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Abstract Kangding geothermal area is located in the
western Sichuan, belonging to southeastern margin of
Tibetan Plateau. Similar to world-renowned south Tibetan
and western Yunnan geothermal belt, western Sichuan has
intensive surface thermal manifestations including boiling
and hot springs. The emerging temperature of thermal
waters ranges from 47 to 79 °C with total dissolved solids
lying between 899 and 2550 mg/L. 8*H-3'®0 isotopes
indicate a meteoric source for the thermal waters and a
significant positive oxygen-18 shift in the southern region.
It is suggested that southern thermal waters experienced
stronger water—rock interaction and are closer to thermo-
dynamic equilibrium, which is also proved by the water
type classification. The reservoir temperature calculated by
empirical and theoretical chemical thermometry is
180-225 °C for the north and 225-310 °C for the south.
Evidences of hydrogeochemistry, stable isotopes, geother-
mometry and radiocarbon dating indicate that southern
region of Kangding area shows greater geothermal poten-
tial than the northern region. In addition, based on the
hydrogeochemical modeling of mineral saturation, under-
lying problem of scaling is likely to occur in the study area.
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According to the results of reservoir temperature, south
Kangding sub-district has greater potential in geothermal
power generation and development than northern Kangd-
ing. Therefore, further exploration and drilling work should
give priority to the south Kangding area.
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Introduction

Kangding geothermal area is located in the western
Sichuan plateau, southwestern China, which is a part of
southeastern margin of Tibetan plateau and Hengduan
Mountains. The average elevation is over 3000 m. Inten-
sive uplifting effect of the Tibetan Plateau resulting from
collision between Indian plate and Eurasian plate leads to
the formation of large-scale active strike-slip faults in
western Sichuan district (Xu et al. 2011). Western Sichuan
plateau is one of the regions with strongest seismic activity
in mainland China. ‘5.12” Wenchuan Earthquake recorded
8.0 magnitude happened in the Longmenshan active
thrusting strike-slip fault zone.

Western Sichuan has strong high-temperature surface
thermal manifestation. As one of the most important ther-
mal spring areas in China, there occurs 248 spring from 20
to 80 °C, accounting for 86 percent of the total in Sichuan
Province (Luo 1994). Boiling and hot springs show a zonal
distribution along three main large-scale strike-slip fault
zones: Jinshajiang fault zone, Ganzi-Litang fault zone, and
Xianshuihe fault zone. Kangding geothermal area is loca-
ted along Xianshuihe fault zone, which is one of the major
left-lateral strike-slip faults.
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In recent years, several geothermal exploration and
exploitation projects have been launched in Kangding with
an aim of geothermal power generation. From north to
south, multiple hot spring groups occur along fault zone in
Kangding area, forming a more than 10 km band zone. The
springs are used for bathing, swimming, and medical pur-
poses. Previous studies have investigated the hydrogeo-
logical and isotopic properties of hot springs in western
Sichuan and Kangding (Cao et al. 2006; Chen 2014; Chen
et al. 2015; Liu 2011; Luo 1994; Shen 2007; Wei et al.
2012). During the process of geothermal fluids ascending
from a geothermal reservoir, hot waters may cool by
mixing in the upflow with shallow groundwater (Arnorsson
2000). The mixing usually dilutes geothermal fluids and
may mislead the calculation of reservoir temperatures and
evaluation of geothermal prospect (Kong et al. 2014).

In this study, we have attempted to evaluate and com-
pare geothermal potential of both the northern and the
southern regions of the Kangding area based on geo-
chemistry geothermal waters. We have collected water
samples from wells between 20 and 304 meters deep and
analyzed them for chemistry and isotopes. We have made a
comparative study of the north—south regions with respect
reservoir temperature, scaling potential, and in particular,
evaluation of geothermal potential for future exploitation
and development.

Geological setting

This study was conducted in Kangding County, Sichuan
Province of China (Fig. 1). Sichuan Province is located in the
southeast of China. There are four types of geomorphology
from east to west, which are Sichuan Basin, peripheral
mountains of Sichuan Basin, southeastern mountains and
western Sichuan Plateau. From western Sichuan Plateau to
Sichuan Basin, the altitude varies from 4500 to 200 m. The
study area is located in the West Sichuan Plateau. The
average elevation is over 4000 m. The point of highest ele-
vation in the plateau is Gongga Mountain, at 7556 m above
sea level. Under the influence of terrain and monsoon cir-
culation, western Sichuan Plateau belong to subtropical and
temperate climate, where the average ambient temperature
and annual precipitation are below 10 °C and 500-800 mm.
Climatic vertical zoning is the most distinctive feature. River
systems in western Sichuan Plateau are in parallel with
mountain chains, flowing to mountain area in the south.
Jinsha River system traverses the whole western Sichuan
Plateau. The length of the trunk stream is 1584 km, which is
the upper reaches of the Yangtze River.

Western Sichuan Plateau is located in the southeastern
margin of Tibetan Plateau. Cenozoic structures in south-
western Sichuan are related to the postcollisional inter-
continental deformation resulting from the India—Eurasia
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convergence (Wang 1998). During the late Cenozoic per-
iod, crustal fragments from the Tibetan plateau were
extruded eastward (Wang 1998). Sichuan Basin represents
a mechanically strong and undeformed part of the Yangtze
platform, which has escaped multiple deformations that
affected the surrounding regions (Burchfiel et al. 1995;
Royden et al. 2008). The eastward transfer of crustal
material is diverted northeast and southeast around the
Sichuan Basin, accommodated by shortening on the mar-
gins of the plateau and by clockwise rotation around the
eastern Himalayan syntaxis (Royden et al. 2008; Zhang
et al. 2004). In southwestern Sichuan Basin, a crustal
fragment which has been extruded is bounded by faults of
Xianshuihe—Xiaojiang fault system and Red River fault
(Wang 1998).

The Xianshuihe—Xiaojiang fault system is an extensive
left-lateral fault system of at least 1400 km length, passing
through four major tectonic units, the Songpan—Ganzi fold
belt, the Longmen Shan thrust belt, the Yangzi platform
and the South China fold and thrust belts (Allen et al. 1991;
Wang 1998; Xu and Kamp 2000). The Xianshuihe fault
extends for 350 km in a NW-SE direction and slips left
laterally at 1012 mm/year (Meade 2007; Xu and Kamp
2000; Zhang et al. 2004). The fault has a steep dip near the
surface (70-80 °C) and a total left-lateral horizontal dis-
placement of ~60 km (Wang 1998; Xu and Kamp 2000).
At its southeastern end, the fault zone connects with the
Xiaojiang fault near Shimian County. The Xianshuihe fault
zone is located in Songpan—Ganzi Fold Belt which is lar-
gely underlain Triassic sedimentary strata. The Triassic
sedimentary strata in Songpan—Ganzi area is ~ 7000 m
thick and divided into five subareas: (1) Nanping area, (2)
Ruoergai area, (3) Maerkang—Yajiang area, (4) Yidun-
Daocheng area, (5) Jinshajiang area (Xu and Kamp 2000;
Zhang and Hao 1991). The study area Kangding is located
in the Maerkang—Yajiang area along Xianshuihe fault. The
Lower Triassic is disconformable over the Permian lime-
stone and consists of Bocigou and Rilagou formation. The
rock types of these two formations are basal conglomerate,
sandstone, siltstone, slate, and limestone lenses, which are
mainly distributed in Luhuo County. The Middle Triassic is
Zagunao formation which is divided into two sections.
Lower Zagunao formation consists of feldspathic quartz
sandstone, slate, micrite, limestone, and bioclastic. Upper
Zagunao formation is composed of metamorphic quartz
sandstone, feldspathic quartz sandtone, slate, limestone
lenses and basal conglomerate. The Upper Triassic consists
of Zhuwo, Xindugiao, Waduo, Lianghekous, and Yajiang
formation. The main rock types are metamorphic felds-
pathic quartz sandstone, siltstone, slate, phyllite, limestone
lenses, and metamorphic sandstone (Chang 2000; Su et al.
2006; Zhang and Hao 1991). To the west of Xianshuihe
fault in Kangding, Precambrian and Paleozoic rocks are
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Fig. 1 Simplified geological maps and sampling locations in Kangding geothermal area (y6 Himalayan intrusive rocks, 02-1 proterozoic

intrusive rocks, 7 triassic, Pt proterozoic)

almost exclusively underlain by Triassic sedimentary or
igneous rocks (Burchfiel et al. 1995). While in the East of
Xianshuihe fault in Kangding, there occurs a belt of Pre-
cambrian and Paleozoic crystalline rocks and Precambrian
reoverlain along a thrust contact with Sinian and Paleozoic
metasedimentary rocks (Burchfiel et al. 1995; Wang 1998;
Xu and Kamp 2000). The Precambrian rocks are divided
into pre-Sinian and Sinian rocks (Zhang and Hao 1991).
Pre-Sinian rock types are metamorphic rocks and plutonic
rocks, which are unconformably overlain by Sinian rock.
The Sinian rocks are sedimentary, volcanic rocks, and
marine sedimentary rocks (Zhang and Hao 1991).

There are three groups of intrusive rocks along the
Xianshuihe fault zone (Xu and Kamp 2000). The oldest
group of monzonitic granite and plagiogranite occurs east
of the Xianshuihe Fault near Luding overlaying by Sinian

strata (600-800 Ma). The second group of monzonitic
granite, granodiorite, quartz monzodiorite, and diorite
occurs in the central segment of the fault zone ranging from
~110 to ~210 Ma. The third group of batholith occurs
along southeastern segment of the fault zone with a granite
emplacement age of 13—10 Ma (Roger et al. 1995; Wang
1998; Xu and Kamp 2000). This Cenozoic large granitic
pluton trending along the Xianshuihe fault near Kangding
is called Gongga Shan Granite and covers an area of
~760 km?. The study of fission track thermochronology
shows that the cooling process, consisting of magmatic
cooling within the upper crust and cooling via denudation,
was synchronous with its deformation along the Xian-
shuihe Fault. Temperature related to emplacement of the
granite may have reached ~?240 °C under the influence
6-km radius (Xu and Kamp 2000).
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Sampling and analysis

To characterize the hydrogeochemistry of geothermal waters
in Kangding geothermal area, water samples from natural
thermal springs, geothermal wells, and river waters were
collected in August 2013 for major anion, cation, minor, and
trace element, 8°H, §'%0, '“C analyses. A total of 13
geothermal water and 5 surface water samples were col-
lected. Geothermal waters and surface waters were collected
from two groups geographically in northern and southern
Kangding. The sampling locations are shown in Fig. 2.
Samples were stored in high-density polyethylene bottles
which were rinsed with waters to be collected before sam-
pling. For cation analysis, reagent-grade HNO3 was added
to on sample collected at each site to bring the pH below 1.
Field parameters, including total dissolved solids (TDS),
electrical conductivity (EC), temperature, and pH, were

measured in site by using a Senslon156 multiparameter
device (made by Hach company). Stable water isotope
composition was measured at the Water Isotopes and
Water-Rock Interaction Laboratory, Institute of Geology
and Geophysics, Chinese Academy of Sciences on a laser
absorption water isotope spectrometer analyzer (Picarro
L1102-i). The results were reported with respect to the
Vienna Standard Mean Ocean Water (VSMOW) in %o with
precisions of £0.5% and +02% for &"H and §'*0,
respectively. The analysis of water chemistry was conducted
at the Analytical Laboratory of Beijing Research Institute of
Uranium Geology, where anions (F~, Cl, S0,°~, NO3")
and cations (Ca*™, Mg”, Na't, K*) were measured with a
DIONEX-500 ion chromatograph, minor and trace element
with NexION300D ICP/MS (inductively coupled plasma
mass spectrometry), and alkalinity (HCO5~, CO5>") using
an automatic titrator METROHM™. The methods for
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Fig. 2 Digital elevation model (DEM) and sampling location in Kangding geothermal area
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cation measurements are taken from the National Analysis
Standard DZ/T0064.28-1993, for anions from DZ/T0064.51-
1993, for minor and trace element from DZ/T0064.80-1993
and for alkalinity from DZ/T0064.29-1993. The analytical
precision was 3% of concentration based on reproducibility
of samples and standards. The detection limit was 0.05,
0.1 mg/L, and 0.002 pg/LL for cations/anions, HCO; /
CO5%", and trace elements, respectively. The accuracy was
0.01, 0.1 mg/L, and 0.001 pg/L for cations/anions, HCO3™/
CO5”™ and trace elements, respectively. The water analyses
are generally of high analytical accuracy and the charge
balance error ranges from —5 to 5% for all samples. "*C
concentrations were measured with service of Beta Analytic
Inc. (Florida, USA) on an accelerator mass spectrometry
(AMS).

Results and discussion

Hydrochemistry

The results for field parameters and chemical analyses of
water samples are shown in Tables 1 and 2, respectively.

As shown in the sampling locations (Fig. 2), samples of
KHO1-KHO06, KRO1 and KRO2 are collected along Yala
River in the northern Kangding, belonging to Dagaicun,
Zhonggucun, and Reshuitang geothermal fields. Samples of
KHO7-KH13 and KR03-KHO5 are located along Yulin
River in the southern Kangding, belonging to Liuhuang-
gou, Yulinhe and Baiyangwan geothermal fields. Natural
spring samples are slightly acidic while well and river
samples are slightly alkalic. Surface temperature of
geothermal waters varies from 47 to 79 °C. As the boiling
point of water in 3000 m above the sea level is 91 °C,
geothermal waters from Dagaicun, Liuhuangou, and
Yulinhe are close to boiling. Electrical conductivity values
for thermal waters range from 2.88 to 10.58 mS/cm.
Thermal waters are enriched in Na with respect to river
waters. HCOj is of the main anions for both thermal and
river waters. For hot waters, magnesium concentrations are
lower than that of calcium and sodium, which could be
explained by ion-exchange reactions occurring between
magnesium, calcium, and sodium. With HCO3;-Na and CI-
HCOs-Na as the major water types, geothermal waters
have high TDS ranging from 933 to 2540 mg/L. River
waters are characterized with of HCO3;—Ca and HCO;—

Table 1 Field characteristics of

water samples from two Sample  Type Depth  Location T pH® EC° TDS!  Water type

geothermal fields (temperature KHOI  Well 20 Dagaicun 744 705 3220 955 HCO,—Na

in °C, EC in uS/cm, TDS in mg/ .

L and depth in meters) KHO02 Spring - Zhonggucun 51.3 6.62 2920 933 HCO;-Na
KHO03 Well 105 Zhonggucun 58.6 7.01 3220 935 HCO;-Na
KHO04 Well 20 Reshuitang 58.3 6.63 3430 1007 HCO3;-Na
KHO05 Spring - Reshuitang 56.9 6.56 3590 1066 HCO;-Na
KHO06 Spring - Reshuitang 46.9 7.12 2880 988 HCO3;-Na
KHO07 Well 248 Liuhuanggou 740  7.51 8960 2250 Cl-HCO3-Na
KHO08 Well 305 Yulinhe 78.9 8.05 9660 2310 ClI-HCO3-Na
KHO09 Spring - Yulinhe 76.9 6.97 4630 1083 CI-HCO3-Na
KH10 Well 109 Yulinhe 79.3 8.74 10,580 2540 CI-HCO3-Na
KH11 Well 267 Yulinhe 68.2 8.97 8960 2500 Cl-HCO;—Na
KHI12 Spring - Yulinhe 58.2 6.61 3080 899 HCO;-Na
KH13 Well 250 Baiyangwan 61.5 7.64 8090 2370 CI-HCO;-Na
KRO1 River - Zhonggucun 12.8 8.00 93.9 58.1 HCO;-Ca
KRO2 River - Reshuitang 13.1 7.14 112.0 69.4 HCO;-Ca
KRO3 River - Liuhuanggou 9.9 8.02 58.6 394 HCO3;-SO,4—Ca
KR04 River - Yulinhe 12.9 8.25 838.2 53.3 HCO5-S04~Ca
KRO5 River - Zheduohe 12.2 8.51 - - HCO;—-Ca-Mg

? The accuracy of T is 0.1 °C

® The accuracy of pH is 0.01 pH is automatically corrected at 25 °C
¢ The accuracy of EC is 0.1 uS/cm and 0.01 mS/cm when EC is between 20.0-199.9 uS/cm and
2.00-19.99 mS/cm, respectively. EC is automatically corrected at 25 °C

4 The accuracy of TDS is 0.1, 1 and 0.01 mg/L when TDS is between 0.00-199.9, 200-1999 and
2.00-19.99 g/L, respectively. TDS is derived from EC which is corrected with 25 °C as reference tem-

perature and 2%/°C as linear temperature correction factor
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Table 2 Chemical and isotopic analyses of waters samples from two geothermal fields (cations, anions, SiO, and TDS in mg/L, trace elements
in pg/L, isotopic ratio in %o relative to the international VSMOW standard)

Sample HCO;~ CO3*~ CI” SO~ Ca*t Mgt Nat  KF TDS® Li Sr Siob  §'%0 &°H

KHO1 876.0 0.0 70.70 237 1940 2480 282.00 2620 863 1652.000  730.000 216 —16.81 —126.6

KHO02 907.0 0.0 77.50  1.50 33.00 13.50 310.00 30.10 919 1991.000  958.000 262 —16.88 —127.6

KHO03 901.0 0.0 65.10 044 41.10 2480 271.00 2430 877 1633.000 795.000 255 —16.73 —125.5

KHO04 1022.0 0.0 82.40 1.28 4950 17.40 333.00 30.40 1025 1980.000  979.000 282 —17.32 —130.3

KHO05 1055.0 0.0 86.60 1.72 4890 17.40 352.00 3270 1067 2131.000 1110.000 280 —-17.25 —130.5

KHO06 973.0 0.0 7460 0.71 33.60 20.20 312.00 28.40 956 1932.000 975.000 263 —16.77 —128.1

KHO7 1351.0 0.0 65500 6.08 1140 3.79 867.00 108.00 2327 8285.000 1320.000 503 —1647 —142.1

KHO08 1125.0 672 72600 3.73 7.10 1.99 868.00 118.00 2355 8680.000 378.000 718 —14.76 —136.7

KHO09 732.0 0.0 238.00 47.70 3350 14.70 343.00 40.80 1084 3327.000 1100.000 402 —15.60 —119.8

KH10 841.0 2850 717.00 13.90 6.76  0.70 946.00 122.00 2512 8810.000  106.000 1095 —15.00 —137.7

KH11 714.0 3360 760.00 12.20 386 045 973.00 134.00 2577 8928.000  526.000 1082 —14.70 —136.2

KHI12 764.0 0.0 136.00 33.90 85.9 12.30 259.00 2840 938 2074.000  620.000 300 —1524 —1159

KH13 1698.0 0.0 545.00 2.77 385 040 963.00 80.70 2445 7594.000 661.000 436 —16.02 —1414

KRO1 69.3 0.0 0.65 429 1520 3.73 4.89 0.59 64 20.500 97.700 18 —16.00 —116.0

KRO02 83.7 0.0 1.02 551 1820 4.61 6.88 0.76 79 29.600 105.000 19 —-16.03 -116.0

KRO3 31.0 0.0 0.18 1430 1270 1.50 1.13 0.33 46 2.460 42.100 11 -1637 —1189

KR04 47.6 0.0 0.77 16.60 16.60 2.70 2.26 0.68 63 9.780 84.700 14 —-1642 —1183

KROS5 96.2 0. 025 12,60 1990 8.78 5.31 0.44 96 10.200  107.000 26 —15.87 —1152

* TDS is calculated from chemical analyses of cations and anions

" Si0, is calculated from chemical analyses of Si

SO4—Ca types with TDS varying between 39.4 and ~ 100 —

69.4 mg/L. SiO, and Li concentrations of thermal waters = ] "

are generally higher than that of river waters. SiO, contents \S, ] %

of geothermal waters vary between 215 and 1094 mg/L. Li 2 ! E |

concentrations for thermal waters are above 1.5 mg/L with % 103 x

maximum of 8.9 mg/L. 8 4 x % * ®  Dagaicun
On the basis of concentrations of cations and anions, hot S -1 * E 1 2 fe‘::ff:;;“

water samples in Kangding geothermal area can be divided 14 i i ¢ Liuhuanggou

into two groups. As shown in the Schoeller semilogarith- 7 : : ;::;';:Zwan

mic diagram (Schoeller 1962) (Fig. 3), in accordance with i ¥ . rivers

spatial distribution, geothermal waters are classified into o1 ¢ .

two groups which share the same signatures of spike. 3 ; ¥

Samples in northern and southern Kangding possess dif- ] ] ¥

ferent patterns of peaks. The first group including samples i

in the north has significantly higher concentrations of Ca®" 0.01 = =

and Mg”>". The second group of samples in the south is ]

characterized with higher contents Na™, C1~, and SO,*". ]

Exceptions are natural spring samples of KH09 and KH12 0.001 S N

in the south, which are relatively close to the north group. It > %o"‘ OO«,{. EONE

is probably due to mixing and dilution process in the QO%X

upflow. River waters (KRO1-KRO05) manifest different
peaks compared to geothermal waters, having Ca®" and
HCO;™ peaks. Q-cluster analysis is made on all water
samples using the hydrogeochemical results (Fig. 4).
Seventeen compositions are selected as indices, which are
TDS (Table 2), pH, CI~, SO,*~, NO;~, HCO;~, CO5*™,
Na*, Mg*", Ca*", K, F~, Si, Sr, Li, Rb, and Cs. The

@ Springer
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Fig. 3 Schoeller semilogarithmic diagram of geothermal water

result of statistical analysis agrees with Schoeller
semilogarithmic diagram. According to the cluster results,
the geothermal samples can be divided into two groups. All



Environ Earth Sci (2017) 76:343

Page 7 of 24 343

Fig. 4 Result of Q-cluster
analysis of 17
hydrogeochemical indices
(TDS, pH, Cl-, SO,.*~, NO; ™,
HCO;~, CO5*~, Na™, Mg>™,
Ca®*, K*, F~, Si, Sr, Li, Rb,

KHO1
KHO02
KHO03
KHI12
KHO09

Cs) of all water samples KHO04
KHO06
KHO05
KRO1
KRO02

KROS5

KRO03
KR04
KHO07
KHO08
KHI13

KHI10
KHI1

T T

2000

the hot water samples from the north and natural spring
samples in the south (KH09 and KH12) fall into group A.
Geothermal well samples from the south belong to the
group C. Surface waters are divided into group B.

These two groups of thermal waters possess different
hydrochemical characteristics. As shown in geological map
(Fig. 1) and location of samples (Fig. 2), the first group
(KHO1-KHO06) is collected in the boundary between
Gongga granitic massif and Triassic sedimentary formation
which is the main reservoir. The electrical conductivity
values are between 2880 and 3590 ps/cm and are relatively
dilute. The hydrochemical types are all HCO;—Na
(Table 1), having total dissolved solid (TDS in Table 2)
values of 863-1067 mg/L. HCO; is the dominant anion
with concentration between 876 and 1055 mg/L. The sec-
ond group (KHO7-KH13) is distributed on the Gongga
granitic massif area (Fig. 2). The electrical conductivity
values are between 3080 and 10,580 ps/cm and relatively
saline. The waters belong almost exclusively to CI-HCO3—
Na type with total dissolved solid (TDS in Table 2) values
of 938-2577 mg/L. The primary anions are HCOj3; and Cl
with contents between 714-1698 and 136-726 mg/L,
respectively. Natural spring samples KH09 and KH12 are
two exceptions, having lower TDS and EC among the
south group. It is likely to be affected by cold shallow
groundwater in the upflow. In summary, compared to
samples in the south, geothermal waters from the north are
relatively lower in TDS, EC, pH, and temperature. Due to
the process of mixing with cold shallow groundwater,
natural spring waters are relatively dilute than well waters.

A Piper triangular diagram (Piper 1944) (Fig. 5) shows
that the hot waters from the north are focused in the corner
of HCO; + COj and Na + K. The ratio of Cl in samples is

4000 6000 8000
Linkage Distance

10000 12000

less than 10%. Both Mg and Ca account for about 10%.
Samples from the southern Kangding are located in the line
of Cl with an increasing tendency and a wider range
between 20 and 50%. The percentage of Na is close to
100% except for KHO9 and KH12. Natural spring waters
KHO09 and KH12 are relatively close to HCO3 corner and
possess a higher ration of Mg and Ca. In contrast to sam-
ples in the south, north group waters have an increasing
proportion of Mg and Ca. Surface waters display com-
pletely different features. These samples are concentrated
in Ca and HCOj; corner, with a substantial proportion of the
SO,4. According to Cl-SO4—HCO; triangular diagram
(Fig. 6), geothermal waters in the southern Kangding show
an increasing percentage of mature water up to 50% while
samples from northern Kangding are focused in the
peripheral region. Increasing HCO; and decreasing Cl
contents in geothermal waters from the north indicate
increasing degree of water—rock interaction (Giggenbach
and Glover 1992). The relation between (Na + K)-Cl and
(Ca + Mg)—(SO4 + HCO3) is used to test whether cation
exchange is a significant composition-controlling process
(Fisher and Mullican 1997). As shown in Fig. 7, except for
KHO08, KH10, and KH11, thermal waters are all located
along the line of y = —x, indicating that cation exchange
controls hydrochemical features significantly. HCOj3-rich
waters reflect interaction of CO,-charged fluids at lower
temperatures and migration path or mixing with shallow
groundwater (Giggenbach 1991). Na-HCO; waters are
common in geothermal systems associated with metamor-
phic rocks and high CO, content (Pasvanoglu 2012; Ven-
gosh et al. 2002). Rock type for reservoir in the northern
Kangding is primarily Triassic metamorphous sandstone
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Fig. 5 Piper triangular diagram
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Fig. 6 Cl1-SO,~HCO; triangular diagram (Ellis et al. 1977) for
geothermal samples

and slate. Participation of CO, in water-rock reaction
along migration path results in HCO3;—Na water type.

The isotopic data (Table 3; Figs. 8, 9, 10) confirmed the
similar characteristics indicated by hydrochemical results.
As shown in Fig. 8, geothermal waters in northern
Kangding, river waters, and spring waters in southern
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Kangding (KH09 and KH12) are of meteoric origin. Other
water samples in southern Kangding (KH07, KH08, KH10,
KHI11, and KH13) show different isotopic characteristics.
The 'O shift of second water group is remarkable. The '*C
apparent ages of samples are ranging from 32,400 to



Environ Earth Sci (2017) 76:343

Page 9 of 24 343

Table 3 Results of carbon-14 dating for selected geothermal samples

Sample Apparent age (BP) pmc pmc precision
KHO1 32,400 £ 230 1.8 0.1
KHO03 32,950 £ 260 1.7 0.1
KHO06 34,170 £ 290 1.4 0.1
KHO7 35,470 £ 330 1.2 0.1
KH10 38,680 + 440 0.8 0.1
KH11 36,810 £ 380 1 0.1
~ 90— [ J Dagaicun
Q\i [ | Zhonggucun GMWL
N: [ | Reshuitang g
w -100 — < Liuhuanggou
X Yulinhe
7 + Baiyangwan
rivers
-110 )
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5180(%o)

Fig. 8 Plot of 3'80-8%H for geothermal waters in Kangding area.
GWML, global meteoric water line (Craig 1961)

38,680 BP (Table 3). Water samples in south Kangding are
relatively older than north Kangding. On the basis of age,
groundwater is generally classified into two groups: (1)
young water or modern water (<100a); (2) old water
(>1 ka). For old groundwater, approaches including '*C,
81Ky, 234U/2*8U, and 2°Cl are used to determine the age. In
this study, "*C method is used for its mature technology
and high efficiency. The results are within the optimum
dating limit of "*C method, which indicates relatively high
accuracy. For KH10 and KH11, low concentration of 4c
(=<1 pmc) may yield inaccurate and incorrect ages. In the
future research, comprehensive dating approaches should
be used to verify the results. Considering the fact that the
measured age of water samples (Table 3) is similar, the
reason for diverse isotopic features is probably due to
water—rock isotope exchange. Well waters in southern
Kangding experienced stronger water—rock interaction in
condition of higher reservoir temperature or longer time,
which are closer to thermodynamic equilibrium. It is in
agreement with hydrochemical analysis (Fig. 6) and
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Fig. 9 Relation between 8'0 and ClI concentrations in water
samples
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Fig. 10 Relation between 8°H and Cl concentrations in water
samples

geothermometer result (Fig. 12). The relation between
3'®0 and CI contents of thermal waters from Kangding
area (Fig. 9) does not exhibit significant positive correla-
tion. The mixing process between diverse water origins is
not suggested. The relation between 3°H and Cl shows the
different feature (Fig. 10). Geothermal waters from
Yulinhe distribute in two groups and show a linear trend
when KH11, KHO8 and KH10 are regarded as uniform
source. The tendency equation is y = —28.608x-3182.5
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and R? is 0.99. It is assumed that KHO8 represents the deep
geothermal water source and intercept in x axis represents
the shallow groundwater source. Based on mass-balance
equation of “H and CI, the proportions of deep geothermal
fluids and shallow groundwater are calculated. The results
show that KHO09 is derived from 34% deep geothermal
fluids and 66% shallow groundwater. The contribution of
deep geothermal waters and shallow groundwaters to
KHI12 is 18 and 82%, respectively. The reason why 8'*0—
Cl relation does not show the mixing trend might be that
geothermal waters derived from same source experienced
different degree of water—rock interaction and varied pro-
cess of '®0 fractionation.

Recharge study is important for water resource evalua-
tion and evaluation of aquifer vulnerability to contamina-
tion (Scanlon et al. 2002). Determining the recharge to the
geothermal system is an important aspect in geothermal
investigation. Geothermal fluids originated mainly from
meteoric water (Craig 1963). Altitude effect of stable iso-
topes in meteoric water, which is induced by topographic
precipitation, is useful in distinguishing groundwater
recharged at high altitudes from low altitude (Blasch and
Bryson 2007). The deletion of '®0 ranges between —0.15
and —0.5 %o per 100 m rise in altitude, with a corre-
sponding decrease of about —1 to —4 %o for “H (Yeh et al.
2011). In this paper, the study area is located in eastern
margin of Tibetan Plateau. A 3'0 versus elevation gra-
dient of —0.3 %o (100 m)~! from five monitoring stations
on Tibetan Plateau is used (Gao et al. 2011). Deuterium
excess or d excess (d = 8D-85'%0) is the intercept in the
Global Meteoric Water Line (Craig 1961; Dansgaard

1964). A d excess versus elevation gradient of 0.12 %o
(100 m)~" from the same stations is used (Gao et al. 2011).
As mentioned earlier, oxygen isotope shift resulted from
water—rock interaction is remarkable in the water samples.
’H is used to estimate recharge area in this study. The *H-
altitude slope of —2.28 %o (100 m)_1 is calculated from
elevation gradient of 18O, d excess, and the definition of d
excess. The rainy season moisture source for Kangding is
believed to be the same as Chengdu. Based on GNIP
database, the multiyear weighted-mean isotopic values for
rainy season in Chengdu are —6.7 %o for '*0 and —49.6 %o
for *H (Jia et al. 2008). The 8°H values of precipitation in
local area and the elevation of recharge area are calculated
(Table 4). It is indicated that the recharge areas for samples
in south Kangding are higher than 4300 m except for
spring KH09 and KH12. The recharge area for samples in
north Kangding are generally lower than 4100 m. The
“recharge area” of river samples is about 3500 m, which is
resulted from the mixing of precipitations and shallow
groundwater in different altitudes. As KH09, KH12, and
river samples share a relatively “close” recharge area, it is
indicated that KH0O9 and KH12 experienced considerable
degree of mixing with shallow groundwater in the process
of upflowing, which agrees with relation between 5°H and
Cl. Moreover, as shown in Figs. 8 and 10, all samples from
north Kangding are relatively close to river samples as
KHO09 and KHI12, which increases possibility of mixing
process. It is very likely that the calculated recharge ele-
vations are lowered by mixing with shallow groundwater.
Therefore, a recharge area higher than 4300 m is relatively
reasonable and credible.

Table 4 The calculated

elevation of recharge areas Samples Local elevation 2H in local precipitation Elevation of recharge area Elevation difference

(ele\{ation in meters, S.ZH in %o KHO1 3139 —109.77 3875 736

relative to the international

VSMOW standard) KHO02 3078 —108.38 3921 843
KHO03 3066 —108.10 3829 763
KHO04 3026 —107.19 4041 1015
KHO05 3136 —109.70 4049 913
KHO06 3019 —107.03 3943 924
KHO7 3121 —109.36 4557 1436
KHO8 3064 —108.06 4318 1254
KHO09 3019 —107.03 3578 559
KH10 3025 —-107.17 4364 1339
KHI11 3025 —107.17 4300 1275
KHI12 2984 —106.24 3410 426
KHI13 2962 —105.73 4524 1562
KRO1 3078 —108.38 3410 332
KRO02 3019 —107.03 3413 394
KRO3 3141 —109.81 3538 397
KR04 3064 —108.06 3513 449
KROS5 2769 —101.33 3375 606
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Chloride is considered as the conservative constituent
for this geothermal region. The relations of the constituents
in water samples from the study area are presented in
Fig. 11. EC value and concentrations of SiO,, Na, K, Mg,
and Li are plotted against CI. It is showed that samples in
the first group are gathered to a rather limited extent while
the second group distributing in a trend of evolution. It is
likely that samples in the north share the same sources and
belong to the same geothermal system. These samples are
characterized with pretty similar hydrochemcical proper-
ties. In contrast, geothermal waters from the south exhibit
an evolutionary trend. Except for natural spring waters
(KHO09 and KH12), other samples possess similar hydro-
chemical features. In combination of Schoeller diagram
(Fig. 3), Piper diagram (Fig. 5), and relations of chemical
constituents (Fig. 6), samples in the south evolve from
Yulinhe, Liuvhuanggou to Baiyangwan. In the plots, natural
springs (KHO09 and KH12) are distributed close to the first
group. Considering that spring waters are commonly
affected by shallow precipitation-genetic groundwater in
process of upflow, geothermal waters in the northern
Kangding are probably meteoric origin.

Geothermometry

For geothermal fields in the initial stage of exploitation,
chemical and isotope geothermometry probably constitute
the most important geochemical tool for the exploration
and development of geothermal resources (Arnorsson
2000). Based on temperature-dependent water—rock equi-
librium, chemical geothermometers can give the last tem-
perature of water—rock equilibrium in the reservoir
(Nicholson 2012). The reservoir temperatures in Kangding
geothermal area is estimated using cation based empirical
geothermometers and silica/thermodynamic equilibrium
based theoretical geothermometers.

In consideration of the mixing process during ascending
to the surface, some cation geothermometers may yield
unreliable results. Giggenbach (1988) classified natural
waters as immature, partially equilibrated or mixed and
fully equilibrated on the basis of relative abundance of Na,
K, and Mg concentration. The Na—K-Mg triangular dia-
gram proposed by Giggenbach is commonly used to dis-
tinguish fully equilibrated waters from partial equilibrated
waters and immature waters. Waters fall into full equilib-
rium line represent full water—rock reactions. Waters
plotted between full equilibrium line and immature waters
region are typical partially equilibrated or mixed waters.
Immature waters are usually located close to Mg corner
without obtaining equilibrium. In this paper, the Na—K-Mg
triangle is established on the basis of Na/K (Arnérsson
et al. 1983, 1998) and K/Mg geothermometers (Giggen-
bach 1988; Giggenbach and Soto 1992). Well waters in

southern Kangding (KHO07, KHO08, KH10, KH11, and
KH13) are all located in the partial equilibrated or mixed
region (Fig. 12). It means that these waters may result from
mixing between fully or partly equilibrated waters with
immature waters. The distribution of data in partially
equilibrated or mixed region reflects reservoir temperatures
ranging from 150 to 175 °C which are significantly lower
than silica geothermometers. The main reason is probably
the selection of Na/K geothermometer formula. As shown
in Table 5, the results of Na—K (Arndrsson et al. 1998) are
remarkably lower than Na—K (Giggenbach 1988). The Na—
K (Arndrsson et al. 1998)-derived triangular diagram yields
relatively lower reservoir temperature. It is indicated that
the selection of formulas in plotting Na—K-Mg triangular
diagram determines reservoir temperature.

Data points of northern Kanding (KHO1-KHO06) and
spring samples (KH09 and KH12) in the south fall into the
region of immature waters. It is indicated that these
geothermal waters have not attained equilibrium and are
probably dominated by mixing with low temperature
groundwater. As the cation geothermometers are based on
temperature-dependent water—rock equilibrium in reser-
voir, cation geothermometers are not suitable for samples
in immature waters. For samples in partial equilibrated or
mixed field, the result of cation geothermometer is doubtful
and should be considered together with silica geother-
mometer. Geothermal waters from southern Kangding fall
into the partial equilibrated or mixed field except for KH09
and KH12. These waters experienced a higher degree of
water—rock interaction with higher temperature or longer
reaction time. All the geothermal samples are relatively far
from full equilibrium line, indicating the unreliability of
cation geothermometers.

Several chemical geothermometers are selected to
evaluate the reservoir temperatures. The results of silica
and cation geothermometers are listed in Table 5. Gener-
ally, the reservoir temperatures of north group are lower
than south group. Located in the partial equilibrium or
mixed area of Na-K-Mg diagram (Fig. 12), Na/K
geothermometers are relatively reliable for these samples.
Cation geothermometers producing similar results can be
regarded as relatively reliable. K/Mg and Li/Mg geother-
mometers yield significant lower results especially for
KHO1-KHO6. It suggests that cold groundwater rich in Mg
and Ca might have mixed with deep geothermal fluids
during their ascending to the surface. The relationship of
Mg with other cations in geothermal waters is mainly
mixing-dependent other than temperature dependent.
Therefore, the K/Mg and Li/Mg geothermometers give
unreliable low results. The result calculated by Na/Li
geothermometer is the highest with minimum over 250 °C.
The temperatures provided by silica, Na-K, and Na—K—Ca
geothermometers are close and share the similar tendency,
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@ Springer

Dagaicun
Zhonggucun
Reshuitang
Liuhuanggou
Yulinhe
Baiyangwan
rivers

e+XOoHNEO

RE|

L1l

[

0.001

m Ll

fam L

T T TTT  F TTTT T T T T

100

T TTT1T H‘
1000
Cl(mg/L)

1:1 Line
Dagaicun Y
Zhonggucun
Reshuitang
Liuhuanggou
Yulinhe
Baiyangwan
rivers

o+xXxomHNEO

’ox

T 1 THHW

0.01

T T!'TH" T

0.1 1

T TTTT T TTT'TH‘

10

T
100

Dagaicun
Zhonggucun
Reshuitang
Liuhuanggou
Yulinhe
Baiyangwan
rivers

e+XoHEO

'x

0.001

0.01

0.1 1

M T T [RERRALL

10 100
Cl(meq/L)



Environ Earth Sci (2017) 76:343

Page 13 of 24 343

Dagaicun
Zhonggucun
Reshuitang
Liuhuanggou
Yulinhe
Baiyangwan

Na/1000

+Xoo0ome

K/100 Mgn0.5

Fig. 12 Distribution of geothermal samples in Na—K-Mg triangular
diagram (Arnérsson et al. 1998; Giggenbach 1988; Giggenbach and
Soto 1992)

varying in a wide range of 172-335 °C. Generally, reser-
voir temperatures of thermal waters possess an increasing
tendency toward the southern Kangding. With the highest
reservoir temperatures, Liuhuanggou and Yulinhe are
probably the most promising geothermal fields in

Kangding. Similar temperature results for KHO1-KHO06
indicate that samples in northern Kangding belong to one
geothermal system. With lower temperatures compared to
other samples in southern Kangding, natural springs KH09
and KH12 are likely to be influenced by cold groundwater.

Another important method of chemical geothermometry
is computed multicomponent chemical equilibrium in
geothermal waters (Reed and Spycher 1984). By comput-
ing a group of minerals in equilibrium with each other for
geothermal waters, the approach can provide good evalu-
ation of reservoir temperature and equilibrium state when
compared to conventional empirical chemical geother-
mometers (Pang 1988, 1991, 1992; Pang and Armmannson
1989). FixAl approach can be applied to construct a
modified Q/K graph and predict reservoir temperatures for
geothermal waters lacking Al or with erroneous analyses of
Al (Pang and Reed 1998). By forcing the water in equi-
librium with Al-containing mineral and correcting degas-
sing/mixing process, equilibrium for a group of plausible
minerals can be reconstructed, indicating the equilibrium
or reservoir temperature.

With no Al content in hydrochemical analysis result for
Kangding, Q/K-T curves of Al-containing minerals are
plotted by forcing equilibrium. HCOj3-rich thermal waters
in Kangding region suggest the occurring of CO,-rich
geothermal fluids and intensive degassing process in near
surface. Substantial CO, must be added to water samples

Table 5 Calculated reservoir temperatures of samples from two different geothermal fields (in °C)

Sample  SiO, quartz®  SiO, quartz steam loss® Na-K®  Na-K® Na-K? Na-K°® K-Mg® Li-Mg’ Na-Li# Na-K-Ca"
KHO1 185 172 180 220 188 226 79 97 255 186
KHO02 199 184 185 223 192 230 91 110 262 185
KHO03 198 183 176 217 184 224 78 96 257 177
KHO04 205 188 178 218 186 225 88 107 256 180
KHO05 204 188 180 220 188 226 89 109 257 182
KHO06 199 184 178 218 186 225 84 104 259 182
KHO7 253 226 213 246 219 250 148 181 295 232
KHO8 288 253 223 255 229 258 163 197 299 244
KHO09 233 211 207 242 213 247 98 125 296 199
KH10 335 288 217 250 222 253 185 222 293 243
KH11 334 287 225 256 230 259 199 233 291 255
KHI12 209 192 198 234 205 240 90 113 280 180
KH13 240 216 170 211 178 219 180 228 279 220

# Fournier (1977)

® Truesdell (1976)

¢ Fournier (1979)

4 Arnorsson et al. (1983, 1998)
¢ Giggenbach et al. (1988)

f Kharaka and Mariner (1989)
& Kharaka et al. (1982)

" Fournier and Truesdell (1973)
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before plotting of FixAl graphs. In this study, SOLVEQ-
XPT computer program (Reed et al. 2010) is used to cal-
culate the distribution of aqueous species and mineral
saturation indices in geothermal waters. With the capability
of forced mineral equilibrium and calculating pH at high
temperature and pressure from low T-P—pH measurement,
SOLVEQ-XPT is useful in evaluating mineral equilibria
(Reed et al. 2010).

Figures 13, 14, 15, 16, 17, 18, and 19 show the origi-
nal, degassing-corrected and FixAl-constructed mineral
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equilibria graphs of some samples in northern and southern
Kangding, respectively. In original mineral distributions,
talc, chrysotile, diopside, enstatite, dolomite aragonite,
cristobalite, and calcite are supersaturated in whole range
of temperature, indicating intensive degassing in spring
vent or wellhead. Degassing is corrected by adding back
same moles of component species HT and HCO;~ in the
input (Pang and Reed 1998), yielding approximate tem-
perature agreement between calcite, dolomite, cristobalite,
chalcedony, and quartz. The equilibria of aluminum
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Fig. 13 Reconstructed mineral equilibria graph of KHO1 (a original, b degassing and mixing corrected, ¢ FixAl reconstructed)
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Fig. 14 Reconstructed mineral equilibria graph of KHO2 (a original, b degassing and mixing corrected, ¢ FixAl reconstructed)

minerals are constructed by FixAl method which selects a
reasonable Al-bearing mineral for forcing equilibrium.
After degassing correction and FixAl construction, a pos-
sible equilibrium temperature is yielded. The result of
computed multicomponent chemical equilibrium for
geothermal waters is shown in Figs. 16 and 20. The group
consists of more than 10 minerals including aragonite,
beidellite-Mg, beidellite-Ca, calcite, chalcedony, cristo-
balite, laumonite, quartz, wairakite, Mg-chloritoid, dias-
pore, tridymite, albite. It is shown that geothermal waters
in northern Kangding (Fig. 16) have reservoir temperatures

ranging between 200 and 230 °C. Samples from southern
Kangding (Fig. 20) possess higher temperatures varying
from 225 to 310 °C. The average reservoir temperature in
northern and southern Kangding is 215 and 265 °C,
respectively. Reservoir temperatures predicted by multi-
component chemical equilibrium fall into a limited range
and significantly higher than silica and cation geother-
mometers. In the aspect of reservoir temperature, south
district has greater potential in geothermal power genera-
tion and development. In future exploration and site
selection, it is important to take flow capacity, steam
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Fig. 15 Reconstructed mineral equilibria graph of KHO5 (a original, b degassing and mixing corrected, ¢ FixAl reconstructed)

pressure, traffic condition, and other economic factors into
account.

Mineral Saturation and Scaling Potential

Calculation of mineral saturation in geothermal waters and
prediction of scaling is essential in evaluating geothermal
resources for future development and utilization. Scaling is
a common problem especially found in high-temperature
geothermal systems. When high-temperature geothermal
fluids are produced from subsurface, the changed

@ Springer

Fig. 16 FixAl graph for reconstructing mineral equilibria andp.
estimating equilibrium temperature for geothermal waters in northern
Kangding

temperature, pH, pressure, and oxidation—deoxidation
environment may alter the saturation condition of minerals
dissolved in geothermal waters. The degassing process due
to depressurization in production wells aggravate the
scaling problem especially the calcite and dolomite. Pre-
cipitation of minerals on the borehole walls, valves, and
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Fig. 17 Reconstructed mineral equilibria graph of KHO7 (a original, b degassing and mixing corrected, ¢ FixAl reconstructed)

pipelines decreases the flow rate and pressure, which
severely hampers the production and utilization of
geothermal fluids. Therefore, assessment of scaling
potential in the initial stage of exploration is necessary. The
saturation indices of carbonate (calcite, aragonite, dolo-
mite, and others), sulfate (gypsum, anhydrite and others)
and silica (quartz, chalcedony and others) minerals are
helpful in scaling prediction and estimating which minerals
tend to precipitate during production. When the saturation
index is zero, there exists a thermodynamic equilibrium. A

@ Springer

negative index indicates undersaturation, and a positive
index indicates supersaturation. To predict minerals which
may precipitate during production and development of
geothermal fluids, it is important to calculate saturation
index (SI) for some hydrothermal minerals.

Ryzner’s index (Ryznar 1944), Larson’s index (Larson
and Sollo 1967), and hydrogeochemical simulation (Tarcan
2005; Wei et al. 2012; Zhang et al. 2016) are generally
used to evaluate the scaling trend. In this study, the scaling
tendency of geothermal waters in Kangding is evaluated
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using hydrogeochemical simulation. Mineral saturation
indices are calculated for several typical hydrothermal
minerals using SOLVEQ-XPT (Reed et al. 2010). The
calculation of chemical equilibrium is based on laboratory
analyses of hydrochemical indexes. The saturation indices
(SI = log(Q/K)) of a group of hydrothermal minerals are
calculated from surface measured temperature to over
300 °C by forced mineral equilibrium with Al-containing
mineral and increasing temperature step by step are cal-
culated. The mineral equilibrium diagrams of geothermal
waters versus temperature are plotted in Fig. 21. As shown

in the figures, calcite is almost oversaturated at each tem-
perature for all the geothermal samples. In the mineral
equilibrium diagram, aragonite and dolomite exhibit simi-
lar trend with the calcite for most water samples. Except
for individual samples in northern Kangding, most samples
are oversaturated with aragonite and dolomite. In contrast,
most waters are undersaturated with respect to gypsum,
anhydrate, albite, kaolinite, and illite minerals in near
surface and reservoir. In high temperatures over 300 °C,
some samples are oversaturated with gypsum, anhydrate,
and albite. Scaling problems of carbonate minerals (calcite,
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Fig. 19 Reconstructed mineral equilibria graph of KH12 (a original, b degassing and mixing corrected, ¢ FixAl reconstructed)

aragonite, and dolomite) are most likely to happen in
Kangding geothermal area. In addition, quartz, chalcedony
and silica-amorphous may probably precipitate at lower
temperatures in surface. Sulfate minerals are not likely to
precipitate during exploitation and development. These
results are in accordance with hydrochemical characteris-
tics. As the main constitution in waters, substantial HCOj3
ions are probably resulted from reaction between CO,-rich
geothermal fluids and Triassic metamorphic rocks. In the
future work of exploitation and development, degassing of
CO, from high-temperature geothermal fluids may cause a
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certain degree of carbonate scaling in pipelines, valves, and
power generation equipment. According to the results,
carbonate minerals are probably the main scaling problems
in Kangding geothermal area if it occurs.

The results of mineral saturation and scaling potential
are in agreement with previous research and field obser-
vations (Wang et al. 2015; Wei et al. 2012; Zhang et al.
2016). A geothermal well in northern Kangding district
scales seriously in the process of blow off stage and
exploitation. XRD analysis showed that the main compo-
sition of scaling is calcium carbonate with 5% silica (Wang



Environ Earth Sci (2017) 76:343

Page 21 of 24 343

Fig. 20 FixAl graph for

reconstructing mineral o g
&
ey L >
equilibria and estimating =4 %
.qe . [=) _O'
equilibrium temperature for -
geothermal waters in southern
Kangding
albite
~——————— TA-clinochlore albite-high
albite aragonite
———————— aragonite beidellite-Mg.
~———————— beidellite-Ca calcite
calcite chalcedony
————— chalcedony eristobalite
~———————— cristobalite kaolinite
laumontite microcline
——————— microcline quartz
quartz irakite
glaucophane Ca-montmorillonite
tremolite Na-phlogopite
Na-montmorillonite diaspore
pargasite margarite
—————— tridymite ———————— tridymite
\ — T 0 L I L
0 100 200 300 400 0 100 200 300 400
T(°C) T(°C)
g 10 — g 10 — /
g KH09 g KHI10
g E
0
0|
o 210 — —————— beidellite-Na
| anhydrite —————— calcite
| aragonite chalcedony
| beidellite-Mg laumontite
10 - | calcite ) quartz
- | chalcedony —— e
| = cristobalite ~—————— andalusite
| —————— kaolinite -20 — Mg-chloritoid
| quartz. tridymite
b : wairakite diaspore
| diaspore B ——————— castonite
| —————— paragonite kyanite
| - tridymite ——— silimanite
= 1 T ] 2 I I P
0 100 200 300 400 0 100 200 300 400
T(°C) T(C)
—~ 10— s S
g g KHI2 s
</ S
B E
0|
0— |
5
J ——— angonie
“——— beidellite-Ca
beidellite-Mg. -
lite-Na il ]
10— anbydsie
. _— :::I‘c‘:dony -10 4 ——————— beidellite-Ca
—————— cristobalite fdellie:
kaolinite .
T ~—————— laumontite chalcedony
quartz oartz
—  anorthite ——————— wairakite
PE— argaie
e tridymite ‘Ca-montmorillonite
celadonite magnesite
K-montmorillonite fridymite
] 1
300 400 200 300 400
T(°C) T(°C)
~ 10—
é | KHI3
=0
=)
2 |
0
-5 —
aragonite
.10 — —————— beidellite-Mg
calcite
B —————— chalcedony
cristobalite
15 - ——— laumontite
microcline
quartz
1 tridymite
20 L A L
0 100 200 300 400
T(°C)

@ Springer



343 Page 22 of 24

Environ Earth Sci (2017) 76:343

Fig. 21 Mineral equilibrium
diagrams of geothermal waters
(black solid lines represent
samples from northern
Kangding, red dash lines
represent samples from southern
Kangding)
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et al. 2015; Zhang et al. 2016), which is in accordance with
simulation results in this study. Decrease in temperature,
pressure, and degassing of CO, during production are the
primary causes of scaling problem in Kangding. There are
two widely used alternatives to remove or prevent calcite
precipitation in the wells. The first is to remove the scaling
periodically by mechanical cleaning and acidization. The
second is to inject anti-scalant in the production wells. By
altering the surface of the growing crystal or chelating the
calcium ions, anti-scalants can prevent the forming of
calcite deposition effectively. For existing and future
geothermal development projects in Kangding, application
of anti-scalant is recommended to prevent scaling problem
and ensure mining efficiency.

Conclusions

Kangding geothermal area in western Sichuan, China, has
intensive high-temperature geothermal manifestation. The
geothermal fields in Kangding can be divided into two
groups in geography and hydrochemistry. The north group
is HCO3—Na type belonging to peripheral waters with ion
exchange controlling the hydrochemical features. The
south group is CI-HCO3;—Na water type with remarkably
higher contents of Na™, SO,>~ and an increasing trending
of CI. The TDS and electrical conductivity of south group
is significantly higher than the north group. KHO8, KH10,
and KH12 in Yulinhe field are close to mature waters.
Isotopic features and relationship between major ions
indicate samples in northern Kangding are of meteoric
origin, while well waters in the south experienced intensive
water—rock interaction with significant positive oxygen
shift.

Empirical geothermometers and silica/thermodynamic
equilibrium based theoretical geothermometers are used to
calculate reservoir temperatures. The results of cation and
silica geothermometers range from 172 to 335 °C. Multi-
component chemical equilibrium in geothermal waters is
computed by SOLVEQ-XPT to calculate reservoir tem-
peratures. Geothermal waters in northern Kangding have
reservoir temperatures ranging between 200 and 230 °C.
Samples from southern Kangding possess higher temper-
atures varying from 225 to 310 °C except for KH12.

The analysis of mineral saturation shows that most
waters are oversaturated with aragonite and dolomite in
both near surface and reservoir. Scaling problems of car-
bonate minerals are most likely to happen in Kangding
geothermal area. Southern Kangding sub-district has higher
reservoir temperature than north area, indicating greater
potential in geothermal power generation and development.
For the prospective exploration, other key indicators
including but not limited to flow capacity, steam pressure,

injection condition, traffic infrastructure, and economic
factors should be considered together to support optimal
decision making regarding priority for development.
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