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ABSTRACT: Groundwater plays an important role in sustaining the streamflow in cold alpine area, 
but is poorly understood due to a lack of direct access. About 98 groups of springs are observed at the 
upper reaches of Heihe River Basin, which provide an opportunity to explore the main aquifers. 
Springs are clustered in three groups according to locations: (1) springs on the moraine and talus de‐
posits; (2) springs at the end of alluvial plain in lower topography; (3) springs along the river bank. 
The hydrometric, geochemical and isotopic data of springs in a representative catchment were integrat‐
ed and used to elucidate the groundwater flow paths. Results indicate the Quaternary porous aquifers 
in the alpine catchment have a profound influence on the regional groundwater flow paths and the 
groundwater and surface water (GW-SW) interactions. The aquifer consisting of alluvial-pluvial depos‐
its has a great capacity of groundwater storage and plays a vital role in regulating discharge by attenu‐
ating the seasonal variation and maintaining the main stream in cold seasons. This is different from the 
fast recharge and discharge mode of the moraine and talus deposits. Our work highlights the impor‐
tance of loose deposits in controlling the GW-SW interactions in the cold alpine area.
KEY WORDS: springs, alpine catchments, groundwater, groundwater-surface water interactions, allu‐
vial plain.

0 INTRODUCTION 
The important sources of many major rivers in the world, 

alpine headwater area produces almost 30% of the global dis‐
charge (Penna et al., 2016; Meybeck et al., 2001), such as the 
Amazon River sourcing from the Andes Mountains, the Yellow 
and Yangtze rivers originating from the Qinghai-Tibet plateau, 
and the Mississippi River flowing from the Rocky Mountains. 
In the arid and semi-arid areas, the percentage of water from al‐
pine headwater area can increase to 50%–90% (Viviroli et al., 
2011; Viviroli and Weingartner, 2004), and the water feeds mil‐
lions of people and maintains the ecosystems in the down‐
stream reaches (Jones et al., 2018; Viviroli et al., 2011). Under‐
standing the hydrological processes of alpine headwater catch‐
ments is essential for the scientific water resource management 
in the arid and semi-arid areas. Surficial deposits in the alpine 

headwater catchments are characterized by the coarse-grained 
nature and locating on steep slopes (Muir et al., 2011; McCly‐
mont et al., 2010). These features lead to the common assump‐
tions that the deposits have little water-storage capacity and 
water moves rapidly through the subsurface and shallow sedi‐
ments, and deep drainage is restricted by the extensive bedrock 
and permafrost layer (Woo, 2013).

Recent hydrological studies have demonstrated that the 
contribution of groundwater to alpine stream can be as large as, 
if not larger than, that from the surface runoff (Chang et al., 
2018; Harrington et al., 2018; Hood and Hayashi, 2015; Ander‐
mann et al., 2012; Hood et al., 2006). Chang et al. (2018) had 
reported that the baseflow contributions to stream in the Hulu‐
gou catchment was as high as 55% during warm seasons in a 
year. In a study of Himalayan region, Andermann et al. (2012) 
claimed that deep groundwater accounts for 20% of stream 
flow. In a Canadian alpine watershed, the percentage of 
groundwater contributions to the total outflow for the 2004 and 
2005 field seasons was at least 30%–67% and 35%–74%, re‐
spectively, according to Hood et al. (2006). Groundwater is 
even more important in semi-arid and arid cold alpine catch‐
ments, considering that groundwater sustains river base flow 

∗Corresponding author: ziyong.sun@cug.edu.cn
© China University of Geosciences (Wuhan) and Springer-Verlag 
GmbH Germany, Part of Springer Nature 2023

Manuscript received June 30, 2021.
Manuscript accepted September 22, 2021.



Yalu Hu, Ziyong Sun and Rui Ma 

during long-lasting dry periods (Barberá et al., 2018; Ander‐
mann et al., 2012).

Recent research ascribed this high groundwater contribu‐
tion to the coarse deposits composed of moraines, rock gla‐
ciers, and talus in alpine regions (Winkler et al., 2016; Hood 
and Hayashi, 2015; Kobierska et al., 2015; Clow et al., 2003;). 
Clow et al. (2003) indicated that talus slopes are the primary 
groundwater reservoir, with a maximum storage capacity being 
equal to, or greater than, total annual discharge from the basin; 
and groundwater from talus could account for over 75% of 
streamflow during storms and the winter baseflow period in an 
alpine catchment in the Front Range of the Colorado Rocky 
Mountains. Hood and Hayashi (2015) demonstrated that the 
groundwater in proglacial moraine is critical in sustaining the 
aquatic ecosystem in an alpine watershed in the Canadian 
Rockies. Winkler et al. (2016) suggested that the relict rock gla‐
ciers with high storage capacity have an impact on water re‐
source management in an alpine catchment in the Schöneben 
Rock Glacier.

Despite the intensive attentions on the groundwater in the 
alpine area, most studies to date have focused on the extensive 
proglacial moraine deposits and talus, which mainly consist of 
cobbles and boulders deposited by the glacier and rockfall. Rel‐
atively, few studies have examined the hydrological function‐
ing of alluvial-pluvial deposits commonly located between the 
stream channel and the glacier deposits/talus, in the piedmont 
plain and the riparian zone. The alluvial-pluvial deposits are of‐
ten characterized by poorly sorted, subangular, mud-bearing 
pebble gravels with moderate-large pores, and act as a hydro‐
logical buffer (Ma et al., 2017; Penna et al., 2016; McClymont 
et al., 2010), which have different hydrological behaviors with 
moraine and talus deposits. On the other hand, water from hill‐
slopes must pass through the riparian corridor before coming 
to streamflow (McGlynn and McDonnell, 2003). This means 
the dynamic of groundwater in the deposits will more efficient‐
ly influence the temperature, geochemistry and hydrometric dy‐
namics of streamflow (Ge et al., 2018; Roy et al., 2011). It is 
important to characterize how the moraine deposits-talus-
alluvial-pluvial deposits complexes regulate groundwater dis‐
charge in alpine catchments (Laudon et al., 2004; Liu et al., 
2004).

Springs emerge out at the local groundwater discharge 
zone and act as the headwater streams in the catchment (Laub‐
er et al., 2014; Fetter, 2001). The perennial and intermittent 
springs provide opportunities for understanding the character‐
ization of groundwater flow components and the groundwater 
responses to hydrological events (Barberá et al., 2018; Pau‐
ritsch et al., 2017; Manga, 1999). The springs also can act as 
an indicator of groundwater and surface water (GW-SW) inter‐
actions, especially in remote areas without hydrometric data of 
groundwater. Knowledge about the formation of springs and 
the hydrological function of porous deposits would be helpful 
for the accurate estimation of hydrological runoff in alpine 
headwater catchments.

The Heihe River is the second largest inland river in Chi‐
na and is generally recharged by the groundwater from the 
Qilian Mountains at the northeastern Qinghai-Tibet Plateau 
(Wei et al., 2018; Duan et al., 2017; Cheng and Jin, 2013). 

About 98 groups of springs are observed at the upper reaches 
of Heihe River Basin (Fig. 1a), which provide a good opportu‐
nity to explore groundwater flow paths. These springs are 
grouped into three categories depending on geographic loca‐
tions: (1) springs on the moraine and talus deposits; (2) springs 
at the end of alluvial plain in lower topography; (3) springs 
along the river bank. These springs generally emerge out from 
the Quaternary aquifers, indicating the importance of the aqui‐
fers in controlling groundwater flow paths. In order to reveal 
the internal structures of the aquifers, the hydrometric data, iso‐
topic and geochemical data of springs along the elevation gra‐
dient in a typical catchment in the headwater of the Heihe Riv‐
er were delineated. The ultimate objective is to develop a con‐
ceptual model of porous aquifers hydrogeology and improve 
the understanding of hydrological functions of porous aquifers 
and the ubiquitous landforms on the Qinghai-Tibet Plateau.

1 SITE DESCRIPTIONS 
The Hulugou catchment (38º12'14" – 38º16'23"N, 99º

50'37"–99º53'54"E) is a typical alpine headwater catchment in 
the Heihe River with a drainage area of 23.1 km2 at an eleva‐
tion of 2 960–4 820 m above sea level (a.s.l.). The catchment 
has a continental semiarid climate, characterized by warm, 
rainy summers and cold, and dry winters. The annual precipita‐
tion ranges from 400 to 600 mm, and 70% of precipitation oc‐
curs from July to September with only one discharge peak ev‐
ery year. The annual potential evaporation is approximately 
1 100 mm. The annual mean air temperature ranges from -25.2 
to 25.8 ºC and peaks in August (Chen et al., 2014).

This catchment is a topographically closed basin and is 
featured with funnel like shape. High mountains occur on the 
south side, and the east and west sides are surrounded by steep 
hillslopes, and a slightly sloping alluvial plain occurs in the 
middle and extents to the north gorge (Ma et al., 2017). Bed‐
rock in the southern mountains is mainly composed by lower 
Ordovician interbedded metasandstone and slate (Xu et al., 
1989). The bedrock on the north and middle slopes are mainly 
made up of Permian – Cretaceous complexes, including shales 
with limestone and sandstone (Xu et al., 1989). Geologic faults 
occur at the foot of mountains and result in the bedrock out‐
crops (Fig. 1b).

The thickness of overlying sediments on the bedrock rang‐
es from a few meters to tens of meters, which have been de‐
scribed in detail by Chang et al. (2018) and Ma et al. (2017). 
Briefly, coarse sediments in U-shaped valleys, and cirques in 
the periglacial zone primarily consist of Late Quaternary mo‐
raine deposits, which have good connectivity and poor water 
storage capacity. The sediments on the planation surfaces at the 
top of hills, generally distributed at the upper reaches of the 
east tributary, are composed of poorly sorted, subangular, mud-
bearing gravels. The permafrost area (PA) is generally located 
in the southern mountains with the elevation above 3 400 m a.s.
l. (Ma et al., 2017). The thickness of perennial frozen layer ex‐
tends from 2 to 20 m below ground surface. The western dry 
channel located at the headwater area of the west tributary, is 
covered by thick and overburden moraine and talus deposits, 
extending to the top of the alluvial plain, which is featured 
with high hydraulic conductivity (Ma et al., 2017). The sedi‐
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ments on the alluvial plain and in the riparian zone along the 
north gorge in the seasonally frozen area (SFA) is primarily 
composed of poorly sorted, sub-angular and mud-bearing peb‐
bles and gravels with middle-large pores. This layer is sup‐

posed to be favorable of water storing and flow regulation.
East and west tributaries are the two main streams in the 

catchment, and originate from the southern mountains and con‐
verge at the base of the alluvial plain and flow into the Hulu‐

Figure 1. Geographical locations, samplings sites and geological settings of the Hulugou catchment. (a) Locations of springs and Hulugou catchment at the up‐

per reaches of Heihe River; (b) the geological settings of Hulugou catchment and the sampling sites; (c) the A–A'–A" and B–B' geological profiles in the Hulu‐

gou catchment.
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gou main stream in the north gorge. Both of these two tributar‐
ies are recharged by glacier-snow meltwater and become dry in 
the cold seasons. Four groups of springs occur in the Hulugou 
catchment. The spring at the QW06 site represents the group of 
springs that emerges out in the periglacial zone from the coarse 
moraine deposits (Figs. 1b and S1a). This spring is interment 
and drains only in the warm seasons. The spring at the QW01 
site is perennial and located in west tributary, and emerges out 
from moraine and talus deposits (Figs. 1b and S1b). At the 
base of alluvial plain, a cluster of springs (at the QW08 site) 
emerge out along the outcrop of bedrock and recharge to the 
main stream (Figs. 1b and S1c) and persist throughout the year. 
Another group of perennial springs (QW02, QW03, QW04 and 
QW05) issue out from the alluvial deposits along the Heihe 
River bank at the catchment outlet, which are located 20, 40, 
80 and 150 m away from the catchment outlet, respectively 
(Figs. 1b and S1d).

2 METHODS 
Because of the poor infrastructure construction and harsh 

field environment, the monitoring and sampling work at differ‐
ent sites was conducted in different years. The field work in the 
periglacial zone was carried out from 2012 June to 2013 Sep‐
tember, and the field work in the other part of the catchment 
was conducted from 2014 June to 2016 September. The com‐
parison of data from different years is on the assumption that 
the inter-annual variations in physical and geochemical param‐
eters for the same site are minor.

2.1 Field Monitoring　
The nested wells were drilled at three sites in 2014 sum‐

mer. The WW01 and WW03 sites are situated in the alluvial 
plain in the SFA. There are three wells at the WW01 site with 
the screen depth of 25, 15 and 10 m and two wells at the 
WW03 site with the screen depth of 30 and 20 m. The WW04 
site is located in the PA and has two wells with the screen 
depth of 24.3 and 1.5 m (Fig. 1b).

Groundwater table at the WW01 and WW03 sites, water 
table of springs and streamflow, and water temperature of 
groundwater and stream water were measured using electronic 
pressure and temperature sensors (HOBO U20-001-02 water 
level logger; Onset, Bourne, MA, USA) at the 30-min interval. 
To calculate the water table depth with different pressure be‐
tween water and atmospheric pressure, atmospheric pressure 
was measured simultaneously using a barometric pressure sen‐
sor (S-BPB-CM50; Onset, Bourne, MA, USA). The stream dis‐
charge was measured by constructing the water stage-discharge 
rating curve of a gauging station at the catchment outlet. The 
discharge rates of springs at the QW02–QW05 and QW08 sties 
were estimated by the product of flow rate and the area of flow 
cross section, and the flow rate was manually obtained by mea‐
suring the movement of a float per second. The water tempera‐
ture of spring water at the QW02–QW05 and QW08 sties was 
manually measured. The discharge rates of springs at the 
QW01 and QW06 sites were hard to quantify due to lack of 
gauging station and the water table at the spring outlet was ap‐
plied to represent the discharge rates.

The precipitation and air temperature data were collected 

at 30-min interval using a TRwS 500 (MPS, Slovakia) in the 
weather station in the alluvial plain (38º14'54"N and 99º
52'36"E) and the daily precipitation was calculated (Chen et 
al., 2014).

2.2 Water Sampling and Analysis　
Well groundwater, spring water, stream water, snow melt‐

water and glacier-snow meltwater were sampled for major ions 
and δ2H, δ18O and 3H isotope analysis. Stream water at the 
RW02 site, spring water at the QW06 site and glacier-snow 
meltwater, were collected during 2012 and 2013 summer every 
week (Fig. 1b). As the stream water at the RW02 site was main‐
ly recharged by spring water emerging out from the moraine 
deposits, the features of the stream water were supposed to be 
comparable with that of spring water at the QW06 site. Weekly 
rainfall samples were collected at the rainfall sampling sites 
(Fig. 1b) with elevations from 2 962 to 3 552 m a. s. l. during 
the warm seasons (from June to September) between 2014 and 
2016. The snow meltwater was sampled two times in January 
2015 at the rainfall sampling sites (Fig. 1b). Stream water sam‐
ples were primarily collected in the east tributary and in the 
Hulugou main stream, including three sites in the PA, and four 
sites in the SFA (Fig. 1b). Stream water, spring water and 
groundwater at the WW01, WW03 and WW04 sites were col‐
lected 3–4 times in January and 3–4 times in April, and were 
sampled weekly in the warm seasons from 2014 to 2016.

Temperature, electrical conductivity (EC) and pH values 
of water sample were measured by the portable meter (Hach 
HQ40d). Prior to sampling work, the wells were pumped con‐
tinuously for 15 mins until the EC readings stabilized. Aliquots 
for major ions analysis and 3H isotope analysis were collected 
in polyethylene vials without headspace. The samples for hy‐
drogen and oxygen isotope measurements were preserved in 
glass vials and the samples for dissolved organic carbon 
(DOC) concentrations were preserved in pre-combusted glass 
bottles, respectively, sealed with airtight caps. Bottles were 
thrice rinsed with sample water before collecting. Samples for 
major ions and isotope analysis were filtered through 0.22 μm 
polycarbonate filters and aliquots for DOC concentrations 
were filtered through 0.45 μm pre-combusted glass filters 
shortly after collection. Samples used for major cations analy‐
sis were acidified to a pH ≤ 2 with ultrapure HNO3. All sam‐
ples were preserved below 4 ºC until analysis.

Alkalinity measurements were performed using the Gran 
titration method with unfiltered samples in 24 h. The analysis 
of water samples was conducted within two months after sam‐
pling at the Laboratory of Basin Hydrology and Wetland Eco-
restoration, China University of Geosciences, Wuhan, China. 
Major anions (Cl-, SO4

2- and NO3
-) analysis was performed us‐

ing a Dionex ICS 1100 ion chromatograph. Major cation analy‐
sis was performed using inductively coupled plasma-atomic 
emission spectroscopy (IRIS INTRE II XSP). Values of 18O 
and 2H stable isotopes were determined using a Picarro L2130-
i analyzer, and compositions were expressed based on the δ 
(per mil) ratio with respect to the Vienna standard mean ocean 
water (V-SMOW). The analytical precisions of δ18O and δ2H 
were 0.025‰ and 0.1‰, respectively. The dissolved organic 
matter (DOC) concentrations were analyzed by TOC analyzer 
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(Aurora 1030W TOC, OI, the United States) with the analyti‐
cal precisions 2 ppb C. The measurement uncertainty was de‐
termined using repeating analysis of samples and standards, 
and analysis precision was controlled within 2%. A total of 13 
well groundwater and spring water samples were analyzed for 
3H concentrations. The radioactive isotope data used in this 
study had been described elsewhere by Ma et al. (2017) and 
was used here only to help provide an explanation about the 
groundwater transit time.

2.3 Estimation for Elevations of Recharge Area for 
Springs　

The stable isotope measurements may be used for estimat‐
ing the mean elevation of the recharge area of springs (Poage 
and Chamberlain, 2001; Siegenthaler and Oeschger, 1980).

H = Hr + (δ - δr ) /gradδ (1) 

Hr and δr are the elevation and δ18O values of reference 
rainfall samples near the sampling sites. H and δ are the re‐
charge elevation and isotope values of spring samples, respec‐
tively. The δ18O value at a specific site is the means over whole 
period of observation. The gradδ is the corresponding δ18O gra‐
dient that decreases with elevation, which is about -0.3‰/100 
m for precipitaiton in the Hulugou catchment according to pre‐
vious sampling work (Chang et al., 2018; Ma et al., 2017).

3 RESULTS 
3.1 Hydrograph　

Results show that the proglacial spring at the QW06 site 
dried up in the cold seasons and the lowering of water table 
was observed from August to October (Fig. 2). The spring at 
the QW01 site persisted throughout the year and the water ta‐
ble of outflow decreased from summer to winter (Fig. 2). Ac‐
cording to previous work, the springs at the QW02 – QW05 
sites showed similar discharge and hydrogeochemical features 
(Hu et al., 2019; Ma et al., 2017); therefore, in the following 
description, only the features of spring at the QW04 site were 
shown to represent the group of springs located at the catch‐
ment outlet. The manually measured discharge rates of spring 
at the QW04 and QW08 sites were relatively steady, and a 
slight increase in summer occurred. The stream discharge at 
the catchment outlet showed seasonal variations with the high‐
est value in summer, and demonstrated a fast response to the 
rainfall events. There was a long lag of falling limbs of stream 
discharge after the warm seasons, and the stream discharge 
reached the lowest value in April and May.

The groundwater table in the SFA showed strong seasonal 
variations. It was low in winter and spring seasons, and could 
be 6 m lower than that in the summer season. The groundwater 
table at the WW03 site displayed a more variable trend than 
that at the WW01 site, and showed a response to the rainfall 
events.

3.2 Temperature　
The air temperature that was measured in the middle of al‐

luvial plain varied from -22.9 to 18.3 ºC during the study peri‐
od. The lowest air temperature occurred in January and the 
highest was observed in July every year (Fig. 3). The tempera‐

ture of spring water at the QW04 site ranged from 0 to 9.5 ºC 
with appreciable seasonal variation. The temperature of spring 
water at the QW08 site ranged from 1.5 to 5.2 ºC and was rela‐
tively stable throughout the year. Spring water at the QW06 
site showed a large temperature variation from -7.5 to 15.3 ºC 
with significant diurnal variations. While the stream water at 
RW02 site mainly fed by spring water at the QW06 site 
showed a more stable temperature with the mean value about 
1.0 ºC. The stable trend was observed in the spring at the 
QW01 site at the headwaters of the west tributary, with mean 
temperature of 1.1 ºC. The groundwater temperature in the SFA 
displayed a dampened response to air temperature and with an 
annual ranged from 1.2 to 6.4 ºC and an annual average of 
about 3.1 ºC.

3.3 Isotope　
The local meteoric water line (LMWL) in the study area 

is fitted to the equation δ2H = 8.5δ18O + 22.6 (Fig. S2), defined 
by Ma et al. (2017). Most water samples fell on the LMWL ex‐
cept the suprapermafrost and subpermafrost groundwater. The 
rainfall and snow meltwater covered distinct variation ranges 
of δ18O and δ2H values. The depleted snow meltwater ranged 
from -23.3‰ to -4.2‰ for δ18O, and from -178.0‰ to -25.8‰ 
for δ2H, while the rainfall had rich stable isotopes varying from 
-18.2‰ to 0.19‰ for δ18O, and from -131.3‰ to 26.0‰ for 
δ2H. That of glacier-snow meltwater samples were located be‐
tween that of rainfall and snow meltwater, which were close 
with those of spring water, stream water and groundwater in 
the SFA.

Stream water in the PA has more variability in isotope val‐
ues than that of stream water in the SFA. The stream water in 
the Hulugou main stream displayed narrow isotope variation 
range. Stream water at the RW02 site and spring water at the 
QW06 site both showed a close relationship with the isotopic 
values of glacier-snow meltwater. Spring water at the QW01 
site showed a close isotopic variation range with spring at the 
QW06 site, with δ18O from -10.5‰ to -8.2‰ and with δ2H 
from -64.5‰ to -45.3‰. Spring water at the QW04 and QW08 
sites showed a narrow range, with δ18O ranging from -9.5‰ to 
-8.0‰ and with δ2H ranging from -53.5‰ to -46.0‰. The dif‐
ference of isotope values between the spring water at the 
QW08 site and springs at the catchment outlet (QW04) was 
negligible.

Groundwater in the SFA ranged from -10.4‰ to -7.5 ‰ 
for δ18O, and from -63.5‰ to -43.1‰ for δ2H, and displayed 
distinctly different isotopic characteristics from groundwater in 
the PA. The significantly enriched suprapermafrost groundwa‐
ter was distributed below the LMWL. The stable isotopes of 
subpermafrost groundwater were rich, and were closer to the 
LMWL compared with those of supraperamfrost groundwater.

The δ18O signatures in the tributaries generally were de‐
pleted in winter and spring seasons, and started shifting to‐
wards rich values in summer (Fig. 4). Seasonal variability of 
δ18O of stream water was most pronounced in the tributaries 
with values from -12.3‰ to -9.4‰ in spring and from -11.9‰ 
to -8.1‰ in summer. δ18O values of stream water in the Hulu‐
gou main stream varied little, with a slight decrease during the 
summer.
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The large seasonal fluctuation of δ18O values in stream wa‐
ter could hardly be detected in the groundwater. Spring water 
at the QW04 and QW08 sites exhibited an extremely damp‐
ened isotope signal. The δ18O values of spring water at the 
QW01 site were relatively more variable than those of springs 
in the SFA during summer. The spring water (QW06) and 
stream water (RW02) in the preglacial zone showed a close sea‐
sonal variation trend. The δ18O values of suprapermafrost 
groundwater were rich and stable, with the exception of sam‐
ples taken in the spring season, which were more depleted than 
samples taken in the summer season.

According to the relationship between δ18O and rainfall re‐
charge elevation, the springs located in the SFA were generally 
recharged by rainfall from the southern mountains with eleva‐
tions over 4 000 m a.s.l. (Table S1). The 3H of the spring water 
and well groundwater were less than 20 TU, indicating a mod‐
ern origin of the groundwater except the subpermafrost ground‐
water (Table S2).

3.4 Geochemistry　
3.4.1 DOC concentrations　

The DOC concentrations of spring water (QW06) and 
stream water (RW02) in the periglacial zone were low with 
mean value 0.6 mg/L, and didn’t show significant variation. 
The exception was the increase of DOC concentrations of 
stream water at the RW02 site in March 2013, which might be 
related with the snowmelt recharge in the spring season. Spring 
water at the QW04, QW08 and QW01 sites remained extreme‐
ly stable and low in DOC concentrations, from 0.2 to 1.3 mg/L. 
Stream water had strong seasonal variations in DOC concentra‐
tions (Fig. 5). Generally, the maximum DOC concentrations oc‐
curred in the spring season and decreased to the minimum in 
the summer. The increase of DOC concentrations was most pro‐
nounced in stream water in the PA from 0.2 mg/L in the sum‐
mer to 6.0 mg/L in the spring season. The ranges of DOC con‐
centrations of stream water in the SFA and in the main stream 
were less than 2 mg/L. DOC concentrations of groundwater in 

Figure 2. Temporal variations of several hydrological compartments in the Hulugou catchment. (a) and (b) water table of spring at QW06 and QW01 site; (c) 

and (d) discharge rates of spring at QW08 and QW04 site; (e) and (f) groundwater table variations in the alluvial plain; (g) the discharge rates at the catchment 

outlet; and (h) rainfall in the Hulugou catchment.
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the SFA varied from 0.3 to 3.8 mg/L. The highest DOC concen‐
tration occurred in the suprapermafrost groundwater with a 
range from 8.8 to 15.0 mg/L. The subpermafrost groundwater 
had a DOC concentration about 10.2 mg/L and was close with 
that of the suprapermafrost groundwater (Fig. 5).

3.4.2 Total dissolved solids (TDS) concentrations　
The median and quartile of TDS concentrations were plot‐

ted along with the flow path in Fig. S3. It is obviously that 
there was an increase trend of TDS concentrations from upper 
reaches to lower reaches for spring water, groundwater and 
stream water, respectively. Spring water and groundwater ex‐
hibited larger TDS concentrations than stream water. Spring 
water at the QW01 and QW06 sites showed narrow TDS con‐
centrations range, and had lower TDS concentrations than oth‐
er water samples.

The time series of TDS concentrations are delineated in 
Fig. 6. The variations of TDS concentrations of spring water at 
the QW04 and QW08 sites were relatively flat throughout the 
year. Spring water at the QW01 site displayed an increase of 
TDS concentrations at the end of summer. The well groundwa‐
ter demonstrated a large variation of TDS concentrations. The 
seasonal variation of TDS concentration was most pronounced 
in the Hulugou main stream. According to the mean value in 
different seasons, the TDS concentrations increased from 284.9 

mg/L in summer to 508.5 mg/L in winter and reached the peak 
value 554.9 mg/L in spring. The TDS concentrations were rela‐
tively stable in the tributaries stream water.

4 DISCUSSIONS 
4.1 Spring Formation　

The aim of this section is to propose a conceptual model 
for the recharge, flow paths and discharge of four main springs 
in the Hulugou catchment.

4.1.1 QW06　
The spring at the QW06 site is located right on the mo‐

raine and talus deposits, and there are a few other springs situ‐
ated at the intersection of moraine and bedrock, which are 
close to the QW06 site (Fig. 1b). Most of the springs flow into 
the stream at the RW02 site. The moraine and talus deposits 
are composed of poorly sorted, subangular, mud-bearing grav‐
els. These deposits cover an area of about 1 km2 and have a 
thickness of a few meters.

The δ2H and δ18O compositions of glacier-snow meltwater 
were more depleted than that of rainfall, and richer than that of 
snow meltwater. The overlap of spring water at the QW06 site 
and glacier-snow meltwater in δ2H vs. δ18O isotope plot sug‐
gested that the glacier-snow meltwater is the main source of 
spring water at the QW06 site. The proglacial spring water 
(QW06) and stream water (RW02) showed a similar seasonal 
variation trend. The water table at the QW06 site increased in 
summer and was dry in winter (Fig. 2), which also indicated 
that the glacier-snow melting process greatly influenced the re‐
charge of the spring water at the QW06 site and the decreased 
water table due to the winter freeze-up. The water temperature 
of the spring water at the QW06 site was close to 0 ºC, suggest‐
ing the shallow flow path and short residence time of the 
spring at the QW06 site. The low TDS concentrations and 
DOC concentrations of spring water at the QW06 site suggest‐
ed that the spring water primarily flows through the mineral 
sediments with short flow path and less contact with shallow 
soil layers before discharge. The highly permeable, coarse de‐
posits of moraine deposits and the steep proglacial slopes lead 
to a good percolation condition and the high hydraulic conduc‐
tivity. Glacier-snow meltwater rapidly infiltrates into the depos‐
its and is quickly transmitted through slopes.

The rugged topography on the mountain top and thin mo‐
raine deposits lead to the exposure of bedrock, and the bedrock 
may form a local barrier to groundwater movement and force 
water to discharge as springs at the moraine-bedrock interface 
(Fig. 7a). Consequently, the springs from the moraine deposits 
emerges out as the source of east tributary.

4.1.2 QW01　
Spring at the QW01 site emerges out from the moraine 

and talus deposits in the western dry channel. The sediments 
extend from the periglacial zone to the top of the alluvial plain, 
and is characterized by an area about 0.2 km2 and the thickness 
of tens of meters (Fig. 1b). The spring at the QW01 site is 
formed at the intersection of moraine deposits and bedrock.

The spring at the QW01 site is featured with the perennial 
water supply and the flow rate decreases from the summer to 

Figure 3. Time series of air temperature and temperature of the spring wa‐

ter and the well groundwater in the alluvial plain.
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the winter, and to the lowest in the spring season. The tempera‐
ture of spring water was stable at a little higher than 0 in sum‐
mer. These features may be related with the stable groundwater 
recharge. The isotopic features of spring at the QW01 site 
showed a close relationship with glacier-snow meltwater (Fig. 
S2), which should be attributed to the dominant recharge from 
the glacier-snow meltwater. The variable isotopic features and 
the slight decrease of TDS concentrations in the summer (Figs. 
4 and 6) should be related with rainfall recharges. The western 
dry channel with the thick moraine and talus deposits facili‐
tates the recharge of glacier-snow meltwater and rainfall from 
the southern mountains. The TDS concentrations of spring wa‐
ter at the QW01 site were low (Figs. 5 and 6), which suggests 
the low degree of water-rock interactions and the short transit 
time of groundwater.

The spring water at the QW01 site persists throughout a 
year suggest that a fair amount of deep groundwater sustains 
the spring discharge. The outcropping rocks at the foot of 
mountains leads to the discontinuous distribution of loose de‐
posits. Groundwater drains out as the spring at the QW01 site 
due to the bedrock blockage. The spring at the QW01 site 
serves as the source of west tributary (Fig. 7b).

4.1.3 QW08　
The spring water at the QW08 site is located at the base of 

alluvial plain, and is close to the north gorge. The alluvial plain 
is composed of thick alluvial deposits with an area about 2.5 
km2 and a wide thickness range from a few meters to more 
than 30 m. The spring at the QW08 site emerges out from the 

thinning alluvial deposits with bedrock outcrops.
The stable isotope values and geochemical characters and 

water temperature of spring water at the QW08 site were ex‐
tremely stable throughout the year, and showed a similar varia‐
tion trend with those of well groundwater in the alluvial plain 
(WW01 and WW03). This indicates that the groundwater re‐
charges to spring water at the QW08 site may share the same 
stable source with groundwater in the alluvial plain. The range 
of stable isotopes of the spring water was close with the 
glacier-snow meltwater and rainfall (Fig. 3 and Fig. S2). Be‐
sides, the temperature of well groundwater in the alluvial plain 
and the spring water at the QW08 stie were a few degrees Cel‐
sius higher than 0. It means that other recharge sources such as 
rainfall should be considered except glacier-snow meltwater. 
The variable groundwater table at the WW03 site during the 
summer provides the evidence of the lateral recharge of rainfall 
from the southern mountain (Fig. 2). In addition, the low DOC 
concentrations of well groundwater and spring water at the 
QW08 site suggest the rainfall direct recharge from rainfall in‐
filtration in the alluvial plain can be excluded (Fig. 5). The esti‐
mation of rainfall recharge elevation (Table S2) also suggests 
that the spring at the QW08 site is partly recharged by rainfall 
from the southern mountains. The mixing recharge of glacier-
snow meltwater and rainfall has been explained in detail by 
previous research (Ma et al., 2017; Chang et al., 2018). In addi‐
tion, Ma et al. (2017) points out the subpermafrost and supra‐
permafrost groundwater is another important recharge of 
groundwater in the alluvial plain.

As shown in Figs. 1c and 7c, the alluvial plain narrows 

Figure 4. Time series of δ18O in spring water, well groundwater and stream water in the Hulugou catchment in the Upper Heihe River in the Qilian Mountains.
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down at the base and the thickness of aquifer decreases from 
more than 30 m in the middle to only few meters in the north 
gorge. The cross-section of groundwater flow narrows dramati‐
cally in the north gorge, definitely limiting the groundwater 
flow path and leading to rising groundwater table (Ma et al., 
2017). As a result, the groundwater emerges out near bedrock 
outcrops as springs, such as the spring at the QW08 site (Fig. 
7c). The relatively steady groundwater table in summer at the 
WW01 site (Fig. 2) and the occurrence of spring at the QW08 
site both indicate the base of alluvial plain at the discharge area 
of groundwater.

4.1.4 QW02–QW05　
The springs at QW02–QW05 sites are located at the outlet 

of the catchment and emerge out from the alluvial deposit at 
the bottom of the north gorge. The sediments within the north 
gorge are with an area of 0.2 km2 and with the thickness about 
a few meters. This type of springs widely spread out along the 
Heihe River banks.

The geochemistry and stable isotope of springs at the 
QW02 – QW05 sites demonstrate a close variation trend and 
range with those of the spring at the QW08 site, indicating a 
same recharge source. The glacier-snow meltwater and the rain‐
fall from the southern mountains mixing with groundwater 
from the permafrost area should be the main source, which 
flows along the thin loose sediment in the north gorge towards 

the riparian zone. The long flow path and transit time of 
groundwater can be confirmed by the high TDS concentrations 
(Fig. S3) of springs at the QW02–QW05 sites in response to 
enhanced contact time with mineral exchange sites.

Because the Heihe riverbed deep incises the riparian zone 
and the groundwater table in the riparian zone is higher than 
the riverbed elevation, groundwater emerges out along the riv‐
er bank (Fig. 7d).

4.2 Intensive Groundwater and Surface Water Interac‐
tions in the Alpine Headwater Catchment　

The groundwater and surface water interacts widely in the 
Hulugou catchment at the upper to lower reaches, as indicated 
by the occurrence of springs. In the southern mountains, the 
glacier-snow meltwater and rainfall infiltrate into the moraine 
deposit aquifers, flow rapidly through a relatively thin saturat‐
ed layer at the sediment-bedrock interface (McClymont et al., 
2010), and provide a lateral recharge to streams. Groundwater 
discharges at the intersection of loose sediment and bedrock as 
springs, and recharges to the east tributary. The close isotopic 
and geochemical relationship of spring water at the QW06 site 
with stream water at the RW02 site confirms the significant 
contribution of spring water to streamflow in the east tributary. 
On the other hand, the groundwater in the moraine and talus de‐
posit aquifer issues out at the top of the alluvial plain, where 
the topography is greatly altered by complex geological struc‐

Figure 5. Time series of DOC concentrations in spring water, in well groundwater, and in stream water in the Hulugou catchment in the Upper Heihe River in 

the Qilian Mountains.
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ture (QW01). These two groups of springs in the mountains 
generally acts as the source of tributaries (Fig. 1b). The ground‐
water flows through the porous aquifers on the planation sur‐

faces at the top of higher hills, and laterally recharges to the 
piedmont alluvial plain and mixes with lateral recharge of rain‐
fall from the fractured bedrock. At the base of the alluvial plain, 

Figure 6. Time series of TDS concentrations in spring water, in well groundwater, and in stream water in the Hulugou catchment in the upper Heihe River in 

the Qilian Mountains.

Figure 7. Geographical profiles of the springs from Fig. 1 to illustrate the formation of springs.
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groundwater eventually joins the Hulugou main stream directly 
or emerges out as spring, such as the spring at the QW08 site, 
which is an important contribution of main stream, especially 
during the cold seasons. The recharge of groundwater to stream 
results in a more stable isotopic values and DOC concentrations 
in the main stream than that in the tributaries (Figs. 4 and 5). 
The springs at the outlet of the catchment discharge directly in‐
to the Heihe River channel. This group of springs are widely ob‐
served along the river bank (Fig. 1a), and is an important pat‐
tern of groundwater discharge to the Heihe River.

According to the drilling work, the Quaternary porous sed‐
iment is the dominant groundwater reservoir, and the uneven 
distribution of loose sediment leads to the frequent exchange 
between groundwater and surface waters, which has been docu‐
mented in other alpine catchments (McClymont et al., 2011; 
Roy and Hayashi, 2008). Roy and Hayashi (2009) point out 
that unconsolidated sediments with different features could 
possess multiple, and possibly disconnected, groundwater flow 
paths with unique hydrological and geochemical characters. As 
reported by Chang et al. (2022, 2018), three different types of 
Quaternary deposits can be grouped in the Hulugou catchment, 
which influence the regional hydrological cycle. (1) The thin 
morainic deposits consisting of unsorted, angular gravels and 
boulders, result in aquifers of high hydraulic conductivity but 
little water-storage capacity (Muir et al., 2011). This aquifer 
mainly functions as a fast flow channel, responding to hydro‐
logical inputs rapidly. In the cold seasons, the aquifer is 
drained because of the freeze-up of glacier and snow. (2) The 
aquifer in the western dry channel is characterized by poorly 
sorted and angular gravels and boulders as well. The thicker 
and overburden deposits are characteristic of both high hydrau‐
lic conductivity and good water storage capacity (McClymont 
et al., 2012). Glacier-snow meltwater and precipitation perco‐
late into the porous deposits and are stored temporarily as 
groundwater, and sustain the QW01 spring discharge through‐
out the year. (3) The thick alluvial deposits in the SFA demon‐
strate greater capacity of groundwater reservoir compared with 
that of deposits in the mountains, with the area extending from 
the piedmont plain to the riparian zone and with depth from 
tens of meters to few meters. Additionally, the aquifer consists 
of poorly sorted, subangular, mud-bearing pebble gravels with 
moderate-large pores (millimeters to centimeters), favorable of 
groundwater storage. The aquifer is recharged by the seepage 
of streams at the top of the piedmont plain and the lateral in‐
flows from high mountains and hills, which would introduce 
fluctuating physical and chemical signals to groundwater sys‐
tem in response to heavy rainfall events and stream discharge 
pulses, as shown at the WW03 site. The thick and flat aquifer 
in the alluvial plain provide a good reservoir for mixing pro‐
cess and acts as a hydrological buffer between water from hill‐
slopes and the streamflow (McGlynn and McDonnell, 2003), 
leading to a stable water table dynamic in the discharge area, 
as shown at the WW01 and QW08 sites. Tetzlaff et al. (2014) 
showed that the wetlands with high water content in riparian 
peat soils acts as an ‘isostat’ that mixes and damps inputs 
from more isotopically heterogeneous hillslope flow paths. The 
dominant recharge process in the alluvial plain occurs during 
the warm seasons, resulting in the significant rise of groundwa‐

ter table. The hydraulic gradient between recharge and dis‐
charge areas remains high during the warm seasons, leading to 
a large seepage flux from aquifer to stream. In the early cold 
seasons when the recharge process starts to slow down, the hy‐
draulic gradient between recharge and discharge areas decreas‐
es, which would lead to groundwater release. The decreasing 
hydraulic gradient would, in turn, slow the release of ground‐
water and the decline of hydraulic gradient, which would pre‐
vent the aquifer from being drained out during the cold sea‐
sons. With this feedback mechanism, the aquifer in the pied‐
mont plain has the ability to switch in hydrological function 
from the rapid transfer of groundwater (water conduction) dur‐
ing the warm seasons to the slow release of groundwater (base‐
flow maintenance) during the cold seasons. The groundwater 
delayed release is an important mechanism for sustaining the 
baseflow of the alpine stream, especially in the arid area, and 
this phenomenon has been highlighted in most recent work 
(Lauber et al., 2014; Magnusson et al., 2014).

Above all, the Quaternary loose sediment has the poten‐
tial to store significant amount of groundwater that sustains the 
mountain stream, and can damp the seasonal recharge signals 
from different sources, and leads to intensive groundwater and 
surface water interactions in the alpine catchment. Distinct de‐
posit characteristics is strongly invoked as the dominant factor 
controlling the hydrologic functions of the aquifer.

5 CONCLUSIONS 
Alpine headwater catchments are the dominant runoff-

producing zone of many rivers, especially in the arid and semi-
arid area. Few is known about the groundwater flow paths in 
the alpine catchment with moraine deposits-talus-alluvial de‐
posits complexes. Springs act as a proxy of groundwater and 
are good indicators of frequent groundwater and surface water 
interactions in the alpine area. In this research, the hydrometric 
measurements, geochemical and isotopic tracers of both sur‐
face water and groundwater along the elevation gradient are ap‐
plied to dissect the formation four typical groups of springs, 
the groundwater and surface interactions and the hydrological 
function of porous aquifers in the Hulugou catchment located 
in the Qilian Mountains.

Four groups of springs occur in the Hulugou catchment: 
(1) Proglacial springs show a response to glacier-snow melt 
process, and groundwater emerges out due to the moraine de‐
posits diminishing at the intersection of loose deposits and bed‐
rock. (2) Springs are situated at the front of alluvial plain. 
Groundwater issues out from moraine and talus deposits with a 
moderate groundwater storage capacity at the intersection of 
moraine deposits and bedrock. (3) Springs are located at the 
end of alluvial plain in lower topography. The narrow of flow 
cross section at the base of alluvial plain also cause the ground‐
water from the thick aquifer in the alluvial plain discharging as 
springs. (4) Springs along the Heihe River bank are the conse‐
quences of deep cut of the riparian zone. Generally, springs 
provide the evidences of intensive groundwater and surface wa‐
ter interactions in the catchment, which is attributed to the un‐
even distribution of Quaternary porous sediments.

Porous aquifers with distinct features demonstrate differ‐
ent hydrologic functions. The moraine deposits are character‐
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ized by high hydraulic conductivity and poor water storage, 
leading to the fast groundwater response to glacier-snow melt 
process. The thick and overburden moraine and talus deposits 
in the dry channel in the southern mountains are highly conduc‐
tive, and facilitate both fast water transport and water storage. 
The alluvial deposits in the piedmont plain and in the riparian 
zone play an important role in regulating groundwater flow in 
the catchment. The thick aquifer provides a good reservoir for 
groundwater storage, subdues the seasonal variation of ground‐
water, and maintains the stream by the delayed release of 
groundwater in the cold season. Our work suggests that the po‐
rous aquifers in the alpine catchment, especially the aquifer con‐
sisting of alluvial deposits between the hillslopes and the main 
stream, have a profound influence on the regional groundwater 
flow paths and the groundwater and surface water interactions.

The springs with relatively stable physical and geochemi‐
cal features provide the available means for obtaining informa‐
tion about the regional scale subsurface hydrology changes. If 
the undergoing climate warming persists, the buffering func‐
tion of porous aquifer cannot be ignored in estimating the pos‐
sible response of watershed hydrological variation to climate 
change.
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