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Over geological time scales, Earth degassing has a significant impact on atmospheric carbon dioxide (CO,) concentrations, which
are an important component of global carbon cycle models. In Tibet, structural conditions and associated widespread geothermal
systems lead to carbon dioxide degassing during geothermal water migration. We characterized the hydrochemical conditions of
two geothermal fields on the Tibetan Plateau. The chemical composition of geothermal waters was controlled by K-feldspar and
albite. Geothermal waters in the Langjiu geothermal field were sodium chloride type and those of the Dagejia geothermal field
were sodium bicarbonate type. Simulations of CO, partial pressure within the two hydrogeothermal systems showed that CO,
degassing occurs during hot water migration from the aquifer to the surface. Carbon dioxide degassing flux from the Langjiu geo-

thermal field was estimated to be ~3.6x10°kg km>a™", and that from Dagejia was ~3.3x10°kg km2a™".
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The natural carbon cycle includes the conversion and mi-
gration of lithospheric, atmospheric, hydrospheric and bio-
spheric carbon, primarily in the forms of carbon dioxide
(CO,), carbonate (CO3), bicarbonate (HCO;3), methane
(CHy), and formaldehyde (CH,O) [1]. CO, is the most
abundant atmospheric greenhouse trace gas, and in recent
years research has shown that the deep crust is a large CO,
source [2—4]. Hydrogeothermal systems play a key role in
mediating crustal CO, outgassing to the atmosphere [4,5].
American geologist T. C. Chamberlin [6] (1843-1928)
hypothesized the regulation of atmospheric CO, concentra-
tions through dynamic lithospheric interaction with the hy-
drosphere and atmosphere, which lead to alternating cold
and warm periods typified by the Permian and Quaternary
glacial-interglacial oscillations. Modern research is increas-
ingly focusing on regional- and global-scale CO, degassing
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from the deep crust [2-16], and over the past decade a large
number of studies have shown that CO, release from both
volcanic eruptions and non-eruptive systems affects global
atmospheric composition. These non-eruptive systems in-
clude geomagnetic anomaly zones, shallow earthquake
zones, gravity anomalies and high heat flow zones [17-27].
Processes assumed to be common among these settings are
the migration of magmatic fluids from the deep to the upper
crust and then the surface, which results in both significant
CO, outgassing and associated changes in the chemical
composition of shallow groundwater.

Researchers have applied 6D, & 13C, 3He/*He and other
isotopic tracers to study crustal CO, outgassing in the west-
ern Cordillera region of USA [28,29], the Himalayas
[3,4,30], Italy [17-20,22-27,31], southeastern France [32],
eastern China [33,34] and southwest China [16,35-40].
However, there are few studies of the processes and magni-
tude of non-volcanic CO, degassing, especially fault deep
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fault zones and geothermal anomalies. Currently, there are
three main approaches to assessing CO, degassing flux: (1)
through changes in CO, molar concentrations or enthalpy
that occur during the migration of geothermal fluid between
deep aquifers and the surface [25]; (2) measuring CO, con-
centrations directly at particular grid sampling densities to
calculate CO, flux [26]; and (3) applying infrared remote
sensing techniques to measure and calculate CO, flux at
regional scales [41].

Tibet Autonomous Region (Tibet for short) is one of the
most tectonically active regions in the world, and its struc-
tural conditions and associated widespread geothermal sys-
tems lead to CO, degassing during geothermal water migra-
tion. In this study we characterized the hydrochemical fea-
tures of geothermal waters in the Langjiu geothermal field,
Gar County, and the Dagejia geothermal field in Ngamring
County, western Tibet, China, and calculated CO, degassing
flux in these two areas.

1 Regional geological setting

On the Tibetan Plateau there are two large-scale EW trend-
ing suture zones (Indian River-Yarlung-Zanbo suture (IYS)
and Bangong Lake-Nujiang suture (BNS)), which are im-
portant geological and geomorphological boundaries divide
the plateau into three tectonic blocks: north, central and
south (Figure 1(a)). Large-scale uplift of the Tibetan Plateau
has been occurring since the Miocene, and east-west exten-
sion occurred subsequently, the age range from 18.3+2.7 to
13.3+0.8 Ma B P [42], which formed a series of normal
fault systems that bisect the IYS and BNS, some of which
have developed into rift and grabens [43—46]. The grabens
are well-known locations of Himalayan geothermal zones
[47].

Geothermal waters on the Tibetan Plateau contain char-
acteristic signatures, in particular dissolved gasses, reflect-
ing the regional processes of collision and uplift, and the
nature and spatial distribution of source rocks and in both
the upper crust and the mantle. The geothermal gases in
Tibet are subdivided into a dominant CO,-type and less
common N,-type [39].

Here, we assigned geothermal anomaly districts on the
Tibetan Plateau into one of the two types based on accord-
ing to the occurrence of the geothermal deposits sediments
travertine and silica sinter. The Langjiu geothermal field is
typical travertine type and the Dagejia geothermal field is
silica sinter type.
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1.1 Langjiu geothermal field

The Langjiu geothermal field is located in Gar County
(80°21'40"E, 32°21'48"N) at 4500 m above sea level (a.s.l.)
on the northwest margin of the Gangdisé-Nyaingéntanglha
microplate, which is bounded by the Shiquanhe-Namco
fault to the north and the Yarlung-Zanbo suture in the south
(Figure 1(a)). The local geology is dominantly travertine. In
the 1970s, a geothermal survey was conducted at the site by
the Tibetan Plateau Comprehensive Scientific Expedition
Team [48]. In the 1980s the local government built a geo-
thermal power plant at the site, but it was abandoned soon
after completion due to it not meeting local energy needs
[49]. In 1987, a team from the Chengdu Institute of Geology

completed a detailed geological map (1:5000) of the re-
gion'?. Subsequently, detailed studies of the geothermal
areas were conducted by Tong et al. [49] and Liao et al. [50].

The main stratigraphic units exposed in the region'*”
[51] are: the Oligocene-Miocene Rigongla group (E;N;r)
comprising purple-brown-red sandstones and conglomerates
and calcareous mudstones; the Early Cretaceous Langjiu
group (K;/) comprising trachytes, basalts, rhyolites and bio-
clastic limestones; the Early Cretaceous Duoai group (K;d)
comprising basalts, tuffs, dacites, andesites and bioclastic
limestones; the Early Cretaceous Tuocheng group (K;?)
comprising biotite dacites, rhyolites and tuffs; the Triassic
Tongtangna group (T ,f) comprising dark gray-yellow do-
lomites and ~2 m thick silicified limestone breccias at the
base; and the Late Permian Xiala group (P;x) comprising
limestones and purple-red cherts.

The geothermal reservoirs in the Langjiu field are frac-
tured granites, the roof rocks of which are not developed
fully [48,49]. This enables the geothermal waters to mix
with cold waters, which promotes the formation of a geo-
chemical barrier. At present geothermal issues from a waste
pipe at the former power plant (Figure 2(a)) enabling its
geochemical analysis, with only changes in temperature and
pressure.

1.2 Dagejia geothermal field

The Dagejia geothermal field is located in Ngamring County,
Xigazé Region, Tibet (85°44'45"E, 29°36'00"-29°36"20"), at
5100 m a.s.l. It is situated in the middle of the Indian Riv-
er-Yarlung-Zanbo suture and the southern margin of the
Gangdise continental margin magmatic arc [54] (Figure 1(a)).
The main kind of thermal spring in this region is geysers, and
the hydrogeothermal height reaches ~2 m. There are also
several smaller intermittent geysers and tens of thermal

1) Chengdu Institute of Geology Scientific Expedition Team to Ali. Scientific Investigation Report of Langjiu Geothermal Fields in Ali, Tibet, 1988, Internal data.
2) Chengdu Institute of Geology Scientific Expedition Team to Langjiu. Reconsideration of development prospects of Langjiu geothermal field, 1989, Internal data.

3) 1:250000 Geological Map for Shiquanhe.
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Figure 1 Structural units of the Tibetan Plateau [52,53]and geology of the Langjiu and Dagejia geothermal fields*”. 1, Quaternary sediments; 2, Oligo-
ceneearly Miocene Rgongla group; 3, Paleogene Dazhuka group; 4, Paleogene Dianzhong Group sec; 5, Cretaceous Angren Group; 6, Early Cretaceous
Duoai Group; 7, Early Cretaceous Tuocheng Group; 8, Early Cretaceous Langjiu Group; 9, Triassic Tongtangna Group; 10, Late Permian Xiala Group; 11,
sampling locations; 12, monzogranites; 13, granodiorites; 14, gangdise magmatic arc; 15, geothermal field; 16, stratigraphic boundary; 17, observed/inferred
faults; 18, inferred transtensional faults; 19, observed reverse faults/normal faults; 20, sutures: IYS, Indian River-Yarlung-Zanbo Suture; BNS, Bangong

Lake-Nujiang River Suture.

4) See footnote 3) on Page 3784.
5) 1:250000 Geological Map for Sangsang.
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Figure 2 The photos of the geothermal field. (a) Thermal spring in the Langjiu geothermal field; (b) main fountain in the Dagejia geothermal field;
(c) travertine in the Langjiu field; (d) in situ water quality monitoring and gas collection devices.

springs and hot water ponds (Figure 2(b)). All the thermal
springs and other geothermal features are distributed along
the Changma stream, which runs from Dajiamang Lake to
Canke Lake (Figure 1(c), (e)).

This geothermal field has been much studied since the
1970s. The Tibetan Plateau Comprehensive Scientific Ex-
pedition Team conducted geothermal surveys and evalua-
tions [48], and detailed investigations were conducted by
Tong et al. [49] and Zhao et al. [39]. From the late 1980s to
the 1990s detailed studies of the high-cesium deposits in the
areas were conducted [54-58].

Most of the Dagejia geothermal field is composed of
Quaternary sediments. Underlying exposed stratigraphic
units are: Paleogene Dazhuka Group (Es;N;d) sandstones
and mudstones; Paleogene Dianzhong Group (E1_2d2) rhyolit-
ic lavas, tuffaceous sandstones and rhyolites; and Cretaceous
Angren Group (K,,a') dark gray and gray-black sandstones
and fine sandstone-shales laminated sediments® [51].

Magmatic rocks exposed in study area are medium-
grained porphyritic hornblende monzogranites and medium-
grained porphyritic biotite monzogranites (KZrHbny) which
intruded in clastic stone during the Cretaceousé)[Sl]. The
granite intrusions are the most likely heat source for the hot
springs, and their granite micas and feldspars are likely the

6) See footnote 5) on Page 3785.

main sources of major hydrochemical elements K, Na, Ca,
Mg.

The entire region has experienced strong tectonic activi-
ty, with well-developed east-west and northwest-southeast
(Figure 1(c)). The Dagejia geothermal field lies within a
small north-south oriented graben [47,59], the tensional
nature of which presenting good conditions for extensive
surface manifestation of geothermal waters.

2 Sample collection and analysis
2.1 Field testing

We field tested six hot springs in the Langjiu geothermal
field (LJ1-LJ6) (Figure 1(d); Figure 2(a),(c)), and six gey-
sers in the Dagejia geothermal field (DJ1: major geyser;
DJ114, DJ106, DJ109, DJ112, DJ116: normal geysers)
(Figure 1(e); Figure 2(b),(d)) and melt water, river water
and lake water samples. We measured temperature (°C,
accuracy +0.1°C), pH, electrical conductivity (EC; accuracy
+1 pS cm') in the field using a portable instrument (Hach,
USA), and measured bicarbonate (HCO;, accuracy =+0.1
mmol L) and calcium ions (Ca*", +0.2 mmol L) with a
portable kit (Merck, Germany).
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2.2 Samples collecting and laboratory analysis

We collected samples from each field testing site in clean
polyvinyl fluoride bottles that were then sealed with wax.
We analyzed for chlorine ion (CI") by aquametry (accuracy
+0.1 mg L™, sulfate ion (SO,4>) by UV-spectrophotometry
(accuracy +0.01 mg L), and fluorine ion (F") by Metrohm
761 ion chromatography (accuracy +0.001 mg L™"). Cation
samples were was acidified with 1:1 nitric acid (HNO;) to
avoid adsorption, and then tested with ICP-OES Optima
2100 DV spectrometer (accuracy +0.001 mg L™). We col-
lected gas samples in a Tedlar gas sampling device using
the air displacement method [60], and tested them by gas
chromatography mass spectrometry. All the testing was
conducted in the Hydrochemical Analysis and Isotope Lab-
oratories in the School of Geographical Science in South-
west University, Chongqing, China.

3 Results and discussion

3.1 Hydrochemical characteristics

Water temperature in both geothermal fields ranged from
80°C to 105°C, and pH values were in the range 7.4-9.15,
which means they were neutral to weakly alkaline (Table 1).
Electric conductivity in these springs was high (1582-1848
uS cm ' at Dagejia, and 2610 uS cm ' at Langjiu), as was
their degree of mineralization. The Dagejia and Langjiu
fields had similar ranges of K*, HCOj; and F~ values. In

Table 1 Hydrochemical data of the Dagejia and Langjiu thermal fields
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general in Dagejia there were higher value ranges for CO;* and
SiO, than in Langjiu, and in Langjiu there were higher value
ranges for Na*, Ca**, SO,* and CI than in Daggjia.

The hydrochemistry of geothermal waters can be pre-
sented graphically in a classification diagram [61], and we
present the cation and anion data in Table 1 thus in Figure
3. The Dagejia hot springs are located in zone B, indicating
the hydrochemistry of this geothermal field is of the type
Na-HCOj;. In contrast, hot springs in the Langjiu thermal
were in zone A, indicating its hydrochemistry is of the type
is Na-Cl. Surface waters from both fields occurred in zone
D, indicating their hydrochemistry is of the type Ca-Mg-
HCO;. The similarities in surface water hydrochemistry
reflect similar surficial geology, but geothermal waters
show distinct differences in subsurface geochemical condi-
tions. There has been much deposition of silica sinters at
Dagejia, but many travertines deposited in Langjiu, sug-
gesting different water vapor sources or CO, degassing
mechanisms leading to the differing hydrochemistry and
precipitated deposits.

3.2 Ion sources

Activity plots are a useful graphical tool to describe the sta-
bility of solids in relation to the composition of the coexist-
ence solution [62]. In this study, a Na-K geothermometer
was used to calculate the base reservoir temperature of the
thermal field (Table 2). The temperature range of the two
fields was 215.34-284.72°C, and the mean was 251.36°C,

T EC Na* K* Ca®  Mg*  COY HCO; SOi cl- F~ Si0,
No. o pH . -
°C) (uScm™) (mgL 1)

DIl 812 775 1694 40891  62.66  2.95 - - 664.9 77.01 18571 289  349.69

DJ104 265 854 1582 2806 337 1.38 - 108 500.2 67.6 17406 381  249.87

DJ106 233 816 1642 3296 39 212 001 - 628.3 73.42 16447 828 26522
2. DI109 196 878 1703 3398 4189 148 - 198 4514 80.37 17132 001  317.12
an
g DIlI2 303 857 1839 3753 4717 113 - 138 567.3 84.29 17132 146 36342

DI116 269 806 1848 3484 4253  1.09 - - 719.8 84.69 185.03 643 33727

River” 11 74 - 4 0.5 128 146 0 555 8 25 0.44 4.4

Lake 9 843 118 16.7 1.2 10.3 1.7 0 97.6 12 2.08 0.57 24

*LJ1 993 771 2610 5596 5082 3659 176 - 646.6 30641  394.04 0 159.52

*LJ2" 91 815 - 5958 6591 3204 332 1117  403.63  327.63 39906 7.8 175

* L3P 95 8.2 - 5852 653 1485 166 819  403.64 38773  379.02 8 190
5 kLAY 98  8.15 - 5522 6293 3048 332 504 51576 30623 38266 82 185
Z HLs 105 82 - 5766 6302 2775 213 3.5 61168 34819 38218 88  174.63
-

*LI6Y 102 8.15 - 6052 6695 3439 166  37.8 57341 33257 38632 8.8 185

Si;‘ﬂ 0 9.15 83 2.64 076 1491  0.16 36 12.2 10.38 1371 067 9892

]ﬁ?i‘egf” 24 871 277 6.65 129 5545  7.85 36 109.8 2531 20.56 0 15

a) From “Hot Springs Records in Tibet”; b) from the Chengdu University of Technology; % from drilling well data; River is water in Changma Stream and the Lake

is the water from Dajiamang Lake.
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which was chosen as the reference temperature for the ac-
tivity diagram. This approach assumes coexistence of the
vapor and liquid phases for a H,O-dominated fluid in the
system [63]. We plotted our sample data on activity dia-
grams of Na20—A1203—Si02—H20 and KzO-Aleg,-SiOz-HQO
to characterize phase precipitation resulting from a hetero-
geneous solution of K-feldspar and albite [64]. Figure 4(a)
shows the mineral phases albite, gibbsite, kaolinite and
paragonite. Figure 4(b) shows the mineral phases K-feldspar,
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gibbsite, kaolinite and muscovite. Sample data show that
Na" of geothermal water from both the Langjiu and Dagejia
fields are determined by the albite, and the sample popula-
tion is close to the quartz and chalcedony saturation lines
(Figure 4(a)). The data also show that the activity of K*is
controlled by K-feldspar (Figure 4(b)). Because both geo-
thermal fields areas are underlain by intruded granites in
which K-feldspar and albite are the major minerals, K™ and
Na* are likely the products of water-rock interactions be-
tween the thermal waters and granite.

3.3 Carbon dioxide degassing from the geothermal
fields

(1) Carbon dioxide degassing. Gas analyses showed there
were many geothermal gases emitted from both the Langjiu
and Dagejia geothermal fields, of which CO, was the main
component. The calculation of a mineral saturation index
(SD) can assist in determining the direction of chemical re-
actions in the geothermal waters, and indicates which reac-
tion may occur with changes in temperature, pressure and
redox during hydrothermal migration. For each sample from
Langjiu and Dagejia we calculated the SI for typical miner-
als, CO, partial pressure and total dissolved inorganic car-
bon (TDIC) (Table 2). The SI, fractional pressure and TDIC
were calculated using the PHREEQC model [64]. We used
Can’s Na/K equation to calculate a geothermometer (7x.k)
[65], the normalized mean square error of which was
0.179°C.

The magnitude of TDIC was similar to the measured
values. The SI of calcite, dolomite and aragonite in the Langjiu

T T 1 AL L AL L
6 p— p—
i Aé, i
-1 Samples of Langjiu .
N
7] "A IAA K-feldspar 7]
5 __ \ __J | | __
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Figure 4 Activity plots for the geothermal water samples of study areas. (a) Na,0-Al,05-Si0,-H,0; (b) K,0-Al,0;-Si0,-H,0.
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Table 2 Calculated saturation indices for typical minerals, CO, partial pressure, total dissolved inorganic carbon (TDIC) and equilibrium temperature of
geothermal reservoir (Tnx)®

DIJ1 DJ104 DJ106 DJ109 DJ112 DJ116 LJ1 LJ2 L3 L4 LI5S LJ6
SI Aragonite -0.06 -0.28 -0.48 -0.12 -0.27 -0.77 1.21 0.9 1.29 1.31 1.41 1.09
SI Calcite 0.05 -0.14 -0.33 0.03 -0.13 -0.63 1.31 1.01 1.39 1.41 1.51 1.19
SI Dolomite -2.96 -3.03 -2.62 —2.81 -2.87 -3.92 1.88 1.26 1.97 1.83 1.74 1.15
SI Gypsum -3.17 -3.58 -3.34 -3.51 -3.64 -3.59 -1.68 -1.94 -1.72 -1.73 -1.64 -1.57
SI Anhydrite -2.93 -3.8 —3.57 -3.75 -3.84 -3.81 -1.32 —1.56 -1.27 -1.26 -1.1 -1.11
SI Chalcedony 0.75 1.13 1.21 1.31 1.24 1.27 0.34 0.36 0.31 0.26 0.25 0.27
SI Quartz 1.04 1.55 1.64 1.75 1.66 1.7 0.6 0.61 0.56 0.5 0.49 0.51
SI SiO,(a) 0.07 0.3 0.36 0.45 0.42 0.44 -0.31 -0.3 -0.33 -0.38 -0.37 -0.37
SI Chrysotile -7.61 -8.63 -8.06 -7.91 -7.78 -11.18 4.95 4.44 5.5 52 5.01 2.14
SI Sepiolite -5.8 —4.14 -3.51 -3.11 -3.52 -5.61 1.63 1.26 1.76 1.43 1.17 —0.58
SI Talc -1.81 -2.65 -1.97 -1.68 -1.52 —-4.91 10 9.53 10.53 10.15 9.98 7.1
SI Fluorite -2.09 -1.71 -0.79 -8.79 -2.73 -1.36 —0.88 -0.75 -0.43 -0.46 -0.37 —4.12
SI Halite -5.86 -5.92 —5.87 -5.83 -5.82 -5.81 -5.38 -5.45 -5.48 -5.47 -5.46 -5.46
logPco, —-1.55 -2.78 2.4 -3.04 -2.73 -2.23 -2.03 -2.08 -1.93 -1.93 -1.85 -1.39
logPcoya90°c) -0.7 -1.53 -1.11 -1.8 -1.53 -0.95 -1.26 -1.33 -1.21 -1.23 -1.18 -0.7
TDIC (mg L) 130.83 119.59 123.52 127.71 138.73 141.61 101.35 95.48 111.34 120.94 120.22 130.76
Tk (°C) 284.72 255.88 254.41 258.95 261.15 257.76 213.97 214.74 216.64 212.89 213.97 197.3
a) DJ, Dagejia field. LJ, Langjiu.

geothermal field was above one, which indicates a high de- 140 "X Dagejia (actual T)

gree of supersaturation and conditions favorable to mineral 120 | V Dagejia (T=190°C) GO, degassing

precipitation. The degree of quartz and chalcedony super- - < Langjiu (actual T)  €———

saturation was lower than that of calcite, dolomite and
aragonite, so there are few siliceous sinter precipitates. The
SI of calcite, dolomite and aragonite in the Dagejia geo-
thermal field is negative, indicating unsaturated conditions
that are unfavorable to precipitation, reflecting the lack of
travertine sediments in this area. However, the saturation of
quartz and chalcedony was above zero, reflecting the signifi-
cant and widespread siliceous sinter sediments in this area.

We used the HCOj3 -Pco, model deduced from the calcite,
dolomite, anhydrite and fluorite equilibrium reaction system
to simulate theoretical HCOj3 -Pco, curves [19]:

10g M yco, =4.819+0.45710gPco,

+970.29/T+0.07323log Xeq. 1)

In both geothermal fields, at simulated temperature of
190°C the Pco, of deep thermal water was higher than that
at the vents (Figure 5). The modeled Pco, trended toward
CO, degassing during thermal water migration from the
deep reservoir to the surface, and this is inferred to be what
is happening in the Langjiu and Dagejia geothermal fields.

(2) Degassing mechanisms and associated precipitation
of siliceous sinter and travertine. Two study areas are both
located within the Gangdisé-Nyaingéntanglha microplate,
and the large regional geothermal anomalies are controlled
by the Gangdisé continental margin magmatic arc. The
main sources of geothermal water CO, are magma degas-
sing and products of hydrothermal alternation due to mag-
matism. The following series of equations described the
evolution of CO, from primary and altered (clay) silicate
minerals:

100 | *® Langjiu (T=190°C)

80r

(meq L")

3

60

HCO

40t

201

0 b e B
35 -3 -25 -2 15 —1
10gP%s, (1.01x10° Pa)

Figure 5 Measures and modeled and HCO3-Pco, of geothermal waters at
the Langjiu and Dagejia geothermal fields.

6K[AISi;0g] k-fetaspary+2H,0+2CO,
=K,Al4[Al;S160201(OH) smyscovite) + 12510,+2K,CO5 - (2)

4K[AlSi304] k. ferdspan+4H,0+2CO,

=Al[S14010](OH)g caotinite) +8510,4+2K,CO;5 (3)

CaCO; (carcitey+S10,=CaSiO3yoliastonitey FCO2 T 4)
MgCa(CO3)xdotomite)+2510,

=CaMg(Si03)ygiopsiaey+2CO, T ©)

CaCOs3 (carcite, aragoniteyFCO+HO <= Ca’*+2HCO; (6)

Ca™+2HCO5 < CaCO;|+H,0 +CO,?1 @)

K,COs+ H'=K*+H,0+CO,* 8)

The different geological conditions between the two study
areas mean that the reactions that occur during hydrother-
mal also differ (Figure 6). At Langjiu, the SiO, produced by
magmatic hydrothermal alteration reacts with K-feldspar,
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and albite reacts with carbonate and generates wollastonite,
with resulting CO, degassing. While a fraction of CO, es-
capes to the atmosphere through fissures, the remainder
reacts with the carbonate of wall rocks to generate HCOj.
Pressure reduces rapidly when the geothermal water reaches
the surface, releasing CO, from solution. Travertine precip-
itates simultaneously from the solution at the surface. At
Dagejia low-permeability clastic rocks are widespread, and
comprise an effective impermeable layer as roof rock. The
Si0, produced by hydrothermally altered K-feldspar and
albite does not react with the wall rocks, but instead mi-
grates in solution with the geothermal water to the surface
and precipitates as siliceous sinter sediments due to the drop
in temperature and pressure. The hydrothermally produced
K,COs3, and Nay,CO; under the ambient low-pH conditions
release CO,, some of which forms HCO3 and CO7, leading
to the high concentrations of these species at Dagejia.

(3) Calculating CO, degassing flux. Based on the CO,
degassing mechanisms determined for the Langjiu and Da-
gejia geothermal fields, we calculated the CO, degassing
flux from both. Total CO, degassing flux is composed of
CO, released from solution during geothermal water
upwelling and CO, evolved from chemical reactions and
interface effects subsequent to geothermal water arrival at
the surface [35]. Therefore total CO, flux (J) in the study
areas consisted of

J=J\+J+J5, )
where J; is CO, diffusion flux at vents, J, is CO, degassing
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flux during travertine precipitation, and J3 is CO, degassing
flux from solution during geothermal water discharge in the
sinter deposition zone.

The CO, concentrations at vents and in the ambient at-
mosphere different significantly, which will lead to bulk gas
flow. Therefore CO, diffusion flux at vents (J;) can be cal-
culated by Fick’s first law [66]:

J =—D—, (10)

where D is the diffusion coefficient (cm®s™), C is mass
concentration of diffused molecules (g cm™), dC/dx is the
concentration gradient of diffused molecules in direction x
(g cm™), and the minus symbol indicates means down-
gradient diffusion.

The Langjiu and Dagejia geothermal fields are at alti-
tudes of 4500 m and 5100 m, respectively, and the mean
annual temperature at both areas is ~0°C. The CO, concen-
tration of local atmosphere was surveyed at the distance of
1, 2 and 10 m with infrared carbon dioxide analyzer. Sub-
stituting the measured CO, concentrations and the diffusion
coefficient (D) of CO, in air (0.016 cm*s ™' [67-69]) into eq.
(10), we calculated the CO, diffusion flux by integration
(Table 3).

At the Langjiu geothermal field, CO, degassing during
travertine precipitation (J,) is calculated as

J,=S - h/n - pIM, - My/S,, (11)

where S is spatial extent of the travertine precipitation (m?),

CO,4(9)

-~

sio, &_:‘> - ,
Siliceous sinter

T & P drop

Reaction (2) Sio, Reaction (4)
I_> Reaction (6)
Na,CO. )
Reaction (3 2”73 Reaction (5)
®) K,CO, Tdrop|| Pdrop
Magmatic .
rock Reaction (7)
Reaction (8
Reaction (2) ®) CO(9)
0o High level of HCO; ,
Reaction (3) Na,CO,/ K,CO, COZ in geothermal
water

Figure 6 Conceptual model of two hydrogeothermal CO, degassing reaction pathways. The upper pathway is typical of the Langjiu geothermal field, and
the lower pathway is typical of the Dagejia geothermal field. (2)—(8) refer to reaction equations described in the text.

Table 3 Calculated CO, diffusion fluxes from vents at the Langjiu and Dagejia geothermal fields

Study areas Initial concentration (g L ') Concentration at 1 m (gL b}

Concentration at 2 m (g L b}

Diffusion flux

Concentration at 10 m (g L b} (x10° ke km2 )

5.01x107*
9.38x10™

5.30x107
10.21x10™*

Langjiu
Dagejia

2.21x107* 15.60
2.05%x107* 41.20

4.60x10™
8.56x107*
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Table 4 Calculation of CO,degassing flux when water-air balance
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Study areas Pco, of geothermal water (Pa) Pco, of local atmosphere (Pa) o(Ls™h CO, degassing flux (J3) (x10° kg km Zah
Langjiu 9843.21 170.83 10 3142.20
Dagejia 7151.98 158.47 15 3308.21

h is travertine thickness (m), n is time of deposition (age in
years), p is travertine density of (kg m ), M, is CaCO5; mo-
lar mass (g mol "), M, is CO, molar mass (g mol ™), and S, is
spatial extent of the geothermal field (km?).

Since 1984 there has been extensive drilling conducted in
the Langjiu geothermal field, and the thickness of travertine in
the abandoned casings is ~6 cm (Figure 2(c)). Therefore sub-
stituting into eq. (3) £=0.06 m, n=25 a, S=40000 mz, and p=
2710 kg m >, we derive J,=476.94x10°kgkm * a .

The CO, degassing flux during geothermal surface water
flows (J3) in study areas was calculated as

J=(Py—Px)x Q/10°, (12)

where Py is the CO, partial pressure in geothermal water at
the vents (Pa), Px is the CO, partial pressure of the local
atmosphere (Pa), and Q is the rate of geothermal water flow
(L s™"). Calculated fluxes are presented in Table 4.

By substituting eqs. (10)—(12) into eq. (9), the total CO,
flux from the Langjiu and Dagejia geothermal fields is
JLangji=3.63476x10°kg km > a and Jp,geji=3.34941x10° kg

kmZal.

4 Conclusions

By characterizing the geological environment, water and
gases at both the Langjiu and Dagejia geothermal fields, we
conclude the following:

(1) Both the Langjiu and Dagejia geothermal fields are
located in the Gangdisé-Nyaingéntanglha plate, and high
geothermal anomalies manifested in this region are con-
trolled by the Gangdisé continental margin magmatic arc.
The chemistry of geothermal waters in both fields is con-
trolled by K-feldspar and albite. The water types of the two
geothermal fields differ, with Langjiu characterized as
Na-Cl type and Dagejia characterized as Na-HCO; type.
This suggests that the chemical reactions during geothermal
water migration to the surface are different.

(2) The saturation index of typical minerals and Pco, of
geothermal water in both geothermal fields shows CO, de-
gassing during the processes of geothermal water ascen-
sions to the surface. However, the products of CO, degas-
sing and chemical reactions in two geothermal fields differ
due to their different geological settings.

(3) Different mechanisms of CO, degassing in Langjiu
geothermal field and Dagejia geothermal field were studied
and the different calculation formulas of CO, degassing
quantity are acquired. Through the calculation formulas,
CO, degassing fluxes from the Langjiu geothermal field and

Dagejia geothermal field were estimated to be ~3.6x10°kg
km*a ' and ~3.3 x10° kg km2a ' respectively.
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