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Abstract. Climate warming has significantly changed the hydrological cycle in cold regions, especially

in areas with distributed-permafrost or seasonal frost. Groundwater flow and its interactions with surface

water are essentialimpertant components of the hydrological process:. heweverHowever, few studies or

modeling works have been based on long-term_field observations of groundwater level, temperature,

hydrogeochemistry or isotopic tracersisetopiefield-observations from boreholes due to obstacles such as

remote locations, limited infrastructure, and harsh work conditions. In the Hulugou catchment, an alpine
catchmentloeated in the headwater region of the Heihe River on the northeastern Qinghai-TibetFibetan
Plateau (QTP), we drilled four sets of depth-specific wells and monitored the-dynamie groundwater levels
and temperatures at different depths. Surface water (including river water, glacier meltwater, and snow
meltwater), precipitation, groundwater from boreholes, spring water, and soil water samples—were
sampledeoHeeted to measure the abundances of major and minor elementshydrochemistry, dissolved

organic carbon (DOC);-disselved-inorganieecarbon{(DIC), and stable and radioactive isotopes at 64 sites.
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This study provides a datasets of these groundwater parameters spanning six consecutive years of
monitoring/measurements. These data can be used to investigate the-groundwater flow processes and the
interactions-between-groundwater--and surface water interactions on the QTP under global climate change.
The datasets provided in this paper can be obtained at https://doi.org/10.5281/zenodo.62960575184476

(Ma et al., 2021b) and will be subject to further updates.
1 Introduction

As-the“Third Pole™of the Earth,tThe Qinghai-TibetFibetan Plateau (QTP) is known as the "“Water

"

Tower of Asia

because itand comprises the headwater regions of many large rivers in Asia, including

the Yangtze, Yellow, Lancang-Mekong, Nujiang-Salween, Yarlung Tsangpo, Ganges, Indus, Tarim and

other riversbinsang-Ganges;Indus,Yelow-and Yangtze Rvers (Qiu, 2008; Immerzeel et al., 2010). At

present, the total amount of water storage on the QTP (including glacier reserves, lake water, and runoff

from the outlets of major rivers) has been initially estimated to exceed nine trillion cubic meters (Li et al.,

2019; Pritchard, 2019; Liu et al., 2020). However, Yader-under the background of global warming, not

only has the temperature of the QTP gradually increased over the past 50 years (Hartmann et al., 2013;
Yao et al., 2013), but the warming rate has also been slowly increasing (Chen et al., 2015; Kuang and
Jiao, 2016). Therefore, the QTP has been experiencing a series of environmentalremarkable changes, such
as permafrost degradation, continuously decreasing snow cover, and glacier and lake shrinkage (Jin et al.,
2011; Yao et al., 2012; Liu et al., 2015; Huang et al., 2017; Xu et al., 2017; Bibi et al., 2018; Ran et al.,
2018; Yao et al., 2019b; Bian et al., 2020). These changes have vastly impacted the hydrological system

on the QTP, affected the living environments of 1.7 billion people. and caused economic losses of up to

$12.7 trillion (Yao et al., 2019a).
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that groundwater:

compenent plays important roles in maintaining runoff, not only in low flow periods but also in high flow

periods, of rivers in permafrost regions and regulating their flow regimesthe-base-flew-ef+rivers (Walvoord

et al., 2012; Carey et al., 2013; Ma et al., 2017; Evans et al., 2020; Ma et al., 2021a; Wang et al., 2021).
Some studies have suggested that increased groundwater temperatures caused by climate
warminginereased—air—temperatures adversely affect the biogeochemical process in aquifersef
sroundwater, resulting in a decline in groundwater quality and thus affecting the use of water resources
(Green et al., 2011; ©'dennel-O'Donnell et al., 2012; Sharma et al., 2012; Cochand et al., 2019). In the
case of global warming, interactions between groundwater fleww-and surface water may cause the release
of carbon trapped in permafrost and aggravate the greenhouse effect (Harlan, 1973; Solomon et al., 2007;
Schaefer et al., 2011; Wisser et al., 2011; Mckenzie and Voss, 2013; Connolly et al., 2020; Behnke et al.,
2021)._It was also reported that

subsurface layer-and-the-thermal-instlation-effectof the surface-ice layyer-saturated sediments that are not

frozen year-round due to the heat released by groundwater movement in the subsurface layer and the

thermal insulation effect of surface ice layersand provide interstitial habitats for groundwater fauna

(Schohl and Ettema, 1990; Clark and Lauriol, 1997; Alekseyev, 2015; Huryn et al., 2020; Terry et al.,
2020). All these findings undoubtedly confirm the importance of groundwater flow in eeld-region
hydrological systems_cold regions.

However, existing studies on the-interactions-between-groundwater and surface water interactions in

cold regions have mainly focused on the Arctic-subareticregtons—Fhese—areas which are-is generally

mainky-characterized by the presence of continuous permafrost; and the dominance of spring snowmelt

in main-groundwater recharge seuree-in-theseregtonsistheformof springsnowmelt-(Mcclymont et
al., 2010). In contrast to the Arctic-subaretie regions, the middle—andlew-latitude-catchments on the QTP

are generally characterized by complex combinationsfeatare—distributions of continuous permafrost,

discontinuous permafrost, island permafrost and seasonally frozen ground due to the tremendousgreat
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topographical and elevational differences in the same catchmentthat-exist-threushout-theregion (Cheng
and Jin, 2013; Chang et al., 2018). Furthermore, theThe Asian monsoon climate en-the- FP-causes the-most

of the main-hydrological inputs on the QTP to occur in summer and autumn; when the-ameunts—of
precipitation and glacier meltwater are_the largest (Lu et al., 2004; Chang et al., 2018). Different
combinations of permafrost, seasonally frozen ground and hydroclimatichydrelegieal conditions lead to
more complex interactions between groundwater and surface water on the QTP (Woo, 2012), which need

to be studied in greater detail to predict the response of hydrological processes to climate change in the

future. -

Current studies on the interactions between groundwater and surface water on the QTP have focused
on tracing flow paths with-using different types of isotopic and geochemical data or building numerical
water-heat coupling models to explore the influence of climate change on hydrological processes (Ma et
al., 2009; Ge et al., 2011; Evans et al., 2015; Hu et al., 2019; Li et al., 2020a; Yang and Wang, 2020; Tan
et al., 2021). Although significantereat progress has been made in studying hydrological processes on the
QTP, including changes ofresearch-en-changing streamflow compositions or surface flow regime under

the impact of climate change and frozen soil degradation (Wang et al., 2018; Zheng et al., 2018; Cuo et

al., 2019; Xu et al., 2019; Shen et al., 2020), little is known about the groundwater system or the processes
that control groundwater and surface water interactions due to challenges fromasseciated-with the poor
field conditions and weak infrastructure on the QTP (Yao et al., 2019a). Most existing studies have used
spring water and baseflow measurements in winter to represent groundwater and have rarely directly
observed groundwater indicators through boreholes (Pu et al., 2017; Gui et al., 2019; Li et al., 2020b; Pu
et al., 2021). The coupled groundwater flow and heat transport models employed in previous studies to
represent permafrost regions on the QTP have mainly focused on scenarios in which the conceptual

models are tested; however, ard-the numerical models are normally lack of verification with actual field

data (Ge et al., 2011; Evans et al., 2015). Existing large-scale groundwater flow models on the QTP did

not incorporate the effect of freeze-thaw processes induced by heat transport processes on the hydrological
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cycle due to the model complexity (Yao et al., 2017; Yao et al., 2021). To the beginning of this studydate,

there—ts—no established—systematie—research site has been established on the QTP that focuses on

constdering—groundwater flow or its interactions with surface water, with systematic monitoring of

physicochemical indicators of groundwater and surface water en-the FP-to-meontterphysical-erchemieal
surface—water-and-groundwater—indicators—and the-freeze-thaw processes of permafrost-and-seasenally

frozen greundsoil. To fill this gap, we established a systematic monitoring site in the upper reaches of the

Heihe River on the northeastern QTP.
Specifically, this paper introduces a monitoring system for the groundwater level, ground

temperature, water chemistry,

coneentrations; and 1sotopic compositions of various water bodies in an alpine catchment. In Section 2,
the general setting of the study area is introduced in detail. In Section 3, the layout of the monitoring wells,
the lithology of the boreholes. and the mineralogical compositions of the cores are described. In addition,

the dynamics of groundwater level and ground temperature ehanges-are also shownexplained. In Section

4, the methods used for the collection, preservation, and analysis of datasamples representing various

water bodies are described. The general characteristics of water chemistry and isotopes in different waters

are shown in Section 5. Finally, theFhe methods for obtaining raw data mentioned in this article are

provided in Section 56, and future research prospects and a summary of the whole article are provided in

Section 67.
2 Study area

Our study area, the Hulugou catchment, is one of the typical catchments located in the headwaters

of the Heihe River in the northeastern QTPFThestudy-areatstocated-in-theupperreaches-ofthe Hethe

River-inthe northeasternregion-of the TibetanPlatean (Fig. 1). The catchment occupies an area of 23.1
km? (99°50'37"-99°53'54"E and 38°12'14"-38°16'23"N). The elevation ef the study-area-ranges from

2960 to 4800 m a.s.l. The study area has a continental climate, with warm, humid summers and cold, dry
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winters. The mean annual averagetemperature is -3.1 °C, and the mean annual precipitation is 403.4 mm:,
approximately 70% of which is preeipitationis-mainby-concentrated from July to September,-with-these
# (Chen et al., 2014a; Chen et al.,

2014b). The water surface evaporation was 1231 mm in 2013 (Yang et al., 2013). The discharge fromef
the catchment was approximately 567.7 mm/year3-58<10"sm?*/day in 2012 (Chen et al., 2014a; Chen et

al., 2014b). The hydrometeorological monitoring network of the catchment is composed of five automatic

meteorological stations and one stream gauging station (Fig. 1), which are maintained and operated by

the Qilian Alpine Ecology and Hydrology Research Station, Northwest Institute of Eco-Environment and

Resources, Chinese Academy of Sciences (http://hhsy.casnw.net). Researchers with a reasonable need for

the precipitation, air temperature, and runoff data for the study area may request them by email. The

website for the specific contact information is http://hhsy.casnw.net/Ixwm/index.shtml. Fhelatest speeifie

Two main tributaries originate from the southern glaciers in the study area (Fig. 1). These tributaries

are mainly fed by glacier and snow meltwater, ice lakes, and springs in the high mountains (Yang et al.,
2013; Chang et al., 2018; Hu et al., 2019). In the warm season of each year (May— to September), these
tributaries are sustained;-during-therest-of-the-year; they are intermittently dry up during the rest of the

year (Yang et al., 2013; Chang et al., 2018; Hu et al., 2019). The two tributaries converge into a single

channel at the northern end of a piedmont alluvial plain and finally flow into the main channel of the

Heihe River. Due-to-the-thickalluvial-plavial sediments-depesttedinthisplain,-The groundwater and
surface water frequently interact in the study areasignificantly (Ma et al., 2017; Chang et al., 2018; Hu et

al., 2019).

The landformsregion above 4200 m a.s.l. in the study area areis mainly shapedereded by mountain
glaciers. The area comprising modern glaciers and permanent snow cover is approximately 1.62 km? (Ma
et al., 2017; Chang et al., 2018; Hu et al., 2019) (Fig. 2a). Many moraine sediments are distributed on the
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surface in this arearegion, constituting a porous aquifer of moraine breccia with large pores and good
hydraulic connectivity (Chang et al., 2018) (Fig. 2b). According to field investigations, the aquifer
exhibits high permeability and provides a good channel for groundwater flow (Ma et al., 2017; Chang et
al., 2018). In the warm season-(May—September), the aquifer is recharged by meltwaterfrom-glaciers and

snow meltwater and rainfallby-preeipitation; this water is rapidly discharged to nearby rivers and provides

lateral recharge for low-elevation aquifers (Ma et al., 2017).-Vegetationis—rare—in-thisregion—and-the
. . ] L L2012 2014).
In the elevation range of 3500 to 4200 m a.s.l., permafrost is distributed discontinuously, and the

active layer is ~2 m thickreaches-a-maximum-melting depth-of 2-m-at-the-end-of August (Ma et al., 2017).
Through—analysis—of-The drilling data; show that the thiekness—ef—permafrost is was—found—to—be

approximately 20 m_thick (Ma et al., 2017; Hu et al., 2019). There is a porous aquifer consisting of
argillaceous gravel on the planation surface at the top of the hill in the permafrost region-area (Ma et al.,
2021a) (Fig. 2c). In the warm season—(May—September), the groundwater in this aquifer is mainly
recharged by the infiltration of glacier and snow meltwater, precipitation, and groundwater from the
higher-elevation aquifer. and—It exists in—the—forms—etfas suprapermafrost, intrapermafrost, and

subpermafrost groundwaters (Ma et al., 2021a)—Fhis—aquiter—groundwater—isand typically discharged
discharges to warieus-the tributaries in-theform-ofas springs near-therivers-at the foot of the slope. ta-this

Seasonallyfrezen-—seil frost is mainly distributed in the-areas below 3500 m a.s.l. The maximum

freezing depth is approximately 3 m; freezing to this depth occurs in January (Ma et al., 2017). Alluvial
sediments in the piedmont plain constitute a porous aquifer containing sands and gravels (Fig. 2d){Ma-et
al 2017 Changetal52018). The thickness of this aquifer is 20—-50 m, and it can store water in summer
and maintain baseflow in winter to regulate streamflows (Ma et al., 2021a). In this area, the streamsurface
water and groundwater are hydraulically well connected;and-the. sreundwater Groundwater in the aquifer

is recharged by the infiltration ef-from the streamsiver—water and the lateral groundwater runoff ef

7
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groundwaterfrom the adjacent mountainseus-areas, and finallytn-addition;-the-groundwaterin-thisregion

is diseharged-discharges into the stream again at lower- elevation rivers-in the valleys or through springs

near the catchmentdrainage-basin outlet (Ma et al., 2017; Chang et al., 2018). The groundwater mainly
flows from south to north, consistent with the reliefbased-on-the-terrain. There-are-mainlty-alpine-grassland

The permafrost zone (35004200 m a.s.l.) is dominated by alpine meadow, and the vegetation

coverage is ~80 % (Chen et al., 2014b: Yang et al., 2015). The seasonal frost zone (below 3500 m a.s.l.)

1s dominated by alpine meadow and alpine shrubs, and the vegetation coverage is ~95 % (Liu et al.. 2012;

Chen et al., 2014b: Yang et al., 2015).
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185  Figure 1. (a)_ The location of the study area in the headwater regions of the Heihe River; and (b) the

Hulugou catchment showing the topography and the monitoring and sampling sites. The

permafrost distribution and elevation data were obtained from the National Tibetan Plateau Data

Center (http://data.tpdc.ac.cn), and the resolution of elevation data is 5 meters. —Lecation-of-the

190

Figure 2. Pictures showing (a) the glaciers in the south part of the study area, (b) the moraine

sediments in the periglacial zone, (c¢) the planation surface in the permafrost zone, and (d) the

piedmont alluvial plain in the seasonal frost zone.
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3 The monitoring system

The general principle behind the design of the field monitoring system is that the system can be used

to obtain different kinds of hydrological and hydrogeochemical data for various hydrological components

within the catchment such as glacier-snow meltwater, groundwater, and stream water during different

periods of the freeze-thaw cycle and at different locations along primary flow paths. With these data, it is

possible to explore the hydrological processes and associated biogeochemical processes under the

influence of the freeze-thaw cycle at the catchment scale.

3.1 Layout of well groups

Fhere-arefFour well groups were constructed in the study area, ameng-of which well groups WWO01,

WWO02 and WWO3 are located in areas—withthe seasonally frezen-frost seils-and well group WWO04 is
located in a-the permafrost area (Fig. 1). The specific locations of these well groups are as follows: WWO03

1s at the top of the piedmont plain near the southern bedrock mountains, where is the recharge zone of the

oroundwater in the seasonally frozen area; WWO02, located in the middle of the piedmont plain, was

supposed to capture the groundwater flow in the flow-through zone, but the water table is lower than well

screen depths thus the egroundwater level was not monitored; WWO1 is near the intersection of the east

and west tributarieslecated-at-the-top-ef-the-mainstream in the northern part of the study area where is the
groundwater discharge zone —res—thetiterseeton—ohthecadbade o rbanrte 8 0 -doentedHn

the-bedrock—n—thesouwthern—mountainots—area—and WWO04 is located on the planation—surfaceotf-a

planation-caused terrace in the eastern mountainseus-area. The details of these well groups are listed in

Table 1, including their longitudinal and latitudinal coordinates, elevations, numbers of boreholes and

their-correspending-depth_of each boreholes, and the depths of the depleyed-pressure and temperature

sensors deploved. The field scenes for the layout of each well group are shown in Fig. 3. Each well group

includes five or seven depth-specific wells to monitor the groundwater level and temperature at different

12



depths. The screen depth for each well is given in Table 1. High-density polyethylene (HDPE) pipe was

used for the well walls, which is expected to have little effect on the measured groundwater properties. In

For each well group, the well all-bereholes-with a depths of 3 m arefiltertubes:-these boreholes-are-was

used enly-to monitor soil temperatures. At-the-bettor-eof-each-of For the remaining bereheles-wells, the

bottom 0.5 m part was screened with a filter pipe. is-a-0-5-msand-settling pipe;-and-the-upperpart-of-each

13



Table 1. The number, coordinates, elevation, borehole depth, and monitoring information of each
well group in the study area (in-the-tablethe iﬁ\/iﬂ symbol indicates that the-a sensors were-was
placed at the bottom ofin the borehole-at-the-corresponding-depth, and the '"“<"'> symbol indicates

230  that no sensor was placed).

Well group no. Wwwo1
Coordinates and elevation N: 38°15'21.27", E: 99°52'45.38", 3144 m a.s.l.
Borehole no. Ww01-01 WW01-02 WWwW01-03 WW01-04 WW01-05
Borehole depth (m) 25 15 10 5 3
‘ Pressure sensors N N, N N x

Depth of temperature

23 15 10 5 0.2,05,1,15,2,3
‘ sensors (m)
Well group no. WWO02
Coordinates and elevation N: 99°52'33.68", E: 38°150.03", 3250 m a.s.l.
Borehole no. WWwW02-01 WW02-02 WW02-03 WW02-04 WW02-05
Borehole depth (m) 30 15 10 5 3
‘ Pressure sensors x x x x x
Depth of temperature
30 15 10 5 0.2,05,1,15,2,3
‘ sensors (m)
Well group no. WW03
Coordinates and elevation N: 38°14'46.57", E: 99°52'48.87", 3297 m a.s.l.
Borehole no. WW03-01 WW03-02 WW03-03 WW03-04 WW03-05
Borehole depth (m) 30 20 10 5 3
Pressure sensors \/ \/ x X x
Depth of temperature 29 18.5 10 5 0.2,05,1,15,2,3

14



sensors (m)

Table 1. (continued)

Well group no. WW04
Coordinates and elevation N: 38°14'30.25", E: 99°53'20.21", 3501 m a.s.l.
Borehole no. WW04-01 WW04-02  WWO04-03 WW04-04 WWO04-05 WWO04-06  WWO04-07
Borehole depth (m) 24.3 175 12 7 5 3 15
Pressure sensors \/ x x X x X l/
Depth of temperature 0.2,05,1
23.6 17.2 11.8 6.7 4.7 15
sensors (m) 1523

15



(a) The layout of the well groups

The planation surfa

Figure 3. Pictures showing the field scenes for (a) the location and layout of the four well groups in

the study area, (b) the lavout of wells in the well sroup WWO01. (c¢) the layout of wells in the well

oroup WWO02. (d) the layout of wells in the well sroup WWO03. and (e) the layout of wells in the well

group WW04.
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3.2 Sediments and their mineral compositions of the borehole coresin-the-wel-groups

Core sampling and lithology identification were conducted at different depths Puring-during the

drilling processes (Fig. 4),lithelogical characterization-was-conduected-at-different-depths; and the results
are shown in Figure-Fig. 25. In the seasonal frostseasenally-frozen area of the piedmont alluvial plain, the

sediments are mainly composed of mud-bearing pebble gravels that are very loose and poorly sorted (Ma

et al., 2017; Chang et al., 2018). With the same drilling depth, Fhe-driling-depths—of-the well groups
WWO01 and WWO02 wel-ereups-didwere not drilled toreaeh bedrock, while the drilling-depth-efwell group

WWO03 was drilled toreached weathered sandstone bedrock, indicating that the thickness of the aquifer
located at the top of the piedmont alluvial plain is thinner than that in the middle and lower leeatiensparts
(Fig. 25). In addition, a clay layer with a thickness of appreximately-3—6 m was found in all the well
groups WWO01, WW02 and WWO03-

the piedment alluvial plain (Fig. 25).

As revealed by the boreholes in theFheresults-ebtainedfrom well group WWO04—which-isloecated

on the planation surface of the permafrost region, shew-that-the perennially frozen layer is distributed at
depths between 2 and 20 m underground (Fig. 25) and mainly consists of sand, gravel, and ice. The active

layer is ~2 m thick and is composed of silt clay with small gravelelay (Fig. 25). Pepths-bBelow the depth

of 20-24.3 m are—characterized-byis the unfrozen subpermafrost aquifer, consisting whiech—is-mainly
eomposed-of sand and gravel (Fig. 25). An unfrozenThe intrapermafrost aquifer was also revealed, whieh

is-located at an—underground depth of 12 m_underground;is-unfrezen—within-the-permafrostlayer and
eonsists-consisting of a clay layer with a thickness of approximately 0.2 m;-as-determined-in-the- WW04

wel-greup (Fig. 25).

17



The red numbers in the figure indicate the depth that the

(a)WWO01 sediment cores were located under the ground surface (depth, m)

P60  Figure 4. Pictures showing the lithology of cores at different depths belowground from the well

groups (a) WWO01, (b) WW02, (¢)WW03, and (d) WW04.

18



O o
Legend
OO |
e B 50 Sandy grave
S —
. / “/~ Silt clay with small
8 /7 gravel
& 10 .
’5 — |Weathered sandstone
n - |with fractures
()
..'C_. 15- Sediment with ice
E
8 Upper boundary
= T 777 of permafrost
=
*5_20 .
P Lower boundary of
O 44 permafrost
25+
30—

Figure 25. Lithologvkithelegie diagram of the drilling-cores of-from the four well groups
(Modified from Ma et al., 2017).

During the drilling of the well groups WW03 and WWO04, core samples were collected at 5-m
intervals or at depths at—whichwhere the eere-lithology changed. The length of each core sample was
approximately 10 cm. The core samples were sealed and placed in shading bags and then stored at -20 °C.
Then, the mineral componentseempeosition and_their contents of each sample were analyzed by X-ray
diffraction (X'Pert*Pert PRO) in the State Key Laboratory of Geological Processes and Mineral
Resources at the China University of Geosciences.

The results of the mineral componentseempeosition and their proportion analyses-of the core samples
are listed in Table 2. Chlorite, illite, quartz and K-feldspar are the dominantsain minerals presentin these

samples, accounting for more than 80% of all minerals. Calcite and dolomite account for 0% to 10% and
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2% to 25% of the total mineral contents, respectively, while the proportions of amphibole does not exceed
8%.

Table 2. Mineral componentseempesitions and their proportions of the drilling-core samples.

Percentage of mineral componentseempesition (%)

Borehole no. Sample depth (m)
Chlorite Ilite Quartz K-feldspar Calcite Dolomite Amphibole

0-0.2 25 20 30 7 10 8 0

2.6-2.8 25 15 30 10 10 10 0

7.5-7.7 25 15 25 5 25 5 0

12.6-12.8 25 15 33 10 10 5 2

WW03-01

17.4-17.6 25 15 30 18 10 2 0

21.8-22.0 25 15 40 18 2 0 0

24.6-24.8 25 15 37 10 8 5 0

29.6-29.8 25 15 40 5 15 10 10

0.2-04 25 15 45 12 3 0 0

1.6-2.0 25 15 43 15 0 0 2

2.0-2.3 25 15 45 15 0 0 0

5.0-5.2 25 15 29 15 8 8 0

WW04-01

10.4-10.6 15 25 30 15 5 10 0

15.6-15.8 25 15 25 15 8 10 2

21.1-21.3 25 15 25 22 5 0 8

24.2-24.4 25 15 28 15 10 5 2

3.3 Monitoring of groundwater levels and ground temperatures

During the installation of the monitoring systems, pressure sensors (HOBO U20-001-02, ONSET,
USA) were placed at the screening locationsbettems of bereholes-wells with depths of 25 m, 15 m, and
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10 m in well group WWO1, depths of 30 m and 20 m in well group WWO03, and depths of 24.3 m and 1.5
m in well group WWO04 to monitor the groundwater levels at 30-minute intervals_(Table 1). No
groundwater was observed in well group WWO02the-other-boreholes. The-maximum-waterJevel-depth-at
which-the-pressure-sensers-can-obtain-measurements+s-30-m;-The operation range of the pressure sensors
is approximately 0 to 33.6 m of water depth at 3000 m a.s.l. the-measurement-aceuracy—ofthese-These

sensors have a measurement accuracy ofis = 1.5 cm, and the-a resolution is-of 6:210.41 cm. Atthe-same

time—tTemperature sensors (HOBO S-TMB-MO0017, ONSET, USA) were also installed at different

depths to monitor the ground temperatures; at 30-minute intervals. and-+tThe details of these sensors are

summarized in Table 1. Extension cables (HOBO S—EXT-MO025, ONSET, USA) were used to measure

temperatures at depths greater than 17 m. These measurement range of the temperature sensors ean

measure—temperatures—rangingis from -40 °C to 100 °C. In—thetemperaturerange—of-0-50°C—+The

measurement accuracy is + 0.2 °C; and-thewith a resolution is-of = 0.03 °C_for temperatures from 0 to

50 °C. All pressure and temperature sensors were calibrated in the laboratory before use (Text S1). The

monitoring of groundwater level and ground temperature sonitering-began in September 2014 and lasted
throughuntd September 2020._ The periods with available data are shown in Table 3 for the groundwater

level and Table 4 for ground temperatures.
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Table 3. The periods with available sroundwater level data.

Well group no.

Borehole depth (m)

Periods with available data

2014/08-2014/12, 2015/07-2015/12. 2016/07-2016/12

2018/08-2018/12,

: 2019/07-2019/12
2014/08-2015/01, 2015/06-2016/01, 2016/06—-2017/01, 2017/06-2018/01,
WWOl 10 2018/06-2019/01, 2019/06-2020/01, 2020/06—2020/08
2014/08-2015/02, 2015/06-2016/02, 2016/06-2017/02, 2017/06-2018/02
= 2018/06-2019/01, 2019/06-2019/09
25 2014/08-2015/02, 2015/06-2015/07, 2015/09-2019/08
20 2014/08-2014/10, 2015/04-2015/06, 2015/07-2020/08
e 30 2014/08-2014/12, 2015/04-2020/08
2014/09-2015/01, 2015/07-2016/01., 2016/09-2017/01, 2017/04-2017/07
= 2018/07-2019/12, 2019/08-2019/12, 2020/07-2020/08
Wwo4
24.3 2015/08-2016/07

Table 4. The periods with available ground temperature data.

Well group no. Depths (m) Periods with available data
02,1 2014/09-2017/07,2018/07—-2020/07
0.5,1.5 2014/09-2017/07,2018/07-2019/09
WWO1
2.3.5 2014/09-2018/11
10, 13,23 2014/09-2019/07
02.1,1.5 2014/09-2019/05, 2019/07-2020/08
0.5 2014/09-2018/09, 2019/07-2020/08
wWwo02
2.3.5 2014/09-2014/10, 2015/01-2017/04, 2017/08-2020/08
10, 15,30 2014/09-2020/08
WWO3 0.2,0.5.1,1.5 2014/09-2016/07, 2016/9-2020/06, 2020/07-2020/08
2,3,5,10,18.5,29 2014/09-2020/08
0.2,0.5.1,1.5 2014/09-2020/08
2.3.47,6.7 2014/09-2019/04, 2019/07-2020/06
WWo04
11.8,17.2 2014/09-2019/07
23.6 2014/09-2015/09
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The dynamics changes measured-in-theof groundwater level measuredtable in each wellberehele

from July 2014 to September 2020 are shown in Figure-Fig. 36. From June to September, Fhe-the
groundwater leveltables of-in WWO03 fluctuated widelyereatly frem-June-to-September-and-while that of
in WWOI1 were-was relatively stable. The groundwater leveltables ef-in both WW03 and WWO01 was
much lower fromin November to May were-muech-tewer-than these-from June to September within each
year. The groundwater leveltable efin the 1.5-m deep borehole-well in well groupthe WW04-wel-group,

which was located in the permafrost region, was basieally-—close to the surface;espeeiatly from June to
October; and droppeddeereased rapidly fromat the end of October and-inte-to November, while that in the
24.3-m deep berehole-well efthe- WWO4-wellgroup-varied between 20.3 m and 23.4 m.
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Figure 6. The left panels show the dynamics of groundwater depth over six consecutive years, while

the right panels highlisht the variation in groundwater depth within a hvydrological year.3:

Figure-Fig. 4-7 shows the dynamicsmeasured-changes in-of ground temperatures with time. The
ground temperatures fluctuated wildlyereatly at near-surface depths. According to the ground
temperatures measured at different depths in well groupsthe WWO01, WW02 and WWO03-wel-greups, the

maximum freezing depths of seasonally frezen-selfrost ranged from 3 to 5 m, and and the intra-annual

fluctuations in ground temperature basically disappeared at depths greater than 10 mthe—ground

contrastHewever, the ground temperature measured in well groupthe WWO04—wel—creup—which—was
located—in—thepermafrostregion; fluctuated mainly at depths beloew—above 2 m, while the—ground
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temperatures-at-other-depths-basteallyit remained near 0 °C_at deeper depths.
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Figure 7. The left panels show the dynamics of ground temperature at different depths over six

consecutive vears, while the right panels highlight the variation in ground temperature at different

depths within a hydrological year. 4—Variations—in-ground-temperatures—measured—at-different
330  depths{rom-the-groundsurface:

4 Collection and analysis of water samples

The following section presentsis—an—intreduetion—to the collection, preservation, and analysis of
various water samples obtained in the study area-eversix—years; from 2012 to 2017. Water samples were

mainly collected in the following four stages: (1) January during the frozen period-Januaryy, (2) April

835  and May during the thawing period-(April-and-May), (3) July and August during the thawed period-(Fuly
and-August) and (4) September during the refreezing period(September). Thelocations-ofthe samphing
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4.1 Sample collection and preservation

In—thestudy—area,—weWe collected samples of seven types of water in the study areasamples,

namelyineluding river water, precipitation, spring water, groundwater, soil water, glacier meltwater, and

snow meltwater-samples. The specific locations of the sampling sites leeations-are shown in Figure-Fig.

1. All sample bottles were washed three times with filtered water and dried before use. During the

collection of all-water samples (excluding the-precipitation and soil water samples), the-temperature (T),
pH, dissolved oxygen (DO), electrical conductivity (EC), and oxidoreduction potential (ORP) efthe-water
samples—were analyzed bywith a portable water quality analyzer (HQ40d, Hach, USA), which was

calibrated for pH daily before use. Then;-thesample-bettles-were-cleaned-three-times-with-filtered-water:

the-wells-and-ensure-the-collection-of representative-water samples-The sampling procedure for different

types of water is shown in Fig. 8. The river water and glacier meltwater samples were collected under

natural flow conditions, and the stirring of riverbed sediments was carefully avoided. For the upwelling

springs, water samples were collected at the center of the spring. The samples for the springs without

upwelling were collected after the stagnant water was pumped out. For groundwater, at least 3-pore

volumes water was pumped from the wells before sampling to ensure the old water was drained out.

A device made of stainless steel, as shown in Fig. 8e. was set up to collect snow meltwater samples

in the field. The upper cover of the device was removed so that snow could fall into it. A small hole was

cut in the bottom of the device and connected to a polyethylene pipe. When the temperature rises, the

snow inside the device melts and the meltwater can slowly flow through the pipe into a polyethylene

bottle at the other end of the pipe. In this way, the snowmelt water samples were collected. To collect

precipitation, a device as shown in Fig. 8f was used. The circular funnel with a diameter of 14 cm in this

device was made of polyethylene and was used to collect precipitation. Before each precipitation event,

it was washed with ultrapure water to remove the fallout accumulated during the preceding dry period.

27



Precipitation can pass through a polyester screen clamped in the top part of the funnel and into a

polyethylene bottle at the bottom of the funnel. To minimize dry (dust) deposition, a ping-pong ball was

865  set in the funnel. This device was held in place by a stainless steel cylinder, reinforced with stones around

it.

28



Figure 8. Pictures showing procedures for sampling (a) river water, (b) glacier meltwater, (c¢) spring

water, and (d) sroundwater in the field. Devices for collecting snow meltwater and precipitation

B70  were shown in (e) and (f), respectively.
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Six subsets of water samples were collected in one sampling site to feranalyses-analyze ef different

chemical and isotopic indicators. The treatment and preservation procedures for the six subsets were as

follows: (1) Fhe-the water samples used-for alkalinity titrations were stored in 50-mL polyethylene bottles.

Three replicates-bettles-of-each-sample were collected for each samplerepeatedly without filtering, and
alkalinity titrations were-was performedearried-eut within 24 hours atter-of sampling—; (2) Fhe-the water

samples eoHeeted—for stable isotope ratio analyses—analysis were filtered with a 0.22-um-pore-
sizediameter membranes and stored in 2-mL cleartransparent glass bottles—; (3) Fhe-the water samples
obtained-for radioaetive isotope analyses-analysis were collected and stored in 1000-mL high-density
polyethylene (HDPE) bottles—; (4) The-the water samples eeHeeted-tofor analyze-water chemistry analysis
were filtered with a 0.22-pum-pore- sizediameter membranes and stored in 50-mL polyethylene bottles.
Ultrapure HNO3 was added to the bottled samples used te-for analyzeanalyses of major cations and trace
elements to ensure pH values < 2 (5) The-the water samples eolected-te-analyzefor DOC abundance
analysis were filtered with a 0.45-pm-pore-size precombustion glass fiber filter membranes and stored in
40-mL brown threaded glass bottles. (6) The-the water samples ebtained-for analbyses-analysis of DIC and
ofthe-6'°C values in DIC were filtered with a 0.22-um-pore-diametersize membranes and stored in 40-
mL brown threaded glass bottles. All the above water samples deseribed-abeve-were placedin—sample

bettles-that-were-then-sealed in the bottles and stored at 4 °C. In-partienlar-there-wasno-headspaceleft

During-the-drilling process-of-welgroup-W-W04,sSoil samples were-collected at different depths
during the drilling of well group WWO04;-and-thesamples were sealed and-stored-in 8-mL borate glass

vials berie-acid-inglass-bottles-and stored at -10 °C. The specific borehole numbers and sample depths
are listed in the worksheet named the "Soil water" of the second file in the the-eerrespending-dataset.

FhenstThe soil samples were _then sent baek-to the laboratory for water extraction using the cryogenic

vacuum distillation technique (Sternberg et al.. 1986: Smith et al.. 1991) to prepare for subsequent stable

1sotope ratio measurements.H
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ratios were subsequently measured.

4.2 Water chemistry_and isotope analysis of samples

4.2.1 Water chemistry analysis

The concentrations of majer-anions (E-Cl~, B¥ -NOs3, and SO4> and HPO.") in the-water samples
were determined by ion chromatography. The water samples collected in 2012 and 2013 were analyzed
at the State Key Laboratory of Biogeology and Environmental Geology-at-the, China University of

Geosciences using an ion chromatograph (IC 761/813, Metrohm, Switzerland). The remaining samples

collected fromin 2014-2017 were analyzed by-es
USA)-at the Laboratory of Basin Hydrology and Wetland Eco-restoration-at-the, China University of

Geosciences_ using an ion chromatograph (Dionex ICS 1100, Thermo Elemental, USA). The

concentrations ofseajer cations (Ca?*, K*, Mg?*, and Na") as well as Si, and Sr-AlandFe, were measured

at the Laboratory of Basin Hydrology and Wetland Eco-restoration—at—the, China University of
Geosciences using anby inductively coupled plasma atomic emission spectrometerspeetroseepy (IRIS
INTRE II XSP, Thermo Elemental, USA). The—analytical results—ofthedifferent—water samples—are
providedinthe-correspondingdataset: The charge balance error of the measurements for all water samples

was within £ 5%.

The DOC concentrations in the-water samples collected in 2012 and 2013 were measured-by-a-tetal

at the laboratory of the

Huazhong University of Science and Technology using a total organic carbon analyzer (Multi N/C 2100

TOC, Analytik Jena AG, Germany); with anand-the analytical resolution was-of 0.001 ppb. The DIC
concentrations in the-water samples collected in 2012 and 2013 were analyzed by-a-stable-isetepe-mass

speetrometer{(Delta—V-advantage ThermeElemental,_ USAJ)-at the Third Institute of Oceanography,

Ministry of Natural Resources using a stable isotope mass spectrometer (Delta V Advantage, Thermo

Elemental, USA). The DOC and DIC concentrations in the remaining water samples collected fromin
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2014-2017 were analyzed at the Laboratory of Basin Hydrology and Wetland Eco-restoration, China

University of Geosciences by-using a total organic carbon analyzer (Aurora 1030W, OI, USA) with aat

the precision was-of 50 pg/Lppb.

4.2.2 Analysis of the stable isotopes of 13C, 30, and *H

The *C abundanceeeneentrations in the- DIC efthein water samples collected in 2012 and 2013 were

was analyzed simultaneously while measuringat-the-same-time the DIC concentrations were-measured

using a stable isotope mass spectrometer (Delta V advantageAdvantage, Thermo Elemental, USA) at the
Third Institute of Oceanography, Ministry of Natural Resources. The *C concentrations in the DIC of the

groundwater samples from different boreholeseeHected-at-ditferentborehole-depths (WW04-01, WW04—
07, WW03-01, WW03-02, WWO01-01, WW01-02, and WWO01-03) and ef-the-spring water samples

(QWO02, QW03, QW04, QW05, and QWO08) collected in 2014 were measured using a wavelength-scanned
cavity ring-down spectrometersespy (G2131-I, Picarro, USA). The '3C in DIC results was expressed by
the relative abundance (J) of '*C in parts per thousand (%o), which was compared with Vienna PeeDee
Belemnite (V-PDB). The analysis results of the water samples obtained in 2012 and 2013 are given in the

corresponding dataset;-an

The *H and '®0 isotopic compositions in-theof water samples collected in 2012 and 2013 were
determinedmeasured with-by a stable isotope ratio mass spectrometer (Finnigan MAT253, Thermo
Elemental, USA) at the State Key Laboratory of Biogeology and Environmental Geology, at-the-China

University of Geosciences:-. The 2H and 80 isotopic compositionsthe-cerresponding values-measured in

theof water samples collected in other periods were determined by an ultrahigh-precision liquid water

isotope analyzer (L2130-1, Picarro, USA) at the School of Environmental Studies-atthe, China University
of Geosciences. The analysis was repeated seven times for Each-each watersample-was-analyzed-with-7

repetitions, and the results frem—of the first three replicatesrepetitions were ignored to eliminate the
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influence of the previous sample. Also.Atthe-same-time; we established an internal calibration equation
using standard samples (Vienna Standard Mean Ocean Water) to calibrate the analytical results. The
results were expressed as relative abundance values (0) in parts per thousand (%o) compared with-to the
standard samples. The analytical precision levels-of the first method was *H-and-*O-achieved with-the
firstutilized-methods—were-1.5%0 and 0.2%o_for *H and %0, respectively, and these-obtained-with-the
secondutiized method-were-0.5%0 and 0.1%o;_for the second method, respectively.—Fhe-measurement

s arosivenin i dntaget.

4.5-2.3 Analysis of radioisotopes of *H and *C isotopes

The *H and C concentrations were analyzed only for in-the-groundwater samples fromebtained-at

different borehole depths-(WW04-01, WW04-07, WW03-01, WW03-02, WW01-01, WWO01-02, and
WWO01-03) and the-spring water samples (QW02, QW03, QW04, QW05 and QWO08) collected in 2014

were-analyzed-to-investigate-the-groundwater-age. The water samples were concentrated by electrolysis
and then analyzedeellected for *H analysis—were—coneentrated—using an ultra-low level scintillation

spectrometerby-eleetrolysis-and-analyzed by-the liguid-seintilation-method (QuantlusTm Quantulus™
1220, PerkinElmer, USA) at the Institute of Karst Geology-ef-the, China Geological Survey. The *H

concentrations -the—watersamples—werewas expressed in tritium units (TU); with a-and-the detection

limit was-of = 1 TU. The *C concentrations in the water samples were-was determined usingby an-a 3MV

multi-element accelerator mass spectrometeraceelerated—mass—speetrometer (3MV Tandetron AMS,

HVEE, Netherlands) at the Xi“an AMS Center in China. Before loading onto the instrument, the

carbonate was removed from the samples by filtration through glass filter paper under vacuum, and then

85% phosphoric acid was added to the samples.Under-vacuum-conditions;-the-carbonates-in-the-samples

ere removed-b on h o ernane ~lowed b he_add on-of 59/ ~nhoanhe d to-the

samples. The-sStandard samples used-for '*C analysis were prepared according to the method described
by Liu et al. (2019)Eiu-etal-2019). The '*C analysis results were expressed as percent modern carbon
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(pmC); with anand-the analysis-analytical precision was-of 2%.-Theresults-of this-analysisare isted-in
Table 3.

The analytical methods used for the chemical and isotopic compositions of water samples are

summarized in Table 5.

Table 5. Summary of analytical methods for the chemical and isotopic compositions of water

samples.
Indicators Analytical instrument Model of the instrument
T, pH, DO, EC, and ORP Portable water quality analyzer HQ40d, Hach, USA
Anions (CI, NOs", and SO4%) Ion chromatograph [C TO1/813. Metrohm. Switzerland

Dionex ICS 1100, Thermo Elemental, USA

) Inductively coupled plasma atomic
Ca?", K, Mg?". Na*, Si. and Sr T IRIS INTRE II XSP, Thermo Elemental, USA
emission spectrometer

Multi N/C 2100 TOC, Analytik Jena AG, Germany

DOC Total organic carbon analyzer
Aurora 1030W, OI, USA
Stable isotope mass spectrometer Delta V Advantage, Thermo Elemental, USA
pic Total organic carbon analyzer Aurora 1030W, OI, USA
Stable isotope mass spectrometer Delta V Advantage, Thermo Elemental, USA
B¢ Wavelength-scanned cavity ring-down

G2131-1, Picarro, USA

spectrometer

Stable isotope mass spectrometer Finnigan MAT253, Thermo Elemental, USA
H and "0 Ultrahigh-precision liquid water isotope )
L2130-1, Picarro, USA
analyzer
*H Ultra-low level scintillation spectrometer Quantulus™ 1220, PerkinElmer, USA

3MV multi-element accelerator mass
c 3MV Tandetron AMS, HVEE, Netherlands
spectrometer

5 General characteristics of water chemistry and isotopes in different waters

The mean concentrations of ions, Sr, and Si in river water, spring water, and groundwater are shown

in Fig. 9. In general, the concentrations of ions, Sr, and Si were higher in groundwater and spring water

than those in river water. In addition, the concentrations of ions, Sr, and Si in these waters were higher

during the frozen and refreezing periods than during the frozen and thawed periods. The spatiotemporal
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variations of water chemistry in different water bodies were affected by freeze-thaw processes. For

180  example, the groundwater in permafrost zone exhibited dramatic variations in water chemistry.
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Figure 9. Box plots showing the mean concentrations of ions, Sr, and Si in river water, spring water,

and groundwater. The boxes denote the median and the 25™ and 75" percentiles, while the whisker
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plots indicate the maximum and minimum, respectively.

The concentrations of DOC and DIC in river water, spring water, and groundwater are shown in Fig.

10. The differences in DOC concentrations in both water bodies between the four periods were not

significant, indicating a relatively stable DOC export. However, the DOC concentration in groundwater

within the permafrost zone were much higher than in the other water bodies. In contrast, the DIC

concentration showed a stronger temporospatial variation. For example, the DIC concentration of river

water in the main stream was lower during the thawed period than during the frozen period, but higher

than that in other river waters during all four periods.
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Figure 10. Box plots showing the concentrations of DOC and DIC in river water, spring water,

and groundwater. Boxes denote the median and the 25™ and 75™ percentiles, while whisker plots

indicate maximum and minimum, respectively.

The 6'0 and 5*H relationship for different water samples and the local meteoric water line (LMWL)

of 0°H = 8.36 6'%0 + 18.97 are shown in Fig. 11. The snow meltwater showed the largest variations in

water stable isotopic compositions, with the §'%0 between -20.7%o and -4.4%o and the 0*H between -155.0%o

and -13.1%o (Fig. 11). In contrast, the isotopic compositions of glacier meltwater are less variable, with

the 'O varying from -10.3%o t0-7.9%o and the 6°H varying from -61.9%o to -39.3%o.. The river water

showed a trend of decreasing variation along the flow in the isotopic compositions, with the §'30 values

of =12.3%o to -7.5%o, -11.9%o to 0.1%o, and -10.2%o to -6.8%0 and the 5°H values of -88.5%o to -38.8%o, -
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83.1%o0 to -14.7%o0, and -62.7%o to -41.2%o for tributary water within the permafrost zone, tributary water

within the seasonal frost zone and main stream water, respectively. Among the different types of

groundwater, the spring water showed the least variation in water stable isotopic compositions, with the

080 ranging from -9.9%o to -7.5%o and the 6*°H ranging from -62.2%o to -37.6%0: followed by the deep

groundwater within the seasonal frost zone, with the 4'%0 ranging from -7.9%o to -10.4%0 and the §°H

ranging from -63.3%o to -43.4%o: the shallow groundwater within the seasonal frost zone had the §'%0

value ranging from -10.4%o to -7.3%o and the 6°H value ranging from -64.7%o to -8.1%0: and the

suprapermafrost groundwater showed the greatest variation in water stable isotopic compositions, with

the 0'0 value of -10.8%o to -3.9%0 and the 6°H value of -73.8%o to -22.6%o.
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Figure 11. (a) The 6'30 and 6*H relationship for different types of water samples with (b) partially

enlarged details of some water samples.

The 3H concentrations in water samples ranged from 13.61 to 43.59 TU in Table 6. The '*C activity

decreased from 76.43 and 96.34 pmC in permafrost zone to 49.60 and 44.38 pmC at the bottom of the
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piedmont plain, in contrast to a rise in values of §'°C from -16.77%o to -5.92%o (Table 6).

Table 36. The '3C. *H, and C concentrations in groundwater and springResults-of radioisotope—
analysis-of-the water samples (Ma et al., 2017).

Sample No. 01C (%o) 3H (TU) 14C activity (pmC)
oBC Error (1o) 14C activity Error (1)

WWO04-01 (24.3-m borehole depth) -16.77 0.51 n.d. 76.43 0.32
WWO04-07 (1.5-m borehole depth) -13.60 0.57 15.11 96.34 0.31
WWO03-01 (30-m borehole depth) -8.79 0.57 19.38 51.77 0.22
WWO03-02 (20-m borehole depth) n.d. n.d. 16.22 n.d. n.d.
WWO01-01 (25-m borehole depth) -5.92 0.53 16.95 49.60 0.18
WWO01-02 (15-m borehole depth) n.d. n.d. 24.18 44.38 n.d.
WWO01-03 (10-m borehole depth) n.d. n.d. 16.20 n.d. n.d.
QW02 (spring) n.d. n.d. 27.83 n.d. n.d.

QWO03 (spring) n.d. n.d. 13.84 n.d. n.d.

QW04 (spring) n.d. n.d. 13.61 43.05 0.19

QWOS5 (spring) -5.09 0.7 43.59 n.d. n.d.

QWO08 (spring) n.d. n.d. 18.58 n.d. n.d.

“n.d.” means not determined.
5-6 Data availability

All  data  mentioned in  this paper are  availableean—be——obtained  at

https://doi.org/10.5281/zenodo.62960575+84476 (Ma et al., 2021b). The raweriginal data were divided

into two files. The first file contains the monitoring data, including groundwater levels and ground
temperatures. The second file containsinelzdes the measurement results of the samples analyses—and
thewith their numbers—and, sampling locations (latitude andlengitudinal and longitudelatitadinal

coordinates), and elevationsefthe-sampling sites.

6-7 Conclusions

This study presents a systematic hydrogeological and hydrochemical monitoring site-scheme located
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in-for an alpine catchment located in the headwaters region-of the Heihe River, which is underlain bywith

distributed permafrost and seasonally frezenfrostereund. A total of 22 boreholes in Eeur-four sets—of

chastered-wells groups were drilled, and the groundwater levels in eight of the boreholes and ground

temperatures were eontintousty-monitored forsix-years-at 30-minute intervals_for six consecutive years.

We-coleetedsSamples of sediments, river water, precipitation, spring water, groundwater from boreholes,
soil water, glacier meltwater, and snow meltwater were collected frem2042-to-20+7-during the frozen

period—(January), thawing—period (April and May), thawed peried-(July and August), and refreezing
(September) periods<September) from 2012 to 2017. The concentrations of smajer-anions (E5-Cl-, B

NOs~, and SO4* —and-HPOs"):, the-major cations (Ca?’, K*, Mg?’, and Na").: the-Si, Sr, Al—and Fe
coneentrations:—the—DOC and DIC eeneentrationsi—and the compositions of stable isotopesisetepie

compositions (ineluding the stable-isotopes-1>C in DIC and 2H and '80 in water) and theradioisotopes(-*H
and '*C) were-measured-in the water samples were measured.

This study is among the few attempts in alpine regions to obtain groundwater level, temperature,

water-chemistry, and isotopic data representing the subsurface in-situ environmentgreundwater-exiting

the—ground based on direct sampling from springs-and-direetly—sampledfrom-drilled boreholes.:—thus;
these-These data, combinedinecombination with other measurements; such as river discharge, precipitation,

water chemistry, and isotopic compositionvaluemeasurerments of glacier and snow meltwater, ean-be-tsed

explore the-different kinds of groundwater—flew-related issues_in areas dominated by permafrost and

seasonal frost, including but not limited to (1) the effect of soilthe freeze-thaw processes ef-seils-on

groundwater flow and the—interactions—between—groundwater—and—surface water_interactions; (2) the

interplay between permafrost degradation and groundwater flow changes; and (3) the water quality in

alpine catchments under the influenceismpaets of seasonal freeze-thaw processes #1+-0f soils and permafrost

degradation. Based on this datasetthe-existing-data, the following efforts should be made in the future to
39
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b60
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570

575

obtain-a-better understanding of-the coupled hydrobiogeochemical cycles in alpine catchments under the

impacts of climate change-in-alpine—eatehments: (1) coupling with other monitoring systems, such as
fmeteorological monitoring systems, remote sensing monitoring systems, and hydrological monitoring
systems.) to obtain data representing—on climatic characteristics, the—permafrost distribution and

dynamics.its—ehanges, ecosystemeeological statuseonditions, and hydrological regimesriver-discharges
and—levels; (2) developing integratedeembined flow-thermalheat-solute transport models to

exploreunderstand the impacts of seasonal freeze-thaw processes in soils and permafrost degradation on

groundwater flow, en-theinteractionbetween-groundwater-and--surface water interaction, element cycling,
and en-the-water quality—and-element-—eyeles; and (3) assessingeerreethy—evaluating the impacts of

groundwater flow evolutionsehanges on the-regional biogeochemical cycles under climate change.
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