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A B S T R A C T   

The rare earth elements and yttrium (REY) are enriched in marine sedimentary phosphorites, which are an 
important REY resource. The formation of marine REY-rich phosphorites is a product of sedimentary deposition, 
while some geochemical studies of phosphorites suggest that they also have the characteristics of hydrothermal 
deposition. Hydrothermal modification can have an important effect on the distribution of REY and REY minerals 
in phosphorites, although there is no direct mineralogical evidence for such hydrothermal activity. In this study, 
we used transmission electron microscopy and other microbeam techniques to investigate the hydrothermal 
activity during the formation of marine sedimentary phosphorites in the early Cambrian Gezhongwu Formation, 
Zhijin, South China. Geochemical and mineralogical evidence shows that late hydrothermal events occurred after 
formation of the marine sedimentary phosphorites. The observed micro-scale hydrothermal veins (e.g., barite), 
micro- and nano-scale hydrothermal minerals (e.g., anatase and fluorite), and hydrothermally transformed 
minerals (e.g., fluorapatite and zircon) provide direct mineralogical evidence of later hydrothermal activity. The 
hydrothermal fluid involved in the phosphorite deposition might have been a low-temperature reduced fluid, 
which was enriched in F, Ti. Moreover, the late hydrothermal activity changed the REY patterns of some minerals 
(e.g., fluorapatite and zircon) in the phosphorites, although the hydrothermal activity was not the main factor 
that controlled REY enrichment in the phosphorites. Our results not only provide direct evidence for hydro-
thermal transformation of marine sedimentary phosphorites, but also a possible explanation for the bell-shaped 
rare earth element patterns in apatite, suggesting that the apatite would not provide a reliable reconstruction of 
the paleo-ocean environmental conditions.   

1. Introduction 

The global demand for rare earth elements (REEs) and yttrium (i.e., 
REY), which are critical for emerging technologies such as in the elec-
tronics industry and renewable energy resources, is increasing rapidly 
(Service, 2010; Chen et al., 2011; Kato et al., 2011; Chakhmouradian 
and Wall, 2012). More than 85% of the world’s REY supply comes from 
two types of deposit in China (Kynicky et al., 2012; Xu et al., 2017). The 
first is in alkaline igneous and carbonatitic rocks (e.g., the Bayan Obo 
deposit in China, which supplies 80% of the light rare earth elements 

worldwide; Orris and Grauch, 2002; Kynicky et al., 2012), and the other 
type is regolith-hosted ion adsorption deposits in southern China, which 
supply much of the heavy rare earth elements worldwide (Bao and Zhao, 
2008; Xu et al., 2017). 

It is necessary to identify other economic REY-rich deposits to meet 
the rapidly increasing REY demand (Long et al., 2010). Marine sedi-
mentary phosphate deposits enriched in extractable REY could represent 
a new type of REY deposit in the future (Emsbo et al., 2015; Peiravi et al., 
2021). Such deposits are rich in middle and heavy REEs. 

The origin of such a REY-rich phosphorite deposit in the early 
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Fig. 2. Geological sketch map of phosphorite deposits in the early Cambrian Gezhongwu Formation in the Zhijin region (after Mao et al., 2015; Zhou et al., 2019).  

Fig. 1. Lithofacies and paleogeography of 
the early Cambrian in South China (after 
Chen et al., 2013). 1. Tidal flat; 2. deep- 
water ramp; 3. inner platform shoal; 4. 
shallow-water ramp; 5. lower slope; 6. iso-
lated platform; 7. shallow-water ramp shoal; 
8. old land; 9. continental slope–deep sea; 
10. gentle slope; 11. foreshore; 12. storm 
shoal; 13. continental shelf; 14. upper slope; 
15. REY-rich phosphorites in the Gezhongwu 
Formation; 16. transgressive direction; 17. 
constructive plate boundary; 18. cities.   
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Cambrian Gezhongwu Formation in China remains unclear. Previous 
studies (Emsbo et al., 2015; Fan et al., 2016; Chen et al., 2019) have 
shown that REY-rich phosphorites in the Gezhongwu Formation are of 
marine sedimentary origin. However, some studies have suggested that 
this deposit has characteristics typical of hydrothermal deposition, 
based on trace elements and fluid inclusions (Wang et al., 2004; Shi, 
2005; Guo et al., 2017; Liu et al., 2019), although there is no direct 
evidence for hydrothermal activity. Submarine hydrothermal activity 
might be an important factor in REY enrichment, as such fluids are rich 
in REY (Michard et al., 1983; Han et al., 2017). Furthermore, hydro-
thermal activity can transform protogenetic minerals (Harlov, 2015; Li 
and Zhou, 2015; Liu et al., 2019) and effect REY distribution in 
phosphorites. 

Mineral grains in some marine sedimentary phosphorites are rela-
tively small (micro- or nano-scale) and difficult to study. Transmission 
electron microscopy (TEM) can reveal the structure and chemical 
composition of minerals at the nano-scale (Li and Zhou, 2015; Lee et al., 
2016; Liao et al., 2019). In this study, we used a combination of TEM and 
other microbeam techniques to investigate phosphorites in the early 
Cambrian Gezhongwu Formation, Zhijin, South China. We identified 
several lines of mineralogical evidence for hydrothermal activity, such 
as barite veins, nano-anatase, micro- and nano-scale fluorite inclusions 
in dolomite, altered microcrystalline detrital zircon, and hydrothermally 
transformed fluorapatite. In order to determine the effects of the hy-
drothermal fluids on the incorporation of REY into the phosphorites, we 
compared the REY concentrations and patterns of hydrothermally 
transformed fluorapatite (Type II) with those of francolite without 
obvious hydrothermal modification (Type I). We also examined the ef-
fects of the hydrothermal fluids on microcrystalline zircon using TEM. 
Our results show that the late hydrothermal activity might have been 
caused by a low-temperature reduced fluid, which strongly modified the 
REY distribution in the phosphorites. 

2. Geological setting 

2.1. Sedimentary history 

The early Cambrian was an important period of phosphorite forma-
tion. During this time, phosphorites in the Gezhongwu Formation were 
deposited in a transgressive setting following the regression in the late 
Sinian. These rocks were deposited at shallow-water ramp in the 
Yangtze platform (Pu et al., 1993; Chen et al., 2013; Fig. 1), and 
comprise dolomite, phosphate, and siliceous rocks. The largest phos-
phate deposit in China was formed in the early Cambrian, which was 
caused by the transgression and upwelling ocean currents. Previous 
studies have shown that the sedimentary facies include an old land-
–littoral tidal flat–shallow-water ramp (phosphate-bearing carbonate 
ramp), a deep-water ramp (phosphatic concretion-bearing siliceous 
ramp), and continental slope deep-water basin from southwest to east 
(Chen et al., 2013; Zhou et al., 2019; Fig. 1). When the Zhijin area began 
to undergo subsidence during the early Cambrian, the extensive trans-
gression formed an open sea platform facies. The phosphorites of the 
Gezhongwu Formation in the Zhijin area were deposited in a shallow- 
water ramp setting (Pu et al., 1993; Chen et al., 2013; Fig. 1). 

2.2. Deposit geology 

The Zhijin phosphorite deposits in the early Cambrian Gezhongwu 
Formation are located in the southwestern “Central Guizhou Uplift”. The 
deposits are located in the Guohua anticline and are NE–SW-trending 
(Mao et al., 2015; Fig. 2). The Gezhongwu Formation is dominated by 
alternating dolomitic bioclastic phosphorite and phosphatic dolostone. 
The contact between the Gezhongwu Formation and the underlying 
Maolongjing section of the Dengying Formation is an unconformity. The 
upper section of Gezhongwu Formation are siliceous phosphorites, 
which are overlain by the lower section of the Niutitang Formation. (Wei 

Table 1 
Geochemical and petrographical data for the Zhijin phosphate deposit (in wt%).  

Sample lithology description SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 MnO P2O5 SO3 BaO LOI Total 

GZW-2-1 Phosphate cemented 
phosphorite  

2.94  0.90  1.39  51.10  0.18  0.09  0.29  0.04  0.01  36.60  0.38  0.32  2.73  96.97 

GZW-2-2 Phosphate cemented 
phosphorite  

1.43  0.52  1.22  52.80  0.17  0.10  0.18  0.05  0.01  37.70  0.46  0.24  2.47  97.35 

GZW-2-3 Phosphate cemented 
phosphorite  

4.37  0.57  0.32  51.80  0.11  0.08  0.15  0.03  0.02  37.20  0.17  0.05  2.16  97.03 

GZW-3-4 Phosphate cemented 
phosphorite  

1.79  0.34  0.70  49.30  3.77  0.10  0.12  0.03  0.03  31.40  0.21  0.05  9.96  97.80 

MTC-1-3 Dolomitic phosphorite  0.66  0.17  0.71  40.50  11.80  0.06  0.07  0.01  0.07  16.40  0.09  0.02  27.63  98.19 
MTC-1-4 Phosphorous-bearing 

dolomite  
1.02  0.10  0.65  34.20  17.65  0.03  0.04  <0.01  0.10  5.99  0.04  <0.01  39.83  99.65 

MTC-2-2 Dolomitic phosphorite  3.96  0.83  0.73  42.40  8.21  0.06  0.30  0.02  0.05  21.40  0.13  0.03  19.98  98.10 
MTC-2-3 Dolomitic phosphorite  2.23  0.59  0.68  37.20  13.40  0.04  0.21  0.01  0.09  12.40  0.11  0.08  31.45  98.49 
ZK2001-79(Q) Phosphorous-bearing 

dolomite  
2.19  0.21  1.42  33.80  16.60  0.03  0.08  <0.01  0.17  6.51  0.05  0.01  38.13  99.20 

ZK2001-79(S) Phosphate cemented 
phosphorite  

2.25  0.32  0.44  52.70  0.69  0.06  0.12  0.03  0.02  36.90  0.19  0.07  3.26  97.05 

ZK2001-83.9 Dolomitic phosphorite  1.15  0.11  0.58  40.20  12.45  0.04  0.05  0.01  0.08  15.70  0.09  0.03  28.66  99.15 
ZK2002-142 Phosphorous-bearing 

dolomite  
10.86  0.86  3.06  28.00  15.55  0.02  0.28  0.02  0.44  3.20  0.02  <0.01  36.79  99.10 

ZK2002-143.8 Phosphorous-bearing 
dolomite  

10.76  0.97  1.49  32.10  12.80  0.03  0.34  0.04  0.20  9.43  0.61  0.02  29.89  98.68 

ZK2002-144 
(Q) 

Phosphorous-bearing 
dolomite  

9.05  1.42  1.65  32.40  13.10  0.04  0.49  0.05  0.20  9.51  0.51  0.01  30.24  98.67 

ZK2002-144 
(S) 

Siliceous phosphorite  16.61  2.12  1.78  35.80  5.60  0.06  0.73  0.11  0.08  20.10  1.62  0.04  13.97  98.62 

ZK2504-14.3 Siliceous phosphorite  20.47  8.02  4.52  32.20  1.09  0.06  2.48  0.22  0.51  23.30  0.11  0.07  4.55  97.60 
ZK2504-15.1 Siliceous phosphorite  25.02  3.27  1.99  34.50  2.28  0.05  1.03  0.16  0.03  23.00  0.11  0.05  6.35  97.84 
ZK2504-25.26 Dolomitic phosphorite  2.89  0.16  0.76  38.60  12.45  0.05  0.06  0.01  0.12  14.60  0.09  0.03  28.84  98.66 
ZK2504-28.29 

(Q) 
Dolomitic phosphorite  2.28  0.60  0.62  48.30  4.09  0.10  0.20  0.03  0.04  29.70  0.19  0.06  11.37  97.58 

ZK2504-28.29 
(S) 

Phosphate cemented 
phosphorite  

1.39  0.44  0.68  52.90  0.91  0.13  0.13  0.04  0.02  36.40  0.24  0.06  4.50  97.84  

J. Xing et al.                                                                                                                                                                                                                                     
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et al., 2018; Chen et al., 2019; Zhou et al., 2019). 
The Re–Os isotopic age of the black shale at the base of the Niutitang 

Formation in the Zhijin area is 522.9 ± 8.6 Ma, which constrains the 
latest age for the Gezhongwu Formation (Wei et al., 2018). In contrast, 
the best estimate of the age of the Gezhongwu Formation is 535.2 ± 1.7 
Ma (Zhu et al., 2009). The Gezhongwu Formation in Guizhou and the 
Zhujiaqing Formation in Yunnan are correlative (Yang et al., 2005), so 
that deposition of the Gezhongwu Formation might have occurred be-
tween 535.2 ± 1.7 and 522.9 ± 8.6 Ma. 

The phosphatic rocks are relatively low grade in P2O5 content, with 
an average content of 16–20 wt%, but contain abundant REEs and 
particularly high Y contents (approximately 35% of total REEs). The Y- 
group REEs comprise 45%–59% of the total REEs (Chen et al., 2013). 
The rare earth oxide (RE2O3) grade of the ore is 0.0541–0.1527 wt%, 
with an average of 0.1036 wt%. The Y2O3 grade is 0.0161–0.0583 wt%, 
with an average of 0.0371 wt% (Meng et al., 2015). In the Zhijin area, a 
total of 3.5 million tons RE2O3 resources of REY-rich phosphorites in the 
Gezhongwu Formation in early Cambrian have been identified (Guo 
et al., 2017). 

3. Samples and analytical techniques 

A total of 20 samples were collected and analyzed from the early 
Cambrian Gezhongwu Formation phosphorites (Fig. 2). The samples 
collected in five different areas were labeled GZW, MTC, ZK2001, 
ZK2002, and ZK2504. Based on major elements, the samples were 
divided into four types: phosphate–cemented phosphorites, dolomitic 
phosphorites, phosphorous–bearing dolomites, and siliceous phospho-
rites. All samples were made into 0.1 mm thick–sections for quantitative 
elemental analysis and mapping. 

3.1. Whole-rock major elements 

The rock powders were first heated to 900 ◦C for 90 min to remove 
organics and carbonates. Approximately 0.50 g of each pre-heated 
sample was then mixed with 4.00 g of Li2B4O7, and the mixture was 
fused at 1200 ◦C and cooled to make a glass disc. Major elements were 
analyzed using a Rigaku ZSX100e X-ray fluorescence spectrometer. The 
analytical precision was <±1% (relative standard deviation; RSD). 

Fig. 3. SEM–BSE photomicrographs of the two types of fluorapatite and bright-field TEM images of nano-fluorapatites in the early Cambrian Gezhongwu Formation 
phosphorites. Type I = francolite; Type II = hydrothermal fluorapatite. (a–f) SEM–BSE photomicrographs; (g–h) bright-field TEM images of nano-fluorapatite in Type 
1 francolite; (i) high-resolution TEM image of nano-fluorapatite from the red zone marked in (h), with a fast fourier transform (FFT) pattern. 
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Table 4 
LA-ICP–MS rare earth element and yttrium (REY) data for the two types of francolite particles.   

REY (in ppm) Ce/Eu anomaly  
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y total CeanomN EuanomN 

Type I 
Type-I-1 376 222  67.0 291  52.6  12.8  66.6  8.48  50.3  10.6  24.4  2.65  13.7  1.36 527 1726  0.32 1.02 
Type-I-2 409 207  57.2 247  44.1  9.43  56.4  6.95  43.7  9.79  24.5  2.89  15.4  1.74 539 1675  0.31 0.89 
Type-I-3 344 165  47.0 203  36.0  8.37  44.1  6.18  38.1  8.87  22.9  2.69  14.1  1.63 491 1432  0.30 0.99 
Type-I-4 325 156  43.6 190  33.3  7.30  42.8  5.48  35.0  7.68  19.9  2.34  12.0  1.54 448 1329  0.30 0.91 
Type-I-5 228 122  36.5 171  31.7  7.39  38.6  5.25  32.0  7.34  16.7  1.93  9.29  1.06 373 1081  0.31 1.00 
Type-I-6 373 195  53.4 240  43.7  9.50  52.0  7.28  42.2  8.95  22.5  2.74  13.3  1.58 495 1560  0.32 0.98 
Type-I-7 316 153  41.5 177  32.0  6.93  39.9  5.52  33.4  7.35  18.4  2.26  11.4  1.43 416 1263  0.31 0.94 
Type-I-8 373 198  54.6 247  45.4  10.1  54.0  7.09  44.8  9.69  24.0  2.72  13.3  1.67 516 1600  0.32 0.91 
Type-I-9 363 184  53.8 242  44.3  10.1  53.5  7.35  43.3  9.91  23.7  2.75  13.1  1.74 512 1566  0.30 0.96 
Type-I-10 373 189  52.8 240  41.6  9.17  52.6  7.01  43.1  9.26  23.4  2.61  13.9  1.61 504 1564  0.31 0.98 
Type-I-11 347 171  47.2 213  37.0  8.48  45.6  6.18  38.2  8.10  21.1  2.52  12.5  1.53 459 1419  0.31 0.92 
Detection Limit 0.002 0.002  0.002 0.016  0.010  0.004  0.010  0.002  0.004  0.001  0.003  0.001  0.002  0.002 0.001 \ \ \ 
Average 348 178  50.4 224  40.2  9.05  49.7  6.62  40.4  8.87  22.0  2.55  12.9  1.54 480 1474  0.31 0.95  

Type 2 
Type-II-1 184 141  45.5 222  40.5  10.2  49.2  6.58  39.1  8.01  18.6  1.91  7.75  0.88 377 1152  0.36 1.08 
Type-II-2 114 89  31.9 170  36.6  12.9  46.8  6.42  36.4  7.27  15.8  1.54  6.36  0.62 334 909  0.34 1.47 
Type-II-3 157 127  44.9 239  49.1  13.2  60.9  7.78  44.6  9.16  20.4  1.84  7.77  0.77 403 1187  0.35 1.13 
Type-II-4 209 157  53.1 258  49.1  12.3  56.5  7.40  42.7  8.64  20.1  1.91  7.82  0.88 404 1288  0.34 1.10 
Type-II-5 199 144  47.1 230  44.6  10.7  51.0  6.94  39.1  8.41  19.3  1.90  7.76  0.95 389 1201  0.34 1.05 
Type-II-6 227 169  54.0 273  51.0  12.3  58.7  7.66  44.5  9.08  21.0  2.05  9.12  0.98 436 1375  0.35 1.06 
Type-II-7 113 96  35.2 191  39.6  11.7  46.7  5.89  31.9  6.52  13.2  1.14  4.65  0.46 269 866  0.35 1.28 
Type-II-8 129 105  37.6 189  38.1  11.0  47.3  6.03  33.4  6.75  14.8  1.29  5.48  0.52 298 924  0.35 1.21 
Type-II-9 157 126  43.8 226  48.5  12.2  57.6  7.56  45.7  9.55  21.9  2.19  8.86  0.98 432 1200  0.35 1.22 
Type-II-10 244 180  59.1 297  58.1  14.3  67.7  9.08  54.6  11.2  25.8  2.55  10.7  1.30 529 1564  0.35 1.09 
Type-II-11 173 133  45.2 230  45.5  12.1  54.3  7.14  41.2  8.46  19.1  1.83  7.62  0.84 387 1167  0.35 1.07 
Detection Limit 0.001 0.002  0.002 0.005  0.023  0.004  0.015  0.002  0.004  0.001  0.003  0.002  0.003  0.002 0.003 \ \ \ 
Average 173 133  45.2 230  45.5  12.1  54.3  7.13  41.2  8.46  19.1  1.83  7.63  0.83 387 1167  0.35 1.16  
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3.2. Whole-rock trace elements 

Sample powders were heated to 550 ◦C for 3 h to eliminate organic 
material. Approximately 40.0 mg of each sample was then digested and 
analyzed using a Thermo Icap Qc inductively coupled plasma mass 
spectrometer (ICP–MS; Wang et al., 2018). Rhodium was added to each 
sample as an internal standard. The analytical precision was <±3% 
(relative standard deviation; RSD). 

3.3. In situ major element analyses 

For the in situ major element analyses, thin-sections were polished 
using diamond powder. The analyses were conducted with a JEOL JXA- 
8230 electron probe microanalyzer (EPMA) at the Key Laboratory of 
Mineralogy and Metallogeny (KLMM) in the Guangzhou Institute of 
Geochemistry (GIG), Chinese Academy of Sciences (CAS), Guangzhou, 
China. The analyses were carried out using a beam size of 4 μm, a 20nA 
beam current, and a 15 kV accelerating voltage. Peak and background 
counting times were 60, 30, 20, 10, 10, and 5 s for Si, S, Ca, P, F, and Cl, 
respectively. The Kα line was used for the analyses. Fluorine and chlo-
rine were first analyzed during the analytical routine in order to mini-
mize volatile loss. The data were reduced using the ZAF correction 
method. The standards used were as follows: francolite for Ca and P, 
BaF2 for F, tugtupite for Cl, diopside for Si, and pyrite for S. The relative 
precisions were ±2% for Ca, P, and F, and ±5% for Si, Cl, and S (Xing 
and Wang, 2017). 

3.4. In situ trace element analyses 

Trace elements were analyzed by laser ablation (LA)–ICP–MS at the 
KLMM in the GIG, CAS. A Resonetics 193 nm ArF excimer LA system 
(GeoLasPro) was used for laser sampling, and the ion signal intensities 
were measured using an Agilent 7500a ICP–MS. The laser conditions 
were as follows: 29 μm laser spot size, 80 mJ laser energy, and 6 Hz laser 
frequency. Helium was used as a carrier gas. Each analysis consisted of a 
20 s background measurement (laser off) followed by 45 s of data 
acquisition (laser on). The external standard was NIST SRM 610, and 
NIST SRM 612 was analyzed as quality control. The Ca content of 
francolite determined by EPMA was used as an internal standard. Data 
processing was undertaken using the ICPMSDataCal software (version 
10.2; Liu et al., 2008). 

3.5. Scanning electron microscopy 

Thin-sections of rock samples were prepared for scanning electron 
microscopy (SEM) observations using a Phenom XL SEM equipped with 
a back-scattered electron (BSE) detector and an energy dispersive 
spectrometer (EDS), with a 15 kV accelerating voltage and 20nA beam 
current at the KLMM in the GIG, CAS. 

3.6. Transmission electron microscopy 

Thin-sections for TEM observations, with a thickness of approxi-
mately 100 nm, were prepared using a focused ion beam (FIB) and a FEI 
Scios dual beam system at the Institute of Geochemistry, CAS. The TEM 
observations were conducted using an FEI Talos F200S microscope 
operated at 200 kV at the KLMM in the GIG, CAS. Various techniques, 
including scanning TEM (STEM), high-resolution TEM (HRTEM), 
selected area electron diffraction (SAED), and energy dispersive spec-
troscopy (EDS), were used for morphological, structural, and composi-
tional investigations. 

4. Results 

4.1. Major and trace element features of the phosphorite 

Major and trace element data are listed in Tables 1 and 2, respec-
tively. Based on geochemical features, the samples were divided into 
four lithological types, including phosphate-cemented phosphorite, 
dolomitic phosphorite, phosphorous-bearing dolomite, and siliceous 
phosphorite. The phosphate-cemented phosphorites contain 
31.40–37.70 wt% P2O5, 49.30–52.90 wt% CaO, 0.11–3.77 wt% MgO, 
and 1.39–4.37 wt% SiO2. The dolomitic phosphorites contain 
12.40–29.70 wt% P2O5, 37.20–48.30 wt% CaO, 4.09–13.40 wt% MgO, 
and 0.66–3.96 wt% SiO2. The phosphorous-bearing dolomites contain 
3.20–9.51 wt% P2O5, 28.00–34.20 wt% CaO, 12.80–17.65 wt% MgO, 
and 1.02–10.86 wt% SiO2. The siliceous phosphorites contain 
20.10–23.30 wt% P2O5, 32.20–35.80 wt% CaO, 1.09–5.60 wt% MgO, 
and 16.61–25.02 wt% SiO2. The Fe/Ti ratios vary from 10.67 to 153.00, 
with an average of 41.70. Compared with crustal abundances (Taylor, 
1985), the phosphorites are relatively enriched in Ni, Sr, Pb, U, As, Mo, 
Sb, and Zn, and are relatively depleted in Cr, Th, Zr, Rb, and V (Table 2). 
The U/Th ratios range from 0.74 to 7.95 (average = 3.16), and only one 
sample has U/Th < 1. 

4.2. REY geochemistry of the phosphates 

The REY concentrations in 20 samples of the Zhijin phosphates range 
from 210 to 1716 ppm, with an average of 996 ppm (Table 3). The Ce 
anomaly (δCe) and Eu anomaly (δEu) were calculated as: δCe =

CeN/
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
LaN × PrN

√
; δEu = EuN/

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
SmN × GdN

√
(where the subscript N de-

notes normalization to Post-Archean Australian Shale [PAAS] values; e. 
g., CeN = Cesample/CePAAS; Taylor, 1985). The δCe values are all < 0.5, 
with δCeaverage = 0.37. The δEu values of 15 samples are > 1, whereas 
those of the other samples are approximately 1 (average = 1.06). 

4.3. Hydrothermally transformed fluorapatite 

Both the phosphate-cemented and dolomitic phosphorites consist of 
fluorapatite grains. The REY elements are mainly concentrated in the 
fluorapatite of phosphorite (Jarvis et al., 1994; Fleet and Pan, 1995; 
Emsbo et al., 2015; Hughes and Rakovan, 2015). The SEM–BSE photo-
micrographs of fluorapatite grains show two types of morphologies with 
different contrast (Fig. 3a–f). Type I fluorapatite is autogenetic franco-
lite, which is a mixture consisting mainly of nano-fluorapatite (50–200 
nm; Fig. 3g–i), with biofossil shapes or detrital features that also appear 
“dirty” and relatively dark in the photomicrographs. Type II fluorapatite 

Fig. 4. Post-Archean Australian Shale (PAAS; Taylor, 1985)-normalized REY 
patterns for Type I and II fluorapatite, with SEM–BSE photomicrographs. Blue 
and red lines are the averages of Type I and II fluorapatite, respectively. The 
shaded area is the 95% confidence interval. 
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consists of hydrothermally transformed grains (10–50 μm), which 
appear “clean” and bright in SEM–BSE photomicrographs (Fig. 3a–f). 
From the relationship between Type I and Type II (Fig. 3c), it can be seen 
that Type II probably formed by fluid-aided dissolution-reprecitation 
from Type I. EMPA maps show that Type II fluorapatite contained higher 
contents of Ca, P and F (Fig. 6a–d). It is worth noting that Type II flu-
orapatite is mainly distributed around the black hydrothermal vein 
(BHV) (Fig. 6b). LA–ICP–MS analyses of the two types of fluorapatite 
(Table 4) show that the total REY concentrations of the two types are in 
the sequence of Type I > Type II. The PAAS-normalized REY patterns of 
the two types are shown in Fig. 4. The Ce and Eu anomaly diagram of the 
two types of fluorapatite (Fig. 14b) shows that from type I to type II, 
negative Ce anomaly change from 0.31 to 0.35 on average and Eu 
anomaly change from 0.95 (no positive anomaly) to 1.16 (positive 
anomaly) on average. 

4.4. Ore petrography 

Several fissure-filled barite and mixed minerals veins were observed 
in the phosphate samples by SEM–BSE imaging (Fig. 5). The chemical 
compositions of the veins were further constrained by EPMA elemental 
mapping (Fig. 6), which showed that Al, Ba, Si, and Fe are enriched in 
the BHVs, while Ba and S are enriched in the barite veins. The mineral 
phases in the veins were identified from Raman spectra and μ-XRD 
patterns. The results show that the barite veins consist mainly of a pure 
barite phase (Fig. 7). Given that the size of the mineral grains in the 
BHVs were too small to be identified by either Raman or μ-XRD methods, 
TEM techniques with FIB sampling were used to identify the mineral 
phases. The BHVs consist mainly of illite, goethite, nano-scale anatase, 
and microcrystalline zircon (Fig. 8). Hydrothermally transformed fluo-
rapatite occurs near the BHVs (Fig. 6b). 

In the BHVs, numerous microcrystalline detrital zircons (<10 μm) 
were observed by SEM (Fig. 9). The fine structure of the zircons was 
examined by FIB–TEM. The altered zircon (Fig. 10c) has the same crystal 

Fig. 5. SEM–BSE photomicrographs of hydrothermal veins in phosphorous-cemented phosphates. BHV = black hydrothermal vein; Brt = barite; F-Ap = fluorapatite; 
Zrn = zircon; Fe oxide = iron oxide; Ilt = Illite. 
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orientation as the unaltered zircon (Fig. 10d). The EDS maps showed 
that Y, Ti, Fe, and Al are higher in concentration in the altered zircons 
than in the unaltered zircon cores. 

Numerous micro- and nano-scale fluorite inclusions are evenly 
distributed in dolomite in the dolomitic phosphorite (Fig. 11). The 

abundance of F-bearing micro-mineral inclusions were determined by 
SEM–EDS mapping (Fig. 11a–i). The mineral phases were further iden-
tified by TEM–SAED analyses (Fig. 11j–l). In addition, abundant pores 
were observed in the dolomites in SEM images. 

Fig. 6. EPMA elemental maps of phosphates in the barite and mixed-mineral veins. The numbered points (1–7) marked in (a) are sites where micro-Raman spectra 
were acquired. I and II in (b) denote autogenetic francolite and hydrothermally transformed fluorapatite, respectively. 

Fig. 7. (a) μ-XRD patterns of the blue zone marked in Fig. 5b and (b) Raman spectra for the barite veins. The spectra numbers correspond to those marked in Fig. 6a.  
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Fig. 8. Mineral compositions of the black hydrothermal veins. (a–b) SEM images of microcrystalline zircon; c: HAADF–STEM image of a thin-section sampled from 
the red zone marked in (b); (d–e) SEM images of nano-scale anatase and illite; (f) HAADF–STEM image of a thin-section sampled from the green zone marked in (e); 
(g) HAADF–STEM image and Zr map of the yellow zone marked in (c); (h) HAADF–STEM image of microcrystalline zircon with a selected area electron diffraction 
pattern; (i) HAADF–STEM image and Al, Ca, Ti, and Fe maps of the green zone marked in (f); (j) bright field TEM image of nano-scale anatase with a selected area 
electron diffraction pattern; (k): bright field TEM image of illite with FFT pattern; (l) bright field TEM image of goethite with a selected area electron diffrac-
tion pattern. 
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5. Discussion 

5.1. Later hydrothermal alteration of the phosphorites 

Based on major and trace element features of whole-rock, the Zhijin 
phosphorites probably experienced hydrothermal alteration. Immobile 
elements such as Fe, Mn, and Ti can be used to identify hydrothermal 
activity. Fe/Ti ratio can also be used to investigate the hydrothermal 
history of geological units (Boström, 1983). The average Fe/Ti ratios of 
the investigated samples is 41.70 (Table 1), which is higher than the 
threshold value of 20, indicating that the samples might be affected by 
hydrothermal activities. An Fe–Mn–(Cu + Ni + Co) × 10 ternary dia-
gram can be used to identify the hydrothermal activity (Fig. 12). Most 
data plots in the hydrothermal deposition zone, which suggests the 
sedimentary phosphorites have experienced hydrothermal alteration. 

Trace element data for the whole-rock samples can also be used to 
identify the origin. The U/Th ratio is commonly used for this, as the Th 
concentration is higher than that of U in most sedimentary rocks, as 
compared with other types of rocks. Therefore, U/Th > 1 indicates a 
hydrothermal deposition, whereas U/Th < 1 indicates a sedimentary 
origin (Rona, 1978). The U/Th ratios of the phosphorites are 0.74–7.95, 
with an average of 3.16, indicative of hydrothermal activity. Enrich-
ments of certain trace elements can also be used as an indicator of hy-
drothermal deposition (Marchig et al., 1982; Boström, 1983). The 
enrichment factors (i.e., normalized to the trace element abundances of 
the upper crust) of As and Sb in the samples are 24.9 and 67.5, 
respectively, indicating that the phosphorites are hydrothermal in na-
ture. Furthermore, the presence of hydrothermal micro- and nano-scale 
minerals (barite, anatase, and fluorite; Figs. 5 and 8) and hydrother-
mally altered fluorapatite and zircon (Figs. 3 and 8) provide direct ev-
idence of later hydrothermal activity. 

5.2. The nature of hydrothermal fluids 

The chemical composition and redox state of hydrothermal fluids are 
key factors in controlling the process of hydrothermal alteration. Fluo-
rapatite is the main constituent mineral in the studied phosphorites, and 
thus the relative elemental enrichment of hydrothermally transformed 
fluorapatite might reflect the chemistry of the hydrothermal fluids. 
PAAS-normalized REY patterns can reveal the sedimentary paleoenvir-
onmental conditions (Grandjean et al., 1987; Ilyin, 1998; Jiedong et al., 
1999), thus the REY patterns of the marine sedimentary francolite (Type 
I) (Fig. 4) can be used to disclose sedimentary paleoenvironmental 
conditions. The REY patterns of marine sedimentary francolites (Type I) 
exhibit marked negative Ce anomalies, no Eu anomalies, enrichment of 
middle REEs, and obvious enrichment in Y (Fig. 4). The negative Ce 
anomalies might indicate oxidized depositional conditions (Wright 
et al., 1987; Holser, 1997). In addition, Ce depletion and obvious 

enrichment in Y are the characteristics of seawater, which probably 
indicate that the REY of type I francolites from seawater. The hydro-
thermally transformed fluorapatite (Type II) has both negative Ce and 
positive Eu anomalies, indicating that the Eu anomalies were probably 
caused by the later hydrothermal transformation (Table 4; Fig. 4) 
(Michard et al., 1983; Mitra et al., 1994). The Ce and Eu anomaly dia-
gram of the two types of fluorapatite (Table 4; Fig. 14b) shows that Ce 
anomalies and Eu anomalies are changed obviously from type I to type 
II. The change (from 0.31 to 0.35 on average; Table 4) of Ce anomaly 
indicates that the degree of oxidation was weakened, which may be 
caused by reduced fluid activity. The change (from 0.95-no positive to 
1.16-positive) of Eu anomaly may also because of reduced fluid activity 
(Michard et al., 1983; Mitra et al., 1994). The positive Eu anomaly is 
characteristic of reduced hydrothermal fluids rather than oxidized (Yi 
et al., 1995). Since the formation environment of the type II fluorapatite 
was still an oxidizing environment, a large amount of Eu2+ in the hy-
drothermal fluid was oxidized to Eu3+, which entered the type II fluo-
rapatite lattice, so the PAAS-normalized REY patterns of type II 
fluorapatite are positive Eu anomalies. The REY patterns of whole-rock 
exhibit marked negative Ce anomalies, positive Eu anomalies, enrich-
ment of middle REEs, and obvious enrichment in Y (Fig. 13). Therefore, 
the phosphorites probably formed in an oxidizing environment, and 
were then modified by a reduced fluid. 

The nano-scale anatase observed in the BHVs (Figs. 5 and 8) in-
dicates that the hydrothermal fluid was saturated with Ti. Titanium is 
prone to forming F-containing acid-based coordination complexes in F- 
bearing fluids, which can then cause large-scale migration of Ti (Collins 
et al., 1982; Rapp et al., 2010), even though it is one of the most 
immobile high-field-strength elements in nature. The enrichment of F in 
the hydrothermal fluid is further evident from the abundant micro- and 
nano-scale fluorite inclusions (Fig. 11). Therefore, the hydrothermal 
fluid was rich in both F and Ti. Altered microcrystalline detrital zircon is 
a good evidence of later hydrothermal fluid alteration. The STEM EDS 
mapping images show that the relative enrichment of high field strength 
elements, such as Y, U and Ti (Fig. 10h–l), in the altered edges of the 
zircon, which indicate that zircon was probably altered by F-rich hy-
drothermal fluid. The similar crystallographic orientation of the unal-
tered zircon cores and altered edges (Fig. 10c,d) indicates that the zircon 
was altered in situ. 

The temperature of a hydrothermal fluid is another important 
parameter in understanding the origins of ore deposits. Firstly, anatase 
generally crystallizes at low temperatures and pressures (Doucet, 1967). 
Therefore, the large amount of nano-anatase in the BHVs might have 
formed from relatively low-temperature hydrothermal fluids. Secondly, 
hydrothermal barite, is generally formed in the low-temperature stage of 
mineralization (Yang et al., 2008; Zhang et al., 2020), which is an evi-
dence of low-temperature hydrothermal activity in phosphorites. This 
temperature range is consistent with estimates from fluid inclusions 

Fig. 9. SEM–BSE photomicrographs of microcrystalline detrital zircons in the black hydrothermal veins.  
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Fig. 10. HRTEM, SAED, and EDS element mapping images of altered zircon. Z = unaltered zircon; AZ = altered zircon. (a) HAADF–STEM image of altered zircon; (b) 
bright-field TEM images of the green zone marked in (a); (c) selected area electron diffraction image of altered zircon; (d) selected area electron diffraction image of 
an unaltered zircon core; (e) HAADF–STEM image of altered zircon; (f–l) Si, Zr, Y, U, Al, Fe, and Ti element maps of the same zone shown in (e), respectively. 
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Fig. 11. SEM–EDS and TEM analyses of fluorite mineral inclusions in the phosphorites. F = fluorite; Do = dolomite; Fap = fluorapatite. (a–d) BSE images; (e–i) O, P, 
F, Ca, and Mg element maps of the same zone shown in (d), respectively; (j–k) HAADF–STEM images of a thin-section sampled from the blue box marked in (d); (l) 
selected area electron diffraction pattern of the position marked by a red circle in (k). 
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(87.5–127.8 ◦C and 99.8–184.3 ◦C; Liu et al., 2019). 
In summary, our mineralogical and in situ elemental analyses suggest 

that the hydrothermal fluid involved in the phosphorite deposition was a 
low-temperature reduced fluid, which was enriched in F, Ti. 

5.3. Influence of hydrothermal activity on the phosphorites 

Based on our results, the REY-rich phosphorites in the early 
Cambrian Gezhongwu Formation might have formed during normal 
marine sedimentation stage and later hydrothermal alteration stage. 
This produced the complex geochemical and mineralogical features in 
the phosphorites. The type I francolite is detrital formed during normal 
marine sedimentation stage, whereas the type II fluorapatite and other 
low-temperature hydrothermal minerals formed during hydrothermal 
activity stage. 

The type I francolite might have had a biological origin or be an 
authigenic deposit. For biogenic francolite, adsorption of dissolved REY 
ions from seawater would be the dominant process that concentrates the 
REY elements, as the REY substitute in the Ca sites (Jarvis et al., 1994; 
Piper, 1999; Liao et al., 2019; Lumiste et al., 2019). The formation of 
authigenic francolite was an important sedimentary sink for reactive P 
in the oceans, and authigenic francolite is an important part of marine 
sedimentary phosphorite deposits (Ruttenberg and Berner, 1993; Sche-
nau et al., 2000). The phosphate that formed the authigenic francolite 
originated by microbial degradation of organic matter, desorption from 
Fe oxides, and dissolution of marine faunal debris (Suess, 1981; Frohlich 
et al., 1983; Ruttenberg and Berner, 1993; Slomp et al., 1996). The REY 
are incorporated into the apatite lattice during the formation of fran-
colite and/or absorption from seawater after its formation. The origin of 
the REY from seawater explains the similar initial REY contents and 
patterns of the biogenic and authigenic francolite. 

Later hydrothermal activity was also important in controlling the 
formation of the REY-rich phosphorites, which changed the REY pat-
terns of minerals such as fluorapatite and zircon. Hydrothermally 
transformed fluorapatite (Type II) formed from authigenic francolite 
(Type I) due to the effects of hydrothermal fluids. The REY substitute for 
Ca in the apatite lattice (Hughes et al., 1991; Fleet and Pan, 1997). The 
hydrothermal transformation resulted in the Type II fluorapatite being 
depleted in light and heavy REEs, and slightly enriched in the middle 
REEs (Table 4; Figs. 4 and 14). This may because the ionic radius of 
middle REE3+ are more suitable for the two Ca2+ sites in the apatite 
structure and have higher apatite/melt partition coefficients (Reynard 
et al., 1999; Hughes and Rakovan, 2015). Therefore, the transformation 
resulted in the loss of light and heavy REEs and formation of a positive 
Eu anomaly. As such, we speculate that F-rich hydrothermal 

Fig. 12. Fe–Mn–(Cu + Ni + Co) × 10 ternary diagram for the studied phos-
phates (after Dekov et al., 2011). 

Fig. 13. Post-Archean Australian Shale (PAAS; Taylor, 1985)-normalized REY 
patterns of phosphorites in the early Cambrian Gezhongwu Formation in the 
Zhijin region. 

Fig. 14. (a) REY patterns and REY ratios of Type II fluorapatite divided by those of Type I francolite. The line is the average REY data, and the shaded area is the 95% 
confidence interval. (b) Ce and Eu anomaly diagram of the two types of fluorapatite. 
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transformation may be one reason for the bell-shaped REE patterns of 
apatite. Such apatite may not be a suitable proxy for paleo-ocean envi-
ronmental reconstructions. 

In summary, the later hydrothermal activity changed the REY pat-
terns of various minerals in the phosphorites and the distribution of REY 
in the phosphorites. However, the hydrothermal activity was not the 
main reason for the REY enrichment in the phosphorites. 

6. Conclusions 

The REY-rich phosphorites in the early Cambrian Gezhongwu For-
mation formed by both normal marine sedimentation and hydrothermal 
deposition. The phosphorites formed in two stages. The first stage was 
the normal marine sedimentation stage, during which authigenic fran-
colite (Type I) formed. The second stage was the low-temperature hy-
drothermal transformation stage, which hydrothermally transformed 
fluorapatite (Type II), altered zircon, and formed other hydrothermal 
minerals (e.g., barite, anatase, and fluorite). 

In situ geochemical data and mineralogical evidence allowed the 
properties of the hydrothermal fluids involved in the Gezhongwu For-
mation phosphorite deposits to be determined. The hydrothermal fluids 
were low-temperature and reduced. In addition, the hydrothermal fluids 
might have been relatively rich in F, Ti. 

The low-temperature reduced hydrothermal fluid changed the dis-
tribution of REY in the phosphorites and the REY patterns of minerals. 
The hydrothermally transformed fluorapatites are enriched in middle 
REEs, and depleted in light and heavy REEs. The hydrothermal fluid was 
not the main factor responsible for the REY enrichment. We speculate 
that F-rich hydrothermal activity could be one of the reasons for the bell- 
shaped REE patterns in apatite. Therefore, such REY signals of apatite 
should pay careful attention to paleo-ocean environmental 
reconstructions. 
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