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1

Institut de Physique du Globe de Paris, Sorbonne Paris Cité,
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Abstract: Radon-222 and carbon dioxide (CO2) emissions were studied around four remote Nepalese thermal springs near the Main Central Thrust: Timure and Chilime in the upper Trisuli Valley, central Nepal; and Sulighad and Tarakot in Lower Dolpo, western Nepal. A total of 279 radon
fluxes and 670 CO2 fluxes were measured on the ground, complemented by radon concentration
measurements in soil and water, and assisted by thermal infrared imaging. In Lower Dolpo,
mean radon fluxes ranging from 270 × 1023 to 450 × 1023 Bq m22 s21, radon concentration in
water greater than 100 Bq l21, low mean CO2 fluxes (18– 32 g m22 day21), and integrated
radon and CO2 discharges of 70– 180 Bq s21 and (2.3– 3.8) × 1023 mol s21, respectively, suggest
shallow-water-dominated transport with simultaneous radon and CO2 degassing from the hydrothermal water. In the upper Trisuli Valley, mean radon fluxes ranging from 140 × 1023 to
570 × 1023 Bq m22 s21, larger mean CO2 fluxes that range from 430 to 2930 g m22 day21,
radon concentration in water of less than 6 Bq l21, and integrated radon and CO2 discharges of
290–840 Bq s21 and (390– 830) × 1023 mol s21, respectively, indicate fast gas-dominated transport of deep metamorphic-origin CO2 charged in radon along a fault network. Radon can thus give
precious information on the gas transport properties of the shallow continental crust.
Supplementary material: Additional radon and carbon dioxide flux measurement profiles are
available at https://doi.org/10.6084/m9.figshare.c.3582128

The largest tectonically active regions on Earth are
generally locations where the natural degassing of
geological fluids can either be directly observed at
the surface (e.g. thermal springs, fumaroles) or
detected using specific instruments (e.g. diffuse
degassing areas, mofettes) (Irwin & Barnes 1980;
Sugisaki et al. 1983; Sato et al. 1986). Radon-222,
a noble radioactive gas with a half-life of 3.8 days,
alpha-decay product of radium-226 in the uranium-238 decay chain and ubiquitous in geological
media (Tanner 1964), can be a powerful tracer to
study geological fluids in geothermal and hydrothermal systems (Perrier et al. 2009; Weinlich et al.
2013; Jolie et al. 2015), volcanoes (Cigolini et al.
2009; Voltattorni et al. 2009), and active fault
zones (Ciotoli et al. 2007; Cigolini et al. 2015). In
particular, in addition to radon concentration mesurements in soil and water, the measurement of
radon flux on the ground can help in the detection
and the quantification of the degassing (Richon
et al. 2010; Girault et al. 2014b), the understanding
of the various transport mechanisms involved (Girault & Perrier 2014), and thus may give precious

information on the permeability of the shallow
Earth’s crust (Manning & Ingebritsen 1999; Manga
et al. 2012). However, the precise quantification of
the degassing can appear as an arduous task, especially in large orogens where sites to investigate
are in remote mountainous locations. Nevertheless,
gas emissions are important to constrain for our
understanding of the global carbon dioxide (CO2)
budget of the Earth’s largest orogen, the Himalayas,
which includes the relatively well-constrained CO2
sink term of silicates weathering (Gaillardet et al.
1999; Gaillardet & Galy 2008; Wolff-Boenisch
et al. 2009) and the less well-constrained CO2 production term encompassing thermal springs degassing (Becker et al. 2008; Evans et al. 2008), and,
more recently evidenced, natural gaseous emissions
from the ground (Girault et al. 2014a). These studies
of CO2 emissions can receive considerable assistance from the systematic study of radon.
The Nepal Himalayas result from the collision
between India and southern Tibet at a shortening
rate of about 2 cm a21 (Avouac 2003; Ader et al.
2012). The high seismicity of the chain (e.g. Pandey
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et al. 1995) is clustered on a mid-crustal décollement ramp below the Main Central Thrust (MCT)
shear zone (Fig. 1a), which places high-grade metamorphic rocks of the Greater Himalaya over lowgrade metamorphic rocks of the Lesser Himalaya
(Upreti 1999). Numerous thermal springs are
reported in the MCT zone (Bhattarai 1980; Evans
et al. 2004). Large CO2 degassing of thermal springs
of probably deep metamorphic origin was suggested
to take place in central Nepal (Becker et al. 2008;
Evans et al. 2008). Large metamorphic CO2 degassing was actually first evidenced and studied around
the thermal springs of the Syabru-Bensi Hydrothermal System (SBHS), located in the upper Trisuli
Valley, central Nepal (Perrier et al. 2009; Girault
et al. 2014b). This site is characterized by several
hot spring spots, and five locations where ground

degassing occurs (e.g. soil diffuse degassing, mofettes and cavities) that we define as ‘gas discharge
zones’. Some gas zones are located in the vicinity
of the main thermal springs, while others were discovered more than 500 m away from them. In all
these gas zones, radon and CO2 fluxes were extensively measured on the ground, reaching spatial
average values of (1300 + 200) × 1023 Bq m22 s21
and 4600 + 800 g m22 day21, respectively (Girault et al. 2014b). Such large average radon fluxes
are usually only reported near uranium mining
or milling sites worldwide (e.g. Jha et al. 2000;
Mudd 2008). The total integrated discharges
of radon and CO2 at this small spatial-scale
(0.86 km2) site were 1600 + 300 Bq s21 and
(1600 + 400) × 1023 mol s21, respectively (Girault et al. 2014b). Based on the whole radon and

Fig. 1. (a) General simplified geological map of Nepal with boxes representing the two studied regions. MFT, Main
Frontal Thrust; MBT, Main Boundary Thrust; MCT, Main Central Thrust. Geology is drawn after Upreti (1999).
ML, Miocene Leucogranites; TSS, Tethyan Sedimentary Sequence; GHS, Greater Himalayan Sequence; LH,
Crystalline Nappe, Lesser Himalayan Crystalline Nappe and related formations; LH Augen Gneiss, Lesser
Himalayan Ulleri Augen Gneiss; LHS, Lesser Himalayan Sequence; SSG, Subhimalaya Siwalik Group; QTS,
Quaternary Terai Sediments. (b) Location of the major thermal springs in the upper Trisuli Valley, central Nepal.
(c) Location of the major thermal springs in the Lower Dolpo, western Nepal. (b) & (c) are GoogleEarthTM images
taken in 2009 and 2010, respectively.
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CO2 dataset obtained in the SBHS, the radon signature of CO2 was then tested using three quantitative
models (Girault & Perrier 2014), suggesting that
gas-dominated transport might operate in the
SBHS and probably elsewhere in the Himalayas.
In this paper, we expand on the experience
acquired in the SBHS to investigate potential degassing around four remote thermal springs of the Nepalese MCT zone: two in the upper Trisuli Valley,
central Nepal (Timure and Chilime hot springs); and
two in Lower Dolpo, western Nepal (Sulighad and
Tarakot hot springs). With the seismic crisis triggered by the Mw 7.8 Gorkha earthquake of 25
April 2015 (Adhikari et al. 2015), it appears important to document as precisely as possible the situation before the earthquakes. After recalling briefly
the measurement methods, the four studied sites
are introduced in detail, with the thermal springs
and the gas zones studied. We then present the
radon and CO2 fluxes dataset, and infer values
of the integrated discharges of radon and CO2 at
each site. Finally, we attempt a large-scale gasdominated transport model for radon and CO2,
extended to the entire upper Trisuli Valley from
the model initially developed for the SBHS.

Measurement methods
Radon and CO2 fluxes
Radon and CO2 fluxes were measured on the ground
using the accumulation chamber method (Chiodini
et al. 1998; Perrier et al. 2009). After vegetation
was removed and the first centimetres of soil were
brushed away, mainly at the soil–chamber contact,

the container was placed on the ground and wet
soil was plastered around its base to guarantee sealing. Effects of the preparation of the point, as well
as other external effects on the flux measurement,
are discussed in detail in Girault et al. (2014b).
Radon or CO2 concentration in the container
increases as a function of time, and the increase in
rate of concentration at the origin of this accumulation curve gives a measurement of the flux, expressed in Bq m22 s21 for radon and in g m22 day21
for CO2.
Radon concentration in the container was measured using pre-evacuated 125 ml scintillation
flasks (Algade, France). In practice, the sampling
of air was carried out from the container to the
flask using a valve and needles assembly including
a 0.2 mm filter (Fig. 2a). The filter prevents large
particles and solid daughters entering the flask.
The radon concentration was then inferred with a
photomultiplier (CALENTM , Algade, France) 3.5 h
after sampling, the necessary time for radon to be
at radioactive equilibrium with its daughters.
The CO2 concentration in the container was
measured using various portable infrared sensors:
TestoTM (TestoTM 535, Testo AG, Germany), AirwatchTM (AirwatchTM PM 1500, Geotechnical
Instruments Ltd, UK), and VaisalaTM (VaisalaTM
CARBOCAPw Hand-Held GM70, Finland). All of
these instruments were regularly intercalibrated in
the laboratory (Girault et al. 2014b).
Experimental uncertainties, ranging from 8 to
35% for radon flux and from 5 to 40% for CO2
flux, were carefully determined in the field (Girault
et al. 2014b). To these values, we added quadratically an overall common uncertainty of 5%.

Fig. 2. (a) Photograph showing the protocol to measure radon flux on the ground using a scintillation flask.
(b) Photograph of an electrical installation with a solar panel and battery to operate a photomultiplier at a remote
base camp to perform radon flux and concentration measurements using scintillation flasks.
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Integrated estimations of the total radon and
CO2 discharges over a given surface area were
obtained from the radon and CO2 flux dataset,
using kriging and interpolation procedures (Girault
et al. 2014b). Regional radon and CO2 background
fluxes were subtracted. Monte Carlo simulations
around the 1s flux uncertainties gave first-order
uncertainty for the discharge of about 22%, on
average.
Unless otherwise stated, for CO2 and radon
fluxes, the ‘mean’ value is defined as the temporal
average at one measurement point using all the repetition of measurements at the same point, and the
‘average’ value corresponds to the spatial average
over a given surface area calculated using the
mean values of all the measurement points included
in the considered area. Results are given with uncertainties at 1s standard deviation (68% confidence
level).

Specificities in remote locations
In the upper Trisuli Valley, the instruments were
carried by porters and us from the SBHS to the
remote thermal sites. In Lower Dolpo, we used caravans of horses and mules to transport the instruments from one base camp to another.
As photomultipliers need to be plugged in, it was
not always possible to determine the radon concentration 3.5 h after sampling in remote locations. To
overcome this, we monitored in the laboratory the
evolution of flask counts in a photomultiplier after
sampling as a function of time. This count rate
curve was then used as a calibration to correct the
counting value a posteriori and return it as if it
had been performed 3.5 h after sampling. However,
in remote places with electricity several hours’
walk away, this correction was necessary but not
sufficient. Therefore, a portable pliable solar panel
(Powerfilm Inc., USA) and a dry battery (A512/16
G5, Sonnenscheinw, Exide Technologies, Portugal)
were installed to enable the photomultiplier counter
to be directly in the field (Fig. 2b). The batteries
used had 12 V voltage and 16 A h electric charge.
The solar panel had 30 W maximum power, 15.4 V
operating voltage and 1.8 A operating current. This
method was first tested and evaluated as reliable and
robust in the upper Langtang Valley in Kyanjin
Gompa, central Nepal (Girault & Perrier 2014),
and was subsequently used in the more remote locations of Lower Dolpo.
Finally, although the TestoTM and AirwatchTM
sensors were equipped with batteries, the VaisalaTM
sensor still needed to be plugged in regularly to a
power source in order to be fully charged. Thus, in
remote places, the TestoTM and AirwatchTM sensors
were used most of the time, and the VaisalaTM sensor only occasionally.

Radon concentration in soil
The radon concentration in soil was measured at
50 –60 cm depth with BMC2TM probes (Algade,
France), designed for hourly continuous monitoring of the radon concentration. These instruments,
equipped with batteries, detect alpha particles
using a silicon detector located behind a diffusion
window. Sensitivity was 50 Bq m23 and uncertainty
was about 5%. Depending on the site, measurements
were performed over a period varying from few
hours to 1 day.

Radon and radium concentrations in water
Radon concentration in water was measured directly
in the field by emanometry in air (Girault & Perrier
2014; Girault et al. 2016). The water was sampled in
a bottle and hermetically closed after sampling, and
always represented 0.3– 0.7 fraction of the bottle
volume. Equilibrium between the air and water
phase was obtained by 10 min of manual shaking.
After shaking, air in the bottle was sampled using
a scintillation flask. As for radon flux measurements, the radon concentration was inferred from
counting in a photomultiplier and was expressed in
Bq l21. Experimental uncertainty ranged from 5 to
30%, and was sometimes artificially increased in
cases of non-ideal conditions that arose in some
remote locations (i.e. the use of other container
types, container damage and additional uncertainty
on the water volume).
The radium concentration in water, expressed
in 1023 Bq l21, was similarly measured in the laboratory, keeping the bottle closed for 50– 80 days, or
more, after sampling (Girault & Perrier 2014; Perrier et al. 2016a). Uncertainty was the same as for
the measurement of radon concentration in water.

Thermal infrared imaging
To facilitate the exploration phase, a TestoTM handheld thermal camera (model 880-V3, Testo AG,
Germany) was used in the early morning before
sunrise to detect hot springs and soil temperature anomalies compared with the ambient air temperature. This camera works in the 8–14 mm
wavelength domain, has a resolution of 160 ×
120 pixels and an effective error of +28C. Uncertainty of the temperature was 10– 25%, depending
on the site.

Results around the remote thermal springs
of the upper Trisuli Valley, central Nepal
The upper Trisuli Valley, central Nepal, is located
60 km north to Kathmandu in the MCT zone
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(Fig. 1a). This moderately high-altitude valley is cut
by numerous rivers (Fig. 1b): the Bhote Kosi River
flowing from the Tibetan border to the south; the
Chilime River flowing from west to the north of
the SBHS; and the Langtang River flowing from
the Langtang Lirung area in the east to the SBHS,
where it mixes with the Bhote Kosi River creating
the Trisuli River, the easternmost affluent of the
Narayani River. Five major thermal springs are
known in the upper Trisuli Valley (Fig. 1b): the
Syabru-Bensi hot springs at the confluence of Langtang River and Bhote Kosi River; the Bharku hot
spring 5 km to the south along the Trisuli River;
the Langtang Pahiro hot spring 4 km to the east
along the Langtang River; the Timure hot spring
9 km to the north along the Bhote Kosi River; and
the so-called Chilime hot spring, located in the Paragaon village, 7.5 km to the NW in a mountainous
area, 550 m above the Chilime riverbed.
The Bharku and Langtang Pahiro hot springs
have a small flow rate, and are preserved in natural
conditions owing to their remoteness from roads
and trek paths. Bharku hot spring (28.1325338 N,
85.3022178 E) is located on an alluvial terrace at
1347 m above sea level (asl) on the western bank
of the Trisuli River within the Lesser Himalayan
Sequence (LHS) units characterized here mainly
by garnet and biotite calc-schist and schist. The
hot spring has mean temperature of about 62.98C
and flow rate of about 1 l s21. Basins are excavated
and arranged with stones for use by the local villagers. Langtang Pahiro hot spring (28.1520178 N,
85.3767338 E) is located in a dense forest on an alluvial terrace between two large landslides at 1646 m
asl on the northern bank of the Langtang River
within the Greater Himalayan Sequence (GHS)
units characterized here mainly by garnet gneiss,
mica-schist and quartzite. The hot spring has mean
temperature of 41.1 + 0.18C and flow rate of
about 0.09 + 0.01 l s21. A small basin made of
dry stones and plastic sheets is arranged for the
local people. Easy and safe access to this site is
only possible during the dry winter season when a
rough bridge across the Langtang River exists. No
radon measurement was performed near the Bharku
and Langtang Pahiro hot springs. CO2 fluxes
remained low, in the range 1.9–20 g m22 day21 at
Bharku and 3.5–6.5 g m22 day21 at Langtang
Pahiro (Girault et al. 2014a), barely compatible
with regional background flux values.

The Timure thermal spring in central Nepal
The Timure hot spring (28.2409178 N, 85.3586678 E)
is located on an alluvial terrace, 9 km north of the
SBHS and 1.5 km south of Timure village, at
1640 m asl on the eastern bank of the Bhote Kosi
River (Fig. 3). This site is within the GHS units

(Fig. 1), characterized here mainly by garnet gneiss,
mica-schist and quartzite (Girault et al. 2012). The
presence of kyanite is also reported. This hot
spring has mean temperature of 55.5 + 2.48C
and a flow rate of 0.20 + 0.02 l s21 (Table 1).
Radon and radium concentrations in water yielded
5.80 + 0.42 Bq l21 and (92 + 18) × 1023 Bq l21,
respectively (Girault & Perrier 2014). Other smaller
hot seepages are observed on the western bank. The
Timure hot spring benefits from the rain-shadow
effect of the Gosainkunda and Langtang ranges,
with the dry season from December to January and
the monsoon period from June to September. The
mean annual precipitation in Timure village was
1320, 600, 1150 and 1680 mm in 2008, 2009,
2010, and 2011, respectively (Nepal Department
of Meteorology, Kathmandu, Nepal). The mean
annual air temperature yields about 15.08C, with
an average of 7.98C in January.
This natural site revealed a perfect example of a
rapidly evolving site forced by the impact of
humans. Indeed, in 2008, the natural state of the
alluvial terrace was still preserved, only altered by
dry-stone walls for cattle and a small basin made
of natural dry stones allowing local people to
bathe (Fig. 3a). In 2010, the natural site was entirely
under transformation, with the start of the construction of a road from Syabru-Bensi to Tibet, as well as
a cemented basin located a few metres away from
the original basin. Finally, in 2011, the road was
widened and a few temporary houses were built
(Fig. 3c). Nowadays, large buildings have been constructed, and most of the southern part of the terrace
is cemented and the areas displayed in Figure 3 are
no longer available. In Figure 3b, the thermal image
shows the hot water basins, the natural underground
pathways of hot water, and other areas with particularly anomalous soil temperature. Although the
human activities disturbed the natural terrace, the
anomalous soil temperature areas were still present
in 2011, exactly in the same location (Fig. 3d). At
this site, the first gas measurement profiles were performed in 2008 around the original hot spring basin.
A total of 123 radon fluxes and 294 CO2 fluxes
were measured at the Timure hot spring site, with
122 measurement points for radon and 244 for
CO2 (Table 1). Around the hot spring basin, 82 measurement points for radon and 57 for CO2 were carried out along two flux measurement profiles in
2008 (TIM A and TIM B) and three flux measurement profiles in 2010 (TIM C, TIM D and TIM E)
(Fig. 4a). Results obtained along the 42 m-long
TIM C profile are shown in Figure 4b. At the
extremities of the profile, measured radon fluxes
are consistent with average continental values of
22 × 1023 Bq m22 s21 (Nazaroff 1992; Girault
et al. 2014b), but, more interestingly, are relatively
stable around 100 × 1023 Bq m22 s21 between the
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Fig. 3. Optical and thermal images of the alluvial terrace at Timure hot spring site, central Nepal showing the
location of the thermal spring basins and anomalous soil temperature spots. The images were taken (a) & (b) in
December 2008 by P. Richon and (c) & (d) in January 2011 by the authors. The air temperature was below 88C in
December 2008 and 58C in January 2011.

positions 21 and 36 m, with a maximum mean radon
flux of (400 + 50) × 1023 Bq m22 s21. This part
of the profile with high radon fluxes seems to form
three separate peaks centred at positions 24, 29
and 33 m, which may correspond to underground
pathways of the gas. CO2 fluxes are one to two
orders of magnitude higher that the average continental value of 10 g m22 day21 (Awasthi et al.
2005; Girault et al. 2014b), with a general increase
from north to south (Fig. 4b). The largest CO2 fluxes
(.500 g m22 day21), with a mean maximum value
of 1170 + 190 g m22 day21, are observed in the
same part of the profile with high radon fluxes
and, furthermore, exhibit the same separated
peaks. This sustains the theory that CO2 is likely
to be the carrier gas of radon at this site, as evidenced in the SBHS, 9 km southwards (Girault
et al. 2009, 2014b). The four other profiles (TIM
A, TIM B, TIM D and TIM E) around the hot spring
basin show large radon and CO2 fluxes, with mean
maximum values of (510 + 60) × 1023 Bq m22 s21
and 1330 + 240 g m22 day21, respectively, and
exhibit similar relationships between radon and
CO2. Although the radon and CO2 fluxes are large
at Timure, they are one order of magnitude smaller
than those measured in the SBHS (Girault et al.
2014b). Over a period of about 6 h, soil radon

concentration and temperature were measured at
a depth of 60 cm at two locations near the hot
spring basin, and yielded (15.0 + 0.5) × 103 Bq m23
and 27.4 + 1.18C at point TIM C + 32 m, and
(24.5 + 0.5) × 103 Bq m23 and 29.6 + 1.18C at
point TIM D + 10 m, respectively.
A view from the north of the alluvial terrace in
2008 is shown in Figure 5a. On the thermal image
(Fig. 5b), a small positive temperature anomaly
can be seen close to the hot spring. But, surprisingly,
this region is not the largest temperature anomaly
observed. Indeed, on the eastern part of the terrace,
an extended landslide debris cone is surrounded by
two zones with higher temperature anomalies
above 208C (Fig. 5b). Following the reasoning that
large temperature anomalies, compared with the
ambient air temperature below 88C, are likely
related to gas emissions, these anomalous zones
were then actively studied in 2010 and 2011.
Radon and CO2 flux measurements were performed along the 480 m-long TIM F profile, along
the road built between the 2008 and 2010 campaigns, located along the debris cone and outcrops
(Fig. 6a). During the 2010 and 2011 campaigns, a
total of 58 and 115 measurement points were carried
out for the radon and CO2 fluxes, respectively. The
radon and CO2 fluxes reached high mean maximum
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Table 1. Summary of data obtained around remote Himalayan thermal springs
Himalayan region

Upper Trisuli Valley (central Nepal)

Thermal spring site
Dates of measurement campaigns
(month/year)
Hot spring*
Temperature (8C)
Flow rate (l s21)
Radon concentration (Bq l21)
Radium concentration
(1023 Bq l21)
Radon flux (1023 Bq m22 s21)
Number of measurements
Number of points
Arithmetic mean +1s
Geometric mean +1s
Minimum – maximum range
Estimated radon discharge (Bq s21)
Radon concentration in soil (103 Bq m23)
Number of points
Arithmetic mean +1s
CO2 flux (g m22 day21)
Number of measurements
Number of points
Arithmetic mean +1s
Geometric mean +1s
Minimum – maximum range
Estimated CO2 discharge
(1023 mol s21)
Carbon isotope ratios d13C (‰)*
Gas phase
Dissolved inorganic carbon (DIC)

Timure

Chilime

Lower Dolpo (western Nepal)
Sulighad

Tarakot

12/2008,
01/2010,
01/2011

08/2010,
01/2011

11/2008,
11/2009,
11/2010

11/2009,
11/2010

55.5 + 2.4
0.20 + 0.02
5.80 + 0.42
92 + 18

48.2 + 1.0
≈5
3.76 + 0.21
173 + 20

41.69 + 0.06
0.4 + 0.1
205.4 + 9.7
435 + 50

45.31 + 1.77
0.40 + 0.06
32.7 + 1.5
n.m.

123
122
140 + 16
70 + 2
0– 1640
840 + 170

61
59
570 + 90
240 + 5
5.0 – 3810
290 + 70

50
50
450 + 100
210 + 3
7.0 – 3070
180 + 40

45
37
270 + 60
120 + 4
0 – 1410
70 + 15

4
18.6 + 2.2

1
26.7 + 0.5

n.m.

n.m.

294
244
430 + 60
95 + 2
0.7– 11 100
830 + 170

192
92
2930 + 1240
610 + 6
3.4 – 123 000
390 + 100

65
58
32 + 6
17 + 3
1.1 – 259
2.3 + 0.5

119
74
18 + 2
11 + 3
0.8 – 70
3.8 + 0.8

21.1 + 0.4
3.3 + 0.1

21.6 + 0.1
8.3 + 0.6

210.2 + 0.1
20.7 + 1.4

211.7 + 0.3
20.7 + 0.6

n.m.: not measured.
*See Girault & Perrier (2014) and Girault et al. (2014a).

values of (1180 + 420) × 1023 Bq m22 s21 and
5600 + 420 g m22 day21, respectively, in the
160 m-long central part of the profile, between positions 40 and 200 m (Fig. 6b). These results demonstrate the essential character of the thermal infrared
imaging technique for the exploration of natural
gaseous emissions in the Himalayas, and elsewhere,
even where gas temperature is lower than 358C
(Girault et al. 2014b) but remains higher than the
air temperature.
The results obtained in the central part of TIM F
profile are shown in Figure 7. Between the 2010 and
2011 campaigns, a 30 m-long cemented wall was
built along the road between positions 131 and
160 m. However, the gas still reached the surface
at the base of the wall (left-hand side of Fig. 7b).
In the central part of the profile, the measurement points, which are characterized by both the
largest radon (.150 × 1023 Bq m22 s21) and CO2
fluxes (.800 g m22 day21), also show the largest

temperature anomalies and a humid soil. Moreover,
the shape of the radon flux profile can be almost
entirely overlain by that of the CO2 flux profile
(Fig. 7c). Over a period of about 3 h, soil radon concentration and temperature were measured at a
depth of 60 cm at two locations in the central part
of the TIM F profile, and yielded (15.1 + 0.4) ×
103 Bq m23 and 19.4 + 0.58C at point F + 110 m,
and (19.7 + 0.9) × 103 Bq m23 and 18.9 + 0.58C
at point F + 122.5 m, respectively. Consolidating
all soil radon concentrations and temperatures measured at the Timure hot spring site gives a radon
concentration of (18.6 + 2.2) × 103 Bq m23, and
a soil-gas temperature of between 18 and 308C.
Combining the flux datasets obtained around the
hot spring and along the TIM F profile, the radon
and CO2 fluxes yielded geometric means of (95 +
2) × 1023 Bq m22 s21 and 70 + 2 g m22 day21,
respectively (Table 1). Using the whole dataset of
gas flux, the total radon and CO2 discharges were
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Fig. 4. (a) Location of radon and CO2 flux measurement profiles at Timure. The TIM A and B profiles were carried
out in December 2008; the TIM C, D, and E profiles in January 2010; and the TIM F profile in January 2010 and
January 2011. (b) Results of radon and CO2 fluxes along the TIM C profile. Dashed lines correspond to the regional
background fluxes. Results of the TIM A, B, D and G profiles are shown in the Supplementary material.

estimated for the Timure site. An example of the
contour estimation is shown in Figure 8. This highlights the importance of the degassing area away
from the hot spring basin (TIM F profile), discovered
thanks to a temperature anomaly in a thermal image.
The mean estimated discharges are 840 + 170
Bq s21 for radon and (830 + 170) × 1023 mol s21

for CO2 (Table 1). Although the radon and CO2
fluxes are lower than those measured in the
SBHS (Girault et al. 2014b), the area with fluxes
greater than 250 × 1023 Bq m22 s21 for radon and
500 g m22 day21 for CO2 is rather large (1200 +
300 m2), which eventually gives total estimated discharges of the same order of magnitude at both sites.
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Fig. 5. (a) Optical and (b) thermal images of the alluvial terrace at the Timure site showing the location of the anomalous temperature signatures on both sides of a debris
cone. The images were taken by P. Richon in December 2008. The air temperature was below 88C.
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Fig. 6. (a) Location of the TIM F profile along the outcrop in January 2010. (b) Results of radon and CO2 fluxes
along the entire TIM F profile. Dashed lines correspond to the regional background fluxes. The grey region is
enlarged in Figure 7c.

The Chilime thermal spring in central Nepal
The so-called Chilime hot spring (28.2206678 N,
85.2985568 E) is located at 2628 m asl, 7.5 km
NW of the SBHS and 550 m above the Chilime riverbed. This site is within the LHS units about 1 km
below the MCT, characterized here mainly by
quartzite, marble and calc-schist (Girault et al.
2012). The hot spring has a mean temperature of
48.2 + 1.08C and a flow rate of the order of
5 l s21 (Table 1). Radon and radium concentrations
in water yielded 3.76 + 0.21 Bq l21 and (173 +
20) × 1023 Bq l21, respectively (Girault & Perrier
2014). The hot spring is located in the NE part of
the village of Paragaon, close to a dense highaltitude forest, on red-ochre radium-rich laterites
(Fig. 9). Hot water is channelized in pipes from its
source, located about 15 m above in the forest, to
a tank, which are visible in the thermal image in
Figure 9c, and then flows in three large, shallow
rectangular cemented basins used for bathing

(Fig. 9). Owing to its large flow rate and these
arrangements, the Chilime hot spring is a major pilgrimage and tourist site. In the vicinity of the hot
spring source, numerous small colder seepages
with similar red deposits were discovered northwards in the jungle. As in Timure, the Chilime hot
spring benefits from the rain-shadow effect of the
Gosainkunda and Langtang ranges, with the dry season from December to January and the monsoon
period from June to September. The mean annual
precipitation in Chilime village can be estimated
as 2350, 1620, 1550 and 2630 mm in 2008, 2009,
2010 and 2011, respectively (Nepal Department of
Meteorology, Kathmandu, Nepal). The mean annual
air temperature yields about 16.08C, with averages
of 9.08C in January and 20.38C in August.
Following indications of past lethal accidents
(subsequently explained as being caused by the
large CO2 concentration in the air) from an inhabitant of the village in 2010, a natural cavity was discovered in the dense forest, located about 20 m
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Fig. 7. (a) Optical and (b) thermal images of the central part of TIM F profile showing the largest radon and CO2
fluxes. The air temperature was below 88C. (c) Results of radon and CO2 fluxes along the central part of TIM
F profile.

above the hot spring basins. This site was not easy to
discover because of the dense, luxuriant vegetation
throughout the year with dens of leeches and snakes.
This 2 m-wide cavity is characterized by an outcrop
of quartzite and shows a positive temperature anomaly compared with ambient air. It is sometimes

possible to hear the whistling of gas at the base of
the cavity. Radon and CO2 concentrations in the
air in the cavity were (24.6 + 1.0) × 103 Bq m23
and .30%, respectively. Investigations into the
radon and CO2 fluxes were performed first around
the natural cavity.
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Fig. 8. Contour estimation of total CO2 (left) and radon (right) discharges at Timure. Data points and contours of
the CO2 and radon fluxes expressed in g m22 day21 and in 1023 Bq m22 s21, respectively, are shown. This example
yields an estimated total CO2 discharge of (854 + 171) × 1023 mol s21 and an estimated total radon discharge of
849 + 170 Bq s21. Coordinates (20,0) correspond to 28.2409178 N, 85.3586678 E.

A total of 61 radon fluxes and 192 CO2 fluxes
were measured at the Chilime hot spring site, with
59 measurement points for radon and 92 for CO2
(Table 1). All around the cavity, seven radon and
CO2 flux measurement profiles were carried out
(GZ1A–GZ1G: GZ stands for gas zone) (Fig.
10a). Profiles GZ1A–GZ1E and GZ1F– GZ1J
were produced in 2010 and 2011, respectively. Profile GZ1A starts from the cavity wall to the south,
profiles GZ1B –GZ1E and GZ1G are located
below the cavity, and profiles GZ1E and GZ1F profiles circumvent the cavity area. In 2011, another
small natural cavity of similar characteristics was
discovered, located behind a dry-stone wall,
between position 18 and 24 m along the GZ1F profile. Results of radon and CO2 fluxes along the GZ1F
profile are shown in Figure 10b. Radon fluxes vary
over three to four orders of magnitude, with values
of between 10 × 1023 and 100 × 1023 Bq m22 s21
in the western part of the profile, and larger values of
between 100 × 1023 and 1000 × 1023 Bq m22 s21
in the eastern part of the profile. The largest
radon flux yielded a mean maximum value of
(3430 + 730) × 1023 Bq m22 s21 at position 27 m,
close to the dry-stone wall. This flux value is similar
to fluxes measured in other volcanic, hydrothermal and mofette sites worldwide (e.g. Žunić et al.
2006; Tuccimei & Soligo 2008; Voltattorni et al.
2009), but is one order of magnitude smaller than
the mean maximum values obtained in the SBHS
(Girault et al. 2014b).
Similar trends are observed on the CO2 fluxes.
CO2 fluxes vary over four to five orders of magnitudes, like in the GZ1-2 of the SBHS (Girault
et al. 2014b), with values of between 10 and

500 g m22 day21 in the western part of the profile,
and significantly larger values of between 900 and
6000 g m22 day21 in the eastern part of the profile
(Fig. 10b). Mean maximum CO2 flux reached an
uncommon, extremely large value of 113 000 +
24 000 g m22 day21, a value higher than most of
CO2 fluxes measured near volcanoes (e.g. Lewicki
et al. 2003; Chiodini et al. 2007; Carapezza et al.
2009) and mofette sites, such as the Hartoušov
mofette in the Czech Republic (Kämpf et al. 2013;
Nickschick et al. 2015), but of the same order of
magnitude as those measured in some points along
GZ1 in the SBHS, 7.5 km to the SE (Girault et al.
2014b). This zone with large radon and CO2 fluxes
extends only over a maximum of 15 m, a spatial
scale similar to the gas zones reported in the
SBHS. Over an entire day, soil radon concentrations
and temperatures were measured at a depth of about
50 cm along the GZ1E profile, at point GZ1E + 5 m
located 2 m east of the cavity, and yielded values
of (26.7 + 0.5) × 103 Bq m23 and 28.9 + 0.48C,
respectively.
In 2011, three complementary radon and CO2
flux measurement profiles were performed over
the red-ochre radium-rich lateritic soil, SW of the
cavity, just above the northern-most buildings of
the Chilime village. Although the CO2 fluxes were
consistent with average continental values (with values ranging from 9.8 + 0.6 to 82 + 5 g m22 day21),
radon fluxes appeared particularly high for an area
without active degassing, with a mean maximum
value of (2160 + 400) × 1023 Bq m22 s21.
Combining the flux datasets obtained around
the cavity and over the radium-rich lateritic soil, the
radon and CO2 fluxes yielded geometric means of
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Fig. 9. (a) The Chilime hot spring, central Nepal in August 2010, and its cemented basins used by local people
and pilgrims. The cumulative flow rate is about 5 l s21. (b) Optical and (c) thermal images of the Chilime hot spring
site in January 2011 showing the hot water pipes channelling water from the reservoir to the basins. The air
temperature was below 58C.
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Fig. 10. (a) Location of the radon and CO2 flux measurement profiles at Chilime. The GZ1A –GZ1E profiles were
carried out in August 2010, and the GZ1F–GZ1J profiles in January 2011. (b) Results of radon and CO2 fluxes
along the GZ1 F profile. The dashed lines correspond to the regional background fluxes. Results of profiles GZ1C,
GZ1E and GZ1G are shown in the Supplementary material.

(240 + 5) × 1023 Bq m22 s21 and 610 + 6 g m22
day21, respectively (Table 1). Using all of the gas
flux dataset, total radon and CO2 discharges were
estimated for the Chilime site, and an example of
the contour estimation is shown in Figure 11.
Large CO2 fluxes are concentrated in the dense forest and at its southern border. Large radon fluxes
are located in the forest and also over the radiumrich lateritic soil terrace. The mean estimated
discharges were 290 + 70 Bq s21 for radon and
(390 + 100) × 1023 mol s21 for CO2 (Table 1).
The total radon and CO2 discharges at the Chilime
hot spring site are half those determined at
Timure, and the large radon and CO2 fluxes, with
values greater than 250 × 1023 Bq m22 s21 and
500 g m22 day21, respectively, are clustered into a
smaller surface area of about 330 + 70 m2.

Results around the thermal springs of
Lower Dolpo, western Nepal
The Lower Dolpo region is located in western
Nepal, 160 km NW from Pokhara in the MCT
zone (Fig. 1a). This remote region is incised approximately along an east–west axis by the Thuli Bheri
River (Fig. 1c), with several tributaries orientated
north– south: near Juphal, the Suli Ghad River
flows from the north near the Phoksundo Lake and
the Rupa Ghad River flows from the south; and
near Tarakot, the Ghatta River flows from the
south and the large Barbung River flows from the
Dhaulagiri located to the east. The entire region is
affected by monsoon from June to September, but
bears a drier climate than the upper Trisuli Valley,
with a mean annual precipitation of only about

Downloaded from http://sp.lyellcollection.org/ by guest on December 3, 2016
RADON AROUND REMOTE HIMALAYA HOT SPRINGS

Fig. 11. Contour estimation of total CO2 (left) and radon (right) discharges at Chilime. Data points and contours of
the CO2 and radon fluxes expressed in g m22 day21 and in 1023 Bq m22 s21, respectively, are shown. This example
yields an estimated total CO2 discharge of (402 + 80) × 1023 mol s21 and an estimated total radon discharge of
289 + 58 Bq s21. Coordinates (0,0) correspond to 28.2210008 N, 85.29856678 E.

300 –400 mm. Located at a 3 week walking distance
from the Kali Gandaki Valley, this extremely
remote, elevated mountainous region is accessible
by plane at Juphal airport (Fig. 1c). A total of
three thermal springs and three cold springs were
identified in Lower Dolpo (Fig. 1c): the Sulighad
hot spring (DLP1) is located a 3 h walk away from
Juphal airport in the narrow incised valley of the
Rupa Ghad River; the hot spring DLP2 is sited
7 km east of Juphal and 6 km north of Dunai
along the Suli Ghad River; the Tarakot hot spring
(DLP3) is located a 3 day walk away from Juphal
along the Ghatta River; the cold spring DLP4 is
sited 5 km NW of the Tarakot hot spring along the
Barbung River; and two drinking cold springs are
stored in cement tanks for the use of people and
cattle – DLP5 near Gan village and DLP6 in the
eastern part of Juphal village.
The DLP2 hot spring (28.9894338 N, 82.8899838
E) is located below rockslide blocks at 2142 m
asl on the western bank of the Suli Ghad River
within the LHS units mainly characterized by
mica-schist, quartzite and amphibolite. Its temperature is above 258C; its flow rate is extremely small,
and could not be measured. Red-oxide deposits
are present and some bubbles were observed.
No radon measurements were carried out, but measured CO2 fluxes around the spring yielded
extremely low values (,5 g m22 day21). Flux measurements, however, were basically impossible
because of the rockslide. The DLP4 cold spring
(28.8972508 N, 83.0421338 E) is located in a small
cavity on an alluvial terrace at 2574 m asl on the
southern bank of the Barbung River in the vicinity
of the South Tibetan Detachment System (STDS),
which separates GHS units and the Tethyan

Sedimentary Sequence (TSS). Here, GHS rocks
are mainly migmatite and layered gneiss, while TSS
rocks are undifferentiated metamorphic carbonates
rocks. The spring has a temperature of about
15.48C and flow rate of 2.1 + 0.2 l s21. Radon and
CO2 fluxes were measured on the ground, reaching
maximum values of (74 + 7) × 1023 Bq m22 s21
and 27 + 2 g m22 day21, respectively, but were
similar to background fluxes measured nearby
on forest soil. The air in the small cavity yielded
radon and CO2 concentrations of (2.2 + 0.2) ×
103 Bq m23 and 1.1 + 0.1%, respectively. No apparent degassing was observed, and no radon and
CO2 measurements were performed near the DLP5
and DLP6 cold springs.

The Sulighad thermal spring
The Sulighad hot spring (28.9624508 N, 82.8569678
E) is located at 2150 m asl, a 3 h walk away from
Juphal airport on the western bank of the Rupa
Ghad River. This site is within the LHS units, characterized here mainly by black schist, chloritic
green schist, and massive marble and micaceous
marble banks (Girault et al. 2012). Recorded over
several hours using an automatic instrument
(SBE39 SeabirdTM , Sea-Bird Electronics Inc.,
USA), the hot spring temperature yielded a mean
of 41.7 + 0.18C, which was extremely stable over
a period of hours. The flow rate was of the order
of 0.4 + 0.1 l s21, albeit particularly difficult to
quantify (Table 1). Bubbles were sometimes
observed in the water. Radon and CO2 concentrations in the air just above the bubbling water
were about 1 × 103 Bq m23 and 0.1%, respectively.
Radon and radium concentrations in water yielded
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Fig. 12. (a) Optical and (b) thermal images showing the Sulighad hot spring site in Lower Dolpo, western Nepal,
from the access path on top of the ridge in November 2010. The black arrow in (a) defines the direction of flow of
the river. The air temperature was below 58C. (c) Picture of the Sulighad hot spring basin in November 2008.

205.4 + 9.7 Bq l21 and (435 + 50) × 1023 Bq l21,
respectively (Girault & Perrier 2014). This site
was accessible either by an abrupt path from the
top of the crest at 2550 m asl to the west or by following a longer path along the incised Rupa
Ghad River. However, between 2008 and 2009,
the path along the river was destroyed by a landslide, and from the 2009 campaign onwards only
the crest path was used. The mean annual precipitation in Juphal can be estimated as 1010 mm
(http://climate-data.org/). Mean annual air temperature yields values of about 13.08C, with an average
of 8.88C in November.

Owing to its particularly difficult access, this hot
spring has probably never been studied previously.
The path above the Rupa Ghad River gives an overview of the downhill hot spring site (Fig. 12a). On
the eastern bank, opposite the main hot spring,
numerous other hot seepages are detected in the
thermal image (Fig. 12b). Their water temperature
is similar to that of the main hot spring. The source
of the Sulighad hot spring (Fig. 12c) is located below
a massive block of marble and has been slightly
arranged by local people to form a small basin for
bathing; the hot water then flows into the Rupa
Ghad River. Another basin, cemented and located
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3 m north from the small basin, is filled with sand
and does not contain water. This site was studied
during three successive field campaigns in 2008,
2009 and 2010, and radon and CO2 fluxes were
mainly measured above the hot spring basin. Thanks
to two detailed radon and CO2 flux measurement
profiles performed in cultivated and uncultivated
fields near Dunai village (2 km west) and Juphal, the
mean regional background radon and CO2 fluxes
were established as (8.1 + 0.6) × 1023 Bq m22 s21
and 6.5 + 0.7 g m22 day21, respectively.
At the Sulighad hot spring site, a total of 50
radon fluxes and 65 CO2 fluxes were measured,
with 50 measurement points for radon and 58 for
CO2 (Table 1). All of these measurements were carried out along the path parallel to the river and passing above the hot spring basin. In 2008, the first
measured CO2 fluxes along the path were extremely
low, but the radon fluxes measured at the base of
the large marble outcrop (Fig. 13a), whose scintillation flasks were counted at Juphal village in the evening, gave large values, and thus evidenced the
occurrence of degassing at this site. Subsequently,
in 2010, thermal images showed temperature anomalies above 188C along the marble outcrop (Fig.
13b), significantly higher than the air temperature
of 58C. Indeed, at the base of the outcrop, soil is
warm and humid. Gas of moderate temperature
(,358C) reaches the atmosphere at the base of the
outcrop and from the centimetre-scale fractures of
the outcrop. The gas-flux profile in general follows
the base of the outcrop from position 18 to 37 m
(Fig. 13c). The profile crosses the entrance of a natural cavity, with no radon or CO2 anomaly between
positions 37 and 39 m. The results of radon and CO2
fluxes measured along the profile during the three
successive campaigns are shown in Figure 13d.
Radon fluxes were high all along the profile, with
values generally above 100 × 1023 Bq m22 s21:
hence, always higher than the established regional
background. From position 20 to 25 m, the
radon flux reached a mean maximum value of
(3070 + 600) × 1023 Bq m22 s21. About 50 cm
from the profile, the closest possible position to
the outcrop, the mean maximum radon flux was
(4010 + 600) × 1023 Bq m22 s21. CO2 fluxes
remained relatively low, but larger than the regional
background: in particular between positions 18 and
27 m where the mean maximum CO2 flux was
260 + 22 g m22 day21. Radon and CO2 fluxes
were similar to first order during all three campaigns
(Fig. 13d). However, some significant differences
were observed between positions 19 and 25 m during the 2010 campaign. The location of the zone
with the largest radon (and CO2, in a lesser part)
fluxes was, indeed, displaced slightly to the south,
and measurement points characterized by large
radon fluxes in 2008 and 2009 gave smaller values

in 2010. In addition, some measurement points
with humid soil at the surface in 2008 and 2009
showed drier conditions during approximately the
same dry season period in 2010. These observations,
together with the fact that the hot spring shows relatively large dissolved radon and radium concentrations (Girault & Perrier 2014), highlight the major
role of water degassing at this site. At the Sulighad
hot spring site, radon and CO2 are most likely to
degas simultaneously from the hot spring below
the soil surface, and then percolate to the surface
(Girault et al. 2014a).
Radon and CO2 fluxes yielded geometric means
of (210 + 3) × 1023 Bq m22 s21 and 17 + 3 g m22
day21, respectively (Table 1). Using the whole dataset of gas flux, total radon and CO2 discharges were
estimated for the Sulighad site as 180 + 40 Bq s21
for radon and (2.3 + 0.5) × 1023 mol s21 for CO2
(Table 1). The total radon discharge at the Sulighad
hot spring site is not dramatically different from
that of the Chilime hot spring site. However, total
CO2 discharge is about two orders of magnitude
smaller. At this site, only large radon fluxes with
values greater than 250 × 1023 Bq m22 s21 define
a surface area of significant degassing of about
230 + 50 m2.

The Tarakot thermal spring
The Tarakot hot spring (28.8567178 N, 82.9754838 E)
is located at 2802 m asl, a 3 day walk away from
Juphal airport on the western bank of the Ghatta
River. As for the Sulighad hot spring, the site is
within the LHS units, characterized here mainly
by black schist, green schist, and marble and micaceous marble (Girault et al. 2012). The hot spring
has a mean temperature of 45.3 + 1.88C and a flow
rate of 0.40 + 0.06 l s21 (Table 1). The radon concentration in water yielded 32.7 + 1.5 Bq l21 (Girault & Perrier 2014). After the 3 day walk to the east
from Juphal, this hot spring is relatively easy to
access, located 3 km south from the perched Tarakot village. The site is located in a vegetated area,
bordered to the east by the Ghatta River and to the
west by a relatively flat area above the hot spring,
where the base camp was installed. Northwards
and southwards, the dense forest makes exploration a delicate matter. The mean annual precipitation in Tarakot can be estimated as 930 mm
(http://climate-data.org/). The mean annual air
temperature yields about 11.68C, with an average
of 7.58C in November.
The Tarakot hot spring has been slightly rearranged by the local people for bathing (Fig. 14).
The hot water, whose source is located beneath a
marble block (Fig. 14a), is channelled directly
onto the ground, and then into a metallic pipe to
fill a large cemented basin of 5.5 × 2.9 m2 in
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Fig. 13. (a) Optical and (b) thermal images of the central part of the CO2 and radon flux measurement profile at
the Sulighad site in November 2010 showing large temperature anomalies at the base of the outcrop. The air
temperature was about 58C. (c) The location of the radon and CO2 flux measurement profiles at Sulighad in
November 2009. (d) Results of radon and CO2 fluxes along the profile at Sulighad. The dashed lines correspond to
the regional background fluxes.
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Fig. 14. Optical and thermal images of the Tarakot hot spring in Lower Dolpo, western Nepal in October 2010.
(a, b) images show the cemented basin, (c, d) the hot water path and pipe from the source to the basin. Air
temperature was about 08C.

surface area and about 70 cm in depth (Fig. 14a, c).
All of the area is humid, and the warm soil visible
in the thermal images (Fig. 14b, d), of temperature
significantly higher than the ambient air temperature
of about 08C, possibly due to leakage of hot water
from the small human-made channel. This hot
spring has never been studied previously. Two successive measurement campaigns were carried in
2009 and 2010. Radon and CO2 fluxes were measured mainly around the cemented hot spring
basin. Thanks to a detailed radon and CO2 flux
measurement profile performed 15 m above the
site in the dense forest, the average regional background radon and CO2 fluxes were established
as (16.7 + 1.7) × 1023 Bq m22 s21 and 1.8 + 0.3
g m22 day21, respectively. These values are consistent with average continental fluxes for radon, but
one order of magnitude smaller for CO2.
At the Tarakot hot spring site, a total of 45 radon
fluxes and 119 CO2 fluxes were measured, with
37 measurement points for radon and 74 for CO2
(Table 1). Most of these measurements were performed along two perpendicular profiles: the first
profile, 13 m long, perpendicular to the river,
south of the cemented basin (Fig. 15a); and the second profile, 25 m long, parallel to the river, west of
the cemented basin. Radon and CO2 fluxes of the
first profile are shown in Figure 15b. Radon fluxes
were generally higher than the regional background,
and more than 100 × 1023 Bq m22 s21 between

positions 4 and 6 m. The mean maximum radon
flux reached (1160 + 260) × 1023 Bq m22 s21.
Similarly to the Sulighad hot spring site, CO2 fluxes
were low, but showed values higher than those of
the regional background. The largest mean maximum CO2 fluxes measured along this profile were
less than 100 g m22 day21, but were also located
between positions 4 and 6 m, a zone only 1 m
above the hot water channel on the ground (Fig.
15a). Radon and CO2 fluxes performed in 2010
were similar to those of 2009 under similar meteorological conditions on both profiles. These observations are extremely similar to those at the Sulighad
hot spring site, suggesting that simultaneous degassing of radon and CO2 from the hot water spring also
occurred at the Tarakot site (Girault et al. 2014a).
The smaller dissolved radon concentration in the
hot spring (Girault & Perrier 2014) may explain
the smaller radon discharge.
Radon and CO2 fluxes yielded geometric means
of (120 + 4) × 1023 Bq m22 s21 and 11 + 3 g
m22 day21, respectively (Table 1). Using the
whole dataset of gas flux, total radon and CO2 discharges were estimated for Tarakot site, and an
example of the contour estimation is shown in
Figure 16. Large radon fluxes are mainly concentrated in the vicinity of the hot spring source and
close to the channel of hot water. CO2 fluxes remain
relatively low over the whole of the site studied. The
mean estimated discharges are 70 + 15 Bq s21 for
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Fig. 15. (a) Location of the east–west radon and CO2 flux measurement profile at Tarakot. The profile was carried
out in November 2009 and October 2010. (b) Results of radon and CO2 fluxes along the east– west profile. Dashed
lines correspond to the regional background fluxes. Results of the south–north profile are shown in the
Supplementary material.

radon and (3.8 + 0.8) × 1023 mol s21 for CO2
(Table 1). The total radon discharge at the Tarakot
hot spring site is smaller than that of the Sulighad
hot spring site. However, the total CO2 discharges
are similar at both Lower Dolpo sites. In addition,
at Tarakot, only large radon fluxes with values
greater than 250 × 1023 Bq m22 s21 define the surface area of significant degassing, which is about
70 + 15 m2.

Large-scale degassing in the upper Trisuli
Valley
In the Nepal Himalayas, the commonly accepted
hydrothermal model (Becker et al. 2008; Evans
et al. 2008) considers metamorphic decarbonation

reactions producing CO2 at depths of between 10
and 20 km (Groppo et al. 2013). This CO2,
probably accompanied by other geological fluids,
percolates through the network of faults and fractures in the shallow crust. Reaching the MCT
zone, it mixes with meteoric water and the hydrothermal mixing can eventually be discharged at
the surface as thermal spring. Convection forced
by temperature gradients can take place near hot
springs (Ingebritsen et al. 2010). However, large
gas zones with high radon and CO2 fluxes were
detected away from hot springs, and thus advection
of gas with a reservoir under pressure at depth
appears to be the primary transport mechanism
in these systems of central Nepal. In Dolpo, however, it is not excluded that convection plays an
important role.
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Fig. 16. Contour estimation of the total CO2 (left) and radon (right) discharges at Tarakot. Data points and contours
of the CO2 and radon fluxes expressed in g m22 day21 and in 1023 Bq m22 s21, respectively, are shown. This
example yields an estimated total CO2 discharge of (3.73 + 0.75) × 1023 mol s21 and an estimated total radon
discharge of 66 + 13 Bq s21. Coordinates (0,0) correspond to 28.8566838 N, 82.9752678 E.

The available carbon isotopic data at the remote
sites are compatible with the general picture supported by detailed data in the SBHS. Indeed, the
d13C anomalies at Timure and Chilime (Table 1)
agree with the reference values of the SBHS (Girault
et al. 2014a, b), suggesting metamorphic decarbonation in this case too. The d13C anomalies in Lower
Dolpo are similar at Sulighad and Tarakot (Table 1),
and suggest mixing between a metamorphic carbon
pole and a biogenic source.
Radon data allow us to substantiate the picture further (Girault & Perrier 2014). The simplest
model considers that radon is stored in the hydrothermal water as dissolved phase and degasses
together with CO2 close to or at the surface. This
mechanism can explain the anomalously high radon
discharges near the radon-bearing hot springs of
Sulighad and Tarakot in Lower Dolpo (Girault &
Perrier 2014). In addition, it may also be working
at the Chilime hot spring site characterized by a
large flow rate, albeit marginally because of the relatively smaller radon concentration in the hot
spring. Another model considers that radon is incorporated into the percolating fluids at shallower
depths than those where CO2 is produced, either
above the degassing depth of CO2 from hot water,
or deeper. This last hypothesis proposes a gasdominant mechanism in which CO2 is transported
into the shallow crust along a network of fractures
or faults, is charged in radon during its transport,
and eventually reaches the surface independently
of hydrothermal features. This model has been
tested successfully in the SBHS (fig. 14 in Girault
& Perrier 2014), and may also be considered at a
larger scale, including also the Timure and Chilime
hot spring sites which are located in the same valley.

Here we apply the fault network model (appendix E in Girault & Perrier 2014), assuming that
CO2 is transported in the MCT zone along a small
number of permeable faults, and we expand its spatial scale, initially limited to the kilometric scale of
the SBHS, to the deca-kilometric scale of the entire
upper Trisuli Valley (Fig. 17). One single pressure
source is proposed, with segments of the network
accounting for the various gas zone sites of the valley: SBHS to the south, with GZ3 and GZ1 –GZ2
(Girault et al. 2014b), Timure further north and Chilime in-between (Fig. 17a). The radon source term
(i.e. the effective radium concentration ECRa, with
E being the emanation factor and CRa the bulk
radium concentration), expressed in Bq kg21 (Perrier et al. 2016b), is the production term for radon
in each underlying rock layer and has been determined previously in the laboratory for most of the
outcrops of the valley (Girault et al. 2012). We consider only the gas phase for CO2 and radon, assume a
constant lithostatic pressure at depth, and suppose
that CO2 is charged in radon during its transport
along the fault network, depending on the given
rock layer crossed by the given fault segment.
The parameters of the seven fault segments (i.e.
width, connected porosity and permeability) can be
adjusted using a normalized x2 approach, so that the
observed total CO2 and radon discharges and radon
concentration in soil air at the surface are relatively
well accounted for (Table 2). The model, indeed,
predicts CO2 and radon discharges for all of
the four gas zone sites along the strike (Fig. 17b),
and the radon concentration along the entire fault
network, from the source at depth to the surface
(Fig. 17d). Measured radon concentrations are
well reproduced, but calculated radon and CO2
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Fig. 17. Radon discharge v. CO2 discharge and soil radon concentration in the upper Trisuli Valley obtained from
the fault network model with a gas-dominant transport mechanism (see the text). Data of two gas discharge zones
(GZ1–GZ2 and GZ3) of the SBHS (Girault et al. 2014b), of Timure and of Chilime are shown. (a) Sketch of the
fault network with the radon source term (ECRa) configuration for rocks and the gas discharge zones locations
(SBHS GZ1– GZ2 and GZ3, Timure, and Chilime). Properties of the numbered fault segments are consolidated in
Table 2. (b) Calculated radon and CO2 discharges along the strike. (c) Calculated (diamonds) and measured (dots
with error bars) radon and CO2 discharges at the surface. (d) Calculated radon concentration along the fault network
as a function of depth. Experimental data (dots with error bars) are added above the graph.

discharges show slight differences with the
observed discharges (Table 2). The calculations
may suggest that larger radon discharge in the
SBHS and Chilime, as well as larger CO2 discharge
in Timure, are possible (Fig. 17c), which highlights
that the measured discharges remain obviously
lower estimates.
We found velocities of the gaseous CO2 and
radon mixture from 0.4 to 3 m s21 at the surface,
depending on the fault segment. This is approximately what we observed in the SBHS and Chilime
where ‘tectonic fumaroles’ are present in cavities of
some gas zones (Girault et al. 2014a, b). The permeability measurements of fault segments 4–7,
beneath the four degassing sites, gave values ranging from 9.1 × 10214 to 1.7 × 10213 m2 (Table
2). Such high permeability values are consistently
within the range of crustal permeability values
reported (e.g. Manning & Ingebritsen 1999),

especially in high-permeability faulted and metamorphic sites. This conceptual model of the fault
network, while simple, may also be applied to
other tectonically active regions worldwide where
CO2-producing gas zones are well known. A particularly good example is the Eger Rift, Czech Republic, where rapid gas velocities are assumed to
explain the numerous mofettes observed (Weise
et al. 2001; Bräuer et al. 2008; Kämpf et al. 2013;
Nickschick et al. 2015). There, although the CO2
has both crustal and magmatic origins, the use of
radon may help in characterizing the degassing
areas and infer constraints on the physical properties
of the underlying faulted rocks.
In our approach, the measurement of both radon
flux and concentration in association with CO2 at
several sites over a relatively large surface area
was a critical asset. Indeed, it allowed us to quantify
integrated discharges and concentrations, and to

Estimated thickness (m)
Estimated porosity
Estimated permeability (m2)

1

0.002
0.25
10213

2

0.003
0.25
10213

3

0.002
0.25
10213

4

5

6

7

SBHS GZ3

SBHS GZ1 – 2

Chilime

Timure

0.003
0.11
1.7 × 10213

0.003
0.23
10213

0.0015
0.34
9.1 × 10214

0.0025
0.09
10213

Radon concentration in soil
(103 Bq m23)
Data:
Calculation:

74.1 + 5.8
69.7

43.3 + 2.6
39.6

26.7 + 0.5
26.8

18.6 + 2.2
21.7

Radon discharge at ground surface
(Bq s21)
Data:
Calculation:

1040 + 210
1581

340 + 70
613

290 + 70
366

840 + 170
712

CO2 discharge at ground surface
(mol s21)
Data:
Calculation:

0.74 + 0.13
0.801

0.90 + 0.10
0.546

0.39 + 0.10
0.48

0.83 + 0.17
1.16
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Table 2. Measured and calculated characteristic quantities and physical parameters of the upper Trisuli Valley sites (see Fig. 17)
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propose a possible conceptual model of the gas
transport mechanisms in the subsurface of the entire
upper Trisuli Valley. This large-scale approach proved particularly useful when dealing with the
CO2 production of an extremely extended region,
such as an orogen. Nevertheless, this modelling
approach has numerous simplifications that could
be problematic, such as the use of only one phase
for CO2 and radon, the absence of constraints on
the hydrothermal circulations, the neglect of possible interactions with surface aquifers, and the
2D formalism which restricts our understanding of
the whole area (e.g. across secondary geological
features).

Perspectives and conclusions
In this paper, we have presented the results of field
investigations around four remote thermal springs
of the Nepal Himalayas. Despite the difficulties of
such sites, a total of 279 radon fluxes have been
measured on the ground, associated with 670 CO2
fluxes, complemented by measurements of radon
concentration in the soil, and radon and radium concentrations in water, and assisted by thermal infrared imaging. The two sites located in Lower
Dolpo, western Nepal (the Sulighad and Tarakot
hot springs) have shown similar characteristics, suggesting a water-dominated transport with the simultaneous degassing of radon and CO2 from the
hydrothermal water near the surface. By contrast,
the data acquired at the two sites located in the
upper Trisuli Valley, central Nepal (the Timure
and Chilime hot springs), which together also
share similar characteristics, have indicated a more
likely gas-dominated transport, with a possible preferential transit of gaseous CO2 of deep metamorphic
origin through a network of fault segments in the
MCT zone, where it is charged with radon from
the reservoir of underlying rocks.
While the spatial distributions of the gas fluxes
have now been reasonably constrained for these
sites, the temporal variations still remain poorly
known. Repeated measurements, however, suggested that the systems were relatively stable.
Heavy rainfall could affect the degassing, but a
remarkable persistence of the gas fluxes was
observed in the SBHS during the monsoon season
(Girault et al. 2009, 2014b; Richon et al. 2011).
Similar behaviour is expected for the Chilime
system, for example, but this would need to be
confirmed.
The exploratory phase developed at these four
sites was particularly successful in detecting the
anomalous degassing areas, to map the total integrated discharges and to understand, at first order,
the main gas transport mechanisms taking place at

each site. Measuring some radon and CO2 fluxes
outside the gas zones was extremely useful in helping to define the regional background flux values,
and sometimes to circumvent efficiently the gas
zones. This general approach should be definitely
followed at each studied site, first to increase the
accuracy of the integrated discharges at each site
and, second, to potentially observe large spatial variations: for example, at the scale of an entire watershed or even at the scale of the MCT zone. The
thermal infrared imaging technique revealed an
essential tool in detecting hot spring waters and
anomalous gaseous emissions related to soil thermal
anomalies, even for ,358C degassing areas (Tank
et al. 2008; Richon et al. 2011; Girault et al.
2014b), and to delimit the spatial extent of the gas
zones. At Timure, the use of such a technique disrupted completely our initial understanding of the
site by the discovery of an extended gas zone
away from the hot spring. This technique, based
on portable instruments, is by far the most critical
approach to assisting the reliability of the exploratory phase. Nevertheless, the use of thermal infrared imaging was sometimes difficult (e.g. at
Chilime), especially when exploring the site around
the cavity in the luxuriant, humid forest. At
Sulighad, the first radon flux measurements evidenced degassing, in contrast to the CO2 fluxes
which remained particularly low. At Tarakot,
clues of degassing were provided by the measurement of radon in water. These examples highlight
that the systematic measurement of radon at a degassing site, associated with other methods, is often
determinant to understand the main degassing
mechanisms of a given natural site.
As this general approach has been demonstrated sufficiently worthy and reliable, it is now
time, using the same methodology, to acquire a
larger-scale view of the degassing features in the
Nepal Himalayas. The first steps in this direction
have already been taken (Girault et al. 2014a),
but could not provide sufficient data to substantiate
strong hypotheses of relationships with regional
seismicity, large Himalayan earthquakes or to
explain spatial variations along strike. However,
other remote regions located in the MCT zone,
with well-known thermal springs and particular
patterns of the instrumental seismicity (e.g. in farwestern Nepal) should be studied first. The MCT
zone, although its name can vary from one site to
another (Pearson & DeCelles 2005; Searle et al.
2008), extends outside Nepal. Several thermal
springs are, for example, reported in Bhutan in
the LHS and GHS units, which could be studied
in a similar manner.
Exploration at large (i.e. kilometric to decakilometric) spatial scales seemed to be generally
extremely difficult and time-consuming, even
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when assisted by using a hand-held thermal camera.
To overcome this tremendous challenge, totally new
techniques should be developed (Girault et al.
2014b). More recently, the significant progress in
the manufacturing and manipulation of unmanned
aerial vehicles (UAV), such as drones, has opened
up many opportunities (e.g. Gago et al. 2015). The
use of such a UAV equipped with an onboard thermal infrared camera should give critical insights
over a larger surface area of investigation, especially in remote locations.
After a more comprehensive view of CO2 degassing along the Himalayan arc is available, more
detailed modelling of the production and transport
of CO2 will be necessary. For the production, the
conditions of the different possible metamorphic
reactions will have to be assessed (Groppo et al.
2013). Transport is another delicate issue, with
discrete fault networks probably combined with diffusive emissions and interactions with other geological fluids. Secondary mechanisms, such as thermal
convection, may need to be considered in some
locations.
Finally, the Mw 7.8 Gorkha earthquake in central
Nepal on 25 April 2015 (Adhikari et al. 2015; Fan &
Shearer 2015) and its aftershocks together struck
about 190 km of the Himalayan arc from Gorkha
village to Phaplu airport, including the upper Trisuli
Valley where numerous casualties and buildings
destroyed were reported (Bilham 2015). Following
this large event, the main degassing characteristics
of the whole upper Trisuli Valley, determined
before this event from 2008 to 2011, may have
been dramatically altered. A new measurement
campaign post-earthquake is thus definitely needed
to potentially quantify such changes. In addition,
detailed investigations of potential degassing areas
and thermal springs should be launched in the region
of the epicentre. One of the great Earth Science
issues remains on how the modifications of stress
and deformation fields affect the gas transport properties (e.g. permeability) of the shallow crust (e.g.
Manga et al. 2012). In this regard, the Nepalese
hydrothermal systems constitute one of our best
assets to be able, one day, to constrain the relationship between geological fluids and the seismic cycle
of the Himalayan Range.
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