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Rare earth elements (REEs) are effective indicators in tracking water-rock interactions in the hydrothermal
systems. Subject to multiple environmental effects, none a unified conclusion has been achieved to generalize the
mechanism of diversifying the REEs in various thermal systems. Low-medium temperature hydrothermal systems
occurring in fractured-granite exist widely in South China. However, geochemical behavior of REEs in
geothermal water is not well studied though there are lots of REEs deposits. This study focuses on hydro-
geochemical characteristics of REEs and constrains from salinity. Results show that the TDS (total dissolved
solids) mutation due to transfer of sedimentary environments from coastal to relatively inland areas caused the
great differentiation of REEs and their species. When TDS is greater than 1 g/L, Ln®*, LnOH?*, LnSOj, and LnF?*
(Ln represents REEs) prevail and fractions of them except LnOH?" are positively correlated with TDS. In contrast,
when TDS is less than 1 g/L, LnCO3 and Ln (CO3)3 constitute the most important part and mutually compete in
fluids. A positive Eu anomaly is proved to originate primarily from the preferential dissolution of Eu-rich min-
erals and the seawater intrusion somewhat contributed to the negative Ce anomaly. This work first proposed the
salinity effect on REEs by analysis of the in-situ sampling thermal waters that may have been neglected before and
provided a new perspective to comprehensively understand the occurrence and migration mechanisms of REEs in
different hydrothermal systems.

1. Introduction

Rare earth elements (REEs) comprise the lanthanide elements (La-
Lu) and the element Y (Number 39) in the periodic table. Generally, they
are incorporated into a special geochemical element group with
particularly coherent chemical properties and tend to move integrally in
the course of the earth’s evolution (de Baar et al., 1988; McLennan,
2018). Nevertheless, subtle variations in the properties of this group
allow their fractionation to sensitively capture ample information about
geological and geochemical processes (Hetherington et al., 2010;
Muzaffer Karadag et al., 2009; Murray et al., 1990). The state-of-the-art
testing technology for REEs makes it widely be used to constrain pro-
cesses involved in magmatism and metamorphism characterization (He
et al., 2021), mantle and crustal evolution (Gleason et al., 2000; Motoki
et al., 2015), nuclear waste contamination tracking (Ménard et al., 1998;
Wood, 1990), restoring of the protolith of the metamorphic rocks (Li
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et al., 2013), and deciphering of the weathering process and water-rock
interactions (Cholet et al., 2019; Esmaeili-Vardanjani et al., 2013).
Recognized as a powerful tracer in tracking chemical processes in
aqueous systems, currently REEs are fast becoming a key instrument in
hydrogeochemistry research (Banner et al., 1989; Fee et al., 1992;
Gosselin et al., 1992; Verplanck et al., 2004).

Laveuf and Cornu (2009) reviewed and reported that the concen-
tration of REEs is usually quite low in groundwater, and it is 1.1~1196
ng~L’1 with an average value of 57.2 ng-L’l. Accordingly, when REEs
enter the groundwater system, minor changes in the complex under-
ground environment and possible hydrochemical effects, including
chemical weathering, dissolution and precipitation, adsorption and
desorption, and redox reactions, may imprint more intensely on REEs
than any other element in groundwaters, which creates great superior-
ities for REEs to address groundwater-pertinent issues (Bwire Ojiambo
et al., 2003; Noack et al., 2014; Smedley, 1991). REEs in groundwaters
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are confirmed to be derived chiefly from surrounding rocks through
which they flow (Johannesson et al., 1997) and thus thought to be useful
for examining the water-rock interactions (Bragin et al., 2018; Bulia and
Enzweiler, 2018; Oliveri et al., 2019; Smedley, 1991; Xiao et al., 2010).
Besides, physicochemical properties of aqueous environments like the
pH (Elderfield et al., 1990; Noack et al., 2014), redox conditions (de
Baar et al., 1988; Liu et al., 2016), temperature (Bragin et al., 2018;
Shakeri et al., 2015) are usually documented to predominate REEs
mobility as well. However, controversial interpretations for influential
factors of REEs have persisted and no a unified conclusion has been
achieved to generalize the mechanism of diversifying REEs in various
groundwater systems.

Recently, with the rapid development of the geothermal industry and
increasing demands for development and utilization of geothermal en-
ergy, REEs have also received a crucial attention to reveal detailed
hydrogeochemical processes in geothermal systems by clarifying their
migration and transformation in thermal waters in the past few decades
(Gob et al., 2013; Shakeri et al., 2015; Wang et al., 2020). Similar to
groundwaters, what caused the large discrepancies in REEs for thermal
waters in different geothermal systems still remains a subject of debate
(Guo and Zhang, 2022; Haas et al., 1995; Hatipoglu Temizel et al., 2020;
Shakeri et al., 2015). Guangdong province, with densely exposed hot
springs and widely distributed geothermal wells, has been universally
acknowledged as a province with great potential for developing
geothermal resources (Lu and Liu, 2015; Wang et al., 2018; Yuan et al.,
2013). Making sense of hydrochemical characteristics and complicated
water-rock reactions in geothermal water is of great significance for a
detailed grasp of local geothermal system evolution. However, previous
investigations predominantly focus on the major elements of thermal
water and surrounding rocks here (Cao, 2004; Lin et al., 2020; Ling
et al., 2006; Yan et al., 2019) and researches on the trace elements
especially for REEs are sparse (Li et al., 2022b; Luo et al., 2022; Wu
et al., 2003; Yuan et al., 2014). Meanwhile, the special coastal tectonic
location makes the hydrochemical properties of geothermal water more
complicated affected by seawater mixing (Awaleh et al., 2015; Chen
et al.,, 2016; Wang et al., 2018), all of which requires an all round
knowledge of REE geochemistry of thermal waters in offshore areas.

Considering the aforementioned, this study intends to constrain the
behavior of geothermal waters by comprehensively characterizing the
geochemistry features and potential reactions of the main geothermal
fields in Guangdong province based on the analysis of major element
and chosen trace element compositions. Moreover, this paper lays
particular stress on the distribution and migration of REEs in geothermal
waters by content testing and aqueous REEs speciation calculation due
to its great sensitivity, and this is possibly expected to contribute to
providing some guidance to the development and utilization of
geothermal resources (including REEs resources) in coastal regions in
the future.

2. Geological settings

The study area is located on the southeastern edge of the Eurasian
continent and is a part of the South China Block (SCB), which is affected
by the subduction of the Indian Ocean Plate, the Pacific Plate, and the
Philippine Sea plate (Wang et al., 2018). The lithology of strata out-
cropped in different areas in the Guangdong Province is totally different.
For the coastal areas of western Guangdong, the strata are relatively
well-developed, and the oldest strata can be seen in the Middle-Late
Proterozoic, Sinian, and Cambrian strata, in which metamorphic rocks
such as schist and gneiss constitute the main types of rocks. Except for
metamorphic rocks, the marine sedimentary environment makes sedi-
mentary rocks mainly composed of marine turbidite, clastic rocks, and
part of silicon and argillaceous assemblages interspersed with volcanic
rocks and carbonate assemblages. In addition, the Cretaceous and
Quaternary strata are widely exposed here, and the lithology of the
strata mainly includes gravel, sand, silt and clay. Compared with
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western Guangdong, the outcropping of strata in eastern Guangdong
which is closest to the inland areas is relatively newer. The overlying
stratum is generally composed of sedimentary rocks and Quaternary
sediments with complex sedimentary structures and diverse rock types,
such as the gravel layer, the sand layer, silt, and clay. However, for the
whole Guangdong Province, the igneous rocks are always the focus of
geothermal research. Since the Mesozoic, large-scale intracontinental
orogenic belts are developed and magmatic activities frequently
occurred, leading to a large area of igneous rocks were formed mainly
including granites of the Triassic of the Indosinian phase as well as
granites and basalts of the Jurassic and Cretaceous of the Yanshanian
phase. Among them, granites constitute the most widely distributed
batholith outcrops as igneous rocks in Guangdong province, almost ac-
counting for >40% of the bedrocks (Fig. 1b) (Li et al., 2021; Mao et al.,
2018). It is reported that 90% of hot springs in Guangdong Province are
located in fault zones within the igneous rock distributed area (Li,
2005). And as the main igneous rock type of geothermal reservoir in the
study area, the decay of radioactive elements in granites has been
recognized as the primary heat source of geothermal in Guangdong
Province (Liao, 2012).

Tectonically, its evolution process is mainly divided into three stages
including Plate margin rifting, intra-plate platform, and active conti-
nental margin stage with corresponding tectonic movements as the
Caledonian (Sinian to Silurian), Indosinian (Devonian to Middle
Triassic), and the Yanshan-Himalayan (since Late Triassic), respectively
(Huang and Chu, 1995). Long-term tectonic activities have produced a
series of magnificently deformed structures, such as large-scale fold belts
and deep fault zones (Mao et al., 2015; Wang, 2008). In Guangdong
Province, these structures are mostly distributed in NNE or NE-oriented
directions chiefly as heat-controlled structures, followed by EW and
NW-oriented directions chiefly as heat or water conductive structures.
NW-trending faults are grossly formed later, cutting NNE/NE-trending
and EW-trending faults (Li, 2005). As shown in Fig. 1c, the predomi-
nant fault systems in this region mainly include: Xinyi-Lianjiang,
Sihui-Wuchuan, Xinfeng-Enping, Heyuan, Zijin-Boluo, Lianhuashan,
Suixi, Gaoyao-Huilai, Fogang-Fengliang, Guidong, and Jiufeng fault
zones. (Cai et al., 2002; Lu and Liu, 2015). The existence of these fault
structures, accompanied by the uplift of crust and multiple phases of
intense magmatic activities, created cardinally favorable conditions for
the formation of geothermal resources here (Lu and Liu, 2015; Lin et al.,
2020; Wu et al., 2020). Moreover, the vertical high-permeability chan-
nel formed by the intersection of faults provides expedient paths for the
upwelling of deep geothermal fluids (Zhu, 1982; Geological Survey of
Guangdong Province, 1988). This is why most geothermal displays like
hot springs in the study area is always at the intersection zones of groups
of faults (Li, 2005).

In order to study the hydrochemical genesis of geothermal water and
the genetic model of geothermal system evolution in the main
geothermal fields in Guangdong Province, from November to December
2020, a total of 77 geothermal water, river water and shallow cold
groundwater samples were collected from the Maoming (MM), Xinzhou
(XZ), Shenzao (SZ), Huizhou (HZ) and Fengshun (FS) five geothermal
fields. Geographically, the MM, XZ, and SZ geothermal fields are obvi-
ously closer to the sea than the HZ and FS fields. The sampling points are
shown in Fig. 1.

3. Sampling and analysis

A total of 77 samples were collected from December 2019 to
November 2021, locations of which were shown in Fig. 1c. Parameters
including pH, temperature, electrical conductivity (EC) and oxida-
tion-reduction Potential (ORP) were measured in situ using a potable
HACH multi-parameters analyzer (HQ40D). Total alkalinity was also
determined on site with the Gran titration method using a HACH Digital
Titrator. Sulfide and Fe?* were determined using a portable UV-Visible
Spectrophotometer. For SiO; analysis, the geothermal water samples
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Fig. 1. (a) The geographic location of Guangdong Province. (b) Distribution of granite outcrops in different periods in Guangdong province modified by Li et al.
(2021). (c) Sampling locations of the studied geothermal fields. The red lines represent the main faults, in which F1-F6 are mainly distributed along NE/ NNE
directions, but F7-F11 mainly along EW directions (modified according to Cai et al., 2002 and Lu and Liu, 2015).

were diluted fivefold using deionized water to prevent polymerization
and precipitation. For cation and trace element analysis, ultrapure nitric
acid was added to keep the fluid at pH=2. Samples for water chemistry
and isotope analysis were filtered through 0.45 pm membranes before
bottling in the HDPE bottles. Then, all the water samples were analyzed
indoors for major ions and trace elements as well as typical isotopes
including 58020 and 6°Hyoo.

Following the field measurements, the collected water samples were
guaranteed to be immediately sent to the Beijing Research Institute of
Uranium Geology for Si, REEs, and other trace element detection. The
analytical methods used were Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES) and Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) with corresponding instruments of ICP-AES
5300 DV and ICP-MS NexION300D, respectively with an analytical ac-
curacy of +0.5% and detection limit of 2 ng/L. The ions (anions and
cations) were tested by the Water Isotope and Water-Rock Interaction
Laboratory of the Institute of Geology and Geophysics, Chinese Academy
of Sciences (IGGCAS-WRIL). The anions (including F, CI", NOg3, SO?{)

were analyzed by IC (ISC 1100, ThermoFisherScientific, detection limit:
0.05 mg/L). The main cations (K", Na*, Ca?" and Mg?") were analyzed
by ICP-AES (ICAP6000, ThermoFisherScientific, detection limit: 0.01
mg/L). The calculated ionic charge balance was less than +5% for most
samples and some were within +10%. In addition, the 5'80 and sp were
analyzed by the water isotope analyzer Picarro L2101-i in IGGCAS-
WRIL, and the precisions of the §'%0 and &p values were +0.03% and
+0.5%, respectively. Details of the analysis of both can be found in Luo
et al. (2022) and Tian et al. (2021). Data on hydrochemistry result and
REEs result can be found in Table 1 and Table 2, and the 6180H20 and
SZHHZO results are listed in Table 3.

4. Results
4.1. Hydrogeochemistry

The geochemical analysis results for the collected samples are listed
in Table 1. The pH of all thermal water and cold water (including river



Table 1
The geochemical analysis results in the study area.
Sample ID Sample type T(°C) pH F~ cl- NO3 Nerm Na® K" Mgt Ca%* CO3~ HCO3 Sio, Al TDS water type ICB (%)
mg/L ng/L mg/L

X701 spring 88.9 7.22 4.6 1473.9 0.0 96.0 861.8 47.1 0.5 152.8 0.0 68.8 101.4 6.9 2772.4 Cl-Na —-1.22
X702 thermal well 98 7.57 4.1 1544.2 0.0 108.7 870.1 51.7 0.5 166.2 0.0 72.5 113.6 15.6 2781.8 Cl-Na 0.07
X703 thermal well 90 7.72 4.0 1640.5 0.0 104.9 917.4 52.6 0.5 172.8 0.0 76.3 118.8 16.5 2930.9 Cl-Na 0.39
X704 thermal well 99.4 7.58 4.2 1619.7 0.0 106.1 889.9 52.7 0.5 173.8 0.0 67.5 119.5 28.7 2880.8 Cl-Na 0.83
XZ05 thermal well 90 7.47 4.1 1592.2 0.0 104.8 896.3 52.8 0.5 173.8 0.0 75.1 135.6 249 2862.1 Cl-Na —-0.16
X707 thermal well 85.6 7.89 4.7 1306.5 0.0 92.0 741.8 45.3 0.5 122.5 0.0 82.6 118.8 32.3 2354.7 Cl-Na 1.27
SZ08 thermal well 80 7 4.8 5101.5 0.0 211.5 2433.9 124.7 9.8 852.4 0.0 0.0 71.3 42.2 8809.8 Cl-Na-Ca —-0.76
SZ09 thermal well 61 7.33 5.1 5297.3 0.0 206.9 2585.6 133.9 10.5 922.2 0.0 0.0 63.8 31.6 9225.3 Cl-Na-Ca —2.25
SZ10 thermal well 75 7.34 4.9 4691.1 0.0 202.3 2386.7 123.9 9.2 808.9 0.0 0.0 63.8 25.1 8290.9 Cl-Na-Ca —3.46
SZ11 spring 71 7.24 5.6 4867.3 0.0 207.9 2520.4 121.3 8.9 790.0 0.0 0.0 63.8 20.2 8585.1 Cl-Na-Ca —-3.22
MM13 thermal well 76.4 7.68 7.8 728.4 0.0 73.5 420.0 189 0.3 79.9 0.0 72.5 78.7 24.8 1443.7 Cl-Na 1.66
MM14 thermal well 81 7.78 7.3 708.0 0.0 70.7 399.0 18.1 0.3 76.9 0.0 80.1 79.7 17.9 1399.9 Cl-Na 2.99
MM17 thermal well 77 6.77 4.5 5618.2 0.0 213.3 2592.1 103.7 14.1 1164.0 0.0 93.8 104.1 15.9 9861.0 Cl-Na-Ca —2.41
MM18 thermal well 80 7.27 4.7 5460.9 0.0 205.0 2469.7 101.4 13.9 1139.3 0.0 85.1 100.7 24.3 9538.1 Cl-Na-Ca —1.94
MM20 thermal well 62 8.37 11.8 142.8 0.0 40.0 173.0 6.3 0.1 6.8 12.0 146.3 104.5 19.2 564.4 Cl-HCO3-Na —-2.01
HZ22 thermal well 54.7 7.49 8.7 51.2 0.0 88.3 203.0 16.2 1.8 41.6 0.0 544.1 119.1 11.4 801.9 HCO3-Na 3.17
HZ23 thermal well 99 7.88 14.3 58.5 0.0 111.7 240.0 18.3 0.4 12.7 0.0 594.2 186.9 29.7 940.0 HCO3-Na 8.55
HZ24 thermal well 48 7.82 6.7 21.2 0.0 41.4 176.8 7.0 1.4 19.1 0.0 449.1 77.9 20.8 576.1 HCO3-Na —0.65
HZ26 thermal well 52 7.66 11.3 29.2 0.0 55.8 194.2 12.0 1.1 22.4 0.0 457.8 121.7 31.5 676.7 HCO3-Na —2.37
HZ27 thermal well 49 8.32 10.6 315 0.0 61.9 202.0 12.7 1.2 24.4 0.0 452.8 148.3 20.5 718.9 HCO3-Na —4.06
HZ28 thermal well 50 7.13 6.6 5.9 0.0 13.0 47.8 4.3 2.6 24.6 0.0 178.9 91.7 11.0 286.0 HCO3-Na-Ca —-3.72
HZ29 thermal well 51.8 8.15 8.7 30.1 0.0 61.5 228.1 13.3 2.2 40.6 0.0 545.4 77.9 31.4 735.1 HCO3-Na —-5.90
HZ30 thermal well 50 7.49 9.3 25.4 0.0 54.6 203.0 15.2 5.5 23.9 0.0 673.0 33.7 21.4 707.1 HCO3-Na 8.52
HZ32 thermal well 50 7.12 8.8 325 0.0 58.0 180.7 14.3 1.4 34.3 0.0 634.2 60.4 15.1 707.4 HCO3-Na 11.00
HZ33 thermal well 60 8.61 17.3 10.8 0.0 12.3 83.7 2.4 0.2 3.6 9.0 161.4 77.1 329 292.6 HCO3-Na —-5.25
HZ34 spring 61 8.46 18.5 11.7 0.0 14.9 86.1 2.6 0.4 4.7 9.0 146.3 293.1 19.8 509.7 HCO3-Na -9.93
HZ35 thermal well 56 8.1 13.7 13.3 0.0 36.2 129.0 5.1 0.3 11.3 0.0 251.4 105.4 20.7 440.0 HCO3-Na —9.24
HZ36 thermal well 48 7.05 4.0 942.6 0.0 102.2 528.7 12.9 1.3 187.9 0.0 102.6 67.2 11.9 1898.2 Cl-Na —-3.28
HZ37 thermal well 41 7.78 0.9 3.4 0.0 90.6 6.0 1.9 5.5 64.1 0.0 121.3 23.8 10.9 256.8 HCO3-SO4-Ca 0.05
HZ38 spring 54 7.31 6.9 13.6 0.0 260.2 128.6 7.6 2.5 63.8 0.0 195.1 108.9 15.3 689.6 S0O4-HCO3-Na-Ca —-0.95
HZ39 thermal well 52 7.51 9.0 8.4 0.0 55.7 61.8 3.9 1.7 35.9 0.0 195.1 80.1 111 354.1 HCO3-SO4-Na-Ca —-1.35
HZ40 thermal well 54 7.92 3.5 5.4 0.0 532.9 81.0 5.5 4.1 164.4 0.0 90.1 85.7 15.0 927.6 S04-Ca-Na 2.02
HZ41 thermal well 66.8 8.24 9.2 11.0 0.0 23.7 117.4 5.0 0.9 26.9 0.0 321.5 93.4 9.4 448.2 HCO3-Na —4.49
HZ42 thermal well 54 8.2 11.9 7.4 0.0 18.1 94.8 3.6 0.3 10.6 0.0 2289 110.6 8.9 371.8 HCO3-Na —4.75
HZ43 thermal well 42 7.53 1.8 4.0 2.4 14.2 11.2 1.4 4.5 51.1 0.0 153.8 20.2 7.5 187.6 HCO3-Na -8.14
FSO1 thermal well 80.1 8.03 12.8 12.2 0.0 7.7 97.7 3.9 0.1 3.9 0.0 240.7 98.1 - 356.8 HCO3-Na -1.07
FS02 thermal well 78 8.02 12.3 9.8 0.0 8.2 90.4 3.9 0.1 3.5 0.0 232.0 89.1 - 333.3 HCO3-Na 0.48
FS03 thermal well 53.6 7.93 5.7 26.4 0.3 15.5 96.3 3.1 0.0 4.2 0.0 227.1 55.5 - 320.5 HCO3-Na 3.40
FS04 thermal well 63 8.22 9.8 17.1 14.8 9.6 86.6 4.1 0.1 4.1 3.7 206.0 88.7 - 339.8 HCO3-Na 1.27
FS05 thermal well 72 - 12.2 12.8 0.4 5.9 98.6 4.0 0.1 4.3 0.0 249.4 94.1 - 357.1 HCO3-Na -0.39
FS06 thermal well 52 7.46 8.6 156.4 0.0 11.9 221.0 9.5 0.0 13.0 0.0 446.7 111.6 - 755.4 HCO3-Cl-Na 6.80
FS07 thermal well 65.9 8.36 9.6 167.9 0.6 18.7 152.5 4.8 0.0 4.6 0.0 171.2 85.3 - 529.6 Cl-HCO3-Na 6.74
FS08 thermal well 60.5 8.03 9.4 166.2 0.0 18.1 152.8 4.5 0.0 4.8 0.0 174.9 82.7 - 526.0 Cl-HCO3-Na 6.63
FS09 thermal well 67 7.97 9.7 168.6 0.0 18.8 153.8 4.9 0.0 4.9 0.0 178.7 85.9 - 536.0 Cl-HCO3-Na 7.10
FS10 thermal well 45.6 7.46 6.9 25.4 2.4 21.7 76.4 3.2 0.2 7.3 0.0 196.0 52.9 - 294.4 HCO3-Na 7.40
FS11 thermal well 61 7.92 8.1 25.5 0.5 19.5 86.0 2.9 0.1 6.2 0.0 201.0 58.1 - 307.4 HCO3-Na 3.48
FS12 thermal well 49 8.18 10.7 14.5 0.0 9.7 97.1 3.4 0.1 3.8 0.0 228.3 56.8 - 310.3 HCO3-Na —-1.67
FS13 thermal well 84 8.49 19.4 9.8 0.0 7.9 92.4 3.9 0.0 1.9 7.3 182.4 101.1 - 331.3 HCO3-Na —6.79
FS14 thermal well 55.3 8.41 15.4 16.2 0.0 8.3 90.8 4.6 0.1 3.3 0.0 202.2 100.5 - 340.3 HCO3-Na —3.52
FS15 spring 60.3 8.46 18.9 20.0 0.3 9.7 112.9 4.5 0.1 1.9 0.0 228.3 75.9 - 358.4 HCO3-Na —6.34
FS16 spring 58.3 8.23 22.6 19.6 0.0 15.2 136.6 6.3 0.0 1.0 13.4 249.4 108.4 - 441.1 HCO3-Na —6.40
FS17 thermal well 48 8.28 18.4 11.8 0.5 9.4 82.0 4.3 0.0 1.6 4.9 147.6 93.0 - 297.3 HCO3-Na —9.36
FS18 thermal well 96 8.59 17.8 11.5 0.5 9.0 79.6 4.2 0.0 1.6 4.9 147.6 90.4 - 290.9 HCO3-Na -8.15

(continued on next page)
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Table 1 (continued)

ICB (%)

water type

TDS

Ca* co3~ HCO3 Si0, Al

Kt Mg?+

Na*

S0%~

3

Sample type T (°C) pH Cl™ NO.

Sample ID

mg/L

pg/L

mg/L

—10.49
—14.60
—7.28
-1.81
-1.55
-3.39
-1.99
-7.09
—2.67
—6.48
—2.03
—2.94
1.51

HCO3-Na

244.1

81.9

122.8
120.4
137.7
213.4
188.6
184.9
239.5

4.9
7.3

1.2
1.3

1.1

0.0
0.0
0.0
0.1

1.7
2.2

5.0 67.7

0.0
0.0
0.3

16.1 6.6

8.47
8.31
8.39
8.78
8.84
8.84
8.33
8.26
6.25
7.96
7.42
7.98
7.67
8.05
7.67
7.47
7.48

82

spring

FS19

HCO3-Na

267.8
262.0
361.5

73.7

83.5

13.6

10.4
7.5

19.2

94
89
47
62

HCO3-Na

61.7

3.7

1.8
4.8

80.7

25.3

12.9

HCO3-Na

94.7

0.0
0.0
0.0
0.0
8.5

4.1

17.9 98.0

8.8

0.4
0.3

19.7

9.1

15.1

HCO5-Na

272.0
314.3
369.0
436.0
345.1

64.9

0.1 4.6
4.8
3.0

3.2

76.5

10.2

HCO3-Na

73.3

18.3 4.3 16.5 87.8 3.8 0.2
1 0.1

12.8

63

HCO3-Na

82.5

4.2

108.8
135.5
91.4

21.6 0.3 2.4

16.3

55
60
24

HCO5-Na

104.6
101.8
75.4

251.9

1.2
3.4
1.8
3.0
0.2
5.5
5.8
4.8
7.0
6.4

0.0
0.1

6.3

16.2

8.1

0.4
0.0
0.4

19.5

22.1

thermal wel

FS20
FS21

thermal wel

thermal wel

FS22

thermal wel

FS23

thermal wel

FS24
FS25

thermal wel

thermal wel

FS26
FS27
FS28
FS29
FS30
FS31

HCO3-Na

208.4

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

4.6

16.2

15.3

cold groundwater well

thermal well

HCO3-Na

360.1

229.5
25.5
9.9

0.0
0.7
0.0
0.9
0.9
0.5

4.5

1139
10.8
4.1

0.1

6.4
1.2

20.1
9.6

19.1
0.2

35
22

HCO3-Cl-Na
HCO3-Na

90.0
36.6

27.9

7.1

11.5

cold spring
thermal well

20.5
9.8
8.4

2.1

1.8
6.0
6.8
6.5

1.6
5.8
6.3
4.8
5.9

0.1

49.5

S04-HCO3-Na-Ca

61.6

15.9

3.0
3.0
3.8

6.9
7.0
5.8
9.9

15.5

0.2
0.2

-1.18
—3.40
1.37
2.49

S04-HCO3-Na-Ca
HCO3-Na-Ca

60.9

13.4

15.8
4.1

54.0

12.3

22.4

0.2
0.8
0.8

HCO3-SO4-Na-Ca
HCO3-Cl-Na

14.0 76.9
114.1

27.8

0.5

3.8

15.4

5.7
9.1

13.8

36.6

22.0 5.6 0.5

17.8

19.8

FS32

FS33

FS34
FS35

Note: - means below the detection limit or no test; ICB means ions charge balance.
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and cold groundwater) samples collected from the five geothermal fields
differ slightly, ranging from 6.25 to 8.84 and the water is neutral or
weakly alkaline. Temperatures of the thermal water in the XZ
geothermal field are all higher than 80 °C, which is the highest
compared to other geothermal fields. For the MM and SZ geothermal
fields, temperatures of thermal water vary from 60 to 80 °C, while that
for HZ and FS fields was 40-100 °C.

A piper diagram Fig. 2 showed that the geothermal water can be
divided into Cl-Na type represented by the XZ, SZ, and MM geothermal
fields, and HCO3-Na type water represented by the HZ and FS
geothermal fields. For the cold waters, the cations are mainly Na*, but
anions are complicated, among which HCO3 constitutes the most critical
part and SO3~ predominates in some samples as well (such as FS31,
FS32). For geothermal waters, the main ion components change with the
total dissolved solids (TDS). In the coastal XZ, SZ, and MM geothermal
fields, water is mainly composed of Na® and Cl~ with higher TDS,
especially for samples from the SZ and MM fields like MM17, MM18
with extremely high TDS even exceeding 8000 mg/L, which belongs to
brine water or salty water. However, as it gradually gets farther from the
sea, the component of thermal water in the HZ and FS fields becomes
HCO3 and Na' predominant with lower TDS values, almost less than
1000 mg/L classified as freshwater.

Except for some samples in HZ that are Ca®>" dominated, cation
compositions of all geothermal waters in the study area are Na™ domi-
nated, which may be related to the large-scale decarbonation that took
place during the natural process of hot water ascending into springs or
the anthropogenic extraction of geothermal wells. Besides, the white
sinter observed at many sampling sites (i.e., XZ02, XZ04, HZ23) during
field sampling also confirmed this speculation. On the other hand, the
geothermal anions in XZ, SZ, and MM are dominated by Cl~, while in the
HZ and FS fields they are dominated by HCO3. MM, XZ, and SZ
geothermal fields are closer to the sea than the HZ and FS fields as
depicted in Fig. 1. It is inferred that the groundwaters of XZ, SZ, and MM
may be largely affected by the mixing of seawater, thus forming the
major Cl-Na type water with C1™ as the main anion. From the coast to
inland areas such as HZ and FS, geothermal water has gradually changed
from the Cl-Na type to the HCO3/CO3-Na type.

4.2. REEs

The concentration of REEs dissolved in the water displays a narrow
variation ranging from 0.011 to 1.103 pg/L with an average of 0.240 pug/
L (Table 2). REEs’ differentiation for any researched geothermal field
shows that the average concentration of summarized HREEs (XHREEs,
YEr-Lu+Y, the ‘¥’ signal here represents the total concentration of
several elements) ranks first, followed by XLREEs (£La-Nd), and that of
MREEs (XMREEs, £Sm-Ho) is the minimum. Simultaneously, the ratios
of XLREEs/XHREEs in all collected water samples are between 0.04 and
5.33, with an average value of 0.96. Except for some cold-water samples
with larger *LREEs/ZHREEs, the geothermal water almost shows up as
SLREEs/XHREEs<1, thus implying a prevalent enrichment of HREEs
relative to LREEs for most of the geothermal water in these typical
geothermal fields in Guangdong Province.

The previous studies revealed that the Post Archaean Australian
Shale (PAAS) standardized treatment of REEs was commonly used in
groundwaters, river waters and seawaters and it can well reflect the
characteristics of REEs variation trend of groundwaters (Guo, 2018;
Larsen et al., 2021; Yuan et al., 2014). Herein, REEs normalization to
PAAS standard (McLennan, 2018) is shown in Fig. 3, and detailed raw
data processing of rock samples is listed in Table S1. Certain diversities
are existing in REEs’ differentiation from different geothermal fields.
REEs of water samples in the same geothermal field basically possess the
same characteristics of distribution modes (Fig. 3a-e) indicating that
similar water-rock interactions are being experienced. All the five
thermal fields present a left-leaning type of REEs differentiation mode
with more enriched HREEs than LREEs as well as a significant positive



Table 2

The results of REEs in the study area.

Sample ID  Sample type T(°C) pH La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu SREE ILREE XHREE XLREE/SHREE
ng/L
XZ01 spring 889 7.2 0017 0.012 <0.002 0.007 0.007 0.005 0.006 <0.002 <0.002 0.077 <0.002 0.003 <0.002 0.016 <0.002 0.15 0.048 0.102 0.471
X702 thermal well 98 7.6  0.01 0.011  <0.002 0.016 0.015 0.018 0.012 <0.002 0.017 0.058 <0.002 0.003 <0.002 0.023 <0.002 0.183 0.07 0.113 0.619
XZ03 thermal well 90 7.7 0.005 0.008 0.004 0.008 <0.002 0.006 <0.002 0.004 0.012 0.054 0.002 0.003 <0.002 <0.002 0.002 0.108 0.031 0.077 0.403
XZ04 thermal well 99.4 7.6 0.011 0.018 0.004 0.008 0.007 0.018 0.006 <0.002 0.012 0.052 0.002 0.009 <0.002 0.009 0.002 0.158 0.066 0.092 0.717
XZ05 thermal well 90 7.5 0.014 0.019 <0.002 0.022 <0.002 0.008 0.018 0.002 <0.002 0.055 <0.002 <0.002 <0.002 <0.002 0.003 0.141 0.063 0.078 0.808
XZ06 cold groundwater well — 7.1 0.016 0.013 0.006 0.029 0.007 0.005 0.005 0.002 0.016 0.022 <0.002 0.003 0.004 <0.002 <0.002 0.128 0.076 0.052 1.462
XZ07 thermal well 856 7.9 0.013 0.02 0.006 <0.002 <0.002 0.004 0.012 0.005 0.012 0.051 <0.002 0.003 <0.002 <0.002 0.002 0.128 0.043 0.085 0.506
SZ08 thermal well 80 7 0.028 0.018 0.008 0.035 <0.002 0.046 <0.002 0.002 <0.002 0.162 0.003 0.007 0.003 0.005 <0.002 0.317 0.135 0.182 0.742
SZ09 thermal well 61 7.33 0.007 0.004 0.005 0.009 <0.002 0.031 0.014 <0.002 0.014 0.113 0.003 <0.002 0.004 0.011 0.004 0.219 0.056 0.163 0.344
SZ10 thermal well 75 7.34 0.011 0.021 <0.002 0.038 0.009 0.01 0.015 0.002 0.015 0.168 0.007 0.008 0.003 0.023 0.003 0.333 0.089 0.244 0.365
SZ11 spring 71 7.24 0.014 0.005 0.006 0.027 0.018 0.02  0.02  0.003 0.007 0.158 0.008 0.011 0.002 0.017 0.012 0.328 0.09 0.238 0.378
SZ12 seawater - - 0.012  0.008 0.011 0.035 0.009 0.002 0.013 0.004 0.006 0.119 0.023 0.008 <0.002 0.039 0.005 0.294 0.077 0.217 0.355
MM13 thermal well 76.4 7.7 0.007 0.008 <0.002 0.039 <0.002 0.002 0.006 <0.002 <0.002 0.04 0.008 <0.002 <0.002 0.005 <0.002 0.115 0.056 0.059 0.949
MM14 thermal well 81.0 7.8 0.007 0.021 0.007 0.017 <0.002 <0.002 0.006 <0.002 0.013 0.045 0.008 <0.002 0.004 0.004 0.002 0.134 0.052 0.082 0.634
MM15 spring 79.0 89 0.005 0.026 0.005 0.008 0.015 0.011 0.016 0.003 0.017 0.014 <0.002 0.003 <0.002 <0.002 <0.002 0.123 0.07 0.053 1.321
MM17 thermal well 77.0 6.8 0.063 0.077 0.013 0.058 0.007 0.049 0.021 0.007 0.062 0.494 0.013 0.018 0.004 0.032 0.003 0.921 0.267 0.654 0.408
MM18 thermal well 80.0 7.3 0.022 0.016 0.007 0.031 0.016 <0.002 <0.002 0.005 0.005 0.15 0.005 0.003 <0.002 0.025 0.009 0.294 0.092 0.202 0.455
MM19 river 250 6.6 0.039 0141 0.007 0045 0.016 0.011 0.012 0.006 0.012 0.015 0.003 0.006 <0.002 <0.002 <0.002 0.313 0.259 0.054 4.796
MM20 thermal well 62.0 84 0.015 0.019 0.004 0.03 0.024 0.009 0.012 0.002 0.024 0.043 0.003 0.01 0.004 0.004 0.002 0.205 0.101 0.104 0.971
Y721 seawater 27.8 7.9 0026 <0.002 0.01 <0.002 0.017 0.005 0.024 0.004 0.013 0.072 0.028 0.003 0.005 0.011 0.002 0.22 0.058 0.162 0.358
HZ22 thermal well 547  7.49 0.029 0.072 0.004 0.034 <0.002 0.014 0.024 0.003 0077 0631 0.012 0.054 0.01 0.043 0.006 1.013 0.153 0.86 0.178
HZ23 thermal well 99 7.88 0.004 0.019 0.007 0.007 0.008 0.006 0.02  0.002 0.019 0.198 0.009 0.02  0.007 0.011 0.006 0.343 0.051 0.292 0.175
HZ24 thermal well 48 7.82 0.003 0.009 0.003 0.014 <0.002 0.006 0.011 <0.002 <0.002 0.059 <0.002 0.007 0.003 0.005 0.003 0.123 0.035 0.088 0.398
HZ25 cold groundwater well 32 6.77 0.006 0.015 <0.002 0.006 0.014 0.019 0.009 <0.002 <0.002 0.011 <0.002 0.004 <0.002 0.006 <0.002 0.09 0.06 0.03  2.000
HZ26 thermal well 52 7.66 0.015 0.035 0.004 0.02 0.029 0.017 0.01 0.006 0.016 0.219 0.012 0.018 0.004 0.034 0.005 0.444 0.12  0.324 0.370
HZ27 thermal well 49 8.32 0.005 0.031 0.01 0.026 0.014 0.006 0.004 0.003 0.004 0.13 0.004 0.003 0.008 <0.002 <0.002 0.248 0.092 0.156  0.590
HZ28 thermal well 50 7.13 0.021 0.027 0.003 0.026 0.007 0.004 0.004 <0.002 <0.002 0.048 <0.002 0.007 <0.002 0.01 0.005 0.162 0.088 0.074 1.189
HZ29 thermal well 51.8 815 0.01 0.044 0.002 0.013 0.007 0.016 0.018 0.004 0.016 0.244 0.003 0.011 0.003 0.011 0.003 0.405 0.092 0.313 0.294
HZ30 thermal well 50 7.49 0.005 0.013 <0.002 0.006 <0.002 0.006 <0.002 0.003 0.005 0.073 0.006 0.017 0.003 0.01 <0.002 0.147 0.03 0.117 0.256
HZ31 surface water - 7.89 0.035 0.217 0.008 0.049 <0.002 <0.002 0.011 <0.002 <0.002 0.03 0.005 0.012 <0.002 <0.002 <0.002 0.367 0.309 0.058 5.328
HZ32 thermal well 50 7.12 0.021 0.033 0.002 0.019 0.007 0.01 0.014 <0.002 0.011 0.249 0.005 0.018 0.004 0.016 <0.002 0.409 0.092 0.317 0.290
HZ33 thermal well 60 8.61 0.003 0.015 0.005 0.013 <0.002 0.005 0.014 <0.002 0.011 0.018 0.002 0.004 <0.002 0.01 <0.002 0.1  0.041 0.059 0.695
HZ34 spring 61 8.46 0.008 0.018 0.004 0.007 0.008 0.004 0.005 0.003 <0.002 0.023 <0.002 0.004 <0.002 0.018 0.002 0.104 0.049 0.055 0.891
HZ35 thermal well 56 81 0.003 0.03 0.006 0.019 <0.002 0.007 0.004 0.003 0.043 0.266 0.01 0.011  0.003 0.021 0.005 0.431 0.065 0.366 0.178
HZ36 thermal well 48 7.05 0.026 0.068 0.007 0.026 0.007 0.023 <0.002 0.002 0.011 0.185 0.002 0.01 <0.002 0.021 0.007 0.395 0.157 0.238 0.660
HZ37 thermal well 41 7.78 0.002 0.011 <0.002 0.012 0.007 0.012 <0.002 <0.002 0.014 0.013 <0.002 <0.002 <0.002 <0.002 <0.002 0.071 0.044 0.027 1.630
HZ38 spring 54 7.31 0.014 0.016 <0.002 0.007 0.008 0.004 0.004 0.002 0.011 0.036 <0.002 0.004 <0.002 0.006 <0.002 0.112 0.049 0.063 0.778
HZ39 thermal well 52 7.51 0.013 0.016 0.007 0.012 <0.002 0.01 0.021  <0.002 0.005 0.014 0.002 0.003 <0.002 0.01 <0.002 0.113 0.058 0.055 1.055
HZ40 thermal well 54 7.92 0.024 0.029 0.002 0.014 0.008 0.004 0.005 0.005 <0.002 0.049 <0.002 0.012 0.003 <0.002 0.002 0.157 0.081 0.076 1.066
HZ41 thermal well 66.8 824 <0.002 0.011 0.003 <0.002 0.015 0.008 <0.002 <0.002 <0.002 0.013 <0.002 0.004 <0.002 <0.002 <0.002 0.054 0.037 0.017 2.176
HZ42 thermal well 54 82 0.005 0.033 0.004 0.014 0.035 0.005 0.013 <0.002 0.005 0.016 <0.002 0.005 <0.002 0.012 0.002 0.149 0.096 0.053 1.811
HZ43 thermal well 42 7.53 0.011 0.028 0.002 0.013 0.014 0.004 0.009 <0.002 <0.002 0.022 0.002 0.003 0.003 0.005 0.003 0.119 0.072 0.047 1.532
FS01 thermal well 80.1 803 0.002 0.002 <0.002 <0.002 <0.002 0.026 0.004 <0.002 0.007 0.12 <0.002 0.003 <0.002 0.008 <0.002 0.172 0.03 0.142 0.211
FS02 thermal well 78 8.02 0.005 0.01 <0.002 0.008 <0.002 0.023 0.004 <0.002 0.009 0.093 0.002 0.004 <0.002 0.008 <0.002 0.166 0.046 0.12  0.383
FS03 thermal well 53.6  7.93 0.004 0.009 <0.002 0.008 <0.002 0.025 0.006 0.002 0.021 0.31 0.005 0.018 0.003 0.015 0.003 0.429 0.046 0.383 0.120
FS04 thermal well 63 8.22 0.005 0.004 <0.002 0.004 <0.002 0.024 <0.002 <0.002 <0.002 0.063 <0.002 0.003 <0.002 0.003 <0.002 0.106 0.037 0.069 0.536
FS05 thermal well 72 - 0.002 0.004 <0.002 <0.002 <0.002 0.028 <0.002 <0.002 0.002 0.053 <0.002 0.002 <0.002 0.002 <0.002 0.093 0.034 0.059 0.576
FS06 thermal well 52 7.46 0.006 0.009 <0.002 0.006 0.003 0.048 0.008 0.004 0.049 0.663 0.014 0.061 0.011 0.077 0.011 0.97 0.072 0.898 0.080
FSO7 thermal well 659 836 <0.002 0.002 <0.002 0.004 <0.002 0.014 0.002 <0.002 0.009 0.157 0.004 0.01 <0.002 0.009 <0.002 0.211 0.02 0.191 0.105
FS08 thermal well 60.5 803 <0.002 0.002 <0.002 <0.002 <0.002 0.01 0.004 0.002 0.026 0.25 0.007 002 0003 0018 0002 0344 0.012 0.332 0.036
FS09 thermal well 67 7.97 <0.002 <0.002 <0.002 0.003 <0.002 0.008 0.004 <0.002 0.01 0.145 0.002 0.008 <0.002 0.008 <0.002 0.188 0.011 0.177 0.062
FS10 thermal well 456  7.46 0.007 0.005 <0.002 0.005 <0.002 0.054 0.004 <0.002 0.02 0.307 0.008 0.046 0.011 0.105 0.024 0.596 0.071 0.525 0.135
FS11 thermal well 61 7.92 0.002 <0.002 <0.002 <0.002 <0.002 0.027 <0.002 <0.002 0.016 0.267 0.006 0.033 0.007 0.08  0.019 0.457 0.029 0.428 0.068

(continued on next page)
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Fig. 2. Piper triangular diagram of major ions dissolved in waters in study area.

great variability indicates a striking contrast manifestation between
REEs differentiation modes of waters and that of rocks meaning that the
contents and distribution properties of REEs in the water here are not
just parent rock dependent. Hence, additional factors controlling REEs
will be further discussed in what follows.

5. Discussion
5.1. Controls on REE concentrations

5.1.1. pH

Recent studies note that REEs are sensitive to changes in physico-
chemical properties in waters (Han et al., 2021), which is mainly re-
flected in the fact that the contents and distribution modes of REEs may
vary quite heterogeneously with spacetime (Zhu, 2017). Existing evi-
dence suggested that pH was among the most important factors fluctu-
ating the REEs in groundwaters. A consensus that the lower pH value
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tends to correspond to the higher REE concentrations is gradually
recognized (Elderfield et al., 1990; Guo et al., 2010; Keasler and Love-
land, 1982; Li et al., 2022a; Noack et al., 2014; Wang et al., 2020).

The relationship between REEs and the pH of waters in the five
geothermal fields seems to be less pronounced despite the integrally
depressed trends for *REEs, XLREEs, and HREEs (the total concen-
tration of REEs, LREEs, and HREEs, respectively for each sample) along
with increasing pH values (Fig. 4a). Now that the pH values of
groundwaters vary slightly between 6.25 and 8.84 as mentioned in part
4.1, presumably this narrow range might prevent the pH condition from
entirely performing its role in altering the content and fractionation of
REEs. Therefore, unlike previous studies characterized by a remarkable
contrast for REEs in a widely pH-variable range from the acid to alkaline
water (Yuan et al., 2014; Li et al., 2022a), pH does have an effect but not
appreciable on REEs in the study area.

The research by Dupré et al. (1996) provided meaningful references
for interpreting REEs’ dependence on pH and held that the adsorp-
tion/desorption process of REEs on the surface of minerals or suspended
particles was quite dependent on the pH values, thereby affecting REE
concentrations in geothermal waters. Concretely, the lower pH envi-
ronment was of assistance to the entry of REEs in sediments/rocks into
liquids through chemical weathering, thus provoking the accumulation
of REEs in groundwaters (Gosselin et al., 1992; Miekeley et al., 1992).
On the contrary, the adsorption by the principal carriers of trace ele-
ments of metal oxides (such as iron, manganese oxides (Fe/Mn oxides))
or co-precipitation with carbonates (calcites) for dissolved REEs can be
triggered accompanied by the gradual neutralization or alkalization of
water, thus resulting in the reduction of REEs in groundwaters. On the
other hand, this effect under pH influence also counts a great deal in
explaining the REEs’ fractionation. The always prior sequence for LREEs
relative to MREEs and HREE:s in the process of adsorption (desorption)
with a high (low) level of pH determines the mutually competing
enrichment between LREEs and HREEs (Zhu et al., 2005; Liu et al.,
2017). In the study area, the neutral or weakly alkaline pH conditions
were in favor of the REEs adsorption onto sedimentary surfaces and
could cause a decline in REE in groundwater, especially for LREEs.
Consistent with this statement, Fig. 3 showed the expected result of
HREEs relatively enrichment to LREEs concentrations in waters. Overall,
the regulation of pH on the level and differentiation of REEs in
groundwater is principally realized through the influence on the
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Fig. 3. REEs distribution patterns of water samples (a-e) and host rocks (f) in the study area. The REEs’ contents were referenced by Yuan et al. (2014) and Ling
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Fig. 4. Relationships between XREEs, XLREEs, as well as SHREEs and different physicochemical parameters ((a) pH, (b) ORP, (c) temperature, and (d) concen-

trations of HCO3 and CO3") in waters in the study area.
adsorption/ desorption of REEs by sediments/ rocks around the water.

5.1.2. Redox conditions

The redox conditions have been proposed to be another significant
factor confining the composition and distribution modes of REEs. As an
important index parameter of redox conditions, the oxidation-reduction
potential (ORP) can represent the oxidation degree of the water body.
Generally, the higher the ORP values, the more inclined the water is to
oxidative states. From the relationship between ORP values and REEs
concentrations (Fig. 4b), it can be found that the XREEs, XLREEs, and
>HREEs of groundwaters in the studied geothermal fields relate nega-
tively with the ORP values in spite of a minor relevance indicating a
potentially moderate control of ORP on local REEs.

Redox conditions affecting REEs in waters are primarily by way of
the modulation of Ce and Eu anomalies due to their attributes as variable
valence elements (Dia et al., 2000; Liu et al., 2016). Atypical with the
rest of REEs strictly expressed as trivalent in the lanthanide elements
group, these two elements can appear in additional valence states (Ce
(IV) and Eu(Il)), which allows them to be used as available proxies for
redox reactions (de Baar et al., 1988; Ma et al., 2019). For example, the
Ce negative anomaly in groundwater presumably indicates the oxidation
conversion of trivalent Ce(III) to the less soluble tetravalent Ce(IV)
preferentially adsorbed to Fe/Mn oxides/oxyhydroxides compared to
REE3* (Elderfield and Greaves, 1982; Gob et al., 2013). Thus, in general
oxidative waters, Ce often presents a negative anomaly. Conversely, an
Eu anomaly was found to occur only in the extremely reducing envi-
ronment (ORP value < —500 mV, Laveuf and Cornu, 2009) along with
the transformation from Eu(IIl) to Eu (II). Eu (II) has priority to move
first over trivalent state REEs, therefore causing strongly positive Eu
anomaly in groundwater (Lee et al., 2003; Liu et al., 2016). The detailed
discussions on this issue are further involved in the following part 5.2.

Additionally, several studies also held that oscillations of REEs in

waters under redox variance may result from the control of adsorption/
desorption of REEs by sediments especially for Fe/ Mn oxyhydroxides
(Guo et al., 2010; Verplanck et al., 2004; Ohta and Kawabe, 2001). In a
relatively reductive environment, Fe/Mn oxyhydroxides are readily
reduced and dissolved into groundwaters. Likewise, REEs attached to
the surface of such sediments will also be released and thus increasing
their concentrations in waters. To this end, a scatter diagram on the
correlation between concentrtions of dissolved Fe+ Mn and XREEs for
all water samples in the study area was plotted. Fig. 5 showed that REEs
increased in phase with the rise of the dissolved Fe+ Mn concentrations
showing that the adsorption/desorption of Fe/ Mn oxyhydroxides
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Fig. 5. Plots of ZREEs and Fe+ Mn contents of waters in the study area.
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activated by redox processes did react more or less on the change of
REEs in the study area.

5.1.3. Temperature

Previous research has shown that the REEs could have affinities with
the temperature of waters and the concentration and distribution
pattern of REEs may be discriminated by the variable temperatures in
the aqueous environment (Hatipoglu Temizel et al., 2020; Bulia and
Enzweiler, 2018; Bragin et al., 2018; Shakeri et al., 2015). As illustrated
in Fig. 3, the distribution pattern of REEs in cold waters was flatter than
that in thermal waters. Meanwhile, LREEs concentrations in cold waters
seemed to be higher than that in thermal waters, but there was no
obvious difference in HREEs concentrations between
temperature-disparity waters, which indicated that the near-surface and
low-temperature conditions were possibly more conducive to the stable
existence of LREEs in groundwaters. And this also illustrated the
potentially temperature-interfering role in the REEs’ differentiation
even though an ambiguous association. As shown in Fig. 4c, the ZREEs,
T~LREEs and “HREEs concentrations in the study area were inconspic-
uously negatively correlated with the temperature of local groundwa-
ters. Additionally, LREEs concentrations appeared to fluctuate a little
more than HREEs concentrations as the temperature changed, which
was in line with the results reflected in Fig. 3. Coupling the given in-
formation from Fig. 4c and Fig. 3, it is reasonable to infer that the
temperature of an aqueous environment is of certain implications to the
migration and transformation of REEs and the low temperatures may be
partly in operation for the accumulation of REEs, particularly LREEs in
fluids.

5.1.4. Complexation reactions

The past decades have seen a considerable effect of the complexation
reactions performed in determining the REE concentrations and distri-
bution modes in groundwaters (Ingri et al., 2000; Pourret et al., 2007,
2010; Stern et al., 2007; Wood, 1990). After summarizing pieces of
literature (listed below in Figure S2) and a group of reviewed data on the
stability constants (LogK) of REEs complexation reactions with different
inorganic complexes, it can be intuitively found that compared with
inorganic ions such as HCO3 / CO%’, SO‘Z( and F, reactions between Cl
NOj3 and REEs in fluids are weaker enough.

The results of some studies suggested that LREEs usually had a higher
affinity for suspended particles than HREEs that were complexed more
easily by dissolved ligands (Censi et al., 2004; Deng et al., 2017; Shol-
kovitz, 1992), which can cause a remarkable heterogeneity in the
sequence of adsorption and desorption for different REEs and explained
well the REEs’ differentiation of the enrichment of HREEs relative to
LREEs in fluids. Thus, the complexation reactions can determine the
REEs’ fractionation to a certain extent. Moreover, MREEs or HREEs with
smaller atomic radii are accessible to be complexed with enough car-
bonates in alkaline waters, especially for dicarbonate-bearing species
(Ln (CO3)3) (Larsen et al., 2021; Millero, 1992; Nelson et al., 2003). The
negatively charged state of this specie makes it difficult to be adsorbed
onto the surface of sediments with a negative charge alike. For this
reason, MREEs or HREEs mobilize preferentially within fluids relative to
LREEs in aqueous systems.

For local geothermal water dominated by HCO3 / CO%‘ or Cl™ anions,
inorganic complexation reactions between HCO3/CO3~ and REEs
should play an important role in regulating REEs’ concentrations and
differentiation modes, but the Ln-chloride ligands complexes can be
ignored due to their extremely low stability constants (Figure S2). The
result in Fig. 4d shows that the concentrations of HCO3+CO3 had a
minor positive correlation with that of the REEs in local groundwaters.
More interestingly, YHREEs concentrations increased with the promo-
tion of HCO3+CO3 as well, whereas ZLREEs behaved oppositely. In
accordance with the above discussions, we affirmed that the concen-
trations of free bicarbonates/carbonates (HCO3,/CO%") facilitated the
rise of REEs/HREEs’ concentration and diversifying REEs in local
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thermal waters, which was possibly due to the widely occurring com-
plexations between HREEs and bicarbonates/carbonates.

5.2. Eu, and Ce anomalies

5.2.1. Origin of Eu anomaly in thermal water

In this study, all the groundwater samples including thermal water
from five geothermal fields present a consistent positive Eu anomaly
(Table S2). A fair range in Eu anomaly values (Eu/Eu*: 1.10 to 58.45,
12.03 on average) was observed in thermal waters, whereas there was a
drastic fluctuation in Eu/Eu* values varying from 3.74 to 117.72 with an
average of 29.21 in cold waters. Simultaneously, the Eu enrichment of
thermal water in the FS geothermal field was the most prominent than in
other thermal fields.

Several generally accepted explanations for the positive Eu anomaly
have been given in previous studies mainly including: (1) inheriting the
characteristics of Eu anomaly in host rocks (Gob et al., 2013); (2)
reduction of Eu®" to Eu?* capable of better migrating within ground-
water (Bau, 1991; Lee et al., 2003; Guo et al., 2010); and (3) preferential
weathering and dissolution of Eu-rich minerals like feldspars in host
rocks (Li et al., 2022b; Hatipoglu Temizel et al., 2020; Shakeri et al.,
2015; McLennan, 2018). Certain chemical characteristics of rocks or
sediments in aquifers tend to be inherited by flowing water along with a
certain degree of water-rock interaction. However, unlike the intensely
negative Eu anomaly presented in the host rocks in the study area
(Fig. 3), the water behaved conversely with a positive Eu anomaly. Thus,
the REEs behavior here seemed not to be the inheritance of an Eu
anomaly from parent rocks. Then, for the purpose of verifying what the
influence of redox conditions on the Eu anomaly of waters is, a diagram
of the relationship between Eu/Eu* and ORP shows in Fig. 6a. Present
studies show that only under strong reducing conditions at temperature
>250 °C (Sverjensky, 1984; Hatipoglu Temizel et al., 2020), ORP value
< =500 mV, and pH value of 7 (Laveuf and Cornu, 2009; Liu et al.,
2016), Eu®* might be transformed into Eu* that preferentially migrated
within fluids resulting in the positive Eu anomaly in groundwaters. That
is to say, the occurrence of Eu reduction generally requires extremely
severe environmental conditions, particularly in deep-seated high--
temperature reservoirs. However, as shown in Fig. 6a, the more negative
the ORP, the closer Eu/Eu* to 1 signifying the weaker positive Eu
anomaly in the studied geothermal fields remarkably refuted the
contribution of redox conditions to the Eu anomaly here. Excluding the
former two assumptions, whether the hypothesis of preferential
weathering and dissolution of Eu-rich minerals in host rocks could ac-
count for this phenomenon needs to be further explored.

Alkali elements like Li, Rb, and Cs in aqueous solutions are generally
stable with only one valence state and without any complexation,
assisting in tracking the evolution of hydrothermal systems (Berger
et al., 1988). The similar chemical properties of alkali elements make the
elemental substitution among them common. For example, Rb and Cs
can facilely replace K in K-containing minerals like feldspars or micas. In
particular, when these minerals undergo alteration in high-temperature
environments, during which Rb and Cs are both likely to be released or
incorporated into alteration minerals like clays. Accompanied by the
formation of clays, it is widely accepted that Cs will be preferentially
adsorbed to its surface compared to Rb (Brouwer et al., 1983; Hart,
1969; Wampler et al., 2012), whereas given the smaller ion radius of Rb
relative to Cs, Rb gets priority to access to be incorporated into clays as
substitutes for K. These two competing processes together cause the
differentiation of Rb/Cs between the minerals retained in place and the
altered fluids leached away. A preliminary conclusion was reached by
Kizler (2011) that if there were alteration minerals generated from host
rocks, both the Rb/Cs ratios of rocks and thermal fluids would decrease.
Gob et al. (2013) also found that the strongly altered rocks rich in clay
minerals like illite, kaolinite, and chlorite had Rb/Cs ratios ranging from
0.65 to 16.3, with a median value of 3.1, while Rb/Cs ratios of rocks
lacking these minerals but containing more intact plagioclases and
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Fig. 6. Relationships between Eu, Ce anomalies and ORP values of waters in the five geothermal fields.

biotites were higher varying between 4.8 and 17.5 with a median value
of 7.9. Taking note of the disparate Rb/Cs ratios in separate rocks and
the lower Rb/Cs ratio even below 2 in the thermal water, Hatipoglu
Temizel et al. (2020) ascribed this phenomenon to more Rb entering into
the newly formed clay minerals after granites had been alternated and
sequentially caused the decline of Rb concentration in waters. Thus, the
Rb/Cs ratio can also be recognized as a favorable indicator of water-rock
interactions.

The concentrations of Rb and Cs in all water samples of the study
area were in the range of 0.83-1269 pg/L and 0.038-626 pg/L,
respectively (Table S3). Interestingly, Rb/Cs ratios of almost all
geothermal water in five geothermal fields were basically below 2
(Fig. 7), presenting less volatility with an average value of 1.6, which
seemed to provide a convincing proof for the prevalent occurrence of
thermal alteration in local host rocks. Because granites, as the most
widely distributed host rocks in the study area, were visible negative Eu
anomalies (Fig. 3), it was reasonable to infer that in the process of water-
rock interaction, the preferential chemical weathering and dissolution of
rocks, alternatively, the argillization/ alteration process of K-rich or Eu-
rich minerals like alkaline feldspars (see Eq. (1), K contained in feldspars
tended to be isomorphically replaced by Eu, causing the release of K or
Eu bearing minerals easily soluble in water altogether with this reaction)
to make a large amount of Eu entering into the groundwaters which
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Fig. 7. The Rb/ Cs ratios of waters in the five geothermal fields.
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resulted in the positive Eu anomalies exhibited in the waters but nega-
tive Eu anomalies in the host granites (Fig. 3). On the contrary, the cold
waters behaved distinctly from the thermal waters in the possession of
higher Rb/Cs ratios and a wider variable interval with a maximum value
of 177.7. This may be attributable to fewer clays formed in parent rocks,
or partially formed clays already reacting with surrounding
groundwaters.

To summarize, it is credible that the thermal waters in the studied
geothermal fields presented the positive Eu anomaly primarily origi-
nating from the preferential dissolution of Eu-rich minerals, especially
feldspars constituted most in granites as the major rock type of local
thermal reservoir.

2KAISi;05 + CO, + 2H,0—AlL,Si,05s(OH), + 2K* + CO%’ + 4Si0, (@D)]
5.2.2. Origin of Ce anomaly in thermal water

With a few exceptions in the HZ geothermal field, almost all the
thermal waters were characterized by negative Ce anomalies or incon-
spicuous abnormalities with the value of Ce/Ce* closer to 1. The thermal
waters showed similar Ce anomalies as the cold waters, and the Ce/Ce*
values were respectively ranging from 0.13 to 2.27 with an average of
0.89 for thermal waters and from 0.19 to 2.99 with an average of 0.81
for cold waters.

Existing research has recognized that the existence of Ce anomaly
strongly relies on the redox conditions (Gruau et al., 2004; Miekeley
et al., 1992; Deluca et al., 2020). Under environments of
low-temperature and oxygen-rich conditions especially in shallow
groundwaters, Ce>" is readily oxidized to Ce** previously adsorbed or
complexed on oxides/oxyhydroxides of iron and manganese and thus
directly generates the depletion of Ce in fluids (De Carlo et al., 1998;
Gob et al., 2013; Guo et al., 2010). Followed by the processes of the
oxidative adsorption of iron and manganese (reduction and dissolution
of Fe/ Mn oxides/oxyhydroxides), Ce concentrations in waters syn-
chronously decrease (increase), and this implies that the Ce concentra-
tions should be positively correlated with the iron and manganese
concentrations.

To examine the causes of Ce anomalies, a cross plot of the ORP and
Ce/Ce* values of water was diagrammed (Fig. 6b). It can be seen that the
Ce anomalies in the waters had no evident relevance to the ORP values.
Moreover, the unexpected negative correlation though slight between
concentrations of Ce and iron/manganese illustrated in Fig. 8 still
further confirmed that the redox conditions in the local groundwaters
did not exert a substantial influence on Ce anomalies.

With the exception of redox conditions, the inheritance of host rocks
has also been regarded as one of the causes of Ce anomalies in
groundwaters (Smedley, 1991; Johannesson et al., 1999). However, as
discussed in the previous part 3.2, the Ce anomalies of granites as the
most distributed host rocks were not consistent. R1, R3, and R7
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Fig. 8. Relationships between Ce anomalies and contents of Fe+ Mn, Fe, and Mn in waters of the study area.

exhibited obviously negative Ce anomalies, whereas others had no Ce
anomalies or a slightly negative Ce anomaly (Fig. 3f). This discordance
in behaviors of Ce anomalies between thermal waters and host rocks
revealed that the hypothesis of inheritance of host rocks was not
convincing enough.

Considering the uniquely coastal geographical location of the
geothermal fields in the study area, we suspect that the negative Ce
anomalies of geothermal waters can be affected by the mixing of
seawater with striking Ce deficits. According to the triangular Na-K-
Mg'/? diagram (Figure S1), the thermal waters all lay in a non-
equilibrium state indicating insufficient water-rock interactions, which
may be possibly due to the occurrence of mixing during the upwelling of
thermal water, that is there was possibly an addition of cold water like
the local seawater and groundwaters. Fig. 6b shows that the Ce anom-
alies were obvious in the XZ and SZ geothermal fields as typical coastal
regions inferring that thermal waters from these two places may be
largely subjected to this effect. The Ce/Ce* values in MM geothermal
field behaved as a random distribution. Nevertheless, the sporadic
sample collection shows that there is no way to rule out the randomness
of such a result. For the HZ and FS geothermal fields, they are relatively
farther from the sea and the waters should be less mixed with seawater,
and accordingly behave as with slightly more negative Ce anomalies
than the other three fields. As expected, the loss of Ce in the HZ
geothermal field was not significant, and even some water samples
showed positive anomalies, while in the FS field, it showed a noticeably
negative Ce anomaly. As stated above, the water near the ground surface
with low temperature and rich dissolved oxygen usually presented a
characteristic of a negative Ce anomaly resulting from the enhanced
oxidative scavenging of Ce from REE3". Specifically, the oxidized Ce**
readily formed oxyhydroxides of colloidal cerium, and then precipitated
and retained in place especially when in neutral or alkaline waters
(Loges et al., 2012; Nelson et al., 2003). Consequently, it was speculated
that the striking negative Ce anomalies of the thermal water in the HZ
geothermal field can be construed by shallow groundwater mixing in the
process of thermal water surging towards the surface.

5.3. Seawater mixing and its potential influence on REEs

5.3.1. Evidence of seawater mixing

In light of the previous analyses, it was believed that the seawater
intrusion certainly yielded a significant effect on the local geothermal
waters. Herein, more persuasive evidence from both qualitative and
quantitative views was complemented to affirm the occurrence of mix-
ing processes between the seawater and local fresh groundwaters
including thermal waters.

The proportional coefficients of some of the dissolved components
(including ions and gasses) in groundwaters may differ considerably in
numerical values in various hydrochemical environments, and recourse
to which may be conducive to tracing the cause of groundwater for-
mation. In natural groundwater evolution, Na* and Cl~ contents in
groundwaters can increase via the intrusion of seawater or the leaching
of stratum salt. The mean yNa/yCl coefficient for standard seawater is
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0.87 (Li et al., 2006). If the groundwater is mixed with the seawater, the
yNa/yCl ratio will approach 0.87, and if the formation salt is extracted
into the groundwaters, it will rise to about 1 (Bagheri et al., 2014;
Vengosh et al., 1995). In addition, another situation where the ratio is
much larger than 1 indicates that the water-rock interaction enhances
the exchange between the Ca?* dissolved in the water and the Na™
adsorbed by the rocks or formations, resulting in the uncoordinated
increase of Na* and CI~ concentrations in the waters together with the
result of the relatively higher yNa/ yCl ratio. Accordingly, the yNa/yCl
value can be used to judge the level of water-rock interaction or cation
exchange in groundwaters (Zhou et al., 2015; Wang et al., 2019). The
graph of yNa/yCl changing with Cl~ concentration in collected waters of
the studied geothermal fields is shown in Fig. 9a. The yNa/yCl from the
XZ, SZ, and MM fields were all close to 0.87 except for MM20 (yNa/yCl
>1), whereas all water samples from the HZ and FS fields were expressed
as yNa/yCl >1, indicating that the coastal seawater had obvious effects
on the XZ, SZ, and MM fields, but little on the HZ and FS fields. Also as
illustrated in the Gibbs diagram (Gibbs, 1970, 1971), values of TDS and
Cl”/(ClI”+HCO3) in the HZ and FS fields were both low and HCO3 and
Na™ were the main constituents in the geothermal waters possessing the
typical characteristics formed under the action of rock weathering and
leaching. However, values of TDS and Cl™/(Cl”+HCO3) in the coastal
areas (XZ, SZ, MM geothermal fields) were both high and samples
distributed close to the seawater end-member with dominant ions of
Na* and Cl~, especially for the thermal waters of the SZ geothermal field
(Fig. 9b). This sharp contrast found in thermal waters between these five
geothermal fields proved the pronounced discrimination in the degree of
seawater influence.

The dramatic isotope differentiation between the seawater and fresh
waters allows a preferable presentation of scenarios with different
mixing proportions of seawater in the 5p-5'%0 relationship diagram
(Pang et al., 1990). As shown in Fig. 10a, most of the geothermal waters
in the study area were distributed near the global meteoric water line
(GMWL) denoting the dominant recharging source of atmospheric pre-
cipitation. Besides, samples from the XZ, SZ, and MM fields approached
closer to the end member of seawater than those of the other two fields,
which elucidated well the distinct mixing degrees of thermal waters with
the seawater. Recently, a conservative mixing line between the fresh-
water and seawater composed of diverse isotope values was constructed
to calculate the relative fractional contribution of these two endmem-
bers in the mixed water based on the solute mass balance model, and the
mixing ratio (f) can be obtained utilizing a general binary mixing Eq. (2)
(Pang et al., 1990; Wang et al., 2018):

O =0 X f+ 8 x (1—f) (2)
where 6y, &5, and &¢ represents the isotope values (6p or 5'80) for mixed
water, seawater, and fresh groundwater, respectively. f is the fraction of
seawater in the mixture. Herein, the isotope values for seawater were
referenced by Xu Fang (2016) and were assigned as —23.7%o (6p) and
— 4%, (5'%0). From Fig. 10b, it is notable that both §p and 5'80 show
fairly linear relationships with the concentrations of Cl~. This means
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that the isotope values for thermal waters fluctuate regularly with the
continuous intrusion of seawater. Thus, the isotope endmembers of
freshwater for 5, and 580 were hypothesized as the isotope values when
the concentration of C1I~ was 0 mg/L, and they were ultimately assigned
as —46.013%o and —7.424%o, respectively.

Using this method, the quantitative mixing ratios (f) for thermal
waters in the five geothermal fields were acquired and the result is listed
in Table 3. The calculated f based on the ép in the XZ and MM areas were
proximate and both above 10, and the ratios in the SZ area were the
highest overall exceeding 40. However, a somewhat lower range of f was
achieved in the HZ and FS areas varying between 0.58 to 37.7 with an
average of 9.39. The results calculated following the 530 showed sim-
ilarities with that using &p. Likewise, Wang et al. (2018) calculated the
mixing proportion of seawater in the XZ and SZ geothermal fields by the
same approach and concluded that f in the SZ geothermal field
(39.96-44.33) was higher than that in the XZ geothermal field
(12.42-22.05). Through analysis of hydrochemistry of coastal
geothermal fields in western Guangdong, Yuan et al. (2013) also found
that the local thermal waters were obviously mixed with the modern
seawater, and the mixing ratio was between 10.39 and 30.9.

Coupling the results of this study and the present findings substan-
tially illustrates that the geothermal waters of the main geothermal
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fields like the XZ, SZ and MM in the coastal areas of the Guangdong
Province are mostly mixed with seawater, while that of the relatively
inland geothermal fields like the HZ and FS are insensitive to this effect.

5.3.2. Potential influence of seawater mixing on REEs concentration and
fractionation

As discussed above, it was known that the seawater mixing effect was
responsible for the significant variance in the features of water chem-
istry from different geothermal fields. There is also an urgent need to
address whether the seawater intrusion reacts with REEs in local
geothermal waters. The seawater mixing primarily affects the
geothermal system by altering the hydrochemical environments, and
although the mainstream factors like pH, temperature, redox condition
and complexation reactions on REEs have been discussed in part 5.1,
each separate effect is not expected to influence REEs much as proposed
by previous studies. Here, the sharp increase in salinity in geothermal
waters caused by seawater intrusion is plausibly suggested to be a
pivotal factor accounting for the remarkable differentiation of REEs in
various geothermal fields.

Owing to the lack of actual field measurement of salinity, the total
dissolved solids (TDS) values were hence chosen as a proxy for charac-
terizing the levels of salinity in thermal waters. Given the TDS value
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division, Fig. 11 expresses the existence of two different water types for
the study area: the wide varying range and extremely high TDS (564~
9861 mg/ L) type with the thermal waters of the XZ, SZ, and MM
geothermal fields as representatives and the relatively low TDS (37~
1898 mg/ L) type with slight volatility in the HZ and FS geothermal
fields. Besides, the ZREEs concentrations in XZ, SZ, and MM fluids as
typical coastal geothermal fields performed a visible linear dependence
of TDS value (R%= 0.4384) supporting well the hypothesis of salinity in
controlling the REEs concentrations for offshore thermal waters. How-
ever, for the HZ and FS geothermal fields, the extent of REEs shift was
large and the XREEs seemed not to be associated with the TDS values.
This striking contrast illustrated the gradual invalidity for TDS to take
effects on REEs concentrations modulation in thermal waters from the
ocean to inland.

Generally, REEs do not entirely exist in the free form (Ln*, Ln
represents the REEs) in groundwaters and anions that can complex with
REEs mainly include PO3~ (Lee and Byrne, 1992), hydroxide (OH™)
(Klungness and Byrne 2000; Lee and Byrne, 1992), carbonate (CO%’)
(Liu and Byrne, 1998; Luo and Byrne, 2004), sulfate (SO%_) (Schijf and
Byrne,2004), and fluoride (F~) (Luo and Millero, 2004) essentially
depending on the stability constant of the complex reactions between
REEs and different ligands, thus the aqueous REEs are diverse in various
environments (Haas et al., 1995). Despite the highest complexation
stability constant, the phosphate (PO3 ) was not considered in previous
simulations due to its many orders of magnitude lower concentration
than many other anions in groundwaters (Johannesson et al., 1995). For
the rest anions like nitrate (NO3), and chloride (C17) complex weaker
with REEs and hence tend to be ignored as well.

Using the PHREEQC3.3 model technique with the internal LLNL
database (Parkhurst and Appelo, 2013), the main aqueous species of
REEs in the five geothermal fields were determined (Fig. 12a-c).
Considering the extremely low molality of Ln-chloride complexes for
most geothermal waters output by the simulation result (see the
Table S4 in the Supplementary File), the LnCl2*/ LnCl was not included
in the discussion of REEs’ inorganic complexation reactions, which was
in line with the previous research (Lee and Byrne, 1992; Luo andByrne,
2001; Luo and Millero, 2004; Millero, 1992; Ohta and Kawabe, 2001;
Schijf and Byrne, 2004). During modeling, the elements La, Gd and Yb
were respectively regarded as the representative of LREEs, MREEs and
HREEs, and samples only with explicit measuring results for the total
three elements were selected for simulations. Interestingly, a unique
result that the dissolved REEs species in thermal waters can be sub-
stantially diversified into two types consisting of that in the coastal
geothermal fields and the relatively inland fields was obtained, which
resembled the classification of the hydrochemistry characterization
mentioned above. Except for the sample MM20, the dissolved REEs
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Fig. 11. The relationship between ZREEs and TDS values in the study area.
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existed chiefly in the form of LnOH?* and LnF?* and were less strongly
complexed by carbonates and sulfates for the total samples in the XZ, SZ
and MM geothermal fields, whereas in the HZ and FS fields, LnCO3and
Ln (CO3)2 predominated in all thermal waters and other complexing
ligands associated with REEs are basically negligible.

To date, numerous investigations have been devoted to studying the
mechanism influencing the REE form fractionation observed in
groundwaters and pH was proven to be the most critical contributor. It
was prevailingly agreed that in neutral to alkaline groundwaters, car-
bonate complexes were the main species for aqueous REEs (approxi-
mately accounting for 70%~100%), manifested as carbonate complexes
(LnCO3) and dicarbonate complexes (Ln (CO3)3) (Wood, 1990; Zhu
et al., 2005; Guo et al., 2010). And the LnCO3/ Ln (COs3); ratio
decreased in step with the increase in pH values, which means that a
more alkaline environment facilitated REEs to be complexed with the
carbonate-bearing ligands, particularly bicarbonates. However,
REE-sulfate (LnSOZ) took precedence over other species under acid
conditions especially for pH less than 6 (Johannesson and Lyons, 1995;
Wood, 1990). In addition, after a series of calculations of REE speciation
in thermal waters, similar findings emerged. Wang et al. (2020) inves-
tigated the species of aqueous REEs in the Tengchong geothermal field
as a typically high-temperature geothermal system and concluded that
pH determined the mode of occurrence of REEs in local hot waters.
Another case recently reported in the Daggyai hydrothermal area with
numerous high-temperature hot springs also indicated that the aqueous
REEs speciation can be used as a reflection of pH conditions in thermal
waters (Guo and Zhang, 2022). The result of REEs speciation calcula-
tions conducted by Yuan et al. (2014) realized that REEs transport may
be enhanced by the formation of free ions (Ln*"), LnCOF and Ln (CO3)7
when pH at the interval of 5.5~6.5, 6.5~7.5 and greater than 7.5,
respectively. Overall, these findings were consistent with those reported
in systems of surface water and shallow groundwaters. However, the
other forces potentially driving the REEs occurrence mechanism like the
temperature and salinity of water were poorly documented. Herein, the
physicochemical indices of temperature, pH, ORP and TDS (approxi-
mately representing the salinity of local waters) in the study area
varying with water samples were all given in the Fig. 12d to ascertain
the most contributive factor for REEs’ speciation in local thermal waters.

The temperature and ORP both showed a random fluctuation and
minor distinction between the two types of waters, which could not
decipher the strong differences in the REEs’ speciation. Next, the pH
values of chosen geothermal water samples varied with a small range
between 6.77 and 8.61 belonging to the neutral or weakly alkaline
water. If the complexation reactions followed the fluctuation of pH, the
REEs’ species should not generate such a particularly significant dif-
ferentiation. Gratifyingly, the TDS values experienced an abrupt
reduction from greater than 1 g/L to lower than 1 g/L just in line with
the sudden conversion of REEs occurrence modes in thermal waters
coincidently from the sample MM20. This adequately emphasized the
great importance of TDS (or salinity) in the arrangement of REEs forms
in fluids and thus causing the severe differentiation. Fig. 13 showed the
proportional changes of main REEs’ species with TDS values in the two-
type waters. It can be seen that the occurrence patterns of LREEs (rep-
resented by La), MREEs (Gd) and HREEs (Yb) varied with TDS values
congruently in the same type of water (the type of TDS> 1 g/L (Fig. 13a,
¢, e) and the type of TDS< 1 g/L (Fig. 13b, d, f)). For thermal waters of
TDS> 1 g/L, remarkably positively linear correlations between the
proportions of free ions or REE-complexes (including Ln®*, LnF?* and
LnSO) and TDS are observed except for the LnOH?* having a negative
relationship with TDS. This implied that in a generally salinity-rich
hydrothermal fluid, the salinity could make a difference in the
amounts of Ln>*, LnOH?", LnF?>" and LnSOJ, and release of free ions
(Ln3) or complexations like fluoride and sulfate with REEs would be
strengthened but conversely be inhibited for the formation of LnOH?**
along with the growth of salt in water. For thermal waters of TDS< 1 g/
L, there were nonlinearly TDS dependent for LnCO3 and Ln (CO3)3
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proportions but an inverting phase change between LnCO3 and Ln
(CO3)7 appeared as TDS varied. The turning points of LnCO3 and Ln
(CO3)2 fractions were probably at the TDS of 500 mg/L and 700 mg/L,
which determined whether REEs were preferentially bound to one single
carbonate or two carbonate ions. When the TDS values were extremely
low (high, not exceeding 1 g/L), especially below 300 mg/L (above 900
mg/L), the proportion of LnCO3 in thermal waters was always higher
than Ln (CO3);; while complexation with carbonates across the
lanthanide series was apparently different when TDS was raised: for the
element La as the representative of LREEs (Fig. 13b), the mutual
competing processes was a trade-off and comparable between these two
species; however, in spite of being characterized as relatively large
fluctuations, the Ln(CO3); proportion of MREEs (Gd as a representative,
Fig. 13d) and HREEs (Yb as a representative, Fig. 13f) was persistently
greater than that of LnCO3 when TDS was above 300 mg/L. Accord-
ingly, the bicarbonate seemed to be more approachable to REEs with an
increasing atomic number when TDS was in the interval of 0.3~ 1 g/L.

In brief, such facts confirm the potentially robust capability for TDS/
salinities modulating the REEs’ forms in aqueous systems. However,
how salinity affects the species of aqueous REEs in groundwaters still
remains a matter of debate. In a particular groundwater environment,
the fundamental determinant of REEs-complexes composition is the
stable constant of complexing reactions between REEs and diverse li-
gands (Noack et al., 2014). Studies have noted that temperature (Haas
etal., 1995), pressure (Haas et al., 1995), ionic strength (Millero, 1992),
and concentration of certain ions (Gosselin et al., 1992; Zhu et al., 2005;
Gimeno Serrano et al., 2000) in solution can all alter the stability con-
stants and thus affect the REEs’ speciation modes in water bodies. For
the most typical example, hyperfluoric acid water was proven to be often
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associated with high aluminum concentrations so that the inhibition of
fluoride complexes by aluminums at low temperatures prevents fluo-
rides from playing an important role in REEs’ speciation, whereas under
high-temperature conditions, fluoride complexes can be of a great sig-
nificance due to the increasingly stable property of REE-fluoride in acid
water lack of aluminum (Haas et al., 1995; Gimeno Serrano et al., 2000).
In our study, another possibility affecting REEs presence was first pro-
posed that the TDS/ salinity of thermal waters was reshaped by a
seawater intrusion and indirectly contributed to the fractionation of
REEs species appearing in fluids. Certainly, previous experiments have
been conducted to determine the concentration changes for partial
radioactive REEs at various salinities by mixing filtered seawater and
freshwater with different proportions, and it has been suggested that the
salinity mutation indeed reacted on the removal of REEs in solution
when rivers enter the sea (Elderfield et al., 1990). However, the effects
of seawater mixing on the REE concentration of widely collected
geothermal waters in the field were hitherto poorly documented and
little focused on the research on morphological distribution of aqueous
REEs. Herein, it was believed that the salinity/TDS largely affected the
occurrence and proportion of dissolved REEs and was speculated to be
possibly related to the mechanism of regulating the stability constants of
the REE complexation reaction with various ligands. Nevertheless, this
was needed to be further confirmed through field sample analyzes and
indoor experiments in the future, but an acknowledgement of the
salinity/ TDS effect was of a great importance at this stage. This study
also provided a new perspective on understanding the occurrence and
transport of REEs in coastal geothermal systems.
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and (f) describe the element of Yb.
6. Conclusion and limitations

Both qualitative and quantitative data results show that thermal
water in the studied geothermal fields is widely invaded by seawater,
and thermal water in coastal geothermal fields such as Xinzhou, Shen-
zao, and Maoming is more vulnerable to this effect than that of relatively
inland geothermal fields like Huizhou and Fengshun. After normaliza-
tion by PAAS stand, REEs of geothermal water in the study area present a
differentiation mode characterized by the HREE relative enrichment and
a significant positive Eu anomaly, and a negative Ce anomaly. The
positive Eu anomaly was proved to originate from the preferential
dissolution of Eu-rich minerals, especially feldspars constituted most in
granites as the major rock type of the local thermal reservoir. The
negative Ce anomaly was believed to be due to the seawater mixing
effect to an appreciable extent. The REEs concentration in geothermal
water was less influenced by pH, temperature, redox conditions, and
other environmental factors, whereas it was strongly subject to the
water salinity/ TDS values. The transition from coastal areas to inland
areas made the positive correlation dependence of the REEs
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concentration on salinity gradually disappear. Additionally, the speci-
ation of dissolved REEs in geothermal water was also remarkably
regulated by water salinity. When TDS> 1 g/ L, REEs mainly exist in the
form of Ln*, LnOH?*, LnSOZ, and LnF?*. Except for LnOH?*, other
proportions were significantly positively correlated with TDS. However,
when TDS< 1g/L, LnCO3 and Ln (C03)2’ were dominant and competed
with each other. Therefore, in areas with a strong seawater intrusion, the
water salinity plays an important role in modulating the concentration
and speciation of aqueous REEs. This research emphasizes the great
significance of salinity to influence REEs of thermal water, especially in
coastal areas. Moreover, it sheds a new light on exploring the occurrence
and migration of geothermal REEs in coastal zones.

However, it is just a case study of the influence of salinity on REEs
and has not been examined in more depth so far. Additionally, our study
is based on the analysis of extensive in-situ geothermal water samples,
and the occurrence, migration, and transformation of REEs are inher-
ently affected by multiple effects of the surrounding environment. Thus,
the internal mechanism it reveals is relatively complicated and how the
salinity fluctuation works on the REEs in different geothermal systems
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still needs to be verified by more indoor experiments and field sampling
and analysis in the future.
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