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A B S T R A C T

Paleoclimate significantly influenced continental sandstone-type uranium mineralization. To better understand
continental climate change in the Late Cretaceous and its influence on uranium mineralization, we selected four
boreholes from Late Cretaceous sedimentary successions from the southwestern Songliao Basin, in northeastern
China. Twenty-one samples were collected for sporopollen analyses. Based on the variations in the relative
abundances of the different sporopollen taxa, we observed the four following palynological assemblages (PAs) in
ascending order: the Schizaeoisporites–Classopollis–Tricolporollenites assemblage, the
Taxodiaceaepollenites–Exesipollenties–Cranwellia assemblage, the Schizaeoisporites–Classopollis–Lytharites assem-
blage, and the Biasccate–Taxodiaceaepollenites–Aquilapollenites assemblage. Based on the geological range of
several important elements and correlations between relevant assemblages from other regions, we assigned a
geological age of late Turonian to early Campanian (approximately 86.7–84.4Ma) to the four PAs. In this study,
we introduced a sporopollen–climate transforming methodology, which uses the percentage of drought, hy-
grophilous, and thermophilic taxa to indicate stratigraphic trends of humidity and temperature. On the one
hand, the percentage of thermophilic taxa was characterized by a continuously decreasing trend, but remained at
a relatively high abundance along the entire sedimentary sequence. This was indicative of a hot sub-
tropical–tropical climate with declining temperatures. On the other hand, the percentage of drought and hy-
grophilous taxa exhibited a cyclical fluctuation between humid and semi-arid climates. A semi-arid climate
existed in the PA I, but this then changed to humid conditions in the PA II. Subsequently, the climate evolved
into semi-arid and semi-humid conditions as a result of strengthened drought during the PA III. Finally, in the PA
IV, the climate became humid once again. In general, the Yaojia Formation’s synsedimentary paleoclimate (i.e.,
the PA II and PA III) mainly had semi-humid conditions. In the Qianjiadian area, the main prospect target layer is
the Yaojia Formation. Compared with the typical sandstone-type uranium deposits throughout northern China,
we suggest that the humid paleoclimate was essential for uranium mineralization. The humid climate favored
the formation of reduced sandstones, which provided significant geochemical reducing barriers and uranium
pre-concentrations essential for epigenetic uranium mineralization.

1. Introduction

As one of the largest Mesozoic and Cenozoic continental basins in
northeastern China, the Songliao Basin contains a complete and well-
preserved Mesozoic–Cenozoic strata (Chen and Chang, 1994; Wang
et al., 2013a), with a maximum sedimentary thickness of approximately
10 km. Moreover, the Cretaceous strata comprise hydrocarbon zones
and important uranium deposits. After more than 50 years of explora-
tion and development, interesting results have been achieved with

respect to both the basic geology and petroleum geology of the Songliao
Basin (Chen and Chang, 1994; Deng et al., 2013; Feng et al., 2010a).
The Cretaceous period is the most important greenhouse-effect period
in the Earth’s history (Friedrich et al., 2012; Huber et al., 2002; Hu,
2004; Skelton et al., 2003). The biological evolution, tectonic events,
and mineralization during this period have an important effect on the
present-day Earth system. Sporopollen data show large differentiations
in the Cretaceous terrain of the Songliao Basin. The edge of the basin
features mountains, whereas a relatively flat hillside or lake beach lay
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between the mountain and the lake basin. In the mountains, vegetation
consists mainly of coniferous forests, evergreen broad-leaved forests,
and small amounts of deciduous broad-leaved forests. Plants, such as
herbs and shrubs, grow on both the hillside and lakeside beaches.
Coniferous forests, grasslands, and grasses, which represent a humid
and semi-humid subtropical environment, dominate the overall vege-
tational landscape. Four cooling events, three warming events, and
three drought events occurred during Cretaceous period (Wang et al.,
2013a). Oxygen isotopic analyses on ostracoda fossils from the Qing-
shankou to Mingshui Formations within the Songliao Basin indicate
that the Late Cretaceous experienced frequent changes in temperature,
but was mostly characterized by a warm environment (Chamberlain
et al., 2013). Climate change not only controls the rainfall, vegetation
development, sediment types, and hydrological conditions, it also ex-
erts an influence on hydrocarbon and uranium mineralization (Jiao
et al., 2015; Li et al., 2004; Wu, 2005; Yang and He, 2016; Yu et al.,
2005). The formation of oil and gas is closely related to vegetation
development. The sediment type, paleohydrology, and oxidation–re-
duction conditions are also crucial to sandstone-type uranium deposit
formation. Changes in the paleoclimate are traceable via important
information that is recorded in the terrestrial strata. Studying changes
in the paleoclimate is important when trying to understand the influ-
ence that paleoclimate has on sandstone-type uranium mineralization
(Chen et al., 2011). This study can provide insights into the paleocli-
mate of the Qingshankou-Nenjiang Formation and its impact on ur-
anium mineralization.

Several previous studies have shown that the climate in the Songliao
Basin exhibits regional variations, but when discussing the paleocli-
mate, these studies have focused primarily on the central depression
area (Ji et al., 2015; Li et al., 2011; Yoshino et al., 2017; Zhao et al.,
2014). However, related paleoclimate studies in other areas of the
Songliao Basin (especially the Kailu Depression) are rather scarce and
prove inadequate when attempting to further geological knowledge in
this region. On the other hand, braided fluvial and deltaic facies
dominate the Qingshankou and Yaojia Formations in the Kailu De-
pression. These facies are characterized by sediments with coarse grain
sizes, which is not favorable for microfossil preservation, such as
sporopollen. Therefore, sporopollen fossils in this area are scarce and
poorly preserved. As a result, the relationship between paleoclimate
and uranium mineralization has received very little attention. In this
study, to respond to the issues discussed above, we perform detailed
descriptions and systematic sampling of fossils as well as their proces-
sing, analysis, and identification on a series of uranium exploration
wells in the Qianjiadian area within the Kailu Depression. We divide
and compare PAs, and then discuss their stratigraphic age. We also
discuss the paleoclimatic changes in the Qingshankou-Nenjiang For-
mations and its geological significance with respect to the sandstone-
type uranium mineralization using quantitative methods performed on
the PAs.

2. Geological and Stratigraphic setting

2.1. Songliao Basin

Located in the northeastern part of China, the Songliao Basin is a
large continental sedimentary basin that formed in the Late Mesozoic.
The Songliao Basin is also the largest continental petroliferous basin in
the world (Hou et al., 2009; Wang et al., 1994, 2013a). The Songliao
Basin lies adjacent to the Hailar and Erlian Basin to the west and the
Ordos Basin to the southwest (Fig. 1A). A series of mountains surround
the Songliao Basin, i.e., the Zhangguangcailing Range to the southeast,
the Lesser Xing’an Range to the northeast, and the Great Xing’an Range
to the west (Deng et al., 2013). The basin is 750 km in length and

330–370 km in width, and it covers a total area of approximately
260,000 km2 (Cheng, 1982; Daqing Oilfield Petroleum Geography
Compilation Group, 1993; Liu et al., 1992; Song et al., 2014; Wang
et al., 1994; Yang et al., 1982). Based on the Songliao Basin’s Mesozoic
structural evolution, basement morphology, and depositional char-
acteristics, the basin can be divided into six first-order tectonic units:
the western slope, the northern plunge, the central depression, the
northeast uplift, the southeast uplift, and the southwest uplift (Fig. 1B)
(Li et al., 2009; Zhu et al., 2014).

The Songliao Basin basement is comprised of Paleozoic meta-
morphic, igneous, and volcanic rocks (Feng et al., 2010a,b; Wang et al.,
2013a,b). The sedimentary cover mainly consists of clastic deposits as
old as the Late Jurassic, with a maximum thickness of approximately
10,000m. The Songliao Basin was formed and filled in four tectonic
stages (Fig. 2): mantle upwelling, rifting, post-rift thermal subsidence,
and structural inversion (Feng et al., 2010a). During these four stages,
three main tectonostratigraphic sequences formed (Wang et al., 2002;
Wang and Chen, 2015): (i) The pre- and syn-rift tectonostratigraphic
sequences (150–110Ma), such as the Huoshiling (J3h), Shahezi (K1sh),
and Yingcheng Formations (K1y), which are characterized by the de-
position of Late Jurassic volcanic rocks, alluvial, and lacustrine sedi-
ments that were deposited in isolated rift grabens, with a thickness of
3000m; (ii) The post-rift tectonostratigraphic sequence (110–79.1Ma),
characterized by fluvial, deltaic, and lacustrine sediments with thick-
nesses of up to 4300m. The post-rift sequence includes the Denglouku
(K1d), Quantou (K1q), Qingshankou (K1qn), Yaojia (K1y), and Nenjiang
Formations (K1n). Continuous basin expansion is a typical feature
during this interval. Two large-scale lake intrusions occurred in
Member 1 of the Qingshankou Formation and Members 1 and 2 of the
Nenjiang Formation. Characterized by a wide distribution, abundant
organic matter, and a significant thickness, two sets of black shales,
intercalated by oil shales, are the most important source and regional
cap rocks in the Songliao Basin; (iii) The tectonic inversion tectonos-
tratigraphic sequence (79.1–40Ma) includes the Sifangtai (K2s), Min-
gshui (K2m), and Yi’an Formations (Ey). The tectonic inversion se-
quence is characterized by coarse clastic sediments from alluvial,
fluvial, delta, and lacustrine facies, with an approximate thickness of
900m.

2.2. Kailu Depression

The Kailu Depression, a Meso–Cenozoic fault-depression basin, is
located in the southwestern part of the Songliao Basin (Fig. 1B) and has
a total area of approximately 3.1×104 km2. The depression lies in the
Hercynian geosyncline fold basement. This basement is composed of
pre-Sinian granite-gneiss and Carboniferous–Permian metamorphic
rocks. The depression is filled with Cretaceous to Cenozoic clastic de-
posits (Fig. 1C). In the Early Cretaceous, the depression was an in-
dependent faulted basin. The volcanic rock and clastic sediments of
lacustrine facies were then deposited, i.e., the Yixian, Jiufotang, Shahai,
and Fuxin Formations. Afterward, during the Late Cretaceous, con-
nections between the Kailu Depression, the Songliao Basin, and other
depressions formed a large and unified basin. Upper Cretaceous var-
iegated clastic rocks (i.e., the Quantou, Qingshankou, Yaojia, Nenjiang,
Sifangtai, and Mingshui Formations) and Tertiary gray clastic rocks
(i.e., the Yi’an, Da’an, and Taikang Formations) were then deposited
(Chen et al., 2005). Here, the study area is located at the northeast limit
of the Kailu Depression. Fig. 3A shows the specific distribution of the
boreholes analyzed in this study. The studied section intersects the
Qingshankou Formation’s Member 3 and continues to the Nenjiang
Formation’s Member 1 (Fig. 3B).

The Qingshankou Formation (K2qn), with a thickness of 0–236m, is
commonly observed in cores of regional anticlines. In this region, uplift
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and denudation are abundant, a condition which forms the common
“skylight” structures. This formation occurs in NE–SW strips and has an
angular unconformity with the underlying Fuxin Formation. The
Qingshankou Formation’s distribution widens towards the Shuangliao
region. Gray mudstones and silty mudstones dominate the middle and
lower parts of the Qingshankou Formation. The upper part is comprised

of light gray glutenite, sandstone, and grayish green mudstone with
positive rhythm, horizontal bedding, and wavy bedding.

The Yaojia Formation (K2y), with a thickness of 60–240m, was
deposited in a fluvial environment. The Yaojia Formation shares an
unconformity with the underlying Qingshankou Formation and spreads
NE–SW as narrow strips, with increasing widths to the east of Tongliao.

Fig. 1. A geological map of the Songliao Basin and study area. A) Structural map of Northeast China (modified after Bonnetti et al., 2014; Meng, 2003); BB=Bohai
Basin, EB=Erlian Basin, EGB=East Gobi Basin, HB=Hailar Basin, OB=Ordos Basin, SB= Songliao Basin, YB=Yingen Basin, BL=Baikal Lake,
MOZ=Mongol–Okhotsk Zone). B) Structural subdivisions of Songliao Basin (modified after Li et al., 2009; Scott et al., 2012; Zhao et al., 2013; Zhu et al., 2014); C)
Geological map of the Kailu Depression.
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The lower part of the Yaojia Formation contains brownish red felds-
pathic coarse sandstone and small amounts of interlayered brownish
red mudstone. The middle part of the Yaojia Formation is comprised of
brownish red glutenite and mudstone. The upper part has gray, pur-
ple–red, and brownish red fine sandstone, interbedded with red mud-
stone. Based on a comprehensive analysis of core observations, logging
data, and previous results (Xia, 2015), the Yaojia Formation can be
divided into six sand groups: bottom-up Members Y1, Y2, Y3, Y4, Y5,

and Y6, which we then compare with the boreholes (Fig. 3B).
The Nenjiang Formation (K2n) overlies the Yaojia Formation and

can be divided into three lithologic units. The lower part is composed of
grayish green or gray–black mudstone interbedded with muddy silt-
stone, which contains a small number of pyrite grains. The middle part
has gray–black mudstones, with horizontal bedding. The lower black
mudstone is useful as a marker bed for stratigraphic correlation. The
upper part contains gray and gray–black mudstone with a silty strip

Fig. 2. Late Jurassic to Cenozoic tectono-stratigraphic evolution in the Songliao Basin (modified after Bonnetti et al., 2015; Feng et al., 2010a; Wang et al., 2002).
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Fig. 3. A) The geological map of the study area with the location of the drill holes and the cross-section positions shown in B. B) Stratigraphic correlation in the drill
holes and the distribution and location of the spore and pollen samples.
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interlayer.

3. Materials and methods

Sporopollen fossil materials were collected from four wells (QY-1,
QY-2, QY-3, and QY-4) throughout the Qianjiadian area of the Kailu
Depression, in the southwestern part of the Songliao Basin (Fig. 3A).
The average sampling distance was approximately 15m. Based on the
importance of the strata, lithological changes, and fossil contents, we
further decreased (5m) or increased (50m) the sampling distance for
some horizons. In this study, we collected 38 sporopollen samples, with
a mudstone or silty mudstone lithology: 10 in QY-1, 7 in QY-2, 7 in QY-
3, and 14 in QY-4. Based on comprehensive stratigraphic correlations,
21 samples were selected for sporopollen extraction and identification.
Fig. 3B shows the specific location of each sample within the boreholes.

Sporopollen extraction and identification were performed at the
Nanjing Institute of Geology and Palaeontology, Chinese Academy of
Sciences. Sporopollen was treated with a hydrochloric acid–hydro-
fluoric acid mixture. The specific steps are as follows: (1) we obtained a
total of 20–50 g of sample and ground it in a mortar to a particle size of
less than 0.5mm, (2) the ground sample was soaked in diluted hydro-
chloric acid (10%) and stirred thoroughly to remove the calcium, (3)
fresh water was added, and the mixture stood for 3–4 h (we repeated
this step until the mixture became neutral), (4) 250mL of hydrofluoric
acid was added slowly to the neutral mixture, then it was mixed thor-
oughly and allowed to stand for 5–7 days, (5) fresh water was then
added and the mixture was allowed to stand (again, this step was re-
peated until the mixture became neutral), (6) the mixture was sieved
(180 µm) to remove large particles, (7) approximately 300mL of the
sample was centrifuged to remove the water (3000 r/5 min), (8) con-
centrated hydrochloric acid (150mL) was added, and the mixture was
placed in an electric furnace for 2 h until the sample floated or the li-
quid clarified, (9) water was added to wash the sample (twice) until it
became neutral, and (10) the sample was washed via a heavy liquid
separation and sieving method. Fossil identification statistics and
photography were both performed using a Zeiss Axio Scope A1 mi-
croscope.

In this study, we use the percentages of thermophilic, drought, and
hygrophilous taxa in the PAs to visualize and understand climate
change. The selection and calculation of thermophilic, drought, and
hygrophilous taxa were mainly based on previous results (Abbink et al.,
2001; Zhang et al., 2014; Gao et al., 1999).

4. Results

During statistical identification, we observed abundant, well-pre-
served sporopollen fossils (7963) in the 21 samples. On average, there
were 379 fossils in each sample and up to 686 fossils in a single sample.
In total, we identified 129 sporopollen fossils (Fig. 4), which were
classified into 90 genera across 36 families. A small number of spor-
opollen types were not classified, but instead named according to their
morphology (Tricolpites and Retritricolporites). Among the sporopollen,
gymnosperm pollen (34 species in 26 genera, accounting for
21.1–86.3% of the assemblage, with an average of 55.3%) and pter-
idophyte spores (70 species in 46 genera, accounting for 13.4–75.5% of
the assemblage, with an average of 42.8%) were the dominant types.
We also identified angiosperm pollen (25 species in 18 genera, ac-
counting for 0–5.0% of the assemblage, with an average of 1.9%).
Figs. 5 and 6 show the major sporopollen species. Based on changes in
the content and the appearance or disappearance of sporopollen groups,
as well as other characteristics, we divided the sporopollenium species
into four PAs in ascending order (Fig. 4). The various PAs character-
istics are described below, from the base to the top.

4.1. Pollen results

PA I: Schizaeoisporites–Classopollis–Tricolporollenites (488.5–434.0m).
This palynomorph assemblage exhibits the following characteristics:
Gymnosperm pollen is dominant (43.4–74.9%, with an average of
60.3%), pteridophyte spores have the second highest abundance
(23.0–53.5%, with an average of 37.9%), and the angiosperm pollen
content (0.3–3.1%, with an average of 1.8%) is the lowest. For the
pteridophyte spores, Schizaeoisporites (Schizaeceae) are the most abun-
dant, with an average of 26.9%. The high Cyathidites (Cyatheaceae)
abundance also occurs continuously throughout the assemblage, ac-
counting for approximately 3.4% of the assemblage. Ringed trilete
spores, including Polycingulatisporites sp., Foraminisporis sp., Nevesisporites
sp., and Yichangsporites sp., are also common. The remaining types are
mostly trilete microspores with various grain, thorn, and tumor patterns,
such as Granulatisporites sp., Cyclogranisporites sp., and Apiculatisporis sp.
The gymnosperm pollen is characterized by a high abundance of
Classopollis, with an average of 21.1%. Taxodiaceae, especially
Taxodiaceaepollenites hiatus, have a high content, accounting for ap-
proximately 17.4% of the assemblage. The bisaccate conifer pollen, in-
cluding Pinuspollenites sp., Podocarpidites sp., and Protoconiferus sp., ac-
counts for 6.1% of the assemblage. Exesipollenties, including E. tumulus
and E. triangulus, also appear continuously, representing only 5.5% of the
total assemblage. Other common taxa, such as Chasmatosporites sp.,
Cycadopites sp., and Psophosphaera sp., are present but have minor im-
portance. Angiosperm pollen is relatively monotonous, including
Retitricolpites sp., Tricolpopollenites sp., and Tricolporopollenitessp.

PA II: Taxodiaceaepollenites–Exesipollenties–Cranwellia (413.2–349.5m).
The characteristics of this assemblage are as follows: Gymnosperm pollen
is more abundant than the pteridophyte spores in this assemblage. The
former accounts for 28.3–86.3%, with an average of 58.2%, while the
latter accounts for 13.4–59.3%, with an average of 40.3%. The angiosperm
pollen abundance is the lowest at 0.3–4.3%, with an average of 1.5%. For
the pteridophyte spores, Schizaeoisporites (Schizaeceae) are characterized
by a significant decrease compared with the PA I, which have an average
content of 12.6%. The ringed spores, composed of Polycingulatisporites sp.,
Foraminisporis sp., Nevesisporites sp., and Yichangsporites sp., are sub-
ordinate, which account for an average of 9.4%. The Cyathidites
(Polygonaceae) content has an average of 4.6%. We also observed certain
amounts of other spores, such as Cicatricosisporites sp., Retusotriletes sp.,
and Laevigatosporites sp. The gymnosperm pollen content is dominated by
Exesipollenties (average of 16.0%) and Taxodiaceaepollenites hiatus (average
of 14.6%). A remarkable feature is the sharp decrease in the Classopollis
(Cheirolepidiaceae) content from 21.1% to 9.8% in this assemblage.
Bisaccate conifer pollen, composed of Pinuspollenites sp., Podocarpidites sp.,
Piceites sp., Piceapollenites sp., and Protoconiferus sp., is also common
(8.0%). Cycadopites (average of 3.4%), Chasmatosporites (average of 2.9%),
and Psophosphaera (average of 2.5%) are still very low in abundance.
Angiosperm pollen increases in both diversity and abundance, with the
appearance of Tricolporopollenites sp., Tricolpopollenites sp., Cranwellia sp.,
Proteacidites sp., Myrtaceidites sp., Quantonenpollenites sp., and sporadic
Symplocospollenites sp.

PA III: Schizaeoisporites–Classopollis–Lytharites (336.0–232.5m).
Compared with PA I and II, the palynoflora shows obvious changes. The
pteridophyte spore content (25.9–75.5%, with an average of 49.9%) is
greater than the content of the gymnosperm pollen (21.1–74.2%, with
an average of 48.2%), whereas the angiosperm pollen abundance
(0–4.4%, with an average of 2.0%) is slightly less. Schizaeoisporites are
abundant, with an average of 21.8%, which is approximately twice the
amount in PA II. For several ringed spores (Polycingulatisporites sp.,
Foraminisporis sp., Nevesisporites sp., and Yichangsporites sp.), the con-
tent is subordinate and represents 9.4% of this assemblage. The as-
semblage contains approximately 2.6% of Laevigatosporites. Other

Z. Xu et al. Ore Geology Reviews 104 (2019) 403–421

408



Fig. 4. Quantitative stratigraphic distribution of the spores and pollen recovered from the QY-1, QY-2, QY-3, and QY-4 boreholes in the Qianjiadian district, Kailu
depression.

Z. Xu et al. Ore Geology Reviews 104 (2019) 403–421

409



(caption on next page)

Z. Xu et al. Ore Geology Reviews 104 (2019) 403–421

410



spores, such as Cyathidites sp., Lycopodiumsporites sp., Punctatisporites
sp., and Zlivisporis sp., are also common. In the gymnosperm pollen,
Taxodiaceaepollenites hiatus is characterized by a decrease in abundance
compared with PA II, but it remains the major type at approximately
12.7%. Classopollis (Cheirolepidiaceae) content is slightly higher than
the content in PA II, with abundances of 16.2%. We observe a slight
increase in the bisaccate conifer pollen abundance, such as
Pinuspollenites and Podocarpidites, which reaches, on average, 8.1%. In
contrast, Exesipollenties were characterized by a marked decline in
abundance, with an average of 2.9%. Chasmatosporites, Cycadopites, and
Psophosphaera are still common in the PA III and do not vary sig-
nificantly. Other common types include Jugella and Ephedripites.
Tricolpates (or tricolporate) dominate the angiosperm pollen, as well as
more diverse angiosperm types, while Tricolporopollenites are the most
abundant. Other types are sporadic, including Salixipollenites sp.,
Celtispollenites sp., Symplocospollenites sp., Cranwellia sp., Myrtaceidites
sp., Elaeangnacites sp., Lythraites sp., Nyssapollenites sp., and
Tricolporopollenites sp.

PA IV: Biasccate–Taxodiaceaepollenites–Aquilapollenites
(213.5–160.6m). For PA IV, the gymnosperm pollen content
(25.0–72.5%, with an average of 56.1%) is significantly higher than the
pteridophyte spore content (22.5–70.7%, with an average of 40.8%),
whereas angiosperm pollen content is less abundant (0–5.0%, with an
average of 3.1%). For the pteridophyte spores, Schizaeoisporites
(Schizaeceae) are again dominant, with an average of 16.2%. The
ringed spore content (Polycycliculasporites sp., Foraminisporis sp.,
Nevesisporites sp., and Yichangsporites sp.) is subordinate and represents
7.5% of the total assemblage. Certain amounts of Cyathidites sp.,
Granulatisporites sp., Punctatisporites sp., Leptolepidites sp., and
Deltoidospora sp., also occur and are continuously distributed
throughout the samples, whereas other spores occur only sporadically.
A sharp increase in the abundance of bisaccate conifer pollen
(Pinuspollenites sp., Cedripites sp., Piceaepollenites sp., and Podocarpidites
sp.) from 8.1% to 19.2% occurs in the PA IV. Taxodiaceaepollenites
hiatus also increases in abundance from 12.7% to 21.1%. The
Classopollis (Cheirolepidiaceae) content is characterized by a rapid de-
crease (5.8%) compared with the PA III. Other common taxa, including
Chasmatosporites sp., Cycadopites sp., and Exesipollenties sp., are rare in
PA IV and show slight changes compared with the previous assem-
blages. Angiosperm pollen increases in abundance and diversity, in-
cluding Tricoloporpollenites sp., Salixipollenites sp., Lonicerapollis sp.,
Myrtaceidites sp., Retitricolpites sp., Lythraites sp., Cranwellia sp., and
Aquilapollenites sp.

5. Discussion

5.1. Biostratigraphic information

Taxa with stratigraphic significance are generally lacking in our
samples. Therefore, determining the sedimentary sequence age is more
difficult, but still provides significant biostratigraphic information.
Classopllis flourish in the Jurassic and play an important role in the
Cretaceous. Other taxa, such as Cicatricosisporites sp.,

Polycingulatisporites sp., Foraminisporis sp., Schizaeoisporites sp.,
Pterisisporites sp., Laevigatosporites sp., Concavissimisporites sp., Zlivisporis
sp., Nevesisporites sp., Gabonisporis sp., Yichangsporites sp., Wulongspora
sp., Exesipollenites sp., and Cranwellia sp., are relatively common and
important in the Cretaceous.

For the pteridophyte spores, Schizaeoisporites are the most pros-
perous species from the late Early Cretaceous to the early Late
Cretaceous and are characterized by high abundances in the Early and
Middle Cretaceous in China (Gao et al., 1999; Song, 1986). This is
especially true in the case of Schizaeoisporites. vitilis, which generally
occurs in Cenomanian–Santonian aged sediments (Bolchovitina, 1967).
In addition, Nevesisporites radiatus is a common species during the Late
Cretaceous in Russia, North America, and China. Interulobites are also an
important species between the late Early Cretaceous and the early Late
Cretaceous in the eastern United States (Stover, 1963). For the gym-
nosperm pollen, Steevesipollenites commonly appear in Cen-
omanian–Turonian aged sediments in West Africa, whereas no records
have been found in pre-Cretaceous sediments (Zhu et al., 2012). Ex-
esipollenites and Classopllis are common in the Late Cretaceous in China,
but become scattered in the Paleogene (Li et al., 2008). As noted above,
we assigned a Cretaceous age to the sedimentary sequence.

Angiosperm pollen plays an important role in the division and
comparison of Cretaceous and subsequent strata (Doyle, 1969; Muller,
2010; Norris et al., 1975). In the PA I, angiosperm pollen is scarce and
monotone. Tricolpopollenites are a small individual, whereas tricolpor-
opollenites are always present as a medium-sized individual. Based on
previous studies, tricolporopollenites usually appear in the late Albian or
Cenomanian and might occur later than the Tricolpopollenites (Zhang,
1999). Associations between Schizaeoisporites, Classopllis, and common
tricolporopollenites suggest that there is a good correlation with the SK 1
assemblage (i.e., a coring program at the Daqing Oilfield), which in-
dicates that the geological age of PA I is likely late Turonian. In the PA
II, Proteacidites and Nyssapollenites accompany the appearance of
Cranwellia, which represents angiosperm pollen evolution to the Cran-
wellia stage in China and corresponds to the Turonian (Zhang, 1999).
Cranwellia are an important, global Late Cretaceous taxon (Brenner,
1967; Dettmann, 1973; Laing, 1975). Cranwellia first occur in the upper
Member of the Kukebai Formation in the Tarim Basin and the Qing-
shankou Formation in the Songliao Basin, which corresponds to the
Turonian (Zhang, 1989; Zhang and Zhan, 1991) and the late Tur-
onian–Coniacian, respectively (Li et al., 2011; Wan et al., 2013). Known
as Cranwellia striatella, it first appears during the (late) Turonian from
Siberian Russia to the Far East (Markevitch, 1994). This implies a late
Turonian–Coniacian age range for the PA II. In the PA III, the appear-
ance of Lytharites, along with other angiosperm pollen, such as Cran-
wellia, Myrtaceidites, and Nyssapollenites, indicates that the angiosperm
pollen evolved into the Lytharites–xinjiangpollis stage in China, which
corresponds to the Coniacian–Santonian (Zhang, 1999). Lytharites
commonly appear in Coniacian deposits throughout the Tarim and
Songliao Basin (Li et al., 2011; Wan et al., 2013). Thus, the age of the
PA III is restricted to the Coniacian–Santonian. The PA IV is char-
acterized by the inception of triprojectate pollen, i.e., the Aquilapolle-
nites. Aquilapollenites flourished globally in the Late Cretaceous, as well

Fig. 5. Examples of the representative spore and pollen taxa recovered from the QY-1, QY-2, QY-3, and QY-4 boreholes. The scale bar is 60 µm. 1. Sphagnumsporites
sp., 193.6m, QY-4; 2. Sphagnumsporites sp., 488.5 m, QY-2; 3. Deltoidospora sp., 378.4 m, QY-1; 4. Deltoidospora sp., 213.5m, QY-4; 5. Cyathiditesminor, 303.0m, QY-
3; 6.Cyathidites sp., 303.0 m, QY-3; 7. Cyathidites sp., 213.5m, QY-4; 8. Retusotriletes sp., 303.0m, QY-3; 9. Interulobites sp., 303.0 m, QY-3; 10. Polycingulatisporites sp.,
303.0 m, QY-3; 11. Polycingulatisporites triangularis, 303.0 m, QY-3; 12. Foraminisporis sp., 303.0m, QY-3; 13. Foraminisporis sp., 193.6m, QY-4; 14. Osmundacidites
parvus, 213.5m, QY-4; 15. Osmundacidites parvus, 213.5 m, QY-4; 16. Osmundacidites sp., 213.5m, QY-4; 17. Lycopodiumsporites sp., 193.6 m, QY-4; 18.
Lycopodiumsporites sp., 193.6m, QY-4; 19. Pterisisporites sp., 413.2 m, QY-1; 20. Cicatricosisporites sp., 405.9m, QY-1; 21. Cicatricosisporites sp., 232.5m, QY-4; 22.
Yichangsporites sp., 336.0 m, QY-1; 23. Yichangsporites sp., 315.0m, QY-3; 24. Zlivisporis sp., 336.0m, QY-1; 25. Aequitriradites verrucosus, 193.6m, QY-4; 26.
Nevesisporites radiatus 303.0 m, QY-3; 27. Nevesisporites radiates, 349.5m, QY-1; 28. Schizaeoisporites sp., 336.0 m, QY-1; 29. Schizaeoisporites sp., 336.0 m, QY-1; 30.
Schizaeoisporites sp., 303.0 m, QY-3; 31. Schizaeoisporites sp., 303.0m, QY-3; 32. Schizaeoisporites sp., 160.6 m, QY-4; 33. Schizaeoisporites sp., 434.0m, QY-2.
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as throughout the Pacific Rim. Aquilapollenites were common in the
Santonian–Maastrichtian but became extinct at the end of the Late
Cretaceous and were a relict in the Eocene. Aquilapollenites are com-
parable with other Late Cretaceous taxa distributed globally. Several
previous studies examined Aquilapollenites in eastern Siberia, Japan, the
northern United States, and China (Batten, 1984; Chlonova, 1961; Gao
and He, 1992; Li et al., 2011; Nichols and Jacobson, 1982; Nichols
et al., 2006; Samoilovich, 1967; Zhang, 1981). Nichols and Jacobson
(1982) proposed that Aquilapollenites initiated in the earliest Campa-
nian sediments in the Rocky Mountains of Utah and Wyoming. Nichols
and Sweet (1993) summarized the geological record of Aquilapollenites
and proposed that its first occurrence was at the Santonian–Campanian

transition. Braman (2001) analyzed various triprojectate pollen as-
semblages from late Santonian sediments in Southern Alberta, Canada,
and suggested that the initial occurrence of Aquilapollenites was in the
early Santonian. However, through a comprehensive analysis of the SK
1 PAs, Li et al. (2011) suggested that the inception of Aquilapollenites is
earlier for the Campanian Nenjiang Formation. Thus, the PA IV has an
early Campanian age.

Based on the typical sporopollen species contained within the var-
ious assemblages, the sedimentary sequences range in age from the late
Turonian to the early Campanian. These ages are comparable with the
Qingshankou-Nenjiang Formations PAs from the SK 1.

Fig. 6. Further examples of the representative spore and pollen taxa recovered from the QY-1, QY-2, QY-3, and QY-4 boreholes. The scale bar is 60 µm. 1.
Schizaeoisporites sp., 434.0 m, QY-2; 2. Schizaeoisporites sp., 434.0m, QY-2; 3. Classopollis sp., 160.6m, QY-4; 4. Classopollis annulatus, 389.7m, QY-1; 5. Classopollis
annulatus 389.7m, QY-1; 6. Classopollis annulatus 389.7m, QY-1; 7. Taxodiaceaepollenites hiatus 413.2 m, QY-1; 8. Taxodiaceaepollenites hiatus 303.0 m, QY-3; 9.
Taxodiaceaepollenites hiatus 483.5 m, QY-2; 10. Chasmatosporites sp., 378.4 m, QY-1; 11. Chasmatosporites sp., 349.5 m, QY-1; 12. Cycadopites sp., 378.4m, QY-1; 13.
Cycadopites sp., 213.5 m, QY-4; 14. Pinuspollenites sp., 378.4m, QY-1; 15. Pinuspollenites sp., 213.5 m, QY-4; 16. Pinuspollenites sp., 303.0m, QY-3; 17. Keteleeriae
pollenites sp., 193.6m, QY-4; 18. Podocarpidites sp., 336.0m, QY-1; 19. Podocarpidites sp., 303.0m, QY-3; 20. Podocarpidites sp., 213.5m, QY-4; 21. Protopinus sp.,
488.5 m, QY-2; 22. Protoconiferus sp., 303.0m, QY-3; 23. Parcisporites sp., 349.5m, QY-1; 24. Tricolporopollenites sp., 336.0 m, QY-1; 25. Tricolporopollenites sp.,
336.0 m, QY-1; 26. Lythraites sp., 336.0m, QY-1; 27. Retitricolpites sp., 349.5 m, QY-1; 28. Retitricolpites sp., 349.5m, QY-1; 29. Retitricolpites sp., 349.5m, QY-1; 30.
Retitricolpites sp., 193.6m, QY-4; 31. Retitricolpites sp., 434.0 m, QY-2; 32. Retitricolpites sp., 434.0m, QY-2; 33. Retitricolpites sp., 434.0m, QY-2.

Fig. 7. A percentage sporopollen diagram of the selected sporomorph taxa observed in the QY-1, QY-2, QY-3, and QY-4 composite cores from the Qianjiadian district,
Kailu depression.
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5.2. Palynoflora and paleoclimatic change

In the integrated body of the Earth’s biosphere, biology and en-
vironment are both interdependent and mutually restrictive. A certain
fossil assemblage represents a community and reflects that community’s
paleogeography, paleoclimate, and sedimentary environment (Wang
et al., 2005a). Sporopollen fossils are plant products and vegetation is
particularly sensitive to changes in climatic conditions. Changes in the
diversity and abundance of sporopollen fossils are indicators of changes
in the climate and environment. Most fossils have certain relationships
with their parental plant, except for a few morphologic species whose
genetic relationships remain unclear. To reconstruct past climate and
environmental conditions in the Qianjiadian area, we compare the
fossil pollen with their nearest living relatives in modern pollen as-
semblages that have well-defined ecological characteristics. This tech-
nique can be used to infer the regional paleoclimate.

Most fern spores prefer a shady and humid habitat (Cittert, 2002).
For example, Cyatheaceae (Cyathidites) usually grow in tropical and
sub-tropical humid valleys, along riverbanks of low altitude areas.
Schizaeaceae (Schizaeaceae) are vegetation that grow in barren soil and
prefer hot and arid environments in the southern hemisphere and
equatorial regions. Polypodiaceae (Laevigatosporites) are widely dis-
tributed in subtropic and temperate areas, generally growing in hot and

humid environments (Palynology Team, Institute of Botany, Academia,
1976). The predominant coniferous forest of gymnosperm pollen are
known from a wide ecological range. Pinaceae (Piceaepollenites, Ce-
dripites, Abiespollenite, and Tsugapollenites) and other conifer types are
mostly distributed in sub-alpine areas, characterized by cool climatic
conditions (Wang et al., 2005b). Cupressaceae (Exesipollenites) usually
grow in temperate areas and are typical hygrophilous plants. Tax-
odiaceae conifers (Taxodiaceaepollenites) inhabit humid lowlands and
colder environments (Pelzer et al., 1992). Cheirolepidiaceae (as in-
dicated by Classopollis) are a common Mesozoic plant group that spread
from hot, equatorial regions to warm, high-latitude areas, where the
typical dwarf coniferophyte adapted to arid conditions (Vakhrameyev,
1982). In addition, these drought-tolerant trees or shrubs are ac-
customed to highland slopes, lowland coasts, and saline-alkaline en-
vironments in areas with developed water systems (Heimhofer et al.,
2008; Mendes et al., 2010; Vakhrameyev, 1982). Based on the climatic
parameters of various sporopollen taxa, we discuss the flora and pa-
leoclimate corresponding to the four PAs.

In PA I, the palynoflora is dominated by gymnosperms.
Cheirolepidiaceae (Classopollis), which grow in dry and hot environ-
ments, account for the largest proportion of gymnosperms. The lowest
abundance of bisaccates of pinaceous affinity, such as the Pinaceae and
Podocarpaceae (including Cedripites, Piceaepollenites, Pinuspollenites,

Fig. 8. The climate division and content variation between (A) thermophilic taxa, (B) drought taxa, and (C) hygrophilous taxa in the QY-1, QY-2, QY-3, and QY-4
composite cores from the Qianjiadian district, Kailu depression.
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and Podocarpidites), indicates the presence of a hot and arid climate.
Schizaeceae (Schizaeoisporites) grew in arid and hot conditions, which
were dominated in the ferns. However, other ferns, which prefer warm
and humid conditions, show extremely low abundances and differ-
entiation (Fig. 7). This indicates a hotter, more arid climate. On the
other hand, the percentages of thermophilic taxa, on average, have the
highest values (81.7%), whereas the drought-tolerant and hygrophilous
taxa total 48% and 33.5%, respectively (Fig. 8). The PA I composition
indicates that the Kailu Depression experienced a hot and semi-arid
tropical climate during this period.

Based on an obvious decrease in the pteridophytes (e.g.,
Schizaeceae) during this interval, the PA II turned towards a humid
climate. The Cheirolepidiaceae abundance also significantly declines.
The percentage of pinaceous pollen slightly increases compared with
the PA I (Fig. 7). The low abundance of Schizaeceae and Cheir-
olepidiaceae indicates a warm and relatively humid climate during this
period. In addition, the percentage of thermophilic taxa decreases to
72.3%, which indicates a decline in the temperature. The percentage of
drought-tolerant taxa shows the lowest average value (22.4%), whereas
the hygrophilous taxa increased to an average peak value (50.3%)
(Fig. 8). These conditions imply that, during this period, the Kailu
Depression was characterized by hot and humid climatic conditions.

In the PA III, there are significant changes in the palynoflora. This is
characterized by the higher pteridophyte abundance compared with the
gymnosperms. Simultaneously, the relatively high Schizaeceae abun-
dance is the main cause for the increase in ferns. The thermophilic and
hygrophilous pteridophytes still have a low abundance. The
Cheirolepidiaceae abundance shows a gradual increase and reaches its
peak values. The abundance of bisaccates of pinaceous affinity did not
have any significant changes (Fig. 7). In addition, the percentage of
thermophilic taxa remains a declining trend, with an average of ap-
proximately 67.3% (Fig. 8). The growth of drought-tolerant taxa from
22.4% to 38.3%, with declining hygrophilous taxa abundance (32.7%),
indicate an increase in drought conditions. Overall, the Kailu Depres-
sion experienced a hot and semi-arid to semi-humid climate during this
period.

In the PA IV, the bisaccate pollen-producing conifers show a sig-
nificant growth in abundance and become the dominant plant type
(Fig. 7). During the Late Cretaceous in northern China, this was the
main vegetation element, which indicates a humid and colder climate
(Batten, 1984; Brenner, 1976; Hochuli et al., 1999). The abundance of
Cheirolepidiaceae and Schizaeceae, which was adapted to hot and arid
conditions, gradually reduced, while the hygrocolous ferns were ex-
perienced no significant abundance fluctuations. Moreover, the per-
centage of the thermophilic taxa (65.9%) in the PA IV is slightly lower
than the percentage in the PA III. The percentage of drought-tolerant
taxa once again decreased to 22.1%, while the hygrophilous taxa in-
creased to 39.6% (Fig. 8), indicating that there was a change in climate
from previous conditions to semi-humid and hot subtropical conditions.

Overall, the palynoflora analyzed from the Kailu Depression in-
dicates the presence of a hot subtropical climate during the late
Turonian to early Campanian, although the temperature is character-
ized by a gradually decreasing trend. The paleoclimate of the synsedi-
mentary Yaojia Formation was predominantly semi-humid, but also
experienced semi-arid fluctuations.

5.3. Impact of paleoclimate evolution on uranium mineralization

Numerous previous studies have emphasized the importance that
arid and semi-arid paleoclimatic conditions have on the genetic me-
chanism of sandstone-type uranium deposits (Jiao et al., 2015). During
semi-arid and arid climatic conditions, rocks experience intense phy-
sical weathering. Then, large amounts of uranium leach out, infiltrate
into the groundwater, and migrate over long distances as stable uranyl
ions. Both poorly developed vegetation and low clay mineral abun-
dance, a consequence of the semi-arid to arid climate, contribute toTa
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oxygen infiltration with precipitation and avoid uranium loss during
transport from the orogenic belt to the sedimentary basin. Because
evaporation is greater than precipitation, the uranium concentration in
groundwater is elevated. However, through a comparison of sandstone-
type uranium deposits from different regions and ages in northern
China, we suggest that the synsedimentary paleoclimate in uranium-
bearing rocks plays a more important role during uranium miner-
alization. For instance, the paleoclimate restricted not only the devel-
opment of potential sandstone but also the type, abundance, and dis-
tribution of reduced materials within uranium-bearing rocks. The close
association between the synsedimentary paleoclimate conditions and
several structural factors, such as the orogenic belt source area uplift,
the slope’s hydraulic gradient, and the discharge area during the me-
tallogenic epoch, control the size, morphology, and spatial orientation
of the sandstone-type uranium deposits.

5.3.1. Humid synsedimentary paleoclimate controls on U-bearing rocks
Gray/gray–black (or coal-bearing) continental clastic rocks related

to a humid environment have significant metallogenic implications as
these confined permeable sandstones preserve abundant organic matter
and pyrite (Casagrande, 1987; Diessel, 1992). These clastic rocks are
good reservoirs for the sandstone-type uranium deposits. When in
contact with oxygenated water, U (IV) is oxidized and infiltrated into
groundwater as U (VI) ions. When it encountered the gray/gray–black
reduced sandstones, U (VI) ions may be trapped by organic matter
(Owen and Otton, 1995), reduced and precipitated. Thus, reduced
sandstones, which are deposited in a humid environment, may provide
significant geochemical reducing barriers and control the sandstone-
type uranium mineralization.

Uranium-bearing rocks throughout the Qianjiadian area in the
Songliao Basin are coarse to very fine-grained braided channel sand-
stones derived from the Yaojia Formation (Fig. 8). PAs suggest that the
Yaojia Formation U-bearing rocks were mainly deposited in a humid
environment. Similar climatic conditions were identified in U-bearing
rocks from other sandstone-type uranium deposits throughout northern
China (Table 1), such as the Shuixigou Group (including the Badaowan,
Sangonghe, Xishanyao, and Toutunhe Formations) in the Junggar
(Yang and He, 2016), Tuha, and Yili Basins (Chen et al., 2011; Wu,
2005), and the Zhiluo Formation in the Ordos Basin (Sun et al., 2017).
The sandstone-type uranium mineralization has been generally attrib-
uted to U (VI) reduction via sulfide and organic matter during low-
temperature conditions (Granger and Warren, 1969; Rackley, 1972;
Reynolds et al., 1982). The formation of organic matter contributes to
the presence of a humid climate, which is an indicator for future U
exploration.

5.3.2. Uranium metallogenic model
The uranium mineralization of the Qianjiadian deposit is hosted in

the reduced sandstones of the Yaojia Formation. During the Yaojia
Formation deposition, U-rich basement rocks, such as the Precambrian
gneiss, some Paleozoic to Mesozoic granites, or Late Jurassic felsic
volcanic rocks (Zhang et al., 2010; Wu et al., 2011; Li et al., 2012; Zhou
et al., 2012; Bonnetti et al., 2017), were weathered, denuded, and
transported to the sedimentary basin, which could have provided a
potential source for uranium concentration and its subsequent miner-
alization.

A humid climate during the deposition of the Yaojia Formation was
responsible for abundant and evenly distributed reducing materials in
the sandstones. Based on regional petrological observations and the QY-

1, QY-2, QY-3, and QY-4 drill cores (Fig. 8), the Yaojia Formation was
characterized by gray to purple–red clastic sediments that consisted of
pebbly coarse sands and medium–coarse sandstones, which provided
channels for fluid migration and suitable reservoirs for uranium. Large
amounts of carbonaceous clastics and pyrite, which are related to the
humid climate and preserved in these sandstones, are useful for the
uranium pre-concentration and providing significant geochemical re-
ducing barriers for epigenetic uranium mineralization.

The Songliao Basin entered a stage of structural inversion at the end
of the Late Cretaceous (Li et al., 2012), which resulted in the continuous
structural uplift of the study area. Simultaneously, uranium leached out
from outcropping source rocks and infiltrated into oxygenated waters.
The uplift and tilt of the strata allowed the oxygenated waters to in-
filtrate into the strata. Then, during the main mineralization stage, the
activated U (VI) were carried through the permeable sandstones by
oxidizing water to the redox interface where the precipitation of ur-
anium occurred. Tectonic uplift continued from the Late Cretaceous to
the Neogene (Cheng et al., 2018), which corresponds with the timing of
the uranium mineralization in the Baixingtu (76–20Ma; Bonnetti et al.,
2017) and Qianjiadian deposits (43–28Ma and 19–3Ma; Zhao et al.,
2018, under revision after first review).

The sandstone-type uranium deposits formed via a combination of
multiple factors, in which the humid paleoclimate was an essential
condition that induced uranium mineralization. The humid climate was
responsible for reduced sandstone formation and uranium pre-con-
centration, which provided the conditions for the epigenetic uranium
mineralization.

6. Conclusions

Based on analyses of the PAs, recovered from the QY-1, QY-2, QY-3,
and QY-4 boreholes in the Kailu Depression, northeastern Songliao
Basin, we conclude that these successions are late Turonian to early
Campanian in age. We reconstructed the palynoflora history and pa-
leoclimate evolution in the Kailu Depression from the late Turonian to
the early Campanian. The percentage of thermophilic taxa showed a
gradually decreasing trend, but remained at a relatively high abun-
dance, which indicates a hot tropical/subtropical climate. Based on
cyclical fluctuations of the percentage of drought and hygrophilous
taxa, the corresponding climate from assemblages PA I to PA IV were
discussed as follows: the climate was semi-arid in the PA I, and changed
to a humid environment in the PA II. Subsequently, the climate changed
to semi-arid and semi-humid conditions in the PA III, with an increase
in drought. Finally, the climate became humid once more in the PA IV.
Uranium mineralization in this region requires a humid climate, which
was responsible for reduced sandstone formation and uranium pre-
concentration and provided favorable conditions for epigenetic ur-
anium mineralization.
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