, Bureya and Jiamusi blocks, and the
Sikhote—Alin accretionary complex (Wu et al.
2005; Yu et al. 2008; Kotov et al. 2009; Sorokin
et al. 2010; Zhou et al. 2011a). The Erguna,
Xing’an and Songliao blocks are considered to be
the eastern part of the Central Asian Orogenic Belt
(CAOB) that amalgamated in the Palaeozoic (Xiao
et al. 2009, 2010), whereas the Jiamusi block
and Sikhote—Alin accretionary complex are early
Mesozoic circum-Pacific accreted terranes (Zhou
et al. 2009; Wu et al. 2011). The amalgamated
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Erguna, Xing’an and Songliao blocks collided
with the North China Craton in the Permian (Xiao
et al. 2003), and with the Siberia Craton in the late
Palaeozoic—early Mesozoic (Kravchinsky et al.
2002). Final collision with the Jiamusi Block
occurred in the early Mesozoic (Zhou et al. 2009),
forming the wunified Jiamusi—Mongolia block
(Wang et al. 2011). The ocean separating the
Jiamusi—Mongolia block from the Siberia Craton
closed completely in the early Early Cretaceous
(Cogne et al. 2005).

The Songliao Block is overlain by Mesozoic—
Cenozoic strata of the Songliao Basin. Most of the
basement beneath the Songliao Basin is composed
of Palaeozoic—Mesozoic granitoids and Palacozoic
strata (Wu et al. 2000, 2001; Gao et al. 2007; Pei
et al. 2007; Yu et al. 2008; Zhou et al. 2012), with
minor Proterozoic granitoids (Wang et al. 2006).
In the eastern part of the Songliao Block, the base-
ment was uplifted and forms the LXR and ZR,
which also contain Palaeozoic—Mesozoic grani-
toids and Palaeozoic strata (Meng et al. 2010,
2011; Wang et al. 2012a, b).

The Jiamusi Block has a pre-Mesozoic basement
that is composed mainly of the Mashan Complex,
the Heilongjiang Complex and Permian granite
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(Wu et al. 2011). The Mashan Complex makes
up the main part of the Jiamusi Block and consists
of khondalitic rocks with a metamorphic age of
500 Ma (Wilde et al. 1999, 2000, 2003). The Hei-
longjiang Complex is distributed in the western
part of the Jiamusi Block, and consists of ultramafic
rocks, blueschist-facies pillow basalts, carbonates
and mylonitic mica schists, which are considered
to represent a mélange along the suture between
the Jiamusi and Songliao blocks (Wu et al. 2007,
Zhou et al. 2009).

Stratigraphy and structure of the
Hegang Basin

Stratigraphy

The basement of the Hegang Basin is composed of
the Mashan and Heilongjiang complexes and Juras-
sic granites (Fig. 2). The basin strata are named,
from bottom to top, the Chengzihe, Muling, Dong-
shan, Houshigou and Songmuhe formations (Figs
2 & 3). The Chengzihe, Muling and Dongshan for-
mations constitute the Jixi Group (Gu et al. 1997,
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Fig. 2. Simplified geological map of the Hegang Basin,
based on the Hegang and Jiamusi 1:200 000
geological maps.

Fig. 3. Stratigraphic column of the Hegang Basin

showing the relative positions of samples, based on the
Hegang and Jiamusi 1:200 000 geological maps; the stars
show the relative location of samples used in this study.
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Li et al. 2006), and their contacts are conformable
(Sha et al. 2002, 2003, 2009; Sha 2007).

The Chengzihe Formation (K;c) ranges in thick-
ness from 100 to 979 m. The lower part consists of
fluvial facies with medium- to coarse-grained sand-
stone, conglomerate, siltstone, mudstone and tuff.
The middle part consists of fluvial and lacustrine
facies fine- to medium-grained sandstone, siltstone
and mudstone, with minor coarse sandstone and
conglomerate. The middle unit contains 36 coal
seams of mineable quality and is also rich in plant
fossils. The upper part of the Chengzihe Formation
consists of fluvial facies, fine-grained sandstone and
siltstone, with mudstone and tuff.

The Muling Formation (K;m) conformably
overlies the Chengzihe Formation, with a thick-
ness ranging from 261 to 605 m. It consists of
thick yellowish-brown conglomerate, grey sand-
stone, and dark grey siltstone and mudstone, with
thin layers of tuff, indicating fluvial to deltaic
facies with occasional distal volcanism.

The Dongshan Formation (K;ds) consists of
grey-green andesite, andesitic agglomerate, volca-
nic breccia and tuff, with some siltstone and sand-
stone. Its total thickness is 720 m.

The Houshigou Formation (K;h) overlies the
Dongshan Formation with a minor angular uncon-
formity, and it ranges in thickness from 748 to
1266 m. The lower part consists of fluvial facies
conglomerate and yellow sandstone. The clasts in
the conglomerate consist mainly of andesite, gneiss
and granite. The upper part of the Houshigou For-
mation consists of lacustrine facies black, fine-
grained sandstone, siltstone and mudstone, with a
tuff interlayer at the top.

The Songmuhe Formation (K,s) consists of
volcanic rocks with thickness of 1087 m. It has two
members. The lower part, the Xigemu Member,
consists of andesite, basalt and tuff, with a total
thickness of 600 m. The upper part, the Aoqi
Member, consists of rhyolite, tuff and volcanic
breccia, with a total thickness of 487 m.

Structure

The Early Cretaceous Hegang Basin was possibly
part of the Sanjiang Basin (Fig. 1), as suggested by
Zhang et al. (2012). However, the structural proto-
type of the Hegang Basin was difficult to rebuild
because it is separated from the Sanjiang Basin
by the Cenozoic Yishu Fault (F2, Fig. 1) and was
also destroyed by a westwards Late Cretaceous—
Cenozoic thrust fault (Huang er al. 2003; Sun
et al. 20006), as also shown in the seismic profile
(Fig. 4). Nevertheless, the seismic profile still pro-
vides important information that helps in the under-
standing of the provenance of the Hegang Basin. In
general, the Early Cretaceous strata dip eastwards

at approximately 15°, showing a monoclinal struc-
ture. In detail, the Chengzihe, Muling and Dong-
shan formations thicken eastwards with westwards
onlap on to the early Mesozoic granite basement,
which is the main component of LXR, indicating
that the LXR existed as a palaeo-uplift during that
period, while the Houshigou Formation has no
change in thickness, indicating that the LXR was
possibly under water at this time. Hence, the struc-
ture of the Hegang Basin implies a possible prove-
nance change from the Chengzihe Formation to
the Houshigou Formation.

Sample locations and petrology

Two sections were chosen for this investigation,
both located close to Hegang City in eastern Hei-
longjiang Province, in order to sample and com-
pare the rocks from the Chengzihe and Houshigou
formations, which are located beneath and above
the major unconformity surface, respectively.

Section 10HGO1 (Fig. 5) is in the Lingbei Coal
Mine, where sandstone sample 10HGO1-2 was
collected (47°21'30”N, 130°19’0”E) from the mid-
dle part of the Chengzihe Formation. This section
is rich in plant fossils characterized by Filicopsida,
and several species of Ginkgopsida and Coniferop-
sida (Fig. 5). Sun & Dilcher (2002) and Liu (2006)
gave a statistical analysis of 40% Filicophytina,
20% Bennettitales, 10% Ginkgo, 10% Conifer-
opsida and 10% early angiosperms. These authors
correlate this assemblage with the Barremian Stage.
It further indicates that the climate of the Jia-
musi area at this time was warm and humid, possibly
even subtropical.

Section 10HGO2 (Fig. 6) is at a location
(47°19'39”N, 130°22'44”E) near fishponds outside
of Wugongli Village, on the western side of the
Haluo Highway. Samples 10HG02-1, 10HGO02-2,
10HGO02-4 and 10HGO02-6 were collected from the
upper part of the Houghigou Formation. Sample
10HGO1-2 is a grey-white coarse-grained sand-
stone. The grains are 0.3—1 mm in diameter, suban-
gular and poorly sorted, and are composed of 50%
quartz, 30% feldspar and 20% lithic fragments.
The accessory minerals are mainly zircon, pyrite
and siderite. Samples 10HG02-1 and 10HG02-2 are
yellow—dark yellow fine-grained sandstone. The
grains are mostly 0.1-0.3 mm in diameter, angular
and moderately well sorted, and composed approxi-
mately of 60% quartz, 30% feldspar and 10% lithic
fragments. The accessory minerals are mainly
garnet and titanite. Sample 10HGO02-4 is a white
rhyolitic tuff with crystal and glass fragments.
Sample 10HGO02-6 is a yellow coarse-grained sand-
stone, composed of 70% quartz, 20% feldspar and
5% lithic fragments.
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photo (a)

Section 10HGO02
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Fig. 6. Photograph of section 10HG02, Houshigou Formation: (a) black siltstone; (b) thin layered grey-yellow
sandstone with a dark mudstone interbed; (c¢) small channel sandbody; (d) white tuff; and (e) section sketch, showing the

sample sites.

along with the TEMORA standard (Black et al.
2003) and polished to reveal the grain centres.
Zircons from the sandstones, taken to the Second
Institute of Oceanography of State Oceanic Admin-
istration of China in Hangzhou, were also mounted
and polished. Cathodoluminescence (CL) images
were taken using a Philips XL.30 scanning electron
microscope at Curtin University, Perth following
U-Pb analysis. Most zircons from each sample
are transparent, pale yellow and euhedral prismatic,
and are typically magmatic with concentric oscil-
latory zonation evident in the CL images (Fig. 7).
SHRIMP U-Pb dating was performed using a
SHRIMP II ion microprobe at the Beijing SHRIMP
Centre following standard procedures (Wan et al.
2005). The mass resolution was approximately 5000
at 1% peak height. The spot size of the ion beam was

25-30 pm, and five scans through the mass range
were used for data collection. Standard SL13
(572 Ma, U = 238 ppm) was used for U concentra-
tion and age calibration, and TEMORA (417 Ma)
(Black er al. 2003) was used to monitor analytical
conditions. Ages and Concordia diagrams were cal-
culated using the programs Squid 1.03 (Ludwig
2001) and Isoplot 3.0 (Ludwig 2003).

Laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) U-Pb dating was car-
ried out at the State Key Laboratory of Mineral
Deposits Research at Nanjing University. The LA-
ICP-MS consisted of an Agilent 7500 s ICP-MS
attached to a Merchantek/NWR 213 nm laser abla-
tion system. The diameter of the analysis spot was
25 wm. The repetition rate and power was 5 Hz
and 68%, respectively. About 100 grains of each
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Sample HG01-2 Chengzihe Formation

Sample HG02-2 Houshigou Formation

o

S

Fig. 7. CL images for representative zircons from the sandstones of the Chengzihe and Houshigou formations.

sandstone sample were analysed. U-Pb fraction-
ation was corrected using standard zircon GJ
(207Pb/ 206py, age of 608.5 & 1.5 Ma: Jackson et al.
2004), and reproducibility was controlled using a
standard zircon Mud Tank (MT) (**’Pb/**°Pb age
of 732 + 5 Ma: Black & Gulson 1978). The ana-
lytical data were processed using Glitter 4.4 soft-
ware. Because 2**Pb could not be measured owing
to a low signal and interference from 2**Hg in the
gas supply, the common lead correction was car-
ried out using the Excel program ComPbcorr#3-
15G (Andersen 2002). The Concordia diagrams and
histograms were plotted using Isoplot 3.0 (Ludwig
2003). In this investigation, zircons younger than
1.0 Ga were calculated using the 20°Pb /238U age,
whereas older ones were calculated using the
207pp, /206pp age.

Analytical results
Sample 10HGOI-2

Sample 10HGO1-2, collected from the Chengzihe
Formation, contained zircon grains 40—400 pm
long and a total of 109 randomly selected grains
were analysed (Table 1). Two grains were excluded
from the calculations because of discordance. The

remaining 107 grains were concordant at the 90%
confidence level. The °°Pb/?**U ages fall mainly
into three groups (Fig. 8a): 203-153 Ma (44%),
285-207 Ma (41%) and 492-427 Ma (9%), with
peaks at approximately 180, 250 and 450 Ma
(Fig. 8b). The age of 122 + 2 Ma for the youngest
grain defines the maximum depositional age of the
Chengzihe Formation.

Sample 10HGO2-1

Sample 10HG02-1 was collected from the Houshi-
gou Formation. Zircon grains were 40—-200 wm
long and a total of 84 randomly selected grains
were analysed (Table 2). One grain was excluded
from the calculations because of the large error.
The remaining 83 grains gave concordant ages at
the 90% confidence level. The *°°Pb/***U ages of
Phanerozoic zircons mainly fall into three popula-
tions (Fig. 8c): 283-223 Ma (39%), 484—-427 Ma
(14%) and 522-501 Ma (14%), with peaks at
approximately 250, 450 and 510 Ma, respec-
tively (Fig. 8d). The youngest zircon has an age of
104 + 2 Ma, thus constraining the maximum age
of deposition. There is also 12% of Precambrian
zircons in the population, with 207Pb/ZOGPb ages
ranging from 1.4 to 0.6 Ga.
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Fig. 8. (a) LA-ICP-MS U—-Pb zircon Concordia diagram and (b) probability diagram of sandstone sample 10HGO01-2
from the Chengzihe Formation. (¢) LA-ICP-MS U—-Pb zircon Concordia diagram and (d) probability diagram of
sandstone sample 10HGO02-1 from the Houshigou Formation. (e) LA-ICP-MS U-Pb zircon Concordia diagram and
(f) probability diagram of sandstone sample 10HG02-2 from the Houshigou Formation. (g) SHRIMP zircon Concordia
diagram for tuff sample 10HGO02-4 from the Houshigou Formation. (h) LA-ICP-MS U—-Pb Concordia diagram of
sandstone sample 10HG02-6 from the Houshigou Formation. MSWD, mean standard weight of deviation.
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Sample 10HGO02-2

Sample 10HGO02-2 was also collected from the
Houshigou Formation. Zircon grains were 40—
200 wm long and a total of 96 randomly selected
grains were analysed (Table 3); all grains were con-
cordant at the 90% confidence level. The *°°Pb/
238U ages mainly fall into three populations (Fig.
8e): 286—207 Ma (60%), 475-429 Ma (14%) and
524-502 Ma (10%), with peaks at approximately
250, 450 and 510 Ma, respectively (Fig. 8f), iden-
tical to the populations in sample 10HG02-1. The
youngest zircon has a 2°Pb/?38U age of 94 +
2 Ma. However, sample 10HGO02-2 cannot be youn-
ger than sample 10HG02-4 according to the field
relationships. Since there is only one grain younger
than 100 Ma, the mean age of 103 + 2 Ma given
by five Cretaceous zircons probably represents the
best estimate of the age of the stratum. There are
also six Precambrian zircons with °’Pb/?*°°Pb
ages ranging from 1.4 to 0.7 Ga.

Sample 10HGO02-4

Sample 10HG02-4 was collected from the tuff layer
in the upper part of Houshigou Formation, stratigra-
phically above samples 10HG02-1 and 10HGO02-2.
Zircon grains were mostly 70 wm long, with 2:1
aspect ratios. Seventeen zircon grains were analysed
by SHRIMP (Table 4). The measured U and Th
concentrations varied from 195 to 1119 ppm and
from 89 to 645 ppm, respectively. The Th/U ratio
ranges from 0.40 to 0.66. One grain was excluded
from the calculation because it is considered to be
an inherited zircon with an age of 256 + 7 Ma.
The remaining 16 analyses give a weighted mean
age of 103 + 2 Ma (mean square weighted devi-
ation MSWD) = 1.7) (Fig. 8g), recording the erup-
tion time of the tuff. This is coeval, within error, of
the best estimate of the age of deposition of the
underlying Houshigou Formation, suggesting rapid
deposition within the Hegang Basin.

Sample 10HG02-6

This sample was collected from a sandstone unit
above the tuff layer in the upper part of the Housh-
igou Formation. Zircon grains were mostly 70 wm
long, with 2:1 aspect ratios. Thirty-six zircon grains
were analysed using LA-ICP-MS (Table 5), and
the U and Th concentrations varied from 111 to
1330 ppm and from 83 to 1240 ppm, respectively,
with Th/U ratios ranging from 0.52 to 1.72.
Twenty-six analyses (excluding five discordant
grains and five inherited grains with ages of 117,
185, 208, 270 and 516 Ma) give a weighted mean
age of 103 + 2 Ma (MSWD = 3.3) (Fig. 8h), sug-
gesting that most of the zircons were derived either

from the tuff or from strata immediately underlying
the tuff.

Discussion

Detrital zircon provenance change in the
Hegang Basin

According to the data presented above, both the
Chengzihe and Houshigou formations have prove-
nance sources from terranes characterized by ages
of around 250 and 450 Ma. However, the Chengzihe
Formation is dominated by approximately 180 Ma
zircons, whereas the Houshigou Formation has no
Late Triassic—Early Jurassic zircons but, instead,
has zircons of around 510 Ma.

The approximately 250, 450 and 510 Ma prov-
enance was most probably derived from the Jia-
musi Block to the east, which consists of both
Late Permian granites and Pan-African granites
and gneiss (Wilde et al. 1997; Zhou et al. 2009,
2010, 2011a; W uet al. 2011).

The provenance of 180 Ma was possibly from
the LXR to the west, since this is a dominant age
in this region (Wu ef al. 2011). The LXR consists
dominantly of Early Jurassic bimodal igneous
rocks related to intraplate extension triggered by
subduction (Wu et al. 2011; Yang et al. 2012; Yu
et al. 2012) and some Palaecozoic igneous rocks
(Meng et al. 2011; Wang et al. 2012a, b). The age
distribution map (Fig. 9) shows that approximately
210-170 Ma magmatism is not present in the
Jiamusi Block, and is mainly distributed in the LXR
and ZR (to the west of the Mudanjiang Fault) on the
eastern margin of the Songliao Block.

Hence, the Hegang Basin had two main prove-
nances: the LXR and the Jiamusi Block. At about
122 Ma, the Hegang Basin received sediments
from both of these sources; however, at around
103 Ma, when the Houshigou Formation was depos-
ited, the LXR source was no longer available. Con-
sidering the seismic structure of the Hegang Basin
and the fact that the Chengzihe, Muling and Dong-
shan formations thicken eastwards with westwards
onlap on to the basement, whereas the Houshigou
Formation has no change in thickness, we propose
that the Hegang Basin was separated from the Son-
gliao Basin by the LXR when the Chengzihe,
Muling and Dongshan formations were deposited
but was connected to the Songliao Basin across
the LXR when the Houshigou Formation was depos-
ited at some time between 122 and 103 Ma.

Connection to the Songliao Basin

If the Hegang Basin was eventually connected with
the Songliao Basin in Aptian—Albian time, the latter
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Fig. 9. Map of NE China and adjacent areas showing the igneous rock distribution (c. 210—170 Ma) and highlighting
that the Jiamusi Block has no Late Triassic—Early Jurassic magmatism. Data are from Wu et al. (2011), Yang et al.

(2012) and Yu et al. (2012).

should also record the same change in provenance in
the late Early Cretaceous.

The tuff at the top of the Houshigou Formation
has an age of 103 + 2 Ma, whereas the youngest age
group from the Chengzihe Formation has a peak age
of 122 + 2 Ma. It appears likely that the Chengzihe,
Muling and Dongshan formations in the Hegang
Basin correspond to the Shahezi, Yingcheng and
Denglouku formations, respectively, in the Songliao
Basin (Feng er al. 2010a, b; Li et al. 2012). Also, the
Houshigou Formation in the Hegang Basin corre-
sponds to the Quantou Formation of the Songliao
basin (Zhao et al. 2013) (Fig. 10).

The Denglouku Formation in the Songliao Basin
contains approximately 180 Ma detrital zircons that
were most probably also derived from the LXR,
further suggesting that the LXR was a highland
and the two basins were not connected at this time.
However, there is no evidence of such an Early Jur-
assic provenance in the Quantou Formation in the
Songliao Basin (Fig. 11), indicating that the LXR
was not an existing barrier at this time, and that
the Songliao Basin was connected to the Hegang
Basin across the LXR when the Yaojia Formation
in the Songliao Basin and Houshigou Formation in
the Hegang Basin were deposited. It is important
to note that the Quantou Formation in the Songliao
Basin has 1.8 Ga provenance zircons (most probably

derived from the North China Craton), whereas the
Houshigou Formation in the Hegang Basin does not
contain these. This is possibly because the connec-
tion between the Hegang and Songliao basins was
restricted. The Lesser Xing’an Range was probably
still an uplift area beneath the water and this blocked
detritus from the North China Craton into the
Hegang Basin. This could explain why only the Son-
gliao Basin contains 1.8 Ga zircons of North China
Craton provenance.

The early Late Cretaceous Yaojia Formation in
the Songliao Basin also contains no Early Jurassic
zircons (Fig. 11), suggesting that the Songliao Basin
possibly flooded over the LXR during the whole of
its post-rift stage from the Quantou Formation to the
Yaojia Formation, as per the subdivision suggested
by Feng et al. (2010a). This leaves the question of
when were the Songliao and Hegang basins again
separated by the LXR as occurs at the present time?
Li et al. (2012) indicated that the fourth member (as
shown in Fig. 10) of the Nenjiang Formation in the
Songliao Basin does contain an early Jurassic prove-
nance (Fig. 11), so the second separation of the
Hegang and Songliao basins must have occurred at
the time when the fourth member of the Nenjiang
formation was deposited. Importantly, this also
marks the beginning of the structural inversion of
the Songliao Basin (Feng et al. 2010a, b).
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Fig. 10. Stratigraphy of the Songliao and Hegang basins.
The column for the Songliao Basin follows Feng et al.
(2010a); the column for the Hegang Basin is based on the
Hegang and Jiamusi 1:200 000 geological maps.

Depositional model and tectonic
implications
In summary, the Songliao and Hegang basins

formed a unified system in the Cretaceous. We
identify four stages that illustrate the evolution of

Yaojia Formation

n_reflin
Quantou Formation

1.8 Ga

M A A N Af
180 3 250 Ma Den

glouku Formation

Ma Ga

Fig. 11. Detrital zircon data for the Denglouku,
Quantou, Yaojia and Nenjiang formations of the
Songliao Basin. Data are from Li ez al. (2012) and Zhao
et al. (2013).

the Songliao and Hegang basin system (see Fig.
12a): synrift, post-rift, inversion and present day,
following the model developed for the Songliao
Basin (Feng et al. 2010a). In the synrift stage, the
LXR was a highland. The Songliao and Hegang
basins received sediments from the LXR dur-
ing the Barremian—Early Albian, resulting in depo-
sition of the Denglouku Formation in the Songliao
Basin, and the Chengzihe, Muling and Dongshan
formations in the Hegang Basin. In the post-rift
stage, the LXR was under water and unable to pro-
vide detritus to the evolving basins. The Songliao
and Hegang basins were then connected, and this
led to the deposition of the Quantou, Qingshankou,
Yaojia and Nenjiang formations in the Songliao
Basin, and the Houshigou Formation in the Hegang
Basin. In the inversion stage, the eastern part of
the Songliao Block and the Jiamusi Block were
uplifted, and the LXR, again, provided detritus to
the Songliao Basin, while there was no deposition
in the Hegang Basin. At the present time, the LXR
is being eroded and separates the Songliao Basin
from the Hegang Basin.

The schematic depositional model (Fig. 12a)
best explains the provenance change and indicates
a process of eastwards migration of the deposi-
tional centre of the Songliao and Hegang basin
system, and also a lateral reverse event after the
extension. However, greater consideration of the
tectonic implications is needed.

Considering the direction of the migration and
regional tectonic background, this process was
most possibly triggered by the palaeco-Pacific
Ocean to the east rather than subduction of the



EVOLUTION OF CRETACEOUS BASINS, NE CHINA

“(€10T '[P 12 ung Ia)je) PIemIOJ-[[01 PUB YIBQ-[[0I g[S PUE ‘UONINPQNS OYIOBJ-0B[ed SUIMOYS [pOW J1U0IIR ], (q) "(POTOT v 12 3ud) uiseq OBI[SUOS
QU) 10J [OpOW Y} UO PIseq ‘UOISOId () pue uoIsIoAul (¢) Ju-3sod () Puuks (1) :weisks uiseq SueSoH—orI[SU0S Y} JO UONN[OAR 3y} Surmoys [opow [euonisodo (8) *ZT *S1q

Juasaid aq Aew
184 punoj 1oN

Bunjuis ge|s

pJemioj-
—_

teh

uelwaueg [ ] ueluojues - uelqly e [
soueuanoid Buipinold —= ueiqpy Ape3 - uendy [[1] uenyouyseep -ueiuedwes [l

#2018 ISNUIBIF [oolg oelBuos BN S0L-0€} H-uhs (1)

abuey
ue Bury
Jlassa

abuey ue, Bury
1819

v v

M

ue Bury

19589 abuey ue Bury

jeals

¥o0|g oeljbuog BN G9-Z28 uolsiaAu| (g)

1oy
g

(a)

wsnewbep oy R

*@|dWod pRIAIIIY e

' mmw_u_n.,__._mm.uo

il epuew
EITLEET) |

UOHIAD BACW QBIS 1SNID JIUEBID m—
d 1l anueW
MEleS wy = |Bjusuluesgng ||
uoneipfyeg 1Y J8MID [EjUBUNUOD
0N O A N<TUVNOI-0NO A
[~ = [~ G0 00 GO GO 00 00 OO 00 OO 0 O\ O\ O\ O\
(o e Ne\Ne e Nel e\ le e o el e e e\l e I e I o\
A B e B B B B e I e B e I e I e B e B e B B B B

abuey
ue Buix
198897

juasaid - ey G9 uoisos3 ()

abuey abuey
ue Buiy - E— ue Bury
lassan _— jealn

\y uiseg Buebsy uiseg oel|Buog

1294

v

(e)
NO-0ORNDD—= AN NTULORXRNOO—~ANNFTNO-0ADD — AN NN OSN0ND — A
NN O OO OO OO OO OO A " ~——alaadaaacaacaaaccnamnN
AN AN OO NN NN NMNANNNMNNNNNNNNNnN
R B B B e B e B e B e B B e B e B e B e B e B e TR e B e B e B e B e B e B e B e B e B e B e B e T e B e B e B e B e B e B I e B e B e R e I |

1333
1334



1335
1336
1337
1338
1339
1340
1341
1342
1Q9
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392

M. SUN ET AL.

Mongol-Okhotsk Ocean to the north, as the
Mongol-Okhotsk Ocean was closed in the Early
Cretaceous (Cogne et al. 2005), whereas the events
recorded in this study mainly occurred in the mid-
Cretaceous. Slab roll-back and roll-forward are
two major models controlling the geological evol-
ution of continental margins affected by oceanic
subduction (Schellart et al. 2008). Thus, a tectonic
model with a sequence of slab roll-back and roll-
forward for the palaeo-Pacific subduction is built
as shown in Figure 12b to interpret the evolution
of the Hegang and Songliao basins.

The evolution of the subduction model is divided
into three stages as shown in Figure 12b (1) In
the first stage, the slab subducted to the mantle
beneath the Songliao Basin. The mantle convection
area and the extensional centre were also beneath/at
the Songliao Basin. (2) In the second stage, the slab
rolled back and the subducting slab angle increased,
triggered by slab sinking. The mantle convection
area and the extensional centre migrated eastwards
beneath the Hegang Basin, causing the eastwards
migration of the depositional centre and the connec-
tion between the Hegang and Songliao basins. (3) In
the third stage, the slab subducting angle increased
to nearly vertical, and the slab sinking could no
longer trigger slab roll-back or an increase in the
slab angle, so extension stopped instead of resulting
in a regional uplift and thrust event.

The above tectonic model not only satisfies the
sedimentary evolution of the Hegang and Songliao
basins but is also consistent with a previous model
postulated according to the magmatic evolution of
NE China at this time (Sun et al. 2013).

Conclusions

Our new detrital zircon data from the Chengzihe and
Houshigou formations in the Hegang Basin, com-
bined with our SHRIMP data from a tuff at the top
of the Houshigou Formation, allow us to evaluate
the provenance of detritus entering the Hegang
Basin and to also place a precise timeline on the
age of the Houshigou Formation. When these data
are combined with the seismic structure of the Heg-
ang Basin, an evaluation of the stratigraphy in both
the Hegang and Songliao basins, an evaluation of
previously published detrital zircon data for the
Songliao Basin and an overview of the regional tec-
tonic setting, we are able to make the following
conclusions:

e The Hegang Basin is a Cretaceous coal-bearing
clastic sedimentary basin in which the Cheng-
zihe, Muling and Dongshan formations thicken
eastwards with westwards onlap on to the
LXR, whereas the Houshigou Formation shows
no change in thickness.

e The SHRIMP zircon age of a tuff from the upper
part of the Houshigou Formation in the Hegang
Basin is 103 4+ 2 Ma, implying that the Houshi-
gou Formation is equivalent to the Quantou For-
mation in the Songliao Basin.

e The Chengzihe Formation of the Hegang Basin
and the Denglouku Formation of the Songliao
Basin show striking similarities in their detrital
zircon provenance, with approximately 180 Ma
zircons indicating that the Lesser Xing’an Range
was possibly a highland at this time and able to
provide detritus to the evolving basins.

e The Houshigou Formation of the Hegang Basin
and the Quantou Formation of the Songliao Basin
both lack zircons with ages of around 180 Ma,
which suggests that the Lesser Xing’an Range
was possibly under water and unable to provide
detritus during the post-rift stage.

e The Songliao and Hegang basins show an east-
wards migration of the deposition centre of the
Cretaceous basin system in NE China. This
implies lithospheric extension and, when taken
in a regional context, this was most probably
driven by palaeo-Pacific roll-back.
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