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ARTICLE INFO ABSTRACT

Editorial handling by Prof. M. Kersten REE geochemistry of sandstones and their carbonate cements from the Upper Cretaceous Yaojia Formation in the
Qianjiadian uranium deposit, southern Songliao Basin are illustrated in order to reveal effects of basic intrusions
on REE mobility of sandstones and their geological significance. Compared with the sandstones far away from the
diabase dikes, the sandstones near the diabase dikes are obviously depleted in REEs. > LREE content, > HREE
content and Y REE content all increase with an increase of the distance away from the diabase dikes. Carbonate
cements in the sandstones comprise of dolomite, siderite, ankerite and calcite, which are successively formed
from the early to late stage. In the sandstones near the diabase dikes, the dolomite and siderite are partly dis-
solved, and the ankerite is accumulated. ZLREE content and *HREE content are both gradually decreasing in turn
from the dolomite, to siderite, to ankerite, and to calcite. Dolomite content is positively correlated with ) "HREE
content, siderite content is positively correlated with ) LREE content or ) _HREE content, and ankerite content is
inversely correlated with > LREE content. Dissolution of the dolomite and siderite and formation of the ankerite
were aroused by intrusion of the diabase dikes, resulting in the sandstones near the diabase dikes being depleted
in REEs. The study suggests that high-grade uranium mineralization may be attributed to the diabase dikes, REE
depletion of the sandstones can be severe as a new prospecting indicator, and sandstones affected by igneous
intrusions should be avoided during sampling for sandstone provenance by REEs.
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1. Introduction Xue et al., 2010). However, there is still little knowledge about

geochemical behaviours of REEs within sandstones reformed by igneous

Magmatic activities in sedimentary basins have always been
considered as a critical geologic factor affecting hydrocarbon genera-
tion, migration and accumulation, and metallic enrichment and miner-
alization (Einsele et al., 1980; Othman et al., 2001; Smith and Davies,
2006; Liu et al., 2015; Sliwinski et al., 2016; Zhang et al., 2016). Well
documented studies have been focused on influences of igneous in-
trusions on diagenesis, mineral composition and reservoir properties of
sandstones (Brauckmann and Fuchtbauer, 1983; Girard and Nahon,
1989; Summer and Ayalon, 1995; Ros, 1998; Mc Kinley et al., 2001;
Grove, 2014; Grove et al., 2017). REEs have been served as indicators of
petrogenesis and fluid geochemistry reflecting sedimentary history and
diagenetic process of sandstones (McLennan and Taylor, 1979; Bhatia,
1985; Cuney and Mathieu, 2000; Chen et al., 2007; Tanaka et al., 2007;
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intrusions. Carbonate cements serving as most common authigenic
minerals in sandstones are very sensitive to diagenetic fluids, and are
extremely soluble or precipitated (Kantorowicz et al., 1987; Chowdhury
and Noble, 1996; Wang et al., 2010; Liu et al., 2014). There have been
many studies focusing on tracing diagenetic fluids by using carbonate
cements or evaluating effects of carbonate cements on reservoir het-
erogeneity (Beitler et al., 2005; Liu et al., 2011; Ma et al., 2016; Vincent
et al., 2018; Lai et al., 2019), but little attention has been paid to rela-
tionship between carbonate cements and geochemical behaviours of
REEs in sandstones, directly affecting reliability of application of REEs to
trace sedimentary history and diagenetic process of sandstones.

In recent years, the Qianjiadian uranium deposit serving as a large
sandstone-hosted uranium deposit has been found in the Upper
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Fig. 1. (A) Tectonic units of the Songliao Basin (modified from Feng et al., 2010). (B) Sedimentary microfacies map of the lower part of the Yaojia Formation in the
Qianjiadian uranium deposit (modified from Jiao et al., 2015). (C) Spatial distribution of the interstratified oxidation and diabases in the Qianjiadian uranium
deposit; the data of the interstratified oxidation obtained from 880 drill holes referring to the lower part of the Yaojia Formation; the ratio of oxidized sandstones =
(thickness of red sandstones and yellow sandstones/cumulative thickness of sandstones) * 100%; the data of the diabases also from 880 drill holes referring to all
drilled strata mainly including the Qingshankou Formation, Yaojia Formation and Nenjiang Formation. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

Cretaceous Yaojia Formation in the Songliao Basin (Jiao et al., 2015;
Rong et al., 2016; Zhao et al., 2018). Sandstones of the Yaojia Formation
are primarily composed of red sandstones and grey sandstones with a
few yellow sandstones (Chen et al., 2008; Pang et al., 2010; Rong et al.,
2016, 2019; Zhao et al., 2018). Lots of diabase dikes are widely
distributed in the Qianjiadian uranium deposit (Luo et al., 2007, 2012;
Xia et al., 2010; Rong et al., 2019). The diabase dikes are emplaced at
49.5 + 5 Ma according to Ar-Ar dating (Xia et al., 2010) and always

intrude into sandstones of the Yaojia Formation (Rong et al., 2019).
Maximum burial depth of the Yaojia Formation in the Qianjiadian ura-
nium deposit was less than 500 m (Tian et al., 2001; Li et al., 2008),
diagenesis of these sandstones are relatively simple (Chen et al., 2008;
Pang et al., 2010; Jia et al., 2018; Rong et al., 2016; Zhao et al., 2018),
and complete cores from drill holes have been preserved, providing a
convenient condition to study effects of igneous intrusions on
geochemical behaviours of REEs of sandstones.
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Fig. 2. (A) Stratigraphic column illustrating the stratigraphic architecture, lithologies and structure phase of the southern Songliao Basin (modified from Xu and Li,
1995 and Du et al., 2011). The Cretaceous and Cenozoic ages are cited from Huang et al. (2011) and Wan et al. (2013). The Yi’an Formation primarily distributed in
the northwestern Songliao Basin was lost in the southern Songliao Basin (Fang et al., 2007). (B) Stratigraphic architecture of the Yaojia Formation in the Qianjiadian
uranium deposit (Rong et al., 2016).

The aims of this paper is to characterize REE geochemistry of sand-
stones, occurrence and REE geochemistry of carbonate cements in
sandstones from the Yaojia Formation in the Qianjiadian uranium de-
posit. According to these data, relationship between the REE mobility
and carbonate cements of sandstones will be established, and effects of

basic intrusions on REE mobility of sandstones and their geological
significance will be discussed.
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Fig. 3. Sample locations, grain size parameters, sedimentary facies, REEs and typical minerals from the four representative drill holes in the Qianjiadian uranium
deposit. This figure illustrates that the sandstones near the diabase dikes are obviously depleted in REEs, and the dissolution of dolomite and siderite tends to occur in
the sandstones near the diabase dikes. Locations of the four drill holes were shown in Fig. 1B, C.
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2. Geological background

The Songliao Basin, one of the most important energy-producing
provinces in northeastern China, is surrounded by the Zhangguangcai
Mountains to the east, Gutiefa Hill to the south, Great Xing’an Moun-
tains to the west, and Lessar Xing’an to the north (Feng et al., 2010; Du
etal.,, 2011; Wang et al., 2013, Fig. 1). The Qianjiadian uranium deposit
is located across the Kailu Sag and Gamatu Uplift within the south-
eastern uplift of the Songliao Basin (Fig. 1).

The southern Songliao Basin underlain by basement of Palaeozoic
metamorphic and magmatic rocks contains more than 5000m thick
Cretaceous, Paleogene and Neogene clastic deposits (Fig. 2; Xu and Li,
1995). Four stages of tectonic evolution of the southern Songliao Basin
have been recognized: syn-rifting in the Lower Cretaceous, post-rift
thermal subsidence in the early stage of the Upper Cretaceous, basin
inversion in the late stage of the Upper Cretaceous and extension
depression in the Tertiary (Fig. 2; Feng et al., 2010; Du et al., 2011). The
Lower Cretaceous deposits include the Yixian Formation (K;y), Jiufo-
tang Formation (Kjf), Shahai Formation (K;sh) and Fuxin Formation
(Kif) (Fig. 2). The Yixian Formation is characterized by volcanic and
volcaniclastic rocks, whereas the others are composed of deltaic and
lacustrine sediments. The Upper Cretaceous deposits are comprised of
the Quantou Formation (K2q), Qingshankou Formation (Kaqn), Yaojia
Formation (Kyy) and Nenjiang Formation (Kon) (Fig. 2). The Quantou
Formation and Yaojia Formation primarily consist of fluvial and deltaic
coarse-grained deposits, whereas the Qingshankou Formation and
Nenjiang Formation contain the majority of lacustrine and deltaic
fine-grained deposits (Fig. 2; Du et al., 2011). The Sifangtai Formation
(Kos) and Mingshui Formation (Kym) are mainly composed of alluvial
and fluvial coarse-grained deposits (Fig. 2; Du et al., 2011). The upper
part of the basin is filled by the Tertiary and Quaternary fluvial deposits
(Fig. 2; Du et al., 2011).

This study deals with the Upper Cretaceous Yaojia Formation which
primarily consist of thick-bedded sandstones with a few thin-bedded
mudstones (Fig. 2B). The widely-distributed sandstones in the Qianjia-
dian area vary in specific accumulation area: red and yellow ones in the

southwest; grey ones in the northeast (Fig. 1C and S (Supplementary
Material)). Diabase dikes with a thickness of 0.2-50m always intruded
into the Yaojia Formation, or were often overlain by the Nenjiang For-
mation in the Qianjiadian uranium deposit (Figs. 1S and 2S (Supple-
mentary Material); Rong et al, 2019). Sandstones of the Yaojia
Formation near the diabase dikes have more carbonate cements and
veins of pyrite than that far away from the diabase dikes (Fig. 2S
(Supplementary Material)).

3. Material and methods

Four drill holes including Qc90, Qc19, 0905 and Qc17 in the Qian-
jiadian area have been selected for detailed study. Qc90 is far away from
the diabase dikes and primarily composed of red sandstones, Qc19 and
0905 are near the diabase dikes and mainly consist of grey sandstones as
well as a few red sandstones, and Qcl7 is far away from the diabase
dikes and primarily includes grey sandstones (Figs. 1C and 3). 0.4m
thick diabase dikes intruded into the lower part of the Yaojia Formation
from Qc19. Sample locations were shown in Fig. 3 and the samples were
examined mainly by a set of tests including thin-section petrographic
characterization, mineral morphology and identification, grain-size
analysis, petrographic image analysis and bulk-rock and in-situ REE
analysis.

Scanning electron microscope (SEM) analysis was conducted by the
ZISS EVO LS15 equipment at Key Laboratory of Tectonics and Petroleum
Resources (China University of Geosciences), Ministry of Education.
Grain-size analysis of sandstones was carried out as follows: (1) Grain
maximum apparent diameters were measured in the scaled photomi-
crographs by the Image-Pro Plus 6.0, ensuring a statistical number of
grains of more than 200. (2) Grain maximum apparent diameters were
transformed to sieving diameters by the calibration equation (Friedman,
1958, 1962) D; = 0.9027D, + 0.3815, where D, = maximum apparent
diameter (@) and D; = sieving diameter (®). (3) Grain-size parameters of
samples were calculated through a graphical method (Folk and Ward,
1957), where M, = graphic mean grain size, and ¢ = standard deviation.
The standard deviation (c) can quantitatively represent the degree of
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near the diabase dikes. (C) Chondrite-normalized REE patterns of the red sandstones near the diabase dikes. (D) Chondrite-normalized REE patterns of the red
sandstones far away from the diabase dikes. (E) Cross-plot of the distance away from the diabase dikes against LREE of the sandstones in the drill of Qc19. (F) Cross-
plot of the distance away from the diabase dikes against HREE of the sandstones in the drill of Qc19. (G) Cross-plot of the distance away from the diabase dikes
against REE of the sandstones in the drill of Qc19. (H) Cross-plot of the distance away from the diabase dikes against LREE/HREE of the sandstones in the drill of
Qc19. (I) Chondrite-normalized REE patterns of the dolomite. (J) Chondrite-normalized REE patterns of the siderite. (K) Chondrite-normalized REE patterns of the
ankerite. (L) Chondrite-normalized REE patterns of the ankerite. Refer to Tables 1S and 3S (Supplementary Material) for detailed data. Chondrite normalizing values
are from Sun and McDonough (1989). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

sorting of the grains (Folk and Ward, 1957). Content of carbonate ce-
ments in sandstones is evaluated as follows: (1) Choose at least 3
representative scaled back-scattered electron images for each sample in
a thin-section under the SEM equipped with EDS (Fig. 3S (Supplemen-
tary Material)). (2) Draw contours of carbonate cements and pack them
with a selected color (Fig. 3S (Supplementary Material)). (3) Area
percent of carbonate cements in back-scattered electron images are
measured by software named Image-Pro Plus 6.0. So, content of car-
bonate cements is average area percent of carbonate cements in
back-scattered electron images selected for each sample.

43 samples were analyzed for bulk-rock REEs at the Institute of
Oceanology, Chinese Academy of Sciences, by ICP-MS ELAN DRC IL
Bulk-rock REEs were analyzed at the Institute of Oceanology, Chinese

Academy of Sciences, by ICP-MS ELAN DRC II. The samples were dried
at 65 °C and 105 °C to completely dry, then were milled to less than 200
pm. These powders were weighed to 40 mg exactly, each in Teflon vials.
Then 2 ml HF and 0.5 ml HNO3 were added in turn and left to rest for 2 h
then heated at 150 °C for 24 h on an electrothermal plate. Later, 0.25 ml
HClO4 was added, and samples were dried at 150 °C. When they were
almost dry, 1 ml HNO3 and 1 ml HO (18.2 MQ) were added, then heated
again on the electrothermal plate at 120 °C for 12 h. The final solution
was diluted to about 40 g with H0 (18.2MQ) for ICP-MS analysis.
In-situ microanalysis of REEs of carbonate cements in sandstones was
analyzed by LA-ICP-MS at the Wuhan Sample Solution Analytical
Technology Co., Ltd., Wuhan, China. The detailed operating steps were
referred to Zong et al. (2017). Laser sampling was performed using a
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d

Fig. 6. (A) Dolomite is coated with ankerite in the grey sandstones near the diabase dikes; sample QC14-54A. (B) Siderite penetrates into dolomite, and dolomite is
partly dissolved in the grey sandstones near the diabase dikes; sample QC29-38A. (C) Ankerite surrounds kaolinite and penetrates into siderite in the grey sandstones
near the diabase dikes; sample QC19-34. (D) Vermicular kaolinite cut through siderite in the grey sandstones near the diabase dikes; sample 4109-09. (E) Vermicular
and book kaolinites are distributed among detrital grains in the grey sandstones near the diabase dikes; sample 0905-18. (F) Finely granular kaolinites with different
sizes occur among detrital grains in the grey sandstones far away the diabase dikes; sample QC17-47. (G) Cement dissolved pores; siderite is partly dissolved and the
blue parts are pores in the grey sandstones near the diabase dikes; sample Qc19-58. (H) Siderite is partly dissolved and some of dissolved pores are filled by sphalerite
in the grey sandstones near the diabase dikes; sample Qc19-25. (I) Sphalerite fills in dissolved pores of siderites in the grey sandstones near the diabase dikes; sample
Qc19-25. (J) Siderite is surrounded by ankerite in the grey sandstones near the diabase dikes; sample 09-05-6A. (K) Ankerite surrounds vermicular kaolinite in the
grey sandstones near the diabase dikes; sample QC14-31. (L) Calcite surrounds ankerite in the grey sandstones near the diabase dikes; sample QC19-19. The
photomicrograph in Fig. 6G was taken under plane light, and the others were back-scattered electron images. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

GeolasPro laser ablation system that consists of a COMPexPro 102 ArF
excimer laser (wavelength of 193 nm and maximum energy of 200 mJ)

device is included in this laser ablation system (Hu et al., 2015). The spot
size and frequency of the laser were set to 44 pm and 5 Hz, respectively,

and a MicroLas optical system. An Agilent 7700e ICP-MS instrument was
used to acquire ion-signal intensities. Helium was applied as a carrier
gas. Argon was used as the make-up gas and mixed with the carrier gas
via a T-connector before entering the ICP. A “wire” signal smoothing

in this study. Trace element compositions of minerals were calibrated
against various reference materials (BHVO-2G, BCR-2G and BIR-1G)
without using an internal standard (Liu et al., 2008). Each analysis
incorporated a background acquisition of approximately 20-30 s
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Fig. 7. (A) Cross-plot of dolomite content against LREE. (B) Cross-plot of dolomite content against HREE. (C) Cross-plot of siderite content against LREE. (D) Cross-
plot of siderite content against HREE. (E) Cross-plot of ankerite content against LREE. (F) Cross-plot of ankerite content against HREE. (G) Cross-plot of calcite

content against LREE. (H) Cross-plot of calcite content against HREE. (See the same legend in Fig. 7H.)

followed by 50 s of data acquisition from the sample. An Excel-based 4. Results

software ICPMSDataCal was used to perform off-line selection and
integration of background and analyzed signals, time-drift correction
and quantitative calibration for trace element analysis (Liu et al., 2008).

The ) LREE content ranges from 90.52 ppm to 181.20 ppm with an

4.1. REE mobility of the sandstones
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Fig. 8. (A) Cross-plot of median grain diameter against LREE. (B) Cross-plot of median grain diameter against HREE. (C) Cross-plot of standard deviation against
LREE. (D) Cross-plot of standard deviation against HREE. (E) Cross-plot of clay content against LREE. (F) Cross-plot of clay content against HREE. (See the same

legend in Fig. 8D.)

average of 130.38 ppm (Table 1S (Supplementary Material)). Average
values of the Y LREE content of the sandstones near the diabase dikes
are lower than that of the sandstones far away from the diabase dikes
(Figs. 3 and 4). Average value of the > _HREE content with a range be-
tween 8.66 ppm and 19.65 ppm is 14.99 ppm (Table 1S (Supplementary
Material)). Average values of the Y _"HREE content of the sandstones near
the diabase dikes are also lower than that of the sandstones far away
from the diabase dikes (Figs. 3 and 4). Ratio of >_LREE/> HREE ranges
between 6.68 and 11.60 (average 8.80), and ratio of Lay/Yby is
8.31-22.84 (average 12.14) (Table 1S (Supplementary Material)). Ra-
tios of Lay/Smy and Gdy/Yby are 3.18-6.34 (average 4.55) and
1.14-2.70 (average 1.79) respectively (Table 1S (Supplementary Mate-
rial)). Chondrite-normalized REE patterns of the sandstones are char-
acterized by distinct enrichments of the LREEs, and flat distribution of
the HREEs, with negative Eu anomalies (Fig. 5A, B, C, D).

Compared with the sandstones far away from the diabase dikes, the
sandstones near the diabase dikes are obviously depleted in REEs (Figs. 3
and 5A, B, C, D). The Y LREE content, > HREE content and REE content
are all positively correlated with the distance away from the diabase
dikes, and they all increase with an increase of the distance away from

the diabase dikes (Fig. 5E, F, G). Significance of the P test for these
trends is less than 0.01 (Fig. 5E, F, G), indicating that these correlations
are statistically valid. The > LREE/> HREE is less correlated with the
distance away from the diabase dikes (Fig. 5H). Fluctuation of the
>"LREE/) HREE is apparent at a given distance away from the diabase
dikes of less than 20m, while it is not pronounced at a given distance
away from the diabase dikes of more than 20m (Fig. 5H). So, REE var-
iations of the sandstones with the distance away from the diabase dikes
show that REE mobility of the sandstones may be related to the diabase
dikes.

4.2. Carbonate cements of the sandstones

4.2.1. Occurrence of the carbonate cements

Carbonate cements in the sandstones comprise of dolomite, siderite,
ankerite and calcite. The dolomite presents as an idiomorphic granular
texture with a diameter of 50-200 pm or a colloidal texture (Fig. 6A and
B), and mainly distributed among detrital grains in the red and grey
sandstones (Table 2S (Supplementary Material)). The dolomite tends to
be partly dissolved in the sandstones near the diabase dikes (Figs. 3, 4
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and 6B), and has the highest average content of 4.5% in the red sand-
stones far away from the diabase dikes (Fig. 4). The siderite is frequently
distributed among detrital grains in the grey sandstones and sporadi-
cally found in the red sandstones (Fig. 6C and D; Table 2S (Supple-
mentary Material)). Three types of kaolinite occur among detrital grains
in the sandstones: vermicular kaolinite, book kaolinite, and finely
granular kaolinite (Fig. 6D, E, F), and the former two are mainly found in
the sandstones near the diabase dikes (Fig. 6D and E) while the latter is
primarily distributed in the sandstones far away from the diabase dikes
(Fig. 6F). Some siderites are cut through by the vermicular kaolinite
(Fig. 6D), or are partly dissolved in the sandstones near the diabase dikes
(Fig. 6G, H, ), resulting in formation of pores which are often filled by
sphalerites or calcites. The siderite is peaking its average content of 2.8%
in the grey sandstones far away from the diabase dikes (Fig. 4). The
ankerite frequently has a colloidal shape or a mosaic granular structure
with the highest average content of 3.7% and 3.4% in the red and grey
sandstones near the diabase dikes respectively (Figs. 3, 4 and 6C, J, K, L;
Table 2S (Supplementary Material)). The ankerite surrounds vermicular
kaolinite (Fig. 6K). The calcite distinguished by mosaic granular texture
is sporadically distributed among detrital grains in the sandstones
(Figs. 3, 4 and 6L; Table 2S (Supplementary Material)).

4.2.2. REE geochemistry of the carbonate cements

The ZLREE and ZHREE are both decreasing in turn from the dolomite
with an average value of 217.27 ppm and 232.12 ppm respectively, to
the siderite with an average value of 148.94 ppm and 61.36 ppm
respectively, to the ankerite with an average value of 82.12 ppm and
20.25 ppm respectively, and to the calcite with an average value of
53.62 ppm and 8.41 ppm respectively (Table 3S (Supplementary Ma-
terial)). Chondrite-normalized REE patterns of the carbonate cements
shows that the dolomite is characterized by depletion of LREEs and
enrichment of HREEs, whereas the siderite, ankerite and calcite are all
distinguished by enrichments of LREEs, and flat distribution of HREEs
(Fig. 51, J, K, L). Compared with the grey sandstones far away from the
diabase dikes, the dolomite and siderite are both rich in HREEs and some
LREEs including Nd, Sm and Eu, and are both depleted in some LREEs
including La and Ce, the ankerite is depleted in some LREEs including
La, Ce, Pr and Nd, and the calcite is depleted in HREEs and LREEs
(Fig. 51, J, K, L).
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4.3. Relationship between the REE mobility and carbonate cements of the
sandstones

The Pearson correlation coefficient between the dolomite content
and > LREE content is —0.013 and their significance of the P test is
0.946, showing that there is no correlation between them (Fig. 7A). The
dolomite content is positively correlated with ) "HREE content, and the
general trend observed is as expected an increase of > HREE content as
the dolomite content increases (Fig. 7B). The siderite content is posi-
tively correlated with Y LREE content or > HREE content, and the
general trend observed is as expected an increase of Y LREE content
ord HREE content as the siderite content increases (Fig. 7C and D). The
ankerite content is inversely correlated with > LREE content, and it
decreases with an increase of Y LREE content (Fig. 7E). Significance of
the P test for these trends is no more than 0.001 (Fig. 7B, C, D, E),
indicating that these correlations are statistically valid. There is weak
correlation between the ankerite content and > HREE content since
their Pearson correlation coefficient is —0.216, and their significance of
the P test is 0.278 (Fig. 7F). The calcite content is inversely correlated
with > LREE content or > HREE content, and the general trend observed
is as expected a decrease of > LREE content or > HREE content as the
calcite content increases (Fig. 7G and H). Significance of the P test for
these trends is no more than 0.02 (Fig. 7G and H), showing that these
correlations are statistically valid. Fluctuation of the } LREE content or
>"HREE content for a given value of the calcite content is apparent
(Fig. 7G and H).

In sedimentary rocks, deposition and diagenesis are of two crucial
geological factors affecting REE modification (Haley et al., 2004; Tanaka
et al., 2007; Himmler et al., 2013; Soyol-Erdene and Huh, 2013; Chen
etal., 2015). Median grain diameter and standard deviation of grains are
used to characterize depositional textures of the sandstones. The median
grain diameters of the sandstones range from 2.23 ® to 3.53 ® with an
average value of 2.8 @, and the standard deviations of grains in the
sandstones range from 0.41 to 0.94 with an average value of 0.57
(Fig. 8A, B, C, D; Table 2S (Supplementary Material)). The median grain
diameter and standard deviation of grains are both rarely correlated
with ) LREE content or Y HREE content since the absolute values of
their Pearson correlation coefficients is less than 0.3, and their signifi-
cance of the P test is more than 0.1 (Fig. 8A, B, C, D). Analysis of XRD
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Fig. 9. Paragenetic sequence of diagenetic products in the sandstones from the Yaojia Formation in the Qianjiadian uranium deposit (Modified from Rong et al.
(2016)). This figure illustrates that the dissolution of the dolomite and siderite occurred in the early stage of the diagenesis related to the intrusion of diabase dikes,
and the ankerite was formed in the late stage of the diagenesis related to the intrusion of diabase dikes.
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shows that interstitial materials in the sandstones of the Yaojia Forma-
tion are primarily composed of clay minerals and carbonate cements
(Rong et al., 2016). In clastic sediments, clay minerals have always been
considered to represent the main REE-bearing phases (Allegre and
Michard, 1973; Tanaka et al., 2007). Content of the clay minerals are
also weakly correlated with Y LREE content or Y HREE content, and
fluctuation of the Y LREE content or > HREE content is apparent at a
given content of clay minerals (Fig. 8E and F). Thus, content of the
carbonate cements may be the main geological factor affecting REE
mobility of the sandstones.

5. Discussion
5.1. Effects of the diabase dikes on the carbonate cements

Carbonate cements are frequently found in sandstones near igneous
intrusions (Ros, 1998; Mc Kinley et al., 2001; Grove, 2014; Liu et al.,
2015; Grove et al., 2017), meanwhile they generally have variable
mineral species and multiple forming stages in sandstones (Rossi et al.,
2001; Beitler et al., 2005; Liu et al., 2011; Ma et al., 2016). So, the
critical step evaluating effects of igneous intrusions on carbonate ce-
ments is to clarify paragenetic sequence of carbonate cements and its
successive relationship with igneous intrusions. The dolomite and
siderite tend to be partly dissolved in the sandstones near the diabase
dikes (Figs. 3, 4 and 6B, G, H, I) and are highly accumulated in the
sandstones far away from the diabase dikes (Figs. 3 and 4), indicating
that dissolution of the dolomite and siderite may be related to the dia-
base dikes and their formation is earlier than that of the diabase dikes.
The ankerite mainly occurs in the sandstones near the diabase dikes
(Fig. 4), showing that formation of the ankerite could be associated with
the diabase dikes. The study indicates that the dolomite, siderite,
ankerite and calcite are successively formed from the early to late stage.
Firstly, the dolomite is coated with the ankerite (Fig. 6A), indicating that
formation of the ankerite is formed later than that of the dolomite.
Secondly, the siderite penetrates into the euhedral dolomite (Fig. 6B),
indicating that formation of the siderite is later than that of the dolo-
mite. Thirdly, the vermicular kaolinite cut through the siderite, and is
surrounded by the vermicular ankerite (Fig. 6D, K), indicating that
formation of the vermicular kaolinite is later than that of the siderite and
earlier than that of the ankerite. Fourthly, the siderite is surrounded or
penetrated into by the ankerite (Fig. 6C, J), indicating that formation of
the siderite is earlier than that of the ankerite. Finally, the automorphic
ankerite was surrounded by the calcite (Fig. 6L), indicating that for-
mation of the ankerite are earlier than that of the calcite.

The burial thermal evolution history of the Qianjiadian uranium
deposit show that maximum burial depth of the Yaojia Formation was
less than 500 m, and maximum paleotemperature was also less than 56
°C (Tian et al., 2001; Li et al., 2008). Until now there have been few
reports about thermal events except the intrusion of the diabase dikes in
the Qianjiadian area. So, diagenetic stages of the sandstones from the
Yaojia Formation can be distinguished: eodiagenesis before the intru-
sion of diabase dikes, diagenesis related to the intrusion of diabase dikes,
and eodiagenesis after the intrusion of diabase dikes (Fig. 9). The
diagenesis related to the intrusion of diabase dikes can be further
divided into two stages: the early stage is characterized by kaolinite,
showing that the pore water of the sandstones is acidic, whereas the late
stage is distinguished by ankerite, indicating that the pore water of the
sandstones is alkalic (Fig. 9; Rong et al., 2016, 2019). The study shows
that the dolomite and siderite are prone to be partly dissolved in the
sandstones near the diabase dikes (Figs. 3, 4 and 6B, G, H, I). It has been
generally considered that dolomite and siderite in sandstones could be
dissolved by acidic pore water (Schmidt and McDonald, 1982; Surdam
etal., 1989; Ma et al., 2016). So, it can be inferred that dissolution of the
dolomite and siderite may occur in the early stage of the diagenesis
related to the intrusion of diabase dikes.

In summary, the dissolution of the dolomite and siderite occurred in
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the early stage of the diagenesis related to the intrusion of diabase dikes
and the ankerite was formed in the late stage of the diagenesis related to
the intrusion of diabase dikes. This study indicates that the dissolution of
dolomite and siderite and formation of ankerite in the sandstones are
attributed to the diabase dikes, which establishes mineralogical marks
for identifying sandstone reservoirs modified by igneous intrusions.

5.2. Effects of the diabase dikes on the REE mobility

The dolomite content is positively correlated with ) "HREE content,
the siderite content is positively correlated with > LREE content or
>"HREE content (Fig. 7B, C, D), and the dissolution of the dolomite and
siderite is formed in the early stage of the diagenesis related to the
intrusion of diabase dikes (Fig. 9), indicating that the intrusion of dia-
base dikes in the early stage can result in depletion of REEs in the
sandstones. The ankerite content is inversely correlated with  LREE
content (Fig. 7E), and the ankerite was formed in the late stage of the
diagenesis related to the intrusion of diabase dikes (Fig. 9), showing that
the intrusion of diabase dikes in the late stage can lead to depletion of
LREEs in the sandstones. In order to quantitatively illustrate effects of
the diabase dikes on the REE mobility of sandstones, a theoretical model
is designed. According to effects of the diabase dikes on the carbonate
cements (Fig. 4), it is supposed that 4.5% dolomite and 0.5% siderite in
the sandstones were dissolved, and 3.5% ankerite was formed because of
intrusion of the diabase dikes. The Y LREE content and Y HREE content
in the sandstones not affected by the diabase dikes are 146.14 ppm and
17.25 ppm respectively (Table 1S (Supplementary Material)). The
SLREE and HREE in the dolomite have an average value of 217.27 ppm
and 232.12 ppm respectively, in the siderite have an average value of
148.94 ppm and 61.36 ppm respectively, and in the ankerite have an
average value of 82.12 ppm and 20.25 ppm respectively (Table 3S
(Supplementary Material)). It can be calculated that > LREE content and
>"HREE content in the sandstones affected by the diabase dikes are
140.60 ppm and 7.32 ppm respectively, and intrusion of the diabase
dikes theoretically results in the decrease of ) LREE content and
> "HREE content by 3.8% and 57.6% respectively. Thus, dissolution of
the dolomite and siderite and formation of the ankerite can lead to REE
depletion in the sandstones from the Qianjiadian uranium deposit.

To sum up, the mechanism of the REE depletion in the sandstones
can be demonstrated that dissolution of the dolomite and siderite and
formation of the ankerite were aroused by the intrusion of diabase dikes,
resulting in the sandstones near the diabase being depleted in REEs. This
study indicates that the depletion of REEs in the sandstones are attrib-
uted to the diabase dikes, which establishes geochemical marks for
identifying sandstone reservoirs modified by igneous intrusions.

5.3. Implications for the uranium mineralization

Formation of sandstone-hosted uranium deposits is generally
considered to be closely related to supergene fluids from basin margins
and their mineralized temperature is relatively low (<70 °C) (Granger
and Warren, 1979; Finch and Davis, 1985; Adams, 1991; Min et al.,
2005; Cai et al., 2007; Jiang et al., 2012; Bonnetti et al., 2015, 2017; Hall
et al., 2017). Some studies have shown that REEs are prone to move out
from oxidized sandstones and deposit in mineralized sandstones in
typical sandstone-hosted uranium deposits (Wang et al., 2000; Chen
et al., 2007; Xue et al., 2010).

In this study, uranium mineralization occurs in the grey sandstones
near the diabase dikes (Figs. 1C and 3), which can be divide into three
types according to their uranium contents: mineralized grey sandstones
with high grade (U > 100 ppm), mineralized grey sandstones with low
grade (20 ppm < U < 100 ppm), and non-mineralized grey sandstones
(U < 20 ppm). Compared with the grey sandstones far away from the
diabase dikes, the mineralized grey sandstones with high grade,
mineralized grey sandstones with low grade, and non-mineralized grey
sandstones are depleted in REE, and their depletion degree decreases in
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Fig. 10. (A) Chondrite-normalized REE patterns of the mineralized grey sandstones with high grade (U > 100 ppm) near the diabase dikes. (B) Chondrite-normalized
REE patterns of the mineralized grey sandstones with low grade (20 ppm < U < 100 ppm) near the diabase dikes. (C) Chondrite-normalized REE patterns of the non-
mineralized grey sandstones near the diabase dikes. (D) Cross-plot of U content against LREE of the grey sandstones. (E) Cross-plot of U content against HREE of the
grey sandstones. (F) Cross-plot of U content against REE of the grey sandstones. (G) The ® (> _REE)-La/Yb diagram of the red and grey sandstones far away from
diabase dikes. (H) The o (>_REE)-La/Yb diagram of the red and grey sandstones near the diabase dikes. Refer to Table 1S (Supplementary Material) for detailed data.
Chondrite normalizing values are from Sun and McDonough (1989). Criterion for discrimination of provenance by the w (3_REE)-La/Yb diagram is after Allegre and
Michard (1973). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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turn (Fig. 10A, B, C). The U content is inversely correlated with ) LREE
content, Y HREE content or ) REE content, and the general trend
observed is as expected a decrease of ) LREE content, > HREE content
or > REE content as the U content increases (Fig. 10D, E, F). Therefore, it
can be inferred that the mineralization is associated with REE depletion
in the sandstones of the Qianjiadian uranium deposits, significantly
different from behaviors of REEs in typical sandstone-hosted uranium
deposits. Consequently, the REE depletion of the sandstones will be a
new prospecting indicator for the Qianjiadian uranium deposit in the
Songliao Basin. This study has shown that the depletion of REEs in the
sandstones is attributed to the diabase dikes. Hence, it suggests that the
uranium mineralization, especially high-grade uranium mineralization
could be attributed to the diabase dikes.

5.4. Implications for the tracer of sandstone provenance

REEs have always been considered as indicators of sandstone prov-
enance in sedimentary basins since these elements are stable in
geological processes (Bhatia, 1985; Verma and Armstrong-Altrin, 2013,
2016), but many studies have shown that abundance and pattern of
REEs may significantly be changed during hydrothermal alteration and
weathering processes (Hole et al.,, 1992; Wood and Williams-Jones,
1994; Cuney and Mathieu, 2000). Therefore, it is very important to
quantitatively evaluate REE mobility before tracing sandstone prove-
nance by REEs. Although REE mobility may affect discrimination of
sandstone provenance by REEs, there are still few studies about evalu-
ating their affecting degree. This study indicate that REE mobility of the
sandstones occur since dissolution of the dolomite and siderite and
formation of the ankerite were aroused by the intrusion of diabase dikes
in the Qianjiadian uranium deposit. So, the Qianjiadian uranium deposit
provide a good example for evaluating degree of the effects of REE
mobility on the tracer of sandstone provenance.

The o (3_REE)-La/Yb diagram has frequently been used to discrim-
ination of sandstone provenance (Allegre and Michard, 1973). The ®
(O_REE)-La/Yb diagram of the red and grey sandstones far away from
the diabase dikes shows that parent rocks of the Yaojia Formation are
complexes of sedimentary rocks, alkaline basalts, and granites
(Fig. 10G). The ® (O_REE)-La/Yb diagrams of the red sandstones far
away from the diabase dikes are almost overlapping with that of the grey
sandstones far away from the diabase dikes (Fig. 10G), indicating that
the oxidation has few effects on the tracer of sandstone provenance by
REE. The @ (3_REE)-La/Yb diagram of the red and grey sandstones near
the diabase dikes are apparently separated with that of the red and grey
sandstones far away from the diabase dikes (Fig. 10H), revealing that the
intrusion of the diabase dikes have effects on the tracer of sandstone
provenance. The study shows that dissolution of the dolomite and
siderite and formation of the ankerite aroused by the intrusion of dia-
base dikes have resulted in the sandstones near the diabase being
depleted in REEs, which could cause errors during study sandstone
provenance by REEs. So, the results indicate that sandstones affected by
igneous intrusions should be avoided during sampling for sandstone
provenance by REEs, which will provide some useful information about
the tracer of sandstone provenance.

6. Conclusions
The key conclusions are summarized as follows:

(1) Compared with the sandstones far away from the diabase dikes,
the sandstones near the diabase dikes are obviously depleted in
REEs. > LREE content, ) "HREE content and REE content are all
positively correlated with distance away from the diabase dikes,
and they all increase with an increase of the distance away from
the diabase dikes.

(2) Carbonate cements in the sandstones comprise of dolomite,
siderite, ankerite and calcite, which are successively formed from
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the early to late stage. The dolomite and siderite tend to be partly
dissolved in the sandstones near the diabase dikes, the ankerite is
mainly accumulated in the sandstones near the diabase dikes, and
the calcites are sporadically distributed in the sandstones. ZLREE
and THREE contents are both gradually decreasing in turn from
the dolomite, to siderite, to ankerite, and to calcite. The dolomite
is characterized by depletion of LREEs and enrichment of HREEsS,
whereas the siderite, ankerite and calcite are all distinguished by
enrichments of LREEs, and flat distribution of HREEs.

Dolomite content is rarely correlated with > LREE content, but is
positively correlated with > HREE content. Siderite content is
positively correlated with > LREE content or > HREE content.
Ankerite content is inversely correlated with > LREE content and
rarely correlated with Y HREE content. Calcite content is
inversely correlated with Y LREE content or > HREE content.
Median grain diameter, standard deviation of grains and content
of clay minerals are all rarely correlated with > LREE content or
> HREE content.

The dissolution of the dolomite and siderite occurred in the early
stage of the diagenesis related to the intrusion of diabase dikes,
and the ankerite was formed in the late stage of the diagenesis
related to the intrusion of diabase dikes. Dissolution of the
dolomite and siderite and formation of the ankerite were aroused
by intrusion of the diabase dikes, resulting in the sandstones near
the diabase dikes being depleted in REEs. High-grade uranium
mineralization may be attributed to the diabase dikes, and REE
depletion of the sandstones can be severe as a new prospecting
indicator. Sandstones affected by igneous intrusions should be
avoided during sampling for sandstone provenance by REEs.
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