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The southeast coastal areas of China have abundant geothermal resources. Most
especially, seawater-recharged geothermal systems in the coastal areas have large
quantiles of recharge but suffer water salinization and low water temperature.
Moreover, the geothermal water development in these areas may induce seawater
intrusion. Understanding the genetic patterns of geothermal resources is significant for
rational exploration and protection. This study analyzed the hydrochemical and
environmental isotopic characteristics of geothermal water, groundwater, and surface
water samples collected in the area with geothermal resources in Xiamen Province in the
southeast coastal areas of China. Based on this, the recharge of geothermal water
circulation and the genetic patterns of geothermal resources were revealed. The
results of this study indicate that the geothermal water in mountainous areas and
piedmonts in Xiamen is mainly recharged by rainfall infiltration. In contrast, the
geothermal water in coastal areas in Xiamen is recharged by seawater mixing to
different extents, as indicated by hydrochemical types, isotopic characteristics, and the
C1-/Br- ratio of geothermal water. As revealed by the calculation results using the CI™
mixing model, 10 of 13 geothermal fields in Xiamen are recharged by seawater mixing, with
a mixing ratio of up to 73.20% in the Pubian geothermal field. After being recharged by
rainfall in the low mountainous areas, geothermal water migrates toward deep parts along
NW-trending faults. Then, it converges with regional NE-trending deep faults to absorb
heat conducted from deep parts to form deep geothermal reservoirs. The deep
geothermal reservoirs were estimated to be 185-225°C using the silica-enthalpy
mixing model. The geothermal water is mixed with cold water or seawater while rising
along faults. The temperature of shallow geothermal reservoirs was estimated to be
71-145°C using SiO, geothermometers.

Keywords: geothermal water, environmental isotope, geochemical geothermometer, seawater recharge, genesis of
geothermal resources
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1 INTRODUCTION

Geothermal resources are new green energy resources that
integrate heat, water, and minerals. They are rich and cause
low-level environmental pollution compared to fossil energy
resources. However, geothermal water with high salinity and
high concentrations of As, Hg, F, and H,S also poses risks of
environmental pollution (Giggenbach, 1988; Ozgener and Kocer,
2004; Armienta et al.,, 2014). In the southeast coastal areas of
China, which are in great demand for energy resources, the
development and utilization of geothermal energy is an
important measure for promoting sustainable urban
development (Lin, 2007; Lin et al., 2016; Lin et al., 2020). The
hydrothermal systems in southeast coastal areas of China
circulate as follows. Faults develop in the low-permeability
granite basement, and the atmospheric precipitation is heated
through deep circulation in these faults and then rises to the Earth
surface (Han and Zhuang, 1988; Hu and Xiong, 1990; Xiong et al.,
1990; Liao, 2012; Gan, 2017; Gan et al, 2020). However,
geothermal water in some coastal areas in Southeast China
shows noticeable salinization and is rich in heavy isotopes,
indicating the recharge by seawater mixing (Gao et al., 2009;
Wang, 2018). Any changes in interactions between groundwater
and seawater—the primary recharge factors of geothermal
systems in coastal areas—will directly affect the quantity and
quality of geothermal resources in coastal areas. The increase in
mixed seawater may lead to a significant increase in the
salinization and a decrease in the temperature of the
geothermal water. By contrast, the decrease in the mixed
seawater may lead to the depletion of geothermal resources. In
this case, the exploitation of large amounts of geothermal water
may cause the high salinization of geothermal water and seawater
intrusion. The depletion and water quality deterioration of
geothermal resources induced by the exploration of
geothermal reservoirs in the southeast coastal areas of China
can be effectively prevented by studying the formation conditions
of seawater-recharged hot water systems and the genetic patterns
of geothermal water and deeply understanding the formation and
evolutionary patterns of low-medium temperature convective
geothermal systems in these areas.

Southeast coastal areas are among the geothermal active areas
with the most considerable potential for the development and
utilization of geothermal resources in South China. These areas
have widely distributed Mesozoic volcanic rocks and granites
(Xiong et al., 1991; Zhang et al, 2018; Lin, 2022), abundant
regional geothermal resources, and a ternary heat accumulation
pattern consisting of the radioactive heat production by acidic
rocks, heat transfer by faults, and heat retention by cap rocks (Li
et al., 2020). Geothermal anomalous areas in southeast coastal
areas are all located in low-lying areas such as intermountain
basins, stream valleys, and plains. As indicated by the
characteristics of the geothermal field in the geothermal
anomalous areas, as well as the features of pores in strata,
rock joints, and tectonic fractures (Qiu, 2018), the geothermal
fields in the Southeast coastal areas lie at the intersections of
NNW- and NE/NEE-trending faults (Han and Zhuang, 1988; Fan
et al, 1993; Zhang et al., 2020). Among them, the NE -trending
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faults are major regional geothermal-controlling structures, while
NEE- and EW-trending tensional faults serve as major regional
water-conducting structures (Ma et al., 2021). As calculated using
no-steam loss quartz thermometers, the hot springs in
Zhangzhou-Xiamen areas have  geothermal reservoir
temperatures of 106-149°C and circulation depths of
approximately 3400-5100 m (Lin et al., 2020). The recharge
and salinization of geothermal water in coastal areas have
always been controversial. The chemical and isotopic studies
show that, in the Zhangzhou area, which is adjacent to the
study area, the atmospheric precipitation mixes with seawater
in the deep parts of geothermal fields, leading to a significant
increase in the salinity of geothermal water and accordingly the
formation of saline water (Pang, 1987). Existing studies are
mainly focused on the genesis of geothermal resources from
the regional structures and hydrochemical isotopic
characteristics of geothermal fields and the estimation of
geothermal reservoir temperature. However, few studies have
been conducted on the genesis of geothermal sources and the
recharge, runoff, and discharge conditions of geothermal fluids.
Most especially, the contribution of seawater recharge to the
formation of geothermal resources is yet to be ascertained. This
study revealed the recharge mechanisms of geothermal water
circulation and the genetic patterns of geothermal resources and
will assist in effectively preventing and controlling the resource
and environment problems such as geothermal water
salinization, seawater intrusion, and the decrease in the
geothermal water caused by geothermal water exploration and
utilization.

2 REGIONAL GEOLOGICAL BACKGROUND

The study area lies in the coastal area in southeastern Fujian
Province. It has a subtropical monsoon climate, with an
average annual temperature of 20.8°C, an extreme
maximum temperature of 38.4°C, and average annual
rainfall of 1347.8 mm. Xiamen City lies at the eastern
margin of the Cathaysia block of the South China Plate and
in the zone where the southeastern margin of the Eurasian
Plate interacts with the Pacific Plate (Wang et al., 1993).
Because of the intensive and frequent Yanshanian magmatic
activities, polyphasic rock masses were formed and widely
distributed in the study area. Moreover, the Late Jurassic
magmatic activities occurred on the largest scale among the
Yanshanian magmatic activities. As a result, highly radioactive
acidic Late-Jurassic and Early-Cretaceous granites are widely
developed in the study area (Wang et al., 1996). Because of the
large-scale Yanshanian magmatic activities, the deep Zhenghe-
Dapu Fault Zone and the coastal deep Dongshan
Island—Nan’ao Island Fault Zone extend from hundreds of
kilometers to more than 1000 km in the NE and NNE
directions. They have a long history of multi-stage orogenic
activities and are increasingly active in areas closer to the coast
(Wang, 1985). The movement of the Philippine Plate in the
NW direction caused these deep faults to slide leftward or
suffer compression and torsion, leading to the formation of a
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FIGURE 1 | Geological sketch of Xiamen and the distribution of sampling points.

set of tensional or transtensional faults in the NW direction
(Figure 1).

The study area shows sporadic hydrogeological units, most of
which are independent or semi-independent. The groundwater in
these hydrogeological units is mainly recharged by atmospheric
precipitation and discharges into the sea through short runoff. It
can be divided into water in loose-rock porous rocks, water in
mesh fractures of weathered zones, and water in bedrock
fractures. The former two types of water are primarily
distributed in shallow alluvial-diluvial and weathered eluvial
strata. The water in bedrock fractures mainly occurs in joints
and tectonic cracks in Yanshanian granites and Jurassic
volcanic rocks.

3 SAMPLE COLLECTING AND TESTING

Thirteen water samples were collected from geothermal wells
with depths of 48.6-500.8 m in the study area. Thirty-four water
samples were collected from cold groundwater along the runoff
direction of groundwater in the hydrological units of geothermal
wells, including 26 samples of water in loose porous rocks
(corresponding well depth: 3-25m) and eight samples of
water in bedrock fractures (corresponding well depth:
31-120 m). In addition, eight surface water samples were
collected from rivers in the main recharge and discharge areas
of groundwater and four samples were collected from seawater

(Figure 1). The water temperature, pH, and electrical
conductivity were measured on-site using the portable Eureka
Manta2 water quality recorder. Water samples were stored in
clean polyethylene bottles after being filtered using Millipore
membrane filters with a pore size of 0.45 um. Then, they were
tested for anions, cations, and hydrogen and oxygen isotopes at
the Key Laboratory of Groundwater Science and Engineering,
Ministry of Natural Resources. Cations and anions $SO,* and Br~
were tested using the ICP-OES spectrometer (iCAP-6300) and the
Dionex ICS-1500 ion chromatography system, respectively, with
testing accuracy of 1% and charge-balance error of 5% or less.
Anion CI” was tested using the titrimetric method, and SiO, was
tested using UV-2550 spectrophotometer according to the silicon
molybdenum yellow spectrophotometry. Using the method of
wavelength-scanned optical cavity ring-down spectroscopy,
hydrogen and oxygen isotopes were detected at a temperature
of 22°C and relative humidity of 40% with the Picarro L2130-i
isotope analyzer. The detection accuracy was 0.2%o for §180 and
2%o for 8’H. The testing results are shown in Table 1.

4 RESULTS AND ANALYSE

4.1 Hydrochemical Characteristics

The temperature of the hot water exposed in the study area is
37.6-88.9°C, and that of the cold groundwater in the area is
23.4-26.8°C. The pH of the geothermal water and surface water
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TABLE 1 | List of hydrochemical characteristics of groundwater in Xiamen.

No. Type Well T pH TDS K* Na* Ca* Mg* CI° S0,Z HCO; COs> Br S0, &H §%0
depth

m ('C) (ppm)  (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)  (%o)  (%o)

GOo1 Cold 3.0 262 7.02 550 46.3 33.3 96.8 1.4 34 70.3 285 0 <0.10 345 -33 -54
Groundwater

G02 Cold 100 245 64 433 7.06 52 50.1 17.4 61.3 35.2 121 0 <0.10 29 -41 -6.5
Groundwater

G03 Cold 440 254 678 248 4.68 14.3 59.6 4.15 17.5 315 170 0 <010 233 -33 -5.1
Groundwater

G04 Cold 240 259 588 179 12.9 27.7 11.5 2.48 38.4 20.7 17.7 0 <010 283 -42 -64
Groundwater

G05 Cold 11.0 246 455 222 0.86 271 31.3 3.83 40.3 141 6.07 0 <010 7.81 -38 -59
Groundwater

G06 Cold 10.0 247 714 132 1.28 10.7 25.7 2.22 8.73 14.6 88.5 0 <0.10 19.6 -33 -4.7
Groundwater

GOo7 Cold 100 248 535 174 3.2 19.6 21.8 4.06 30.5 9.36 18.2 0 <0.10 141 -38 -59
Groundwater

G08 Cold 10.0 259 7.41 555 2.01 64.2 113 13.5 89.3 80.2 309 0 <0.10 2283 -32 -52
Groundwater

G09 Cold 380 268 6.72 983 3.75 9.33 4.46 0.92 5.24 3.13 30.5 0 <010 492 -42 -65
Groundwater

G10 Cold 100 257 55 181 3.22 11.8 29.3 4.1 15.8 1.91 54.6 0 <010 206 -43 -6.6
Groundwater

G11 Cold 250 259 6147 715 4.44 9.48 4.08 0.3 8.73 2.47 18.3 0 <010 177 -34 -58
Groundwater

G12 Cold 250 254 6.82 422 5.47 455 74.7 8.04 64.8 32.8 150 0 <010 119 -36 -56
Groundwater

G13 Cold 18.0 251 628 244 29.3 36.7 18.4 2.44 41.9 48.3 55.5 0 <010 192 -37 -58
Groundwater

G14 Cold 10.0 248 6.31 324 52.9 41.3 18.3 3.25 47.9 57.4 30.5 0 <0.10 4.42 -39 -59
Groundwater

G15 Cold 9.5 255 586 107 6.04 12 7.98 1.09 15.4 4.87 24.3 0 <0.10 26 -37 -58
Groundwater

G16 Cold 9.5 26.1 5.79 84 3.53 7.36 9.35 1.43 12.6 4.09 6.07 0 <010 104 -40 -6.1
Groundwater

G18 Cold 9.0 25  6.61 399 4.32 33.6 69.8 9.25 51 38.2 101 0 <0.10 19 -35 -5.6
Groundwater

G19 Cold 31.0 258 635 348 6.78 60.7 30.1 7.15 102 17.9 48.8 0 <010 402 -39 -6.1
Groundwater

G20 Cold 11.3 259 7.08 306 7.88 36.1 45.9 4.39 46.5 41.9 82.4 0 <010 216 -34 -58
Groundwater

G21 Cold 9.5 245 7.51 366 15.6 47.6 M1 9.12 59.4 28.5 97.6 0 <010 259 -38 -59
Groundwater

G22 Cold 100 256 7.67 132 5.74 17 6.02 1.63 16.1 3.52 31.7 0 <010 476 -42 -64
Groundwater

G23 Cold 15.0 245 535 236 1.98 471 17.7 3.24 61.8 12.5 7.32 0 <0.10 13.2 -42 -6.5
Groundwater

G24 Cold 11.0 254 7.59 414 26.6 44.6 51.1 9.45 60.4 35.1 98.9 0 <0.10 22 -40 -6.2
Groundwater

G26 Cold 100 259 6.71 279 10.7 33.5 44 3.48 40.2 33.2 99.5 0 <010 111 -833 -52
Groundwater

G27 Cold 8.0 257 6.88 708 4.96 86.5 131 14.7 114 87.9 250 0 <010 777 -36 -56
Groundwater

G28 Cold 112 247 642 339 18.3 36.3 39.6 11.9 40.9 56.1 104 0 <010 203 -32 -52
Groundwater

G29 Cold 144 248 6.3 344 2.53 47.3 37.5 15.2 64.6 54.6 64.1 0 <010 123 -39 -6.1
Groundwater

G30 Cold 1000 243 7.23 249 1.37 225 49 5.3 8.03 8.46 190 0 <010 521 -42 -63
Groundwater

G31 Cold 1200 25 6.9 186 2.39 17.3 29.3 4.06 9.43 6.48 122 0 <010 454 -43 -65
Groundwater

G832 Cold 1056.0 252 7.36 172 0.96 14.5 32.2 3.6 4.89 13.9 122 0 1.73 36.4 -47  -7.3
Groundwater

G833 Cold 100.0 234 7.51 171 0.85 14.8 32.2 3.49 4.89 14.5 122 0 <0.10 36.4 -46 -7.2
Groundwater

(Continued on following page)
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TABLE 1 | (Continued) List of hydrochemical characteristics of groundwater in Xiamen.

Seawater-Recharged Geothermal System

No. Type Well T pH TDS K* Na* Ca** Mg* CI° S0,Z HCO;~ CO;> Br Si0, &°H &%
depth
m ('C) (ppm)  (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (%)  (%o)

G34  Cold 100.0 251 7.92 251 0.71 58.6 258 054 217 335 140 0 <010 379 47 -7
Groundwater

HO1 Geothermal 2004 568 7.34 2300 159 619 237 0.71 1210 130 33.6 0 3.94 641 48 -7.3
water

Ho2 Geothermal 140.0 517 7.36 1100 8.62 332 539 0.23 459 108 104 0 117 754 43 -64
water

HO3 Geothermal 486 48 891 301 136 852 284 008 147 558 73.2 18 <010 732 51 77
water

Ho4 Geothermal 110.0 37.6 807 326 1.71 86 16.4 047  56.6 69 88.5 0 <010 493 -43 -65
water

HO5 Geothermal 150.6 80 7.11 3640 334 828 496 1.3 1950 216 48.8 0 6.4 834 -42 -B2
water

Ho6 Geothermal 1511 47 692 8000 59.9 1830 1060 4.17 4630 297 36.6 0 165 847 -40 -59
water

Ho7 Geothermal 160.0 455 7.82 391 2.81 112 148 026 524 7338 142 0 <010 563 -43 -6.4
water

Ho8 Geothermal 2020 382 6.94 19300 86.4 4040 2940 185 11100 866 45.8 0 353 659 29 -42
water

H09 Geothermal 150.0 53.6 6.65 17600 127 4320 1870 118 10400 609 84.8 0 387 791 29 -42
water

H10 Geothermal 5008 889 6.86 13800 953 3520 1410 129 7550 690 67.1 0 27 107 -32 -438
water

H11 Geothermal 1515 475 868 345 1.43 101 4.4 0.35 16.8 101 55.5 18 <010 653 -49 -75
water

H12 Geothermal 51.8 485 7.17 443 572 992 16.2 1.9 11.2 136 110 0 <010 114 -47 -7
water

H13 Geothermal 151.0 683 6.5 21100 201 4650 2810  54.9 12500 447 48.8 0 492 989 -26 -38
water

SO01 Surface Water - 331 824 279 125 365 434 538 409 4458 140 0 <010 193 -37 -57

S02 Surface Water - 349 941 1100 14 147 99.1 2.78 321 49.6 85.4 0 092 279 -3 -53

S03 Surface Water - 307 7.4 121 5.73 11.6 18 2.38 11.9 1 73.2 0 0.12 21 -37 57

S04 Surface Water - 347 7.89 330 126 646 348 792 887 396 122 0 <010 161 -36 -55

S05 Surface Water - 341 78 949 407 908 12 138  6.99 8.5 48.8 0 <010 205 -41 -6.4

S06 Surface Water - 326 8.04 147 6.37 15.5 198 284 17.8 17 61 0 <010 207 -87 -59

S07 Surface Water - 334 903 359 142 489 508 7.36 70.6 432 177 0 <010 273 -33 -49

S08 Surface Water - 338 873 386 142 588 472 7.07  69.2 45 201 0 <010 334 -32 -48

SWO01  Seawater - 281 7.86 31300 38 9910 3583 1140 17200 2330 138 0 557 292 - -

SW02  Seawater - 288 7.87 32700 38 10100 369 1190 17400 2390 133 0 57.3 243 - -

SW03  Seawater - 317 82 32400 385 10000 351 1170 17800 2480 134 0 592  <1.00 - -

SW04  Seawater - 285 7.8 29800 352 9330 336 1100 16000 2230 132 0 53.1 3.58 - -

is 6.50-8.68 and 7.4-9.41, respectively, indicating slightly alkaline
water. The pH of the groundwater is 4.55-7.92, suggesting neutral
and meta-acidic water.

The salinity of the geothermal water tends to increase from the
surrounding mountainous areas to the coastal areas in Xiamen. It is
300-443 mg/L for geothermal water exposed in mountainous and
piedmont alluvial-diluvial plains (i.e., samples H03, H04, HO7, H11,
and H12), 1100-3640 mg/L for those exposed to groundwater runoft
areas of alluvial-diluvial plains and eroded platforms (i.e., samples
HO01, HO02, and H05), and 8000-21000 mg/L for those exposed in
sea-land intersections (i.e., samples H06, H08, H09, H10, and H13).

According to the Piper trilinear diagram of water samples
(Figure 2), the cations and anions in the surface water mainly
include Ca®*, Na*, and HCO®. For the cold groundwater, the
cations and anions are dominated by Na*, Ca**, HCO>, and CI~
and the hydrochemical types mainly include CaeNa-HCO; and

CaeNa-HCO;eCl. For the geothermal water in the hilly
mountainous areas and the piedmont alluvial-diluvial plains, the
cations and anions mainly include Na*, Ca®", HCO®, and SO and
the hydrochemical types are dominated by CaeNa-HCO;#SO,. For
the geothermal water in the coastal areas, the cations and anions are
dominated by Na" and CI', respectively, with the water type of Na-Cl,
and the hydrochemical types feature abrupt changes.

CI" is not liable to form mineral salts nor is absorbed on
mineral surfaces in natural water-rock systems. Moreover, it is
hardly affected by water-rock interactions even in a high-
temperature environment. Therefore, Cl™ is frequently used to
trace the origins of materials in geothermal water and its systems
that are closely correlated with Cl™ (Cartwright et al,, 2004;
Arnorsson and Andrésdottir, 1995). In the study area, there is
a negative correlation between SiO, and Cl” in cold groundwater
and the geothermal water H03, H04, H07, H11, and H12 in the
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hilly mountainous areas and piedmont alluvial-diluvial plains,
while there is no close correlation between SiO, and CI™ in the
nearshore geothermal water (Figure 3). These phenomena
indicate that the SiO, and Cl™ concentrations in the cold
groundwater and the geothermal water in the hilly
mountainous areas and piedmont plains are controlled by
water-rock interactions, while the SiO, and CI™ concentrations
in nearshore geothermal water are possibly mainly affected by
seawater infiltration (Wang et al., 1986).

4.2 Mixing Ratio of Seawater in Geothermal
Water

The Piper trilinear diagram and the isotopic characteristics of
groundwater all indicate that the nearshore geothermal water in

Xiamen is affected by seawater. Figure 4 illustrates the CI” and
Br~ concentrations in the geothermal water. The Br~
concentration of the groundwater in the study area is
relatively low and is mostly below the detection limit, while
that in the nearshore geothermal water is relatively high. The
linear relationship between Cl™ and Br~ concentrations reveals
that the salinity of the geothermal water originates from seawater
and is controlled by the quantity of mixed seawater. The mixing
ratio of seawater in the geothermal water was calculated based on
the Cl” concentration in geothermal water (Table 2). Specifically,
the Cl” concentration in seawater was taken as 17100 mg/L,
which was the average Cl~ concentration of seawater samples
collected from the local sea in Xiamen City. Meanwhile, the CI”
concentration in geothermal water before seawater mixing was
taken as 17.90 mg/L, which was the average Cl” concentration in
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TABLE 2 | Mixing ratio of seawater in geothermal water in Xiamen.

Seawater-Recharged Geothermal System

oxygen isotopes of geothermal fields show obvious zonation.
Geothermal waters HO01, HO03, HI1, and H12, which are

No. Landform type Cl (mg/L) Mixing ratio of seawater %
distributed in low mountains, hills, and river valleys, have
HO3  Bedrock 14.67 0.00 relatively negative water isotopes and low temperatures due to
H11 16.77 0.00 . . .
Hio 1118 0.00 the recharge of water from high altitude areas. The elevation of
HO1  Alluvial residual plain 1209 6.97 the mountain is about 1175m in the study area. In addition,
HO2 459.3 2.58 groundwater could be recharged during the glacial period,
Ho4 56.58 0.23 contributing to the depleted water isotopes. The *C ages of
Ho7 52.89 0.20 waters HO6 and H13 are greater than 18 ka. The temperature of
oo o e thermal water tends to be higher and the isot f
HO6  Aluvial marine floodplain 4628 26.99 geothermat water tends 1o be higher and the 150topes o
Hos 11090 64.80 geothermal water tend to approximate those of seawater near
HO9 10374 60.63 the coast (Cai, 2003; Figure 5). When the seawater has a
H10 7545 44.06 maximum 8'%0 value of -1.29, the 8'®0 values at the
H13 12622 7320 freshwater endmember of geothermal water were calculated to
TABLE 3 | 5°H and 8'80 of coastal seawater in Xiamen.
Sample Sampling timing 82H Vsmow (%) 8'%0ysmow (%)
1998-11-06 1998-12-06 1998-11-06 1998-12-06
Seawater H -156.9 + 0.6 -10.2 £ 0.3 -1.94 £ 0.02 -1.29 £ 0.03
L -17.8 £ 0.4 -12 0.6 £ 0.1 -2.35 + 0.05 ~1.53 + 0.02
“H” denotes high tide and “L” denotes low tide.
groundwater in the bedrock mountainous areas. The calculation 10
- v
results show that the geothermal water H3, H4, H7, H11, and H12 = Surface water v
exposed in the piedmont areas is not affected by seawater mixing, -151 ® Geothermal water v
. . 4 Cold groundwater v
while the nearshore geothermal water is affected by seawater 204 v  Seawater
mixing at different levels. The geothermal water H13 in the 55
Pubian geothermal field shows the highest mixing ratio of . Po+12.52 ¢-HI3
1 s -
seawater, which is up to 73.20%. & 301 \HO8
= . HO09
2 -354
z H10
4.3 Environmental Isotopic Characteristics i 401
of Groundwater 45+
In the study area, the 880 and 8°H values of hot water are —7.7 to 504
—3.8%0 and —51 to —26%o, respectively, and those of cold water
are —7.3 to —4.7%o and —47 to —32%o, respectively. =l HO3 " GMWL: 8’H=8.176°0+1056
The local meteoric water line (LMWL) of Xiamen -60 . . . T T T
approximates the global meteoric water line (GMWL; -8 v -6 ] 8'5 ;4 = e -1
Yurtsever, 1975), with the slope and y-intercept of the former 8" Ovsmow(%0)
being greater than those of the latter (Chen et al., 2016). The delta
. . FIGURE 5 | Distribution of stable hydrogen and oxygen isotopes in
values of hydrogen and oxygen isotopes in the surface water, o
geothermal water in Xiamen.

groundwater, and geothermal water in the study area are
distributed on both sides of the local atmospheric precipitation
line, indicating that the water in the area is mainly recharged by
atmospheric precipitation. The seawater in the Xiamen Bay is
greatly affected by the Jiulong River with a total annual runoff of
8.22 billion m®> and the surface water and groundwater
surrounding Xiamen. Large amounts of surface water and
groundwater mix with seawater in the Xiamen Bay, causing
the seawater to be rich in negative water isotopes. As shown
by the testing data, the seawater in the Xiamen Bay has §'°0
values of —2.35 to —1.29 and thus is rich in negative water isotopes
compared to open ocean water (Table 3). The hydrogen and

be —10.66 to —6.4 (average: —7.7) based on the mixing ratio of
seawater. For example, Pubian (H13) is rich in negative water
isotopes, with a §'®0 value of —~10.66. When the seawater has a
minimum §'*0 of -2.35, the calculated §'°0 values at the
freshwater endmember of geothermal water were —7.7 to —6.4.
The 6'®0 values at freshwater endmember of geothermal water
approximate to those of the precipitation in the study area,
indicating that the freshwater endmember of geothermal water
was recharged by atmospheric precipitation. In addition, the
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TABLE 4 | Estimated temperatures of geothermal reservoirs in Xiamen.

Seawater-Recharged Geothermal System

No. Temperature of water Quartz thermometer Chalcedony thermometer (°C)
(°C, no-steam loss)
HO1 56.8 114 85
HO02 51.7 122 94
HO3 48.0 121 92
HO4 37.6 101 71
HO5 80.0 127 100
HO6 47.0 128 100
HOo7 45.5 107 78
Hos 38.2 115 86
HO09 53.6 125 97
H10 88.9 141 114
H11 47.5 115 86
H12 48.5 145 119
H13 68.3 137 110
W Surface water )
® Geothermal water 1204
128004 A Cold groundwater, oHI3 A
WV Seawater 1 A
HO8 e
H09-® A
9600 .
) L
= ®HI10 i AL A
E 6400 60 H4 o & A
O HO7T ® LA,
HO06~ o 404 A Mn A
A
3200 - A
201 A
-HO5
1[9}1_”2“02. o7 o® AA A.A. . .
0X1P
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0] eesas A 04
-8 -7 -6 -5 -4 3 -8 -7 -6 -5 -4
818OVSMOW(%")
FIGURE 6 | Relationship between the distribution of CI~ concentration and §'°0.

groundwater in the geothermal water Pubian (H13) has a '*C age
of 19.7 ka, indicating that the freshwater endmember of
groundwater in the hot spring could be recharged during the
glacial period.

According to the relationships between Cl~ concentration and
880 values (Figure 6), Cl™ is poorly correlated with §'*O for cold
groundwater and the geothermal water in mountainous areas in
Xiamen. In contrast, there is a significantly positive correlation
between CI~ and §'°O for the geothermal water in coastal areas,
indicating a marine origin of Cl” in geothermal water. The
geothermal water circulation in offshore areas could be
affected by the paleo-seawater trapped in the marine
sediments or modern seawater. The regional geological
tectonism in Xiamen is dominated by crustal uplift, with
merely a small number of thin marine sedimentary strata. In
this case, paleo-seawater cannot be stored. Therefore, it can be
inferred that the geothermal water in coastal areas in Xiamen is
mainly recharged by modern seawater.

5 DISCUSSION

5.1 Water-Rock Equilibrium State

The Na-K-Mg ternary diagram can be used to distinguish
different types of water samples based on the equilibrium state
of geothermal water (Figure 7). The ternary diagram shows three
zones, namely the zones of fully equilibrated water, partially
equilibrated water, and immature water. It is applied on the
basis that K and Na concentrations can reach equilibrium faster
than Mg and K concentrations (Giggenbach, 1988). The
geothermal water in the study area is partially equilibrated
water, except for HO4 and H12, which are immature water.
The water-rock interactions in the study area have not yet
reached the fully equilibrated state, and dissolution still
continues. The geothermal water may originate from a hotter
environment and is mixed and diluted by shallow cold water
during its deep circulation and rise. As a result, the contents of
chemical components in hot water change. The high salinity and
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FIGURE 7 | Na-K-Mg ternary diagram of geothermal water samples in
Xiamen.

CI” concentration of geothermal water originate from seawater
mixing, which brings abundant ions such as Na* and K" besides
CI". Meanwhile, the Na-K-Mg ternary diagram shows that all
cold groundwater samples lie near the Mg endmember at the
lower right corner. This phenomenon indicates that the
temperature of water-rock equilibrium is low and Na and K
minerals in hot water do not reach equilibrium. The Na/K ratios
of the partially equilibrated waters indicate a possible
equilibration temperature range of 140-180°C. This result
suggests that the high-temperature geothermal water that
undergoes deep circulation is mixed with shallow cold water,
thus forming partially equilibrated or immature water.

5.2 Estimation of Geothermal Reservoir

Temperature

Geochemical geothermometers can be used to calculate the
temperature of underground geothermal reservoirs based on
the concentrations of chemical components in geothermal
water. In the geothermal system, the migration of hot water
from deep to shallow parts tends to be accompanied by the
dissolution and precipitation reactions of various minerals. If a
certain mineral concentration shows a relationship with the fluid
temperature when it reaches the reaction equilibrium in the
solution, the mineral concentration can be used to deduce the
temperature of mineral equilibrium (ie., the ambient
temperature) (Craig, 1953; Li et al, 2022). Geothermal
geothermometers generally include SiO,, gas, isotopic, and
cation geothermometers. The cation geothermometers are
related to components such as Na, K, and Mg. This study
revealed that a large amount of seawater is mixed into the
geothermal water in Xiamen. As a result, the concentrations of
key cations in the geothermal water have the same orders of
magnitude as those in the cold groundwater, making it difficult to
conduct correction using the mixing ratio. In other words, the
seawater mixing makes the essential application conditions of

Seawater-Recharged Geothermal System

cation geothermometers unavailable (Fournier, 1977; Fournier
and Potter, 1982). SiO, geothermometers are devised based on
the concentrations of SiO, minerals in geothermal water since the
solubility of SiO, minerals is the function of temperature.
Moreover, pressure and the increase in salts (leading to the
change in salinity) have small effects on the solubility of
quartz and non-crystalline silica when the geothermal
reservoir temperature is less than 300°C (Verma and Santoyo,
1997).

Most geothermal water in the study area is partially equilibrated
water, and only Dongtang (H04) and Tangli (H12) are immature
water. Moreover, geothermal water HO1, H02, HO5, H06, H07, HO8,
H09, H10, and H13 is mixed with seawater at different levels.
Seawater can enter the geothermal water in the deep or shallow
parts. When seawater mixing occurs in deep parts, water-rock
interactions reach the equilibrated state after seawater mixing and
thus cation geothermometers are applicable. However, in the case of
seawater mixing in shallow parts, water-rock interactions have not
reached the equilibrated state after seawater mixing and thus cation
geothermometers are inapplicable. It is difficult to determine whether
seawater enters the geothermal water in the deep or shallow parts
using currently available data. Moreover, partially equilibrated water
(HO03, H11) highly approaches immature water, possibly leading to
large errors in the temperature calculated using cation
geothermometers.

SiO, geothermometers are devised based on the solubility of
the SiO, minerals including quartz, chalcedony, and amorphous
non-crystalline silica (Fournier and Rowe, 1966; Fournier and
Truesdell, 1973). At a temperature range of 0-250°C, the results
calculated using the formulas of quartz geothermometers are very
close to the solubility of quartz under the vapor pressure of
solutions (Fournier et al., 1980). Therefore, the calculation results
of geothermometers are accurate at this temperature range.
However, the geothermal reservoir temperature in the study
area is generally less than 250°C as revealed by relevant
research results. In general, quartz and chalcedony determine
the SiO, concentration at temperatures of > 180°C and < 110°C,
respectively, but the minerals that control the SiO, concentration
at a temperature of 110-180°C are still unknown (Arnorsson,
1975). This study selected quartz and chalcedony
geothermometers. Quartz geothermometers can be divided
into no-steam loss geothermometers and maximum steam loss
geothermometers. Since the temperature at geothermal wellheads
is significantly lower than the local boiling point, the no-steam
loss quartz thermometer and chalcedony geothermometer was
used in this study (Fournier, 1977). As revealed by the geothermal
temperatures calculated using SiO, geothermometers, the quartz
geothermometer and the chalcedony geothermometer yielded
geothermal reservoir temperatures of 101-145°C, and
71-119°C (Table 4).

5.3 Mixing Model

Given that the geothermal water in the study area is mixed with cold
water and seawater in shallow parts, this study used the silica-
enthalpy mixing model to determine the mixing ratio of hot
water with shallow cold water and to obtain the original
temperature of the geothermal reservoirs (Fournier and Truesdell,
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FIGURE 8 | Silica-enthalpy illustration method.
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5.4 Formation Mechanisms of Geothermal

Resources

The low-medium temperature geothermal systems in the study area
are affected by deep mantle-derived materials to a limited extent, and
their He isotopic ratios show typical crustal metamorphic
characteristics (Tian et al, 2021). The heat in the study area
mainly originates from the heat transfer of EW-trending deep
faults and the radioactive heat production of granites. The shallow
groundwater or seawater surrounding geothermal anomalous areas
infiltrates downward along the fractures of NW-trending structures
while continuously absorbing heat (heating, expanding, and
specific gravity decreasing). When it infiltrates to heat
sources, where the geothermal water is about 185-225°C, the
pressure difference formed by the temperature difference
between the heat sources and their surrounding areas pushes
the geothermal water to rise along tensional fractures and then
release thermal energy. Meanwhile, the surrounding low-
temperature  groundwater continuously infiltrates and
recharges the geothermal water. As a result, the shallow

/

Rainfall

Upper mantle

Deep major fracture /

Local melting bod
g “
“

Sedimentary caprock

Geothermal well Sealevel

FIGURE 9 | Diagram showing the genetic model of geothermal resources in igneous rock areas in the southeast coastal areas of China.

1973). In this study, the average temperature of cold water samples
was used as the cold water endmember (t = 21°C, SiO, = 20.64 mg/L).
In the silica-enthalpy mixing model, assuming no steam or heat loss,
the hot water endmember and the cold water endmember were
projected into the silica-enthalpy diagram (Figure 8). Then, the
temperature range of deep geothermal reservoirs was determined
by the temperatures corresponding to three points of intersection of
the line passing the hot water points and the cold water point and the
solubility curves of quartz and chalcedony (Alcicek et al., 2018), and
the mixing ratio range of cold water is the proportions of the distance
between the hot water point and the intersection points along the line.
Using the silica-enthalpy illustration method, it can be estimated that
deep geothermal reservoirs in Xiamen have enthalpy values of
775-975Kk]/kg and temperatures of 185-225°C and that the
mixing ratio of cold water is 63-91%.

geothermal reservoirs in the study area have a temperature
of 71-149°C. The temperature difference between the heat
sources and their surrounding areas continues pushing the
geothermal water to constantly rise, leading to the formation
of the convective geothermal systems in igneous rock areas in
southeast coastal areas of China (Figure 9).

6 CONCLUSION

The geothermal water exposed in Xiamen has a temperature of
37.60-88.90°C. It is slightly alkaline water, and its hydrochemical
types mainly include CaeNa-HCO; and CaeNa-HCO;eCl. From
piedmont areas to the coastal areas, the salinity of the geothermal
water constantly increases. Moreover, the geothermal water in the
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coastal areas has a hydrochemical type of Na-Cl, showing an
abrupt change compared with the cold groundwater.

The geothermal water in coastal areas in Xiamen is recharged
by seawater mixing to different extents according to the
hydrochemical types, isotopic characteristics, and the C1-/Br-
ratio of geothermal water. As revealed by the calculation results
using the Cl” mixing model, 10 of 13 geothermal fields in Xiamen
are recharged by seawater mixing. The geothermal water in the
Pubian geothermal field (H13) shows the highest mixing ratio of
seawater, which is up to 73.20%. Furthermore, the freshwater
recharge endmember of the deep geothermal water in Xiamen
could be recharged during the glacial period.

The geothermal resources in Xiamen mainly have low-
medium temperatures. The geothermal fields in piedmont
areas are recharged by rainfall infiltration, while those in the
coastal areas are recharged by rainfall and seawater mixing. The
quartz and chalcedony geothermometers yielded geothermal
reservoir temperatures of 101-145°C and 71-119°C, respectively.

The NE-trending faults in Xiamen have significant impacts in
deep parts and constitute channels that allow deep heat to rise.
The NW- and near-EW-trending faults are mainly tensional and
constitute the recharge, runoff, and discharge circulation
channels of geothermal water. Atmospheric precipitation
infiltrates downward along the NW- and near-EW-trending
faults to the NE-trending faults, and groundwater temperature
reaches 185-225°C subject to deep heat transfer. The temperature
difference results in the pressure difference, which causes the
geothermal water to rise along tensional fractures and the
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