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Abstract: The Lower Cretaceous Dalazi Formation in the Yanji Basin, eastern Jilin Province is of
particular interest because it contains key fresh water fossil taxa, oil and gas resources, a potential
terrestrial Albian–Cenomanian boundary, and regional unconformities. However, the lack of a
precise chronology for the non-marine strata has precluded a better understanding of the regional
stratigraphic correlation and terrestrial processes. Here, we report magnetostratigraphic and U–Pb
geochronologic results of a sedimentary sequence from the Xing’antun section in the Yanji Basin.
Thirty-two zircons from the tuff sample were analyzed by secondary ion mass spectrometry (SIMS);
the U–Pb zircon dating method yielded a weighted mean of 206Pb/238U age of 105.7 ± 0.8 Ma (2σ,
internal error). Paleomagnetic results show that the Dalazi Formation is of normal polarity, which was
correlated to the early chron C34n constrained by the SIMS U–Pb zircon geochronologic data, further
demonstrating that the terrestrial sedimentary sequence of the upper Dalazi Formation is of late
Albian age. The established geochronologic framework allows the regional correlation of the Dalazi
Formation in the Yanji Basin to the strata from other terrestrial sequences in northeastern China.
The similar geodynamic and geologic background between the Yanji Basin and other terrestrial
rift basins in northeastern China suggests that the unconformity between the Dalazi and Longjing
formations may represent syn-rift and post-rift stages in the Yanji Basin, and thus the switch from
extension to contraction during the mid-Cretaceous, precisely constrained to ~106–101 Ma based on
our new chronology and previously published high-precision U–Pb dating of the lower Longjing
Formation. It is most likely attributable to the docking of the west Pacific plate along the East Asian
continental margin.

Keywords: Early Cretaceous; Dalazi Formation; SIMS U–Pb geochronology; magnetostratigraphy

1. Introduction

Cretaceous non-marine strata in northern China have attracted wide attention from
geologists and paleontologists because they contain a large number of exceptionally pre-
served fresh-water vertebrates (the Early Cretaceous Jehol Biota) [1,2], a nearly com-
plete terrestrial Cretaceous record [3–8], a series of geodynamic (e.g., [9]) and paleo-
environmental events [10,11]. Comprehensive research in the Songliao, Hailaer, and Dasan-
jiang basins [12,13] in northeastern China, and in the Jiaolai Basin in northern China [14,15]
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has advanced our knowledge of the evolutionary process of the continental rift basin and
the terrestrial climatic changes. These data provide crucial evidence that the integration of
marine and terrestrial records and how terrestrial systems respond to both regional- and
global-scale environmental changes. Additionally, they provide a rare opportunity to study
the sedimentary records of the terrestrial mid-Cretaceous (Albian–Cenomanian) [16,17]
because of marine transgressions in the world during this time [18,19].

The Yanji Basin is a typical continental rift basin in eastern Jilin Province (Figure 1)
that is of particular significance due to its terrestrial biota, oil and gas resources, and nearly
complete Early Cretaceous strata. The biota from the Dalazi Formation in the Yanji Basin
and its adjacent areas comprises abundant fossil terrestrial and freshwater invertebrates
such as bivalves, ostracods, and clam shrimp, along with vertebrates such as fish and
lizard, and diverse fossil flora (e.g., [20–28]. The fossils have significantly advanced our
understanding of the evolution of terrestrial flora, as it documents a transition from Early
Cretaceous fern gymnosperm flora to Late Cretaceous angiosperm flora [29].

Figure 1. Schematic regional geology of northeastern China (a) and the Yanji Basin and the location
of the Xing’antun section (red star) (b). Geological map modified from the 1: 250,000 geologic map of
the Yanji area.

Regional unconformity between the Dalazi and Longjing formations was identified
through seismic, geologic and logging data, which may represent the syn-rift and post-rift
stages in the Yanji Basin [30]. The terrestrial volcanic-sedimentary basins in northeast-
ern Asia record this stratigraphic unconformity during the mid-Cretaceous, such as the
Songliao Basin, the Dasanjiang Basin, and the Hailaer Basin [13,31]. However, the precise
age constraint on the unconformity in the Yanji Basin and its stratigraphic correlation to
other terrestrial rift basins in northeastern China remains unclear due to the lack of a pre-
cise chronologic framework, which prevents our understanding of the tectonic evolution
during this time.

The precise geologic age of the Dalazi Formation is still debatable, despite the fact that
it was regarded as Early Cretaceous and Late Cretaceous based on biostratigraphy and
radiometric dates (e.g., [26,32,33]). The age bracket of the Dalazi Formation is around 109.9–
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96.2 Ma based on different dating methods, such as U–Pb zircon dating [26,32–35] (Figure 2),
biostratigraphy [25,36], and thermochronology [37]. Most recently, Zhong et al. [26] re-
ported a weighted mean secondary ion mass spectrometry (SIMS) U–Pb zircon age of
105.1 ± 0.4 Ma for the uppermost of the Dalazi Formation. The lack of precise age for
the formation has precluded our understanding of the evolutionary history of this basin
and its regional stratigraphic correlation. In this study, we report the results of magne-
tostratigraphic and SIMS U–Pb zircon dating of the Xing’antun section in the Yanji Basin.
These data provide stringent age controls on the Cretaceous terrestrial fauna and flora and
associated structural activity in the Yanji Basin.

2. Geologic Setting and Sampling

The Yanji Basin is located in eastern Jilin Province, northeast China (Figure 1). The base-
ment of the Yanji Basin consists of Paleozoic granite [10,27,38] (Figure 1) on which the
Cretaceous sedimentary sequences rest unconformably. The Cretaceous strata in the Yanji
Basin consist of six lithologic formations, from oldest to youngest including Tuntianying,
Changcai, Quanshuicun, Tongfosi, Dalazi, and Longjing formations (e.g., [33,39–41]).

Based on seismic, geologic and logging data, three regional unconformities separate the
basin fill into three tectonostratigraphic sequences: the pre-rift stage includes the Tuntianying
Formation, the syn-rift stage includes the Changcai, Quanshuicun, Tongfosi and Dalazi
formations, and the post-rift stage includes the Longjing Formation [30] (Figure 2).

Figure 2. Chronostratigraphy of the Cretaceous strata in the Yanji Basin and the positions of the tuff
sample and paleomagnetic samples. The international chronostratigraphic chart of the Cretaceous
was after [42]. References: (1): [32]; (2): [33]; (3): [34].
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The Tuntianying and Quanshuicun formations are mainly composed of andesites and
volcaniclastic rocks. The Changcai Formation is coal-bearing and contains abundant plant
fossils [33]. The Tongfosi and Dalazi formations consist of the most important hydrocarbon
source rocks within the Yanji Basin. Vertebrate fossils, e.g., dinosaurs and crocodiles are
preserved in the Longjing Formation [43].

3. Sampling and Analytical Methods
3.1. Sampling

The Dalazi Formation crops out in both Longjing County within the Yanji Basin and
Wangqing County. The Xing’antun section (43.89◦ N, 129.34◦ E) investigated in this study
lies in the eastern part of the Yanji Basin, eastern Jilin Province, northeastern China. Prelim-
inary lithostratigraphic, biostratigraphic, and geologic investigations show that the entire
Xing’antun section can be assigned to the upper part of the Dalazi Formation (Figure 1).
For details of the lithology, readers are referred to the relevant lithological description in
Table 1. In 2015, a tuff sample (XAT15M2) was collected from this section for SIMS U–Pb
dating (Figures 1 and 2). Thin section studies show that this sample is composed of slightly
altered feldspar, quartz, altered biotite, and accessory minerals such as zircon (Figure S1).
The lithology characteristics support a volcanic pyroclastic origin. In this instance, the age
defined by zircons would be the depositional age of the tuff bed.

Later, oriented paleomagnetic samples were collected using a gasoline-powered drill
from this outcrop section, 28 tuff and tuffaceous siltstone layers were taken at ~30–40 cm
intervals, from the tuff beds of the upper part of the Dalazi Formation (Figure 2). All the
core samples were oriented with a magnetic compass and sun compass; then, they were cut
into standard specimens with a length of 2 cm and diameter of 2.54 cm in the laboratory
for paleomagnetic analysis.

3.2. Rock Magnetic Measurements

Rock magnetic measurements include the temperature dependence of magnetic sus-
ceptibility (χ–T curves), hysteresis loops, isothermal remanent magnetization (IRM) acqui-
sition and its back-field demagnetization of the saturation IRM (SIRM), first order reversal
curves (FORCs), and IRM component analysis (Figure 3, Figure 4 and Figure 5).

χ–T curves were measured using a MFK1-FA Kappabridge with a CS-3 high-temperature
furnace (AGICO, Brno, Czech Republic) in an argon atmosphere heated from room temper-
ature up to 700 ◦C and cooled back to room temperature. The susceptibility values were
obtained by subtracting the empty furnace using the CUREVAL 8.0 program (AGICO, Brno,
Czech Republic).

Hysteresis loops, IRM, and FORCs were measured on a MicroMag 3900 Vibrating
Sample Magnetometer (VSM) (Princeton Measurements Corp., Princeton, NJ, USA) at
room temperature. For each sample the magnetic field was cycled with a maximum field of
1 T, but are cut off at 0.5 T for clarity when plotting. The hysteresis parameters saturation
magnetization (Ms), saturation remanence (Mrs), and coercivity (Bc) were calculated
after subtracting the paramagnetic contributions. The SIRM was then demagnetized in a
stepwise backfield up to −500 mT to obtain the coercivity of remanence (Bcr). Ms, Mrs,
Bc and Bcr were determined, and their ratios were combined in a Day plot [44]. The S-ratio
is defined as the ratio of isothermal remnant magnetization acquired at −0.3 T (IRM−0.3 T)
to the saturation IRM acquired at 1 T (IRM1T, hereinafter termed SIRM). IRM component
analysis is based on cumulative log Gaussian analysis [45–47].
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Table 1. Lithology of the Xing’antun section.

Layers Lithological Descriptions Thickness/m

1. Yellow thick-bedded medium-fine
grained sandstones. 0.8

2. Gray green thin-bedded medium-fine
grained sandstones. 1.5

3. Grayish green medium-thick bedded
medium grained sandstone. 0.3

4. Light gray green thin-bedded
argillaceous siltstones. 1.4

5.

Light gray green thick-bedded medium
fine sandstones at the bottom, changes to

light gray green thin-bedded fine
sandstone upward.

0.4

6. Dark grayish green and grayish black
thin-bedded silty shales (oil shales). 0.2

7.
Yellow thick-bedded siltstones,

intercalated with gray black thin-bedded
silty mudstones.

0.9

8. Yellow thick-bedded gravelly coarse
sandstones. 0.2

9. Purplish red medium-thin bedded silty
mudstones. 0.3

10. Yellow thick-bedded medium-coarse
grained sandstones. 1.8

11.
Variegated (grayish green, dark purple)

thin-bedded silty mudstones, intercalated
with calcareous nodules.

1.2

12. Yellow thick-bedded medium-coarse
gravelly sandstones. 0.8

13. Grayish green medium-thin bedded
siltstones. 2.3

14.
Dark and brown thin-bedded siltstone

(tuffaceous siltstone?), yields plant
rhizome fossils.

0.9

15.
Light red thin-bedded tuffs, containing

impurities (silty). Poor consolidation and
scattered.

1.1

16. Light gray green thick-bedded tuffs,
show good consolidation. 1.9

17.
Gray green thick-bedded siltstones,

interbedded with gray green thin-bedded
argillaceous siltstones.

1.6

18. of Yellow thin-bedded siltstones,
interbedded with sandstones. 3.1
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Figure 3. χ–T curves (a1–c1), isothermal remanent magnetization (IRM) acquisition and its back-
field demagnetization curves (a2–c2), IRM component analysis (a3–c3), and hysteresis loops (a4–c4)
for representative specimens. Bold (thin) lines represent heating (cooling) cycles (a1–c1). Green,
purple, and yellow lines in (a3–c3) indicate the low-coercivity component (IRML), high-coercivity
component (IRMH), and the sum of IRM components. BL, BH, and EC refer to coercivity of the
low-coercivity component, high-coercivity component and extrapolated contribution in (a3–c3),
respectively. The open points represent the raw IRM gradient data in (a3–c3). The IRM acquisition
curves, hysteresis loops are obtained in the applied field up to 1 T, but are cut off at 0.5 T for clarity.

3.3. Demagnetization of the Natural Remanent Magnetization (NRM)

All paleomagnetic specimens were subjected to stepwise thermal demagnetization
using a PGL-100 thermal demagnetizer (PGL-100) [48]. The thermal demagnetization tem-
peratures include 80, 150, 200, 250, 300, 320, 350, 390, 430, 460, 490, 520, 540, 560, 575, 585,
610 ◦C. This method was capable of isolating the characteristic remanent magnetization
(ChRM) after removal of viscous remanent magnetization (VRM). The remanence mea-
surements were performed using a Model 755 cryogenic magnetometer. (2-G Enterprises,
Mountain View, CA, USA). Both the PGL-100 thermal demagnetizer and 2G-755 cryogenic
magnetometer were housed in a magnetically shielded space with ambient field < 300 nT.

The principal component analyses (PCA) [49] were performed using the PaleoMag
software [50]. The ChRM directions were determined with linear least squares fitting
through the origin by using at least five continuous steps of demagnetization and with a
maximum angular deviation (MAD) smaller than ~10◦.

All the paleomagnetic and rock magnetic measurements were performed in the Paleo-
magnetism and Geochronology Laboratory (PGL), Institute of Geology and Geophysics,
Chinese Academy of Sciences, Beijing, China.
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Figure 4. FORCs (a–c) and Day plot (d) of representative specimens from the Xing’antun section. SF,
smoothing factor; SD, single domain; PSD, pseudo-single domain; MD, multidomain.

3.4. SIMS U–Pb Zircon Geochronology Analytical Method

Thin section studies show that tuff sample is weathered, in which feldspars are altered
to clay minerals (Figure S1) and are not suitable for 40Ar/39Ar dating. Thus we separated
zircons for SIMS U–Pb dating. Zircon grains from the tuff sample was processed by
conventional magnetic and density techniques. Zircon grains, together with zircon standard
Plesovice and Qinghu were mounted in epoxy mounts which were then polished to section
the nearly half of the crystals. Cathodoluminescence (CL) images (Figure 6a) transmitted
and reflected light micrographs were obtained prior to SIMS analyses, were conducted at
the Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing.

Analyses were conducted using the Cameca IMS-1280 HR SIMS at Guangzhou Insti-
tute of Geochemistry, Chinese Academy of Sciences. U–Th–Pb ratios and absolute abun-
dances were determined relative to the standard zircon Plesovice [51], analyses of which
were interspersed with those of unknown grains, procedures similar to those described
by [52]. Zircon standard Qinghu [53] measured as unknown to monitor the measurement
procedures and data quality. A long-term uncertainty of 1.5% (1 RSD) for 206Pb/238U
measurements of the standard zircons was propagated to the unknowns [54]. Corrections
are sufficiently small to be insensitive to the choice of common Pb composition, and an
average of present-day crustal composition [55] is used for the common Pb assuming that
the common Pb is largely surface contaminated during sample preparation. Individual
analyses’ uncertainties in data tables are reported at a 1σ level. The SIMS U–Pb analytical
results are listed in Table 2 and are further plotted as a U–Pb concordia diagram using the
Isoplot/Ex v. 3.75 program [56] in Figure 6b.
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Table 2. SIMS U–Pb zircon analysis.

Conventional Concordia Columns
(Pbc corr.)

Sample/ U Th Th/U
f206% 207Pb/235U

±σ 206Pb/238U
±σ

ρ 207Pb/235U ±σ 206Pb/238U ±σSpot (ppm) (ppm) (meas) (%) (%)

XAT15M2@01 658 299 0.455 0.44 0.111 2.56 0.0162 1.92 0.75 107.1 2.6 103.9 2.0
XAT15M2@02 494 202 0.409 0.21 0.110 2.55 0.0164 1.61 0.63 105.8 2.6 105.1 1.7
XAT15M2@04 751 266 0.354 0.76 0.108 4.07 0.0165 3.30 0.81 103.8 4.0 105.4 3.4
XAT15M2@05 1078 680 0.631 0.46 0.109 3.14 0.0164 1.67 0.53 104.9 3.1 105.0 1.7
XAT15M2@06 479 100 0.208 0.25 0.110 2.40 0.0169 1.88 0.78 106.0 2.4 107.7 2.0
XAT15M2@07 469 96 0.204 0.46 0.110 4.23 0.0165 3.85 0.91 106.3 4.3 105.3 4.0
XAT15M2@08 835 360 0.432 0.45 0.111 3.59 0.0163 2.46 0.68 107.3 3.7 104.0 2.5
XAT15M2@10 412 240 0.584 0.68 0.108 3.57 0.0164 1.75 0.49 103.8 3.5 105.1 1.8
XAT15M2@11 480 154 0.320 0.56 0.108 3.08 0.0168 1.75 0.57 103.8 3.0 107.4 1.9
XAT15M2@12 609 222 0.364 0.09 0.109 2.50 0.0158 2.07 0.83 105.1 2.5 101.3 2.1
XAT15M2@13 890 311 0.350 0.15 0.111 2.10 0.0165 1.68 0.80 106.7 2.1 105.4 1.8
XAT15M2@14 139 73 0.525 0.42 0.107 2.30 0.0166 1.66 0.72 103.5 2.3 106.2 1.8
XAT15M2@15 621 356 0.574 0.37 0.104 2.88 0.0163 2.41 0.84 100.7 2.8 104.3 2.5
XAT15M2@16 1679 794 0.473 0.16 0.110 3.71 0.0163 3.46 0.93 106.4 3.8 104.4 3.6
XAT15M2@17 525 480 0.915 0.18 0.112 2.04 0.0168 1.89 0.93 107.8 2.1 107.7 2.0
XAT15M2@18 400 152 0.381 0.21 0.109 3.20 0.0163 2.47 0.77 105.2 3.2 104.4 2.6
XAT15M2@19 473 211 0.446 0.12 0.112 1.96 0.0169 1.57 0.80 107.9 2.0 108.2 1.7
XAT15M2@20 892 244 0.274 0.38 0.108 2.34 0.0164 1.57 0.67 103.9 2.3 105.1 1.6
XAT15M2@21 702 52 0.074 0.45 0.112 3.42 0.0167 2.53 0.74 107.5 3.5 106.8 2.7
XAT15M2@22 345 107 0.310 0.55 0.112 3.95 0.0172 3.41 0.86 108.0 4.1 110.0 3.7
XAT15M2@23 1517 801 0.528 1.00 0.107 3.05 0.0166 1.62 0.53 103.0 3.0 105.9 1.7
XAT15M2@24 467 172 0.369 0.17 0.112 2.37 0.0165 2.10 0.89 108.0 2.4 105.8 2.2
XAT15M2@25 544 172 0.316 0.19 0.112 2.08 0.0170 1.86 0.89 107.4 2.1 108.9 2.0
XAT15M2@26 466 294 0.630 0.23 0.108 2.52 0.0161 1.95 0.77 104.4 2.5 103.0 2.0
XAT15M2@28 503 246 0.489 0.81 0.110 2.65 0.0170 2.11 0.80 106.0 2.7 108.9 2.3
XAT15M2@30 723 371 0.513 0.23 0.110 2.18 0.0168 1.63 0.75 106.0 2.2 107.1 1.7
XAT15M2@31 694 225 0.324 0.18 0.112 2.45 0.0165 1.71 0.70 107.5 2.5 105.3 1.8
XAT15M2@32 1071 585 0.547 7.51 0.105 8.26 0.0162 1.85 0.22 101.7 8.0 103.7 1.9
XAT15M2@03 367 204 0.557 1.34 0.100 4.60 0.0159 1.73 0.38 96.5 4.2 101.6 1.7
XAT15M2@09 361 144 0.400 0.31 0.126 4.51 0.0184 4.10 0.91 120.9 5.2 117.8 4.8
XAT15M2@29 1098 469 0.428 0.12 0.199 5.13 0.0274 4.50 0.88 184.3 8.7 174.5 7.8
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4. Results
4.1. Rock Magnetism

All the χ–T curves display a clear and major susceptibility drop near 585 ◦C (Figure 3),
the Curie point of magnetite, suggesting that magnetite is the major contributor to the suscep-
tibility. The value of χ is almost the same (Figure 3) or changes slightly (<20 × 10−8 m3kg−1)
(Figure 3(b1,c1)) after heating and cooling, indicating that no significant changes in magnetic
mineralogy have occurred during thermal treatment [57].

The heating curve displays a slight hump at around 300 ◦C (Figure 3). The suscep-
tibility increases from 200 ◦C to 300 ◦C might be due to the production of maghemite
(γFe2O3) from some less magnetic Fe-hydroxides during heating (e.g., lepidocrocite,
γFeOOH) [57,58]. Subsequently, the susceptibility decreases from 300 ◦C to 400 ◦C can
be interpreted as the conversion of newly produced maghemite to the weakly magnetic
hematite (αFe2O3) [57].

The IRM acquisition curves (Figure 3(a2–c2)) show that remanence of more than
80% was obtained at 200 mT and all of them were already close to saturation at 300 mT.
The S-ratio is close to one (generally above 0.96). The hysteresis loops (Figure 3(a4–c4)) are
closed above ~300 mT, indicating the dominance of low-coercivity ferrimagnetic minerals.
IRM component analyses (Figure 3(a3–c3)) further confirm the results. The low-coercivity
component of IRM (IRML) accounts for the main contribution, while the high-coercivity
component of IRM (IRMH) can be ignored. Combined with the behaviors of the χ–T curves,
it can be seen that the low-coercivity component is magnetite.

The contours on the FORCs diagram (Figure 4a–c) have a remarkable vertical spread,
showing a clear manifestation of magnetostatic interactions. The inner contours display a
distinct, closed-contour peak structure on the Hu = 0 axis between 10 and 15 mT, with some
vertical spread in the FORC distribution. Meanwhile, the outer contours diverge from the
Hu = 0 axis and intersect with the Hc = 0 axis, displaying less symmetry and a divergent
pattern, which extends less than 60 mT. Therefore, these FORC diagrams have distinct
closed contours, but the contours are divergent and less symmetrical, lie closer to the
origin trend, and are spread out along the Hu axis, both displaying interacting SD-like
behavior and showing MD-like FORC distributions, demonstrating characteristic coarse
PSD magnetite grains behavior [59,60]. The Day plot (Figure 4d) further supports the
results; it was plotted in the PSD area but close to the MD area.

4.2. Paleomagnetic Results

Representative demagnetization diagrams are shown by orthogonal diagrams [61]
and associated remanence decay curves in Figure 5. For all specimens of the Xing’antun
section, a secondary magnetic component, probably of viscous origin, was removed by
thermal demagnetization at ~300 ◦C (the black and blue dots). The high-stability ChRM
component can be separated between 300 ◦C and 585 ◦C (the red dots). The mean direction
of the ChRM after tilt correction is Ds = 46.5◦ (± 18.1◦), Is = 59.3◦ (± 9.3◦), n = 24, k = 11.2,
α95 = 9.3◦, which stay away from present geomagnetic position (D = −10.83◦, I = 61.12◦)
in the equal-area projections (Figure S2), suggesting that the CHRM is primary remanent
magnetization. At least four contiguous specimens with a stable characteristic remanence
direction are necessary to identify a magnetic polarity interval. Following stepwise de-
magnetization, the studied specimens are of normal polarity except for one specimen
with negative inclination; thus only one normal magnetozone (N1) was recognized in the
Xing’antun section.
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Figure 5. The direction and intensity evolution of the NRM during stepwise thermal de-
magnetization for representative specimens of the Xing’antun section. Open and Solid symbols in
the orthogonal vector endpoint projections [61] indicate projections on the vertical and horizontal
planes in stratigraphic coordinates, respectively. The red/blue points show the thermal temperature
intervals used for isolating the ChRM/VRM. NRM is the natural remanent magnetization.
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4.3. SIMS U–Pb Zircon Geochronology

Sample XAT15M2 yields euhedral to subhedral zircons with a range of sizes from
80 to 190 µm in length. Zircon grains from this sample are relatively transparent and
colorless. All of the analyses were conducted on portions of zircon with oscillatory zoning,
which is interpreted as reflecting growth in magma. Thirty-two zircon grains were analyzed
from this sample, U and Th contents are within the range 139–1679 ppm and 52–801 ppm,
respectively, with Th/U ratios of 0.204–0.915. One analysis (spot 03, Table 2) has a relatively
young age, interpreted as a result of Pb loss. Two spots (spots 09 and 29) yield older than the
ages of most zircon grains of this sample interpreted as xenocrysts from the Quanshuicun
Formation [33]. The remaining twenty-eight analyses obtained a concordia U–Pb age of
105.7 ± 0.8 Ma and the 206Pb/238U weighted mean age of 105.7 ± 0.8 Ma (MSWD = 0.8,
2σ internal error reported here and after unless otherwise noted) (Figure 6a), which is
interpreted as the crystallization age of zircons from the sample XAT15M2.

Figure 6. Representative CL images (a) and SIMS U–Pb concordia age plot (b) for zircons from the
Xing’antun section. Data-point error ellipses are 2σ level.

5. Discussion
5.1. New Geochronologic Constraints on the Dalazi Formation in the Yanji Basin

Previous geochronologic constraints on the Dalazi Formation in the Yanji Basin were
mainly based on lithostratigraphy and biostratigraphy [21,25,39] or indirectly constrained
by the radiometric dating results from the overlying Longjing Formation and the under-
lying Quanshuicun Formation. However, direct age constraints on the Dalazi Formation
remain poorly known [26,39]. The lack of precise age constraints of the Dalazi Forma-
tion limits our understanding of Early Cretaceous terrestrial processes and the regional
stratigraphic correlations.

The Dalazi Formation has been suggested to be formed during the early Early Creta-
ceous [62], middle and late Early Cretaceous [21], or late Early Cretaceous [26,36], and even
extending to early Late Cretaceous [25,34], based on lithostratigraphic and biostratigraphic
studies. For example, a detailed taxonomic study of ostracod species from the Dalazi
Formation of the Yanji Basin was conducted by Choi et al. [25], who suggest that the
age of this formation is not older than the Albian age, probably of early Late Cretaceous
age. Sun et al. [32,33] reported a series of LA-ICP-MS (laser ablation ion coupled plasma
mass spectrometry) U–Pb zircon dates from the Tuntianying and Quanshuicun formations,
and they proposed that the age of the base of the Quanshuicun Formation is 116.8 ± 1.4 Ma,
providing a maximum age estimates of the base of the Dalazi Formation in the Yanji
Basin. These results showed a large discrepancy in the age of the Dalazi Formation. Direct
radiometric dating of the Dalazi Formation will help to address this problem.

Recently, the bottom and top of the Dalazi Formation in Jilin Province were estimated
at 109.9 ± 2.9 to 93.5 ± 1.2 Ma based on the LA-ICP-MS U–Pb dating of tuffs [63]. These ages
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provide a preliminary duration of the Dalazi Formation. However, a tuff sample collected
from the overlying Longjing Formation was successfully dated by a CA–ID–TIMS (chemical
abrasion–isotope dilution–thermal ion mass spectrometry) U–Pb zircon method in UC-
Davis, yielding an age of 101.039 ± 0.061 Ma [35]. Most recently, Zhong et al. [26] reported
three SIMS U–Pb zircon ages from tuff beds of the uppermost part of the Dalazi Formation
in the Yanji Basin, yielding a weighted mean 206Pb/238U ages of 105.1 ± 0.4 Ma.

In this study, one tuff bed collected from the Xing’antun section of the upper part of the
Dalazi Formation yielded a weighted mean 206Pb/238U age of 105.7 ± 0.8 Ma, which could
be interpreted as the deposition age of the sediments (Figures 6 and 7). The U–Pb age lies
precisely in the Cretaceous Normal Superchron (CNS, chron C34n) period, thus providing
tight age controls on the Xing’antun section. Considering these geochronologic constraints, the
recognized normal magnetozone N1 can be correlated to early C34n between chron M“-2r”
(~107.5 Ma) and chron M“-3r” (~103 Ma) [42] (Figure 7). Thus, the age of the sedimentary
sequence of the Xing’antun section can be precisely constrained to be 107.5–103 Ma.

Figure 7. Lithostratigraphy, magnetostratigraphy, and SIMS U–Pb zircon chronology of the
Xing’antun section in the Yanji Basin. (a–f): Lithology, U–Pb age, declination (Dec.), inclination
(Inc.), polarity zonation of the Xing’antun section, and reference geomagnetic polarity timescale
(GPTS) (Gale et al., 2020, [42]).

The new age acquired from our new SIMS U–Pb zircon dating is consistent with that
of Zhong et al. [26] in consideration of the uncertainty of the dating method (~1%, [34]).
Furthermore, our new magnetostratigraphic study of the Xing’antun section provides a
more comprehensive understanding of geochronologic framework of the Dalazi Forma-
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tion. The established geochronologic framework of the Dalazi Formation enables precise
correlation of the terrestrial Lower Cretaceous in the Yanji Basin to global marine strata
and other continental sequences (Figure 8).

5.2. Stratigraphic Correlation to Other Continental Rift Basins in Northeastern China and its
Tectonic Implication

During the late Mesozoic period, a number of continental rift basins were formed in
northeastern China due to tectonic and magmatic activities, such as the Songliao, Dasanjiang,
Hailaer and Jixi basins and they provide a rare opportunity to investigate the basin evolu-
tionary history of the active plate regime (e.g., [6,64,65]. The Cretaceous sedimentary basins
in NE China can be subdivided into two stages: syn-rift and post-rift stages (Figure 8). An
understanding of the continental rift basins’ stratigraphic development can help to reveal the
tectonic processes in NE China during this time.

According to previous research [32,33], the age of the uppermost part of the Tuntiany-
ing Formation is 125 ± 2.7 Ma, and the age of the base of the Quanshuicun Formation is
116.8 ± 1.4 Ma. The upper part of the Dalazi Formation is precisely dated to 105.7 Ma in
this study and in previous studies [26], and the lower part of the overlying Longjing For-
mation was precisely dated at 101.039 Ma (Figure 8b) [35]. The established geochronologic
framework of the Cretaceous strata in the Yanji Basin enables regional correlation.

Figure 8. Regional correlation of the terrestrial Cretaceous strata in the Yanji Basin to the those from
other representative basins in northeastern China. Geologic timescale 2020 [42] (a); chronostratigra-
phy of the Yanji (b), Songliao (c), Dasanjiang (d), and Hailaer (e) basins. References: (1): [34]; (2): [11];
(3): [26]; (4): [34]; (5): [32]; (6): [33]; (7): [3]; (8): [66]; (9): [67]; (10): [68]; (11): [69]; (12): [8]; (13): [70];
(14): [71]; (15): [72]; (16): [73].

Previous studies show a major unconformity between the syn-rift and post-rift stages
in adjacent areas of the Yanji Basin, such as the Songliao, Dasanjiang, and Hailaer basins
in northeastern China. Research on the Cretaceous Continental Scientific Drilling (CCSD-
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SK) borehole in the Songliao Basin has advanced our knowledge of major stratigraphic
boundaries and facilitated regional stratigraphic correlation. The youngest age obtained by
detrital zircon LA-ICP-MS U–Pb dating was that of the second member of the Denglouku
Formation from the CCSD-SK-IIe borehole in the Songliao Basin, which is 102 ± 4 Ma [67].
Thus, the upper part of the Dalazi Formation in the Yanji Basin is clearly correlated with
the lower Denglouku Formation in the Songliao Basin (Figure 8b,c). Moreover, the ostracod
results suggest that both the Dalazi Formation in the Yanji Basin and the Denglouku
Formation in the Songliao Basin record a Cypridea (Morinina)–Bisulcocypridea–Mongolocypris
assemblage [74], which also supports the above correlation.

This correlation was strengthened by the overlying and underlying lithological forma-
tions in the two basins. The Quanshuicun Formation in the Yanji Basin is correlated to the
Yingcheng Formation in the Songliao Basin based on the geochronologic evidence [6,68–70].
Combined with biostratigraphic and zircon U–Pb dating results, the Longjing Formation
in the Yanji Basin is correlated with the Quantou Formation in the Songliao Basin [11,43].

There existed a unified basin in the Dasanjiang area in northeastern China during the
Early Cretaceous, based on the geologic evidence and drilling core observations (e.g., [69]),
which consists of the Sanjiang, Boli, Jixi and Hegang basins. Recently, Zhang et al. [71]
proposed that the age of the Dongshan Formation is 107.1 ± 0.7 Ma based on LA-ICP-MS
U–Pb zircon dating of an andesite sample from the ZK2 borehole in the eastern Boli Basin
(Figure 8d). Despite the uncertainty of the LA-ICP-MS and SIMS U–Pb zircon dating
methods [63], the Dongshan Formation is clearly correlated to the Dalazi Formation and
the paleontological analysis also supports this correlation [75] (Figure 8b,d). Zircons from
two tephra samples of the Chengzihe Formation from the Jixi Basin were analyzed by the
LA-ICP-MS dating method, yielding ages between 115.7 ± 1.0 and 111.1 ± 1.1 Ma [72].
This age range suggests that the Quanshuicun Formation is correlated to the Chengzihe
Formation in the Sanjiang Basin.

Apart from the Yanji Basin, the Lower Cretaceous in the Hailaer Basin is well devel-
oped. Paleontological data (e.g., ostracods, phytoplanktons, sporopollens) indicate the
latest Early Cretaceous age for the Yimin Formation in the Hailaer Basin, which is a similar
geologic period as the Dalazi Formation in the Yanji Basin [76]. No precise radioisotopic
ages are, however, available for the Yimin Formation in the Hailaer Basin. Underlying
the Yimin Formation, a set of LA-ICP-MS U–Pb zircon ages of 126 ± 1 Ma to 120 ± 1 Ma
have been obtained in volcanic rocks from the Lower Cretaceous Xing’anling Group in the
Hailaer Basin [73], which is similar to the age of the Huoshiling Formation in the Songliao
Basin, and the Tuntianying Formation in the Yanji Basin.

Our results indicate that the upper part of the Dalazi Formation in the Yanji Basin
in northeastern China is of late Albian age. This unit is precisely correlated with the
Denglouku Formation in the Songliao Basin, and it is approximately correlated with the
middle-upper part of the Dongshan Formation in the Dasanjiang Basin, and with the Yimin
Formation in the Hailaer Basin in northeastern China (Figure 8).

Provenance changes across the mid-Cretaceous unconformity between the syn-rift and
post-rift stages in northeastern China have been observed [13,31,77]. For example, the un-
derlying Yincheng Formation and the overlying Denglouku Formation in the Songliao
Basin (Figure 8c); the underlying Dongshan/Houshigou Formation and the overlying
Hailang Formation in the Dasanjiang Basin (Figure 8d); and the underlying Yimin Forma-
tion and the overlying Qingyuangang Formation in the Hailaer Basin (Figure 8e). However,
the precise age of this tectonic activity in these basins was poorly constrained by detrital zir-
con geochronology (e.g., [67,77]), and biostratigraphy (e.g., [25]), and indirectly constrained
by geochronologic studies of underlying and overlying volcanic rocks (e.g., [32,33]).

The stratigraphic record, previous studies on regional unconformity between the
Dalazi and Longjing formations, and our new chronology of the Dalazi Formation show
that mid-Cretaceous unconformity is recorded in the mid-Cretaceous Yanji Basin, which is
consistent with the tectono-sedimentary evolution of adjacent volcanic-sedimentary basins.
The age of this tectonic activity in the Yanji Basin is precisely constrained to ~106–101
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Ma [35]. A tectonic switch from extension to contraction might result from the process of the
subduction of the Paleo–Pacific plate beneath the Eurasia plate, that is, from slab rollback
to NW–SE direction subduction during this time [13,65,77]. Further provenance studies
between the Dalazi and Longjing formations in the Yanji Basin and precise radiometric
dates from neighboring continental rift basins, such as the Songliao, Dasanjiang, and
Hailaer basins, will broaden our knowledge of this tectonic activity and its implications for
the nature of the continental margin evolution of northeast Asia during the late Mesozoic.

6. Conclusions

We carried out magnetostratigraphic and geochronologic investigations on a volcanic–
sedimentary sequence and a tuff sample from the Xing’antun section of the Yanji Basin,
northeastern China. Systematic rock magnetic measurements and stepwise thermal demag-
netization indicate that the main carrier for the ChRM is mainly PSD magnetite. Zircons
from the tuff sample were analyzed by the SIMS U–Pb zircon dating method, yielding
a weighted mean 206Pb/238U age of 105.7 ± 0.8 Ma (2σ, internal error). One recognized
magnetozone of normal polarity in this outcrop section is correlated with chron C34n con-
strained by the U–Pb age. This new, integrated chronostratigraphy suggests that the upper
part of the Dalazi Formation in the Yanji Basin is precisely dated at 105.7 Ma, corresponding
to the late Albian age, which enables precise correlation of the terrestrial Upper Cretaceous
of the Yanji Basin to other continental sequences in northeastern China.

The establishment of the chronologic framework for the upper part of the Dalazi
Formation in the Yanji Basin allows regional correlation with the terrestrial strata from other
rift basins in northeastern China. Combining our new chronology and previous provenance
and geochronologic studies with the regional correlation of adjacent sedimentary basins,
we suggest that the mid-Cretaceous unconformity was recorded between the Dalazi and
Longjing formations in the Yanji Basin, and its age can be constrained to ~106–101 Ma.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/min11050527/s1, Figure S1: Photomicrographs of XAT15M2 viewed under planepolarized
light and cross-polarized light, Figure S2: Equal-area projections of the sample-mean direction for
ChRM after tilt correction.
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