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Abstract: The ion-adsorption rare earth deposit developed on the Mosuoying granite in the Panxi
area of southwestern China represents a significant advancement in the exploration of ion-adsorption
rare earth deposits in Sichuan. Being the first and currently the sole ion-adsorption rare earth deposit
in Sichuan, studying its rare earth mineralization characteristics holds great importance. This paper
aims to investigate the geochemical properties of the Mosuoying granite and its overlying weathered
crust using rock geochemical methods based on field geological investigations. The findings reveal
that the deposit belongs to the light rare earth type, with the ore-forming parent rock attributed to the
high-potassium calc-alkaline series. It exhibits a high rock REE content ranging from 419 to 578 ppm,
indicating favorable mineralization potential. Hydrothermal alteration reduces the REE content of the
parent rock, leading to a notable increase in the LREE/HREE ratio, thus impacting the partitioning
of rare earth elements and subsequent ore formation. The distribution characteristics of rare earth
elements in each layer of the weathered crust are controlled by the parent rock and exhibit a light rare
earth distribution pattern. The completely weathered layer is the main enrichment zone for rare earth
elements, and the migration and enrichment patterns of rare earth elements in the weathered crust
are evident. From the semi-weathered layer to the completely weathered layer, all REEs were gained,
with a higher degree of migration for LREE. From the completely weathered layer to the clay layer,
all REEs were lost, and the vertical distribution of rare earth content shows a “low-high-low” pattern.

Keywords: ion-adsorption type REE deposit; weathering crust; Mosuoying granite; REE migration
and enrichment; Southwest China

1. Introduction

Ion-adsorption rare earth deposits (iREEs) have been widely studied as a significant
source of heavy rare earth elements [1-5]. These deposits were first discovered in Jiangxi
province in the late 1960s, and similar occurrences have since been found in other provinces
in southern China [6]. However, exploration and research over the past few decades
have only identified these deposit types in seven southern provinces (Jiangxi, Guangdong,
Guangxi, Fujian, Hunan, Yunnan, and Zhejiang), suggesting a limited regional distribution
of ionic adsorption deposits.

Sichuan, known for its considerable reserves and status as a major producer of rare
earth elements, has gained global attention due to its Maoniuping and Dalucao rare earth
mines located in the Mianning-Dechang REE metallogenic belt [7,8]. Unfortunately, these
carbonate-type rare earth deposits primarily yield light rare earth resources, with limited
production of the more valuable heavy rare earth resources. Despite favorable climatic
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and topographic conditions for the development of ion-adsorption rare earth deposits and
extensive exploration efforts, no such deposits were found in Sichuan [9,10]. Exploration
for this particular type of deposit in Sichuan was halted in the 1990s. However, as our
understanding of ore deposit theories and exploration techniques deepened, ion-adsorption
rare earth deposits were subsequently discovered in Hunan [11], Hainan [12], Anhui [13],
and other regions [14]. This prompted Sichuan to resume exploration efforts, ultimately
leading to the discovery of these deposits above the Mosuoying granite body in the western
part of the province [15,16]. This significant finding expanded the prospects for ionic
adsorption rare earth deposits in China. Mosuoying granite is currently the oldest known
ion adsorption type rare earth ore-forming parent rock [17].

In order to study the genesis of this deposit, it is essential to clarify the geochemical
characteristics of the weathered crust profile. This article analyzes the mineralogical and
geochemical properties of the parent rock and weathered crust through mineralogical
and geochemical research and further discusses the migration and enrichment patterns of
ore-forming elements and the controlling factors of mineralization. The aim is to provide a
theoretical basis for understanding the origin of this deposit.

2. Geological Background

The research area is located in the Mianning-Dechang REE metallogenic belt in Sichuan.
The basement consists of Archean high-grade metamorphic rocks, Proterozoic metamorphic
sedimentary rocks, and overlying Phanerozoic clastic rocks and carbonate rocks. The
tectonic location belongs to the western margin of the Yangtze craton, within the Kangdian
basement uplift zone of the Kangdian foreland thrust belt of the Up-Yangtze ancient
continental block, on the Anning River fault zone in the middle section of the west Sichuan
central Yunnan oldland [18]. The Kangdian basement uplift zone is a horst uplift belt
composed of banded distributions of Proterozoic to Early Mesozoic metamorphic and
magmatic complex rocks. Among them, the Jingningian (~1080 Ma) granite rocks and
Chengjiang (~530 Ma) magmatic rocks are widely distributed. The direction of the tectonic
line is nearly north-south, and the direction of the uplift is controlled by the north-south
fault belt (Figure 1).

The ore-forming parent rock is the Mosuoying granite body, which is distributed along
the Dechang-Miyi line, showing a flat circular north-south distribution. It has a length of
about 35 km from north to south, a width of about 10 km from east to west, and covers an
area of about 330 km?2. The formation age of the rock mass spans a large time range, with
zircon U-Pb isotopic ages of 1055 &+ 43 Ma [19] and 803-790 Ma [20], indicating that the rock
formed after the Jingningian period. It includes three main rock units: Kelang, Yonglang,
and Maoping, representing multiple magma emplacement events. The rock mass is in
intrusive contact with the surrounding rocks and commonly undergoes thermal contact
metamorphism. The minerals at the edges gradually become finer, sometimes showing
cold condensation rims [17]. Diabase dikes can be observed in the region, indicating a
tectonic environment of extension and stretching after diagenesis.
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Figure 1. Regional Geological Map. (a) Global distribution of regolith-hosted REE deposits and
prospects [21]; (b) simplified tectonic map of the Himalayan-Tibetan Orogen [22]; (c) the distribution
of Mosuoying granite [17].

3. Sampling and Analytical Methods
3.1. Profile Characteristics and Sampling Strategy

The sampling site is located in Kuanyu Township, Dechang County, Sichuan Province,
southwest China. It is situated in a subtropical region characterized by a hot climate,
abundant rainfall, well-developed vegetation, and diverse topography. The terrain consists
of typical Zhongshan mountainous terrain and limited river valley terrain, exhibiting
complex and diverse landforms.

Based on color, weathering degree, and structural characteristics, the weathering
profile in the study area is divided into five layers: the humic layer, clay layer, completely
weathered layer, semi-weathered layer, and bedrock layer (Figure 2). The humic layer is
typically yellow and turns yellow-brown when the organic matter content is high. The clay
layer is brick-red in color, with a heavy texture and poor permeability and air permeability.
The primary granite has undergone nearly complete decomposition, with only a small
amount of fine quartz remaining. The completely weathered layer has a loose structure
and good soil permeability. From top to bottom, the soil color changes from brick-red to
gray-white. The semi-weathered layer has a loose and fragile structure and contains some
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Figure 2. Schematic profile of the Mosuoying granite REE deposit and the variation of REE concen-
tration along profile [21,23].

A total of 17 representative samples were collected from selected profiles in the area.
This includes one sample from the humic layer (A1), five samples from the clay layer
(B1-B5), five samples from the completely weathered layer (C1-C5), three samples from
the semi-weathered layer (D1-D3), and three samples from the bedrock layer (E1-E2
representing fresh bedrock and E3 showing alteration, characterized by greisenization).

3.2. Analytical Methods

Bedrock petrography was studied with a polarizing microscope (OPTIPHOT-POL,
manufactured by Nikon, Tokyo, Japan) using plane-polarized light and perpendicularly
polarized light. The backscattered electron (BSE) images of weathering crust samples
were taken using a scanning electron microscope (SEM, NANO SEM450, manufactured
by Thermo Fisher Scientific, Waltham, MA, USA) equipped with an energy dispersive
X-ray spectrometer (EDS). The mineral compositions of the samples were measured using
a Bruker D8 Advance X-ray diffractometer (manufactured by Bruker, Billerica, MA, USA)
between 3° and 70° (26) at scanning speed of 3° min~! with Cu K« radiation (40 mA and
40 kV). The XRD data were processed by DIFFRAC.EVA V3.1 software.

Major-element analyses of whole-rock samples from the Mosuoying granite were
determined using an X-ray fluorescence spectrometer (PW4400). The analytical precision is
better than 5% for all the major elements; the results are listed in Table 1. The concentrations
of trace elements, including those of REEs, were analyzed using a PlasmaQuant-MS Elite
inductively coupled plasma mass spectrometer (ICP-MS). The relative standard deviation
of the repeatability test for analysis is better than 10%; the results are listed in Table 2.
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Table 1. Major elements (wt.%) compositions of the studied samples from the weathering crust.

Layer Humic Clay Completely Weathered Semi-Weathered Bedrock
Sample Al B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 D1 D2 D3 E1 E2 E3
SiO, 5717 58.00 4830 5737 5657 56.15 5558 5721 68.89 6445 69.70 7226 6431 6796 70.65 7045 74.62
AlLO; 1817 2131 27.11 2290 2331 2329 1990 2245 1724 1861 1678 1436 19.13 1751 1472 1436 1232
Fe,O;  4.98 5.81 7.95 6.04 6.07 5.24 8.55 427 2.58 3.35 2.40 2.56 3.42 2.46 2.34 3.71 2.95
MgO  0.68 0.67 0.58 0.33 0.42 0.56 2.19 0.47 0.24 0.45 0.09 0.14 0.47 0.42 0.34 0.47 0.18
CaO 0.26 0.25 0.15 0.12 0.12 0.16 1.02 0.17 0.14 0.24 0.09 0.27 0.19 0.18 1.46 1.74 0.57
Na,O 0.70 0.43 0.74 0.32 0.36 0.38 0.32 0.44 0.35 0.81 0.50 1.26 0.46 0.41 3.13 3.1 2.55
K, O 450 4.89 3.38 4.77 5.08 6.29 3.96 5.95 6.38 6.76 6.95 6.67 6.51 5.57 6.02 452 5.25
MnO 0.174 0.044 0021 0.021 0.031 0.022 0.106 0.023 0.013 0.021 0.012 0.020 0.030 0.021 0.018 0.031 0.025
P,Os 0179 0.095 0.070 0.064 0.056 0.071 0.074 0.083 0.045 0.100 0.057 0.051 0.080 0.056 0.098 0.145 0.065
TiO, 0647 0676 0912 0503 0545 0.705 1.013 0661 0306 0516 0.106 0.207 0.591 0342 0.193 0.386 0.182
S 0.042 0.008 0.012 0.019 0.007 0.021 0.029 0.010 0.010 0.022 0.015 0.018 0.024 0.018 0.0131 0.0127 0.0127
LOI 11.79 7.65 11.02 7.01 6.63 6.85 6.53 7.66 3.72 4.00 3.18 1.87 4.61 4.42 0.24 0.32 0.51
SUM 99.19 99.84 100.24 9947 9920 99.74 9928 9940 99.92 9932 99.88 99.68 99.82 9936 99.22 99.25 99.24
CIA 76.89 7928 8639 8147 80.74 7732 7897 7739 7151 7044 69.00 63.65 7277 7398 5811 60.54 59.55
CIA = [A1,03/(Al,03 + CaO + NayO + K,0)] x 100.
Table 2. Trace elements and REEs (ppm) compositions of the studied samples from the weathering
crust.
Layer Humic Clay Completely Weathered Semi-Weathered Bedrock
Sample Al B1 B2 B3 B4 B5 C1 C2 C3 C4 C5 D1 D2 D3 E1 E2 E3
Rb 343.0 356.0 270.0 3350 271.0 385.0 462.0 4260 404.0 364.0 4100 495.0 3350 412 406.0 338.0 373.0
Sr 49.3 35.8 59.2 46.9 47.0 76.0 71.7 26.8 259 214 57.0 63.2 45.7 275 379 798 819
Y 46.0 139.0 411 77 .4 42.6 40.3 35.5 171.0 110.0 124.0 76.7 89.6 48.8 56.8 905 931 339
Zr 231.0 442.0 191.0 2640 359.0 553.0 365.0 2150 258.0 294.0 6150 666.0 243.0 228 255.0 282.0 212.0
Nb 20.8 19.7 149 25.6 30.4 33.7 26.0 12.9 16.6 20.1 289 27.6 30.1 10.8 126 131 252
Ba 350.0 405.0 1029.0 433.0 4480 683.0 854.0 3502 493.0 3271 561.0 769.0 593.0 501 227 796 442
La 323 100.0 46.1 91.1 92.0 107.0 138.0 95.3 167.0 181.0 169.0 203.0 109.0 111 119 89.0 111
Ce 105.0 162.0 862 1430 161.0 183.0 2150 160.0 251.0 309.0 282.0 3180 159.0 198 197 140 161
Pr 16.2 18.1 9.8 14.8 19.6 19.0 23.6 17.9 27.0 323 29.5 34.5 15.9 191 219 154 16.6
Nd 38.5 71.2 37.5 55.2 74.0 71.0 85.5 69.0 103.0 1220 113.0 1300 562 717 786 589 589
Sm 13.3 15.7 8.2 11.7 13.8 13.4 15.5 16.6 20.1 24.3 21.0 24.3 10.8 141 167 132 11.6
Eu 1.7 1.6 13 1.3 1.5 14 1.0 1.0 1.3 1.6 1.6 15 1.0 0.6 0552 113 0.907
Gd 12.7 15.9 7.6 10.3 11.2 10.2 10.9 18.2 17.6 21.0 15.4 18.0 9.1 11.8 138 122 9.03
Tb 2.1 2.8 1.2 1.7 1.6 15 1.5 3.2 2.7 3.1 2.2 2.5 14 1.8 236 204 131
Dy 8.5 18.1 7.6 104 8.7 8.1 7.6 224 15.8 18.3 115 13.2 8.1 10.1 143 124 6.84
Ho 2.5 4.0 1.6 2.1 1.7 1.6 14 4.8 3.1 3.6 2.2 2.6 1.6 19 282 254 1.20
Er 3.5 11.3 4.5 6.0 4.5 42 3.6 13.6 8.3 9.8 6.0 7.0 4.6 5.2 772 689 3.07
Tm 0.9 1.6 0.7 0.9 0.6 0.6 0.5 19 1.2 14 0.9 1.0 0.7 0.7 1.15 0989 0.436
Yb 3.5 9.9 4.3 5.6 3.9 4.2 3.4 11.6 7.1 8.8 5.7 6.7 4.4 4.5 737 623 277
Lu 0.8 14 0.6 0.8 0.6 0.6 0.5 1.6 1.0 1.3 0.8 1.0 0.6 0.6 1.04 0.890 0.408
Hf 7.1 12.6 5.8 8.2 10.5 12.1 10.1 8.5 8.8 9.9 14.3 14.0 7.7 8 940 873 617
Ta 2.3 2.2 1.6 2.8 2.7 2.4 2.3 1.6 1.8 2.2 3.2 2.2 3.7 1.2 1.74 143 236
Th 31.7 43.6 24.5 42.0 54.7 83.8 65.5 46.9 66.7 118.0 109.0 123.0 56.3 583 77.7 365 499
U 7.4 8.7 5.5 8.6 8.3 9.0 14.8 8.5 104 119 10.7 104 10.2 7.2 103 644 535
Y REE 256.3 531.1 2381 405.1 411.0 4435 5171 5553 687.5 803 700.1 8074 4085 4775 5748 4549 419.0
Y LREE 1920 3513 179.6 3041 346.6 380.0 462.1 3422 5480 6443 5935 6855 340.1 399.8 447.6 329.8 369.0
Y HREE 64.3 179.8 585 101.0 64.4 63.5 55.0 2131 1395 158.7 106.6 121.9 68.4 77.7 1273 125.1 499
%II:IIEE}EE/ 2.99 1.95 3.07 3.01 5.38 5.98 8.40 1.61 3.93 4.06 5.57 5.62 4.97 515 352 264 7.39
(La/Yb)n 6.6 7.3 7.7 11.6 16.9 18.4 29.0 5.9 16.9 14.8 214 219 17.6 177  11.6 103 287
(La/Sm)y 1.6 4.1 3.6 5.0 43 52 5.7 39.4 69.1 74.9 69.9 84.0 451 459 46 435 6.18
(Gd/Yb)y 3.0 1.3 15 15 2.4 2.0 2.6 1.3 2.1 2.0 2.3 2.2 1.7 2.2 155 1.62 270
Nb/Ta 9.04 8.95 9.31 9.14 1126 14.04 1130 8.06 9.22 9.14 9.03 12.55 8.14 9.00 724 9.16 10.68
Zr/Hf 3254 3508 3293 3220 3419 4570 36.14 2529 2932 2970 43.01 4575 3156 2850 2713 3230 34.36
SEu 0.39 0.31 0.50 0.35 0.36 0.35 0.22 0.18 0.21 0.21 0.26 0.21 0.30 0.14 011 027 0.26
5Ce 1.10 0.85 0.93 0.85 0.87 0.90 0.83 0.87 0.82 0.90 0.89 0.84 082 095 088 085 0.82

(La/Yb)n, where N is normalised by chondrite.
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4. Results
4.1. Mineral Composition

The bedrock of the weathered crust is biotite granite, with the main mineral compo-
sition being quartz (35%), plagioclase (35%), K-feldspar (20%), biotite (5%), and a small
amount of accessory minerals (Figure 3a—e). It exhibits varying degrees of alteration and
shows a weakly fractured structure (Figure 3e). The small amount of rare earth accessory
minerals (apatite, zircon, etc.) is usually the main source of rare earth materials in the
deposit, while feldspar and biotite have relatively low REE content and provide only a
small contribution to the deposit during the weathering cycle [24].

Sha el .
Fe-oxides My

Fe-oxides

Figure 3. Photomicrograph showing the parent granite (a—e) and the regolith (f-i). (a) Aggregation of
quartz + biotite alteration to muscovite and clay minerals; (b) biotite enclosing phosphatic granules;
(c) biotite enclosing zircon grains; (d) quartz replacement of K-feldspar; (e) fragmented feldspar;
(f—i) microscopic features of residual minerals and secondary minerals in the weathering crust, with
spherical Fe-oxide attached to the surface of layered kaolinite. Abrrevitions: Qtz: Quartz, Kfs:
K-feldspar, Bt: Biotite, Pl: Plagioclase, Ser: Sericite, Ap: Apatite, Zrn: Zircon.

Semi-quantitative XRD analysis (Figure 4) indicates that the mineral composition of
the weathered crust mainly includes weathering residual detrital minerals (quartz, feldspar,
mica) and secondary clay minerals (kaolinite, chlorite, illite, etc.). In terms of the entire



Minerals 2023, 13,

1449

7 of 17

intensity

weathered crust, as the degree of weathering deepens, plagioclase, K-feldspar, and biotite
are continuously decomposed, while the relative content of quartz gradually increases.
There is an antagonistic relationship between feldspar minerals and clay minerals. Due
to the weak weathering resistance of plagioclase, it is mostly completely decomposed in
the partially weathered layer. The clay mineral content is highest in the fully weathered
layer, and clay minerals can be observed in the weathered crust under scanning electron
microscopy, mainly kaolinite, which has a loose structure and appears in schistose mineral
aggregates, often forming complexes with Fe-oxides (Figure 3g—i).

(a)

Bt+111

(b)

Humic layer
Qtz

Humic layer

Clay layer

Clay layer
W

Completely weathered layer

Completely weathered layer

Semiweathered layer

Semiweathered layer

Bedrock
[

10

T T T T T
20 30 40 50 60 10 20 30 40 50 6 70 80 90 100
20/° content(%)
Abbrevations: IlI=Illite, Vrm=Vermiculite, Chl=Chlorite, Gbs=Gibbsite I Quartz Il K-feldspar [l Kaolinite [l Plagioclase
Qtz=Quartz, Kfs=K-feldspar, PI=Plagioclase, KIn=Kaolinite, Bt=Biotite [ Chlorite [ Gibbsite [ Vermiculite Mica

Na,0+K,0(%)

Figure 4. (a) XRD patterns of samples in the weathering crust and (b) mineral composition

and content.

4.2. Major Elements

The results of the main element analysis for the samples are presented in Table 1. The
rock exhibits an SiO, content ranging from 70.45% to 74.62%, K,O content ranging from
4.52% t0 6.02%, NayO content ranging from 2.55% to 3.13%, Fe,O3 content ranging from
2.34% to 3.71%, and MgO content ranging from 0.18% to 0.47%. It displays characteristics
of high silica and alkali, low iron and magnesium, and is classified as a granite (Figure 5a),
with some samples falling within the granodiorite range. Overall, it exhibits the features of
high-K calc-alkaline granites (Figure 5b). The main elemental characteristics resemble those
of the ion-adsorption type rare earth ore-forming granitic rocks found in the Mesozoic
extensional structure of southern China [25].

16 10
(a) (b)
14 208
@ MaBiAW,2018

Syenite L

12 @ Guoetal., 2007
7k
10 @ This study -
Quartz . A ] ‘
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Figure 5. (a) NayO + KyO vs. SiO; [26], (b) KO vs. SiO; [19,20,27] diagrams for the Mosuoying granite.



Minerals 2023, 13, 1449

8of 17

4.3. Trace Elements

The diagrams (Figure 6) of primitive mantle normalized trace elements for the weath-
ered crust samples reveal the following trends: The curves display a pronounced right-
skewed pattern. The weathered crust demonstrates significant depletion of Ba, Nb, Sr, P,
and Ti, while exhibiting enrichment of Rb, Th, U, La, Nd, and other elements. In compari-
son to the parent rock, most trace elements (Rb, Th, U, La, Y, Lu, etc.) are enriched in the

weathered crust, except for Ba and Sr, which show depletion.
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Figure 6. Primitive mantle-normalized elements diagrams for weathering crust samples [28]. (a) Clay
layer; (b) completely layer; (c) semi-weathered layer; (d) bedrock layer.

4.4. Rees in Whole-Rock

The results of the rare earth element analysis in the weathered crust of the Mosuoying
granite are shown in Table 2. The total rare earth element content in the bedrock ranges
from 419.0 to 574.8 ppm, significantly higher than the lower limit of 150 ppm for rare
earth ore-forming parent rocks, indicating a good rare earth mineralization foundation [29].
In the weathered crust, the rare earth elements in the humus layer and clay layer are
lower than the average rare earth content in the bedrock, indicating varying degrees of
loss. The fully weathered layer shows obvious enrichment of rare earth elements, with a
content ranging from 517.1 to 803.0 ppm, higher than the ore-forming lower limit grade
of 500 ppm [30], making it the main ore-bearing layer. The upper part of the partially
weathered layer exhibits relative enrichment of rare earth elements, while the rare earth
element content in the lower part is basically consistent with that of the bedrock.

The (La/Yb)y ratio in the weathered crust ranges from 5.9 to 29.0, while in the bedrock
layer it ranges from 10.3 to 28.7, indicating significant differentiation of light and heavy
rare earth elements in both the bedrock and weathered crust, with a similar degree of
differentiation. The Eu value in the weathered crust ranges from 0.14 to 0.50, with an
average of 0.28, which is consistent with the parent rock’s §Eu value (average 0.21). Both
display a strong negative Eu anomaly. The 6Ce value in the weathered crust ranges
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from 0.82 to 1.10, with an average of 0.89, which is similar to the parent rock’s 6Ce value
(average 0.85).

Overall, the rare earth elements in the weathered crust exhibit similar characteristics
to those in the bedrock. The diagrams (Figure 7) of chondrite normalized rare earth
distribution in each layer are inclined to the right, indicating that the overall composition
of rare earth elements in the weathered crust is inherited from the bedrock and enriched
during the weathering process.
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Figure 7. Chondrite-normalized REE patterns for weathering crust samples [28]. (a) Clay layer;
(b) completely layer; (c) semi-weathered layer; (d) bedrock layer.

5. Discussion
5.1. Element Distrubution Characteristics

Previous studies have categorized major elements in the weathering process into three
groups: (1) easily mobile elements, (2) movable elements, and (3) immobile elements [31].
Easily mobile elements: In comparison to the parent rock layer, the weathered crust exhibits
significant losses of CaO and Na;O, while the K,O content remains generally consistent.
The chemical index of alteration (CIA) gradually decreases from the humic layer to the
bedrock layer. Movable elements: The SiO; content in the weathered crust shows depletion,
with an overall increasing trend from the humic layer to the bedrock layer, reaching its
lowest value in the clay layer. Immobile elements: The changes in immobile elements
are more complex. The Al,O3; and Fe,O3 contents show enrichment and follow a similar
trend, initially increasing and then decreasing from the humic layer to the bedrock layer,
with accumulation in the clay layer. The TiO, content is enriched relative to the bedrock,
displaying varying degrees of enrichment in each layer without a discernible pattern. The
differences in MnO, P>0s5, and MgO contents are minimal.

Trace elements are hosted in various minerals within rocks, with Zr, Ti, Hf, Ta, Nb,
and other elements being typical conservative ones, often enriched in weathering-resistant
accessory minerals such as zircon and sphene, which remain relatively stable during surface
weathering [32]. An increase in such elements within the weathering crust may indicate
the enrichment of the above-mentioned accessory minerals. The ratio of these elements
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can be used to trace the origin of sediment [33]. The Nb/Ta ratio of the weathered crust
samples is around 9, and the Zr/Hf ratio is around 35. These relatively stable ratios
suggest that the weathering crust profile has a basically consistent origin, which is the
result of the weathering of the original rock. Ba shares similar geochemical properties
with K and is primarily found in potassium feldspar [34]. During weathering, potassium
feldspar gradually depletes and decomposes with increasing weathering intensity, resulting
in enhanced depletion of Ba. Sr is commonly associated with calcium-bearing minerals
(plagioclase) and is considered a highly mobile element during weathering processes [35,36].
As weathering intensity intensifies, the loss of Sr becomes more prominent.

The diagrams (Figure 8) of the normalized REE pattern indicate that rare earth elements
are enriched to varying degrees in each layer of the weathered crust. The ore-related
granites show significantly higher contents of rare earth elements. Compared with the
average value of Mosuoying granite, the granite associated with mineralization tends to
have a relative enrichment of heavy rare earth elements.
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Figure 8. Normalized REE patterns for weathering crust samples. Normalized value = samples/average
value of Mosuoying granite (date of this study and [19,20]). (a) Clay layer; (b) completely layer;
(c) semi-weathered layer; (d) bedrock layer.

5.2. Bedrock Controls Mineralization

There are many types of ore-forming rocks for ion-adsorption type rare earth deposits,
including granite, volcanic rock, metamorphic rock, carbonate rock, basalt, etc. [1,14,23,37].
Among them, granite has the widest distribution and highest research level among all
ore-forming rocks. The ages of ore-forming granites for ion-adsorption type rare earth
deposits in southern China vary widely, with distribution from the Ordovician to the
Late Cretaceous [37-39]. Previous studies on the age of ore-forming granites suggest
that the development of ion-adsorption type rare earth deposits in southern China has a
certain preference for the formation time of the protolith, especially those closely related
to early to middle Yanshanian intrusive intermediate-acidic granites [40,41]. Compared
with previously discovered ion-adsorption type rare earth deposit protoliths, the formation
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age of the Mosuoying granite is several hundred million years earlier, indicating that the
formation of ion-adsorption type rare earth deposits is not influenced by the formation age
of the protolith but rather by the characteristics of the rock.

Mosuoying granite exhibits high silica-alkali content and low iron-magnesium content.
It is a highly differentiated S-type granite, with its magma derived from the partial melting
of ancient crust and the incorporation of a small amount of mantle-derived magma [20].
During the partial melting process, LREE are more easily incorporated into the melt
compared to HREE, and Eu tends to be retained in the solid phase [42]. When the degree of
melting reaches 50%—-70%, the residual phase consists of plagioclase + quartz + pyroxene +
garnet + zircon. At this stage, the melted magma is enriched with easily fusible components,
and light rare earth elements, potassium, sodium, silicon, and volatiles preferentially enter
the melt in equilibrium with the residual phase [43]. Meanwhile, Eu exists in the forms of
Eu* and Eu?*, in which the ratio of Eu3* /Eu?* depends on oxygen fugacity [44]. Due to the
larger ionic radius of Eu2* (1.09 A), it tends to substitute for high-coordinated Ca2* (0.99 A),
Sr2* (1.12 A), and other cations in plagioclase, leading to its enrichment in the residual
phase and depletion in the melt [45]. Therefore, the Mosuoying granite is characterized by
enrichment in light rare earth elements and negative Eu anomalies.

The variation of major elements in the rock shows similarities to granites in South
China. With increasing SiO; content, the contents of MgO, MnO, TiO,, and CaO gradually
decrease, while the REE content remains unaffected by changes in SiO, content (Figure 9).
This indicates that the REE content is not constrained by magma differentiation, but magma
differentiation does affect the migration and enrichment of LREE and HREE [46]. The REE
distribution patterns in the basement rocks control the characteristics of rare earth elements
in the weathering crust, and typically, the REE distribution pattern in the weathering crust
is consistent with that of the basement rocks [47]. During the weathering process of S-type
granite, a high P,O5 content (>0.08 wt.%) favors the formation of ion-adsorption type rare
earth deposits, especially heavy rare earth deposits [48].
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Figure 9. Harker diagrams for the Mosuoying granite [19,20].

Granitic rocks often undergo varying degrees of alteration due to post-magmatic
processes, and hydrothermal alteration plays a crucial role in the later weathering and
mineralization of parent rocks. Studies have shown that hydrothermal alteration plays a
crucial role in the later weathering and mineralization of parent rocks. Common rare earth
minerals found in granites include monazite, xenotime, apatite, and allanite. Hydrothermal
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fluids not only bring in rare earth elements and increase their content in the parent rock [49],
but also interact with weathering-resistant rare earth minerals such as monazite and
xenotime, causing their dissolution and subsequent precipitation as easily weathered rare
earth minerals such as apatite and allanite [50,51]. The altered bedrock in the study area
has undergone greisenization, and compared to fresh bedrock, the chemical composition of
the altered bedrock has significantly changed, particularly with a decrease in REE content,
mainly in HREE. The ratio of LREE/HREE in the altered bedrock has increased from
2.64 and 3.56 to 7.39, which may be related to the dissolution and migration of apatite
(containing HREE). During the process of weathering or alteration of rocks, apatite can
be chemically dissolved due to hydrothermal activity. As apatite dissolves, it releases the
REEs it contains, including both LREEs and HREEs. Some of the REEs may remain in
the proximity of the dissolved apatite and precipitate in situ, forming secondary minerals
such as monazite and xenotime [52]. These secondary minerals can still retain a portion
of the REEs that were originally contained in the apatite. However, the monazite and
xenotime formed in situ are highly resistant to weathering and remain mostly unchanged
in the completely weathered layer. As a result, they cannot provide the necessary ionic
rare earth elements for ore formation, hindering the development of rare earth deposits.
On the other hand, some of the REEs released from the dissolved apatite can migrate
along with hydrothermal fluids [52]. This migration can result in the loss of these REEs
from the rock system, leading to a decrease in the overall rare earth content within the
bedrock. As the main component of HREEs in the bedrock, the loss of these REEs leads to a
significant decrease in the content of HREEs in the bedrock, thereby reducing the material
basis for weathering and mineralization. In contrast to previous views, the alteration of the
Mosuoying granite restricts the possibility of weathering mineralization, suggesting that
the influence of basement rock alteration on rare earth mineralization is not uniform.

5.3. Migration and Enrichment Patterns of Elements

The migration characteristics of substances in open geological systems are commonly
assessed using mass balance calculation methods, including the composition-volume dia-
gram method [53], quantitative calculation method [54,55], isocon diagram method [56],
normalized isocon diagram method [57], among others. In this study, considering the
involvement of multiple components in the migration and enrichment of the open system
(weathered profile), the normalized isocon diagram method was selected. This method
highlights the continuous changing trend of active components and explores the migration
and enrichment characteristics of elements in granite-weathered profiles. The method
adjusts all the isocons (defined by unaltered and altered sample pairs) to a normalized
isocon, modifies the active components according to the adjustment ratio, and provides
information on substance transfer. Its core lies in the determination of immobile compo-
nents [56-58]. For silica-bearing geological bodies, Zr exhibits highly stable properties.
However, in granite, the majority of Zr is present in zircon, with a low overall content
and uneven distribution throughout the rock. Treating it as an immobile component may
introduce gross errors between samples. In contrast, TiO, is evenly distributed and rarely
loses during weathering. Therefore, TiO, was selected as the immobile component for
calculating the mass balance of material migration. The results are shown in Figure 10.

The enrichment characteristics of rare earth elements were determined using the
enrichment factor (R), calculated by the formula R = Cx/Cp, where Cx represents the
content of rare earth elements in the sample and Cp represents the content of rare earth
elements in the parent rock. The calculation results are presented in Table 3.
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Figure 10. Normalized isocon diagrams for the weathering crust. The thick line indicates the unified
isocon defined by TiO,; the numbers before the oxide and element symbol represent the scaling coefficients.

Table 3. REE enrichment factor.

B/C B/D B/E C/D C/E D/E
LayO3 0.58 0.62 0.82 1.06 1.41 1.33
Ce; O3 0.60 0.65 0.89 1.08 1.47 1.36
Pr,O3 0.62 0.70 091 1.12 1.45 1.29
Nd,O3 0.63 0.72 0.94 1.15 1.50 1.31
Sm,0O3 0.64 0.77 0.91 1.19 1.41 1.19
EuyO3 1.09 1.37 1.65 1.26 1.51 1.20
Gd,03 0.66 0.85 0.95 1.28 1.42 1.11
Tb,O3 0.69 0.93 0.92 1.34 1.33 1.00
Dy,03 0.70 1.01 0.95 1.44 1.35 0.94
Ho,03 0.73 1.08 1.01 1.49 1.38 0.93
Er,O3 0.74 1.09 1.04 1.48 1.40 0.95
Tm,0O3 0.75 1.10 1.03 1.48 1.37 0.93
Yb,03 0.76 1.07 1.02 1.41 1.34 0.95
LuyO3 0.77 1.09 1.03 1.42 1.33 0.94

B: clay layer, C: completely weathered layer, D: semi-weathered layer, E: bedrock.

The normalized isocon diagram demonstrates that different major elements in each
layer of the weathered crust exhibit varying degrees of migration relative to the bedrock
layer. The migration and enrichment patterns of these elements are not consistent but
are influenced by the inherent nature of the elements themselves and the surrounding
environment. From the bedrock layer to the semi-weathered layer, components such
as P,Os5, Fe,O3, NapyO, MnO, and CaO were lost, while SiO,, K,O, Al,Os, and other
components were gained. From the semi-weathered layer to the completely weathered
layer, most major elements were lost, with P,O5 and Na,O gained. From the completely
weathered layer to the clay layer, significant changes occur in Fe,O3, K;O, Al,O3, and MgO.
Fe;O3 and Al,O3 migrate inwards, while MgO and K,O migrate outwards. The content
of Fe; 03 is influenced by redox conditions, as Fe?* easily oxidizes to Fe** under surface
conditions, leading to the enrichment of Fe;O3. The migration of easily soluble components
such as CaO, Na,O, P,Os, and K,O is related to the loss of ions such as Ca%*, Na*, and K*
during weathering processes [59].

The migration of rare earth elements follows a distinct pattern. The normalized isocon
diagram indicates that the migration and enrichment patterns of all rare earth elements
in the weathered layer are consistent, albeit with varying enrichment factors. From the
semi-weathered layer to the fully weathered layer, all rare earth elements were gained to
different extents, leading to their enrichment in the completely weathered layer. From the
completely weathered layer to the clay layer, all rare earth elements were lost in substantial
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quantities, resulting in significant depletion of these elements compared to the bedrock
layer and semi-weathered layer. This indicates that in this layer, the adsorption capacity
of clay minerals for rare earth elements is smaller than the leaching effect of weathering,
causing the migration of rare earth elements. Two factors influence this phenomenon:
firstly, the increase in Fe* in this layer, as Fe>* easily forms Fe(OH); and aggregates with
clay minerals, thereby reducing the adsorption capacity of clay minerals for rare earth
elements; secondly, the relatively intense weathering in this layer causes a decrease in
the surface void structure of clay minerals [60], resulting in a lower adsorption capacity
of clay minerals for rare earth elements compared to the fully weathered layer. During
the migration process, the extent of migration for light and heavy rare earth elements
is influenced by the iron oxide—clay mineral composites in the weathering shell. Clay
minerals [61] and Fe-oxides [62] are the main carriers of ion-exchangeable and Fe-oxide-
bound REE, respectively, and they play a certain controlling role in the differentiation and
enrichment of rare earth elements. The iron oxide-clay mineral composites formed are
favorable for the enrichment of heavy rare earth elements in the weathering crust [63].
Iron oxides, especially crystalline iron oxides, exhibit selective adsorption towards heavy
rare earth elements [62], promoting the formation of heavy rare earth minerals. However,
the limited presence of iron oxide—clay mineral composites in the weathering crust of the
Mosuoying granite is insufficient to alter the characteristics of light rare earth element
distribution in the bedrock itself, resulting in a higher migration extent for LREE compared
to HREE in the profile.

6. Conclusions

(1) The deposit type is characterized by a distribution of light rare earth elements, with
the fully weathered layer serving as the primary ore-bearing horizon. The vertical
distribution of REEs exhibits a pattern of “low-high-low”.

(2) The REE characteristics in the weathered crust are controlled by the parent rock.
Magmatic differentiation does not affect the REE content of the parent rock, while hy-
drothermal alteration reduces the overall REE content and increases the LREE/HREE
ratio, which is unfavorable for mineralization, especially HREE mineralization.

(8) The migration characteristics of elements indicate that the distribution of major ele-
ments in the weathering crust is influenced by the properties of the elements them-
selves and the surrounding environment, while rare earth elements exhibit regular
migration patterns. From the semi-weathered layer to the completely weathered layer,
all rare earth elements were gained, while from the completely weathered layer to the
clay layer, all rare earth elements were lost.
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