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Abstract
The Bayan Obo deposit is the largest light rare earth element (LREE) deposit in the
world, with its REE reserve accounting for roughly 45% of the world’s total. In this paper,
we identify the geochemical background of rare earth elements (REEs) in the west orebody
of Bayan Obo deposit and investigate the REE distribution in a weathering profile, the
dispersion pattern along a stream and the fractionation between parent rocks and soils to
reveal the geochemical behavior of REE during hypergene processes in semi-arid
grasslands. The results show that the REE contents in the slates of the Bilute Formation,
Jianshan Formation, and Dulahala Formation, which are the country rocks of the Bayan
Obo deposit, are far higher than those in the continental crust of the North China Craton,
and far higher than those in ordinary slate. During subsequent stages of magmatism, these
rocks might have provided sufficient REE sources to form this giant world-class REE
deposit. The REE content in soil is primarily determined by parent rock, and basically, no
fractionation will occur between heavy and light REEs after the parent rock weathering in
semi-arid grasslands region. Across the soil profile, REEs are typically enriched in the
surface and deep layers, whereas the REE content is usually lower due to the existence of
caliche in the middle horizon. Along streams, REEs migrate primarily by mechanical means,
migrating with fine-grained particles over long distances (7 km or longer). In contrast,
coarse-grained particles mainly remained in situ. Affected by aeolian sand, the REE content
is relatively low in 40−80 mesh fraction.
1. Introduction
The International Union of Pure and Applied Chemistry defines REEs as 15
lanthanides on the periodic table with atomic numbers from 57 to 71, plus yttrium and
scandium, which are included as REEs since they are chemically and physically similar to
and are closely associated with lanthanides. As REEs are increasingly used in hi-tech
applications such as magnets, catalysts, metal alloys, electronics, glass, ceramics, and new
materials, they are defined as critical mineral resources by the IUGS Resourcing Future
Generations initiative (Alonso and Sherman et al., 2012; Dutta and Kim et al., 2016; Zhou
and Li et al., 2017).
The Bayan Obo Fe–REE–Nb deposit is located at the northern margin of the North
China Craton (NCC), approximately 150 km north of Baotou City, Inner Mongolia, China.
It is the largest REE deposit in the world, the second largest niobium (Nb) deposit in the
world, and also a major iron (Fe) deposit in China. Within this deposit, at least 90% of the
REEs exist as separate minerals, predominantly as LREE minerals such as monazite and
bastnaesite, which are mainly mined by opencast operations (Wang and Xu et al., 2019).
Thus far, research on Bayan Obo has mainly focused on the genesis and exploitation of this

deposit (Bai, 2012; Sun and Zhu et al., 2014; Smith and Campbell et al., 2015; Yang and
Lai et al., 2015; Fan, 2016; Yang and Lai et al., 2017; Liu and Ling et al., 2018; Zhou and
Hu et al., 2018). Attention has also been paid to the soil and environmental aspects of REEs
(Duan, 2012; Guo and Fu et al., 2013; Pan and Li, 2015; Lin and Zhang, 2017; Wang and
Jiao et al., 2018). As yet, however, little research has been undertaken with respect to the
geochemical background and hypergene geochemical processes of REE in Bayan Obo.
In 1978, “Regional Geochemistry-National Reconnaissance Program” (RGNR) was
launched in China, which has, up to now, lasted for more than 40 years, covered an area of
7 million km2 at a scale of 1:200 000(Xie, 1992; Wang, 2013; Wang, 2013), however only
two REEs (La and Y) were analyzed, thus providing very limited information about the
REE distribution and background in Bayan Obo area. With the exploitation and application
of REEs, more REEs are brought into the soil, leading to a wide array of eco-environmental
concerns in this area (Wang and Xu et al., 2019). Therefore, it is urgent to identify the
geochemical background and migration mechanisms of REEs in Bayan Obo area.
2. Geological background and landscapes of the study area
2.1 Geological background
The Bayan Obo deposit, as one of the world’s rare polymetallic deposit, is extended 18
km from east to west with approximately 3km width. The deposit lies on the northern
margin of the North China Craton, bordering the Central Asian Orogenic Belt on the north.
It is hosted by Paleo- to Mesoproterozoic rocks of the Bayan Obo Group, which
uncomfortably overlies the basement complex(Zhu and Sun et al., 2015; Hong-Rui, 2016;
Liu and Ling et al., 2018) (Fig.1). Based on iron grade (TFe  20%), the Bayan Obo deposit
can be separated into three major ore bodies: Main, East, and West orebodies (Fig.1).
Regional exposures in Bayan Obo include the Archean–Paleoproterozoic basement
complex, the Paleo- to Mesoproterozoic Bayan Obo group, and Paleozoic and Mesozoic
sediments (Fan, 2016). The Bayan Obo group comprises Bilute, Halahuogete, Jianshan, and
Dulahala formations, which consist of sandstones with low grade metamorphism, siltstones,
slates, limestones, and dolomites. The Silurian comprises the Upper Bateaobao group’s
Haliqi formation and Aibugaihe formation, which consist of quartz sandstones, slates, tuffs,
andesites, and marbles that mainly distributed in the northeast of the deposit. Upper
Jurassic sandstones and shales are mainly found in the northeast.
Regionally, the area has experienced four stages of magmatism: Wutaian–Luliangian,
Caledonian, Variscan, and Yanshanian (Yang and Lai et al., 2015). Middle Variscan biotite
granite, granodiorite, Late Variscan biotite granite, and gneissose biotite granite are widely
distributed in the study area.

Fig. 1 Geological setting of Bayan Obo district (Modified from 1:200 000 geological map
and Hong-Rui, 2016; Liu and Liu et al., 2018)
2.2 Geochemical landscapes
The study area lies in the south of the Mongolian Plateau in an inland arid climate zone.
Affected by strong cold air from Siberia, Lake Baikal, and Ondorhaan, the climate is cold,
dry, and windy, with distinct temperature differences. The prevailing annual wind direction
is northwest (Gao and Ding et al., 2017). The altitude is normally 1000–1100 m above sea
level, with relative height differences of 50–200 m (Kong and Zhang et al., 2004). Soil and
stream sediments are commonly blended with aeolian sand. Intense evapo-transpiration has
resulted in elevated surface water and groundwater mineralization. Huge accumulations of
calcium carbonates, calcium sulfates, and soluble salts in the soil have produced an alkaline
environment and alkaline barriers (Ren and Zhao et al., 1984).
3. Sampling and analytical methods
Over the long mining history of the main orebody of Bayan Obo, deposition of
materials has caused REE contamination in the surrounding area. Considering that the
prevailing wind direction in this area is northwest, to minimize the potential impact of REE
contamination on the results of our study, we selected the northwestward streams to the
west orebody for investigation. To verify whether this district has been contaminated by
dust fall, we collected three soil samples from sites about 500 m, 700 m, and 900 m from
the west orebody (Fig.2). The REE contents are 189 μg/g, 239 μg/g, and 240 μg/g,
respectively, which approximate the background value of 225 μg/g for the study area (200
km2 geochemical background of the 1: 200 000 geochemical mapping for Bayan Obo).

Hence, it can be assumed that the study area wasn’t contaminated at the time the samples
were collected.
To study the horizontal dispersion pattern of REEs along the stream, research work
was carried out along the northwestward streams from the west orebody of Bayan Obo
deposit (Fig.2). Samples were collected every 500–800 m starting from the west orebody.
Each sample was sieved into five fractions: 4−20 mesh, 20−40 mesh, 40−80 mesh, 80−120
mesh, and ＜120 mesh.

Fig. 2 Schematic map of the sample locations along the stream (modified from Google
Maps, the blue spots denote sampling locations along the stream and the red spots denote
those used to verify whether this area has been contaminated)
Fig.3 shows the actual profile that was sampled for this study, about 1 km from the west
orebody (E109°50′05.23″; N41°48′48.93). Five samples were collected along the
weathering profile at about 10 cm intervals until the bedrock. Each of the samples was
sieved into five fractions.

Fig. 3 Soil profile near west orebody
Magmatic, sedimentary and metamorphic rocks from different periods and soils
formed by in-situ weathering of rocks in the study area are systematically collected to
reveal the geochemical background and the REEs fractionation between parent rocks and
soils.
4. Results and Discussion
4.1 Mineralogical composition
The samples collected along streams were sieved into five fractions: 4−20 mesh,
20−40 mesh, 40−80 mesh, 80−120 mesh, and ＜120 mesh. We performed X-ray powder
diffraction (XRPD) analysis to determine the mineralogical compositions, the results of
which are presented in Table 1.
Table 1 Mineralogical composition by X-ray powder diffraction
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As can be seen from Table 1, the XRPD analysis identified the following mineral
phases: quartz and feldspar, which represent 75.3–84.1% of the total; clay minerals such as
kaolinite, illite, smectite, and chlorite, which represent 7.3–13.8%; carbonate minerals,
which represent 5.1–9.3%. Overall, quartz and feldspar minerals account for the largest
proportion, followed by clay minerals and carbonate minerals.
From Fig.4, the total amount of quartz and feldspar shows an inverted “V” distribution
pattern, with the highest content for 40−80 mesh and lowest contents for the coarse fraction
(4−20 mesh) and the fine fraction (＜120 mesh). The total amount of clay is just the
opposite, showing a “U” distribution pattern, with the highest contents for coarse fraction
and fine fraction. The total amount of carbonates is the lowest for the 40-80 mesh fraction
and relatively high for the coarse fraction and fine fraction.
The relatively high quartz and feldspar content in the 40−80 mesh fraction of the study
area is mainly affected by aeolian sand, of which 40−80 mesh is the main grain size.
Microscopic observations of the rounded or semi-rounded shapes of quartz and feldspar in
40−80 mesh fraction also suggest there is a large amount of aeolian sand mixed. When
aeolian sand is blended into the sampled media, the concentrations of REEs will obviously
decrease due to dilution.

Fig. 4 Mineralogical composition of different fractions (1, 4−20 mesh; 2, 20−40 mesh;
3, 40−80 mesh; 4, 80−120 mesh; 5,＜120 mesh)
4.2 Rock geochemical background of REEs in Bayan Obo
Rock samples from different periods were collected in the study area. Fig. 5 shows the
stratigraphic column and horizons of the analyzed samples in this study.
As can be directly observed from Fig. 5, the total REE contents of Bilute Formation
slate (361 μg/g), Jianshan Formation slate (320 μg/g), and Dulahala Formation slate (305
μg/g) of Bayan Obo group are the highest. This total REE content is far higher than that in
either the continental crust (106 μg/g) (Gao and Rudnick et al., 2004) or the continental
crust of the North China Craton (133 μg/g) (Yan and Chi, 2005). It is also far higher than
the total REE of 211μg/g for ordinary slate (Yan and Chi, 2005). The REE content in slate
and acidic rocks is higher than that in quartzite, sandstone, and limestone. The slates of the
Jianshan Formation and Hulahala Formation, which represent the country rock of the
Bayan Obo REE deposit, might have provided sufficient REE sources for forming this giant
world-class REE deposit.

The REE content in Middle Caledonian fine-grained dolomite is relatively high
compared to other magmatic rocks in the study area. The total REE contents of magmatic
rocks from any other period are lower than the average value of granite in China (Yan and
Chi, 2005).

Fig. 5 Stratigraphic column of Bayan Obo and REE contents in the formations (red
triangles denote the sampling horizon; key references used for constructing this
column include a 1:200 000 geological map and Zhong and Zhai et al., 2015; Zhou and
Hu et al., 2018)

4.3 REE in parent rocks and in situ soils
Samples from the main rock exposures in the study area contained biotite granite,
monzogranite, rhyolite, feldspar quartz sandstone, biotite-plagioclase-hornblende
schist, dolomite, and slate. Soil samples formed by in-situ weathering of rocks were
also collected.
From Fig. 6, we can see that secondary enrichment of REEs has occurred in soils
formed by the weathering of sandstone, dolomite, and biotite-plagioclase-hornblende
schist, and there is slight depletion of the REEs in soils formed by the weathering of
the slate, while the REE contents in soils formed by the weathering of biotite granite,
monzogranite, and rhyolite are basically unchanged.
Overall, the REE content in soils is primarily determined by the parent rocks. The
chondrite normalized REE patterns of soils are similar to that of the parent rocks,
indicating that in the semi-arid grasslands region, basically, no fractionation will occur
between heavy and light REEs after the parent weathering, suggesting the REE
distribution pattern has good inheritance.
During chemical weathering, cerium (Ce) tends to behave differently from other
REE. Cerium in oxidizing environment occurs as Ce4+, highly insoluble as CeO2
whereas the other REEs maintain their 3+ ionic states and are leached by circulating
water(Mihajlovic and Rinklebe, 2018). The absence of Ce anomaly in the soils of the
study area indicates that the area is dominated by physical weathering process, and
chemical weathering process is relatively weak.
Hence, it is possible to determine the sources by the REE distribution pattern in
sediments.

Fig. 6 Chondrite-normalized (Sun and McDonough, 1989) REE patterns of rocks
and in situ weathered soils
4.4 REE distribution in weathering profile
One soil profile was collected about 1 km from the west orebody of the Bayan Obo
deposit. Five samples were collected along the weathering profile at about 10 cm
intervals until the bedrock. Each of the samples was sieved into five fractions. The soil
type in Bayan Obo is chestnut soil, with a high content of calcium and pH ranging
from 8.2 to 9.1.

As shown in Fig. 7, the weathered profile shows a vertical variation in which the
REE content decreases from the surface (0-10cm) to the middle horizon, but increases
near the bedrock. The REE content variation with depth is consistent for all fractions.
However, the CaO content variation with depth is quite different from REE. The CaO
contents in the surface and near the bedrock are very low, but the CaO content in the
middle horizon (10-30cm) increases tremendously (Fig.8), with a pH of 9.1, indicating
the existence of caliche in the middle horizon.
In general, the influencing factors on REE content include parent material,
content of clay, carbonate (CO3), total organic carbon (TOC) and sesquioxides
(Brunsmann and Franz et al., 2001; Ling and Wu et al., 2015; Canovas and Macias et
al., 2018; Mihajlovic and Rinklebe, 2018). The chemical/physical soil properties are
partly influenced by pedogenic processes which also lead to depletion or enrichment of
REEs in parts of the soil profiles since REEs are involved in the processes. In this
study, the REEs in the investigated soil profile reveal little relations with TOC, Fe, and
Mn oxides. The decrease of REE in the middle horizon is mainly influenced by the
existence of a caliche.

Fig. 7 Depth profile of the REE content for different fractions (A, bulk size; B, 4−20
mesh; C, 20−40 mesh; D, 40−80 mesh; E,80−120 mesh; F, ＜120 mesh)

Fig. 8 Depth profile of the CaO content for different fractions (A, bulk size; B, 4−20
mesh; C, 20−40 mesh; D, 40−80 mesh; E,80−120 mesh; F, ＜120 mesh)
4.5 REE dispersion pattern along the stream
To study the horizontal dispersion pattern of REEs along the stream, research
work was carried out along the northwestward streams from the west orebody of the
Bayan Obo deposit (Fig.2). The study area is semi-arid grassland region in Inner
Mongolia, where the terrain is relatively flat with modest height differences. The
streams are seasonal. Chemical elements in the surficial environment are transported
mainly by mechanical means. We collected samples every 500–800 m starting from the
west orebody of the Bayan Obo deposit (Fig.2). Each sample was sieved into five
fractions: 4−20 mesh, 20−40 mesh, 40−80 mesh, 80−120 mesh, and ＜120 mesh.

Fig. 9 REE content along the stream for different fractions (Black dotted line
represents REE background value of the area, 225 μg/g)
From Fig. 9, we can see that the REE contents in the bulk grain sample decrease
rapidly with the migration distance, decreasing to the background value at around 3.0
km from the orebody. As mentioned above, the 20−40 mesh and 40−80 mesh fractions
contain relatively high quartz and feldspar contents, mainly as a result of aeolian sand.
With increasing distance from the orebody, the REE content decreases sharply,
decreasing to the background value at around 2.5 km from the orebody. The REE
content in the fine fractions (80−120 mesh, ＜120 mesh) decreases gradually along the
river course, but is still relatively high at 7 km and has not decreased to the background
value. This result indicates that REEs migrate with coarse particles over short distances
but can transport over long distances in the form of fine particles. This finding is of
great significance to REE geochemical mapping in that REE anomalies cannot be
effectively identified at 1: 1,000,000 or global-scale geochemical mapping unless

fine-grained samples are collected.
Chondrite-normalized (Sun and McDonough, 1989)REE patterns of upstream and
downstream samples (Fig. 10) show that the REE content in upstream sediment is
higher than that in downstream sediment, and higher LREE/HREE ratios and
significant Eu negative anomaly occur in the Chondrite-normalized REE patterns of
upstream sediment, indicating distinct provenances of upstream and downstream
samples. The REE patterns of different fractions of upstream samples are essentially
identical, suggesting that all materials of the upstream sample originate from the same
source.
The downstream samples contain a relatively low total REE content for the
medium and coarse fractions and a relatively high total REE content for the fine
fractions. The fine-grained samples show considerable LREE/HREE ratio and an
obvious negative Eu anomaly, while the coarse-grained samples have relatively low
LREE/HREE ration and obscure negative Eu anomaly. This signifies different material
sources for the downstream coarse-grained samples and fine-grained samples. A
comparison with the REE distribution pattern of the upstream samples reveals that the
downstream fine-grained samples share the same REE distribution pattern with the
upstream samples. This further confirms that the downstream fine-grained materials
were transported over long distances from upstream, which has resulted in a high REE
content in these materials. The downstream medium- and coarse-grained materials are
mainly products of in-situ weathering. Therefore, physical weathering is the main
weathering process in this area. REEs in the surficial environment migrate by
mechanical means and REEs can migrate with fine-grained particles over long
distances (7 km or longer). Coarse-grained samples, in contrast, were typically
remained in situ.

Fig. 10 Chondrite-normalized (Sun and McDonough, 1989) REE patterns of upstream
and downstream samples
5. Conclusions
In Bayan Obo, slate and acidic rocks contain higher REE contents than quartz,
sandstone, or limestone. Within the Bayan Obo group, the REE contents in Bilute
Formation slate, Jianshan Formation slate, and Dulahala Formation slate are far higher

than those in the continental crust or the continental crust of the North China Craton.
The REE contents are also far higher than that in ordinary slate. During subsequent
stages of magmatism, these rocks might have provided sufficient REE sources to form
this giant world-class REE deposit of Bayan Obo.
Although the main orebody of the Bayan Obo deposit has been mined for a long
time, the northwestern area of the west orebody has remained basically
uncontaminated. The REE content in soil is primarily determined by the parent rock.
The chondrite normalized REE patterns of soils are similar to that of the parent rocks,
indicating that in semi-arid grasslands region, basically, no fractionation will occur
between heavy and light REEs after the parent weathering. Hence, it is possible to
determine the sources of the REEs by the REE distribution pattern in sediments.
Across the soil weathering profile, REEs are typically enriched on the surface and
deep layers. In the middle horizon, the REE content is usually lower due to the
existence of caliche in the middle horizon.
REEs migrate along streams primarily by mechanical means in semi-arid
grassland region in Inner Mongolia. REEs can migrate with fine-grained samples over
long distances (7 km or longer), whereas coarse-grained samples typically remained in
situ. Affected by aeolian sand, the REE content is relatively low in 40−80 mesh
fraction.
Our findings provide useful information for preventing REEs contamination and
for the geochemical exploration of REEs.
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