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Abstract

A rapid groundwater recharge and circulation system has developed in Qaidam Basin, China. Stable H and O isotopes were
monthly sampled in both river water and groundwater, and water table fluctuations were monitored over a complete seasonal
cycle from dry-season to wet-season conditions in the Nalenggele River catchment in Qaidam Basin. The main goals are to
demonstrate and explain rapid circulation in the groundwater system. A distinct seasonal fluctuation of the water table with
associated stable isotopic variations can be observed in the alluvial-fluvial fan of the Nalenggele River catchment. During the
wet season, replenishment of the aquifer results in a rising water table rises. The recharge mechanism appears to be related to
the coincidence of several favorable hydrological conditions: an abundant recharge water source from summer precipitation and
glacial-snow melt in the high Kunlun mountains, large-scale active faults, a volcanic crater and other macro-structures that act
as favorable recharge conduits, the large hydraulic head from recharge areas to the alluvial-fluvial fan, and the presence of over
100 m of unconsolidated sand and gravel acting as the main aquifer. Warming climate is expected to increase precipitation and
to accelerate melting of glaciers in the Kunlun Mountains, increasing recharge and leading to rapid rise in the water table in
the alluvial-fluvial fan. Increased recharge in the future will provide water of improved quality to the Qaidam Basin, and will

allow management of land in ways that reduce soil salinity and alkalinity.
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Key Points:

. A rapid groundwater circulation system has been approved.

. Water source, macro-structures and large hydraulic head governing rapid circulation.

. Warming climate is expected to increase recharge groundwater.


mailto:tan815@sina.com

27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

Abstract

A rapid groundwater recharge and circulation system has developed in Qaidam Basin, China. Stable
H and O isotopes were monthly sampled in both river water and groundwater, and water table
fluctuations were monitored over a complete seasonal cycle from dry-season to wet-season
conditions in the Nalenggele River catchment in Qaidam Basin. The main goals are to demonstrate
and explain rapid circulation in the groundwater system. A distinct seasonal fluctuation of the water
table with associated stable isotopic variations can be observed in the alluvial-fluvial fan of the
Nalenggele River catchment. During the wet season, replenishment of the aquifer results in a rising
water table rises. The recharge mechanism appears to be related to the coincidence of several
favorable hydrological conditions: an abundant recharge water source from summer precipitation
and glacial-snow melt in the high Kunlun mountains, large-scale active faults, a volcanic crater and
other macro-structures that act as favorable recharge conduits, the large hydraulic head from
recharge areas to the alluvial-fluvial fan, and the presence of over 100 m of unconsolidated sand
and gravel acting as the main aquifer. Warming climate is expected to increase precipitation and to
accelerate melting of glaciers in the Kunlun Mountains, increasing recharge and leading to rapid
rise in the water table in the alluvial-fluvial fan. Increased recharge in the future will provide water
of improved quality to the Qaidam Basin, and will allow management of land in ways that reduce

soil salinity and alkalinity.

1 Introduction

Many studies conclude that groundwater should be very old in arid or semi-arid basins, e.g.
most basins or plateaus in northern China and deserts (Ma et al., 2009; Jiang etal., 2019) . Globally,
there is a growing body of evidence suggesting that many of Earth’s aquifers contain ‘fossil’
groundwater that was recharged more than 12,000 years ago, and only a very small portion of
groundwater was recharged in the last 50 years (Gleeson et al., 2016; Jasechko et al., 2017; Smerdon
et al.,, 2017). However, in most basins, rainwater also finds its way through macropores and
preferential pathways to shallow unconfined aquifers within hours of falling (Glenn et al., 2015;
Hartmut et al., 2019). At present, the nature of rapid groundwater circulation or even seasonal
recharge in arid basins that are remote from recharge sources remains unclear. The mechanisms or
conceptual models governing the rapid recharge need to be further investigated. In addition, the

global volume and distribution of groundwater less than 50 years old, which is the most vulnerable
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to global climate change, are unknown (Gleeson et al., 2016). Given the expected challenges arising
from future global and regional climate changes, it is important to improve the understanding of
aquifers dominated by young groundwater. Accurate assessment of water resources and clear
understanding of the hydrology in such aquifers will be important to future management of
groundwater use, of ecological changes in vulnerable environments, and of secondary hazards
resulting from rising groundwater levels.

The Nalenggele River (NR) catchment was selected as the study area. It is a typical large river
draining the high and cold area of the northern slope of the eastern Kunlun Mountains (KM) and
ending in the western Qaidam Basin (QB) (Fig. 1). In this region, sources of groundwater recharge,
spatial and temporal variations of runoff and interactions between groundwater and stream flow are
very complex and remain unclear. There have been a few previous studies on a surface-groundwater
system in the NR catchment and adjacent area in the Golmud and Nomhon River catchments (Xiao
et al. 2017a and b; Xu et al., 2017). These previous studies found that the groundwater systems
resembled a typical mountain-basin system. However, it remains unclear why water tables at depths
of 10 to 50m or even deeper fluctuate so greatly under natural conditions. Such changes are difficult
to explain with an ancient recharge model. In the absence of monthly monitoring data, it is not
known whether seasonal changes in water table depth are associated with changes in stable H and
O isotopes in groundwater. The previous conclusions were mainly dependent on C to determine
the age of groundwater. However, neither methods are capable of resolving differences among
seasonal pulses of recharge. It is of critical importance to confirm rapid (annual, seasonal or even
daily) recharge of groundwater in an arid basin. This will directly relate to accurate assessment of
groundwater resources and their management. Thus, a systematic and detailed study is necessary
for groundwater systems like those in the extremely arid QB, particularly in the alluvial-fluvial fan

(AFF) of the NR catchment where groundwater appears to be abundant.
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Figure 1 Simplified hydrogeologic map of the Nalenggele River catchment and location of the
sampling sites (Two monitoring sections: southern and northern sections are located around the
centre and near the northern edge of an alluvial-fluvial fan).

In recent years, the prospect of warming arising from climate change has led to concerns over
large-scale shrinkage of glaciers and subsurface permafrost degradation in the source regions of
rivers in the Tibetan Plateau (Cheng and Wu, 2007; Yang et al., 2007; Ge et al., 2008; Zhang et al.,
2013). Therefore, Tibet has become a focus of global interest as hydrologists assess the variation of
surface runoff and recharge in the main river catchments with the aim of predicting future changes.
Recent observations show significant warming on the Tibetan Plateau during the past several
decades (Chen et al., 2013; Gao et al., 2015; You et al., 2015), and climate models predict warming
will continue in the future (Rangwala et al., 2010; Ji and Kang, 2013; Zhu et al., 2013; Sun et al.,
2015). Recent reports state that the glacial area has declined by 15% and the permafrost area has
decreased by 16%, whereas the lake area has increased from 40000 km? to 47400 km? over the past
50 years in the Tibetan Plateau (Li et al., 2020). Satellite gravity data together with multiple
hydrologic models provide clear evidence of increasing groundwater storage in the eastern Tibetan
Plateau, again reflecting increased abundance of glacial meltwater (Xiang et al., 2016). In particular,

the GRACE data analysis discovered that the variation of total water storage (TWS) showed a
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distinct upward trend in QB (Jiao et al., 2015; Wang et al., 2018). Correspondingly, the most
significant climate warming is found in the QB (Chen et al., 2013; Wang et al., 2014; Kuang et al.,
2016). From 1961 to 2010, the annual mean temperature in the QB increased by 0.53°C decade™!
and the annual mean temperature increased about 2.65°C (Wang et al., 2014). Without doubt, such
warming will lead to significant changes in hydrology and water resources on the Tibetan Plateau,
particularly in arid QB.

Research interest in the response of glaciers to global warming is not confined to the Tibetan
Plateau. The topic is being addressed in other regions (e.g. Mark, 2003; Bijeesh et al., 2017), but is
in its infancy, and many aspects remain to be studied (Aude et al., 2019). In alpine cold-arid basins,
the prevalent viewpoint is that massive recharge happened as a result of melting of ice just after the
Last Glacial Maximum (LGM) (Post et al., 2013; Salamon, 2016). Some studies concluded that the
depleted isotopic signatures of groundwater in North China Plain indicate recharge of palaeo-waters
during glacial-interglacial transitional periods (Chen et al., 2003; Currell et al., 2010; Gates et al.,
2008). However, it remains to be confirmed whether global recharge after the LGM indeed occurred.
Glacier meltwater has commonly been suggested as a substantial source of recharge for nearby
porous, karstic, or fractured-rock aquifers. Malard et al. (2016) identified a karstic aquifer under the
Fonds glacier (Swiss-French border) and determined that for karst in Swiss alpine areas above 2500
m, recharge is due both to precipitation and to glacier melting. Another mode of rapid groundwater
recharge may occur in fractured-rock aquifers or faults acting as conduits, but is less frequently
observed. Chen and Wang (2009) concluded that the 2003 M6.1 earthquake in the Hexi Corridor in
China caused local groundwater to be greatly increased recharge from the Qilian Mountains through
numerous seismically-active faults that crisscross the Corridor. In summary, traditional hydrological
theories proposed that groundwater recharge is a very slow process in arid basins, occurring far
away from water sources, and did not allow for dominantly young groundwater with distinct pulses
of annual or seasonal recharge in arid basins. This may indeed apply in arid basins with almost no
recharge from local precipitation, but has not been demonstrated in all cases, in particular for arid
basins adjacent to high-cold mountains.

Isotopes of hydrogen and oxygen have been widely used in hydrologic studies of water circulation
processes (Clark et al.1997; Kendall et al., 1998; Tian et al., 2007; Pradeep et al., 2010). The
radioisotope *??Rn has also been used to identify groundwater discharge to rivers (Smerdon et al.

2012; Yael et al., 2015; Su et al. 2015; Xu et al., 2017). Transient activities of radon isotopes are
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usually high in groundwater that has been in contact with rock bearing parent nuclides
(Krishnaswami et al., 1982). High Rn concentrations are focused near points of discharge from
fractures in certain granitoids (Gascoyne et al., 1993). Thus, ??2Rn can be used to identify buried
faults acting as conduits for groundwater. In addition, helium isotope ratios (*He/*He) are excellent
natural tracers for locating deep faults and tracing groundwater circulation along deep faults in the
Earth’s crust (Gascoyne et al., 1993; Kennedy et al., 1985; Weiss, 1971; Tolstinkhin et al., 1996;
Kennedy and Matthijs, 2006).

In this study, stable H and O isotopes were monitored in river water and AFF groundwater of
the NR catchment at monthly intervals over a complete seasonal cycle from dry-season to wet-
season conditions. Tritium and ??’Rn were also measured for water under base conditions in the dry
season in April. In addition, several years’ observations of water table fluctuation at monthly time-
scale are discussed. The study focused on the following goals: 1) determining relationships between
spatial and temporal fluctuation of water tables and stable isotopic variations over a complete
seasonal cycle from dry-season to wet-season conditions; 2) demonstrating rapid circulation in the
groundwater system and determining the recharge mechanism; and 3) predicting the effects of future

climate warming on water table fluctuations and groundwater storage.

2 Study area and methods
2.1 Hydrology and geography
The lower reach of the NR catchment is located in the southwest part of QB and is managed
by Golmud city in Qinghai province, China (Fig. 1). The climate is a typical inland dry climate
with very scarce precipitation, strong wind and intense evaporation. The winter is very long but
the summer is short with a large diurnal temperature variation. According to data from Xiaozaohuo
meteorological station, precipitation occurs mainly between late May and September, and averages
29.8mm annually. The annual average potential evaporation is nearly 100 times the total
precipitation. The average annual temperature ranges from 2.6 to 4.3 °C and the highest monthly
average temperature (ranging from 15.1 to 18.7°C) generally occurs in July. No meteorological
records exist for the high mountainous parts of the NR catchment because of the harsh natural
conditions, but the glaciers and snow are widespread, and precipitation, also dominantly in summer,
should be much higher than in the lower parts of the basin. Large storms and floods frequently

occur in summer in the mountains. The mountains are uninhabited, and the lower reach of the basin
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is sparsely inhabited, so that the eco-environment remains in a nearly natural state. However, a
large water control project to be built in the coming 10 years in the middle reach of NR will most
likely affect natural hydrology, hydrogeology and water resources in the lower reach.

The NR, which rises in the eastern KM, is the largest river in QB with a length of over 435km
and a catchment area of about 21898km?. No flow gauges are installed on the river, so that
systematic hydrometric data are unavailable. An estimate of the total annual runoff is about 10°
m?/a (Wang et al., 2008). Field observations in 2019 (this study) indicated that the river runoff in
the mountains shows a large seasonal change. In winter, base flow is maintained by mountain
spring discharge. In spring and early summer, flow is supplied by melt water from snow and
glaciers. Both melt water and runoff from summer precipitation contribute to flow during the
humid season, June to September. In particular, frequent heavy rainstorms strongly affect summer
runoff in August and September. According to field estimates, the base flow in April seems to be
similar in volume in the two largest tributaries, the Hongshui River (HR) and Chulakealagan River
(CR) in the upper catchment. However, the runoff in the HR is distinctly larger than that in the CR
in July. The mainstream is generally dry at the driest time of the year from November to April. At
other times, river water discharges into the basin, but even in summer season when flow is greatest,
over 70% of surface water infiltrates before reaching the basin (Wang et al., 2008). In the wet
season, groundwater discharged from springs at the downgradient limit of the AFF converges into
streams that flow north into the QB, terminating in salt lakes (Fig. 1).

2.2 Basic hydrogeology of groundwater system

The upper catchment of the NR is located in the northern slope of eastern KM at elevations
from 2,800 to over 5,000 m above sea level (a.s.l.). Intense neotectonic activity is expressed as a
set of high-angle thrust faults parallel to the range front, a secondary set of tensile faults
approximately perpendicular to the thrust faults, and a set of volcanic vents. Some faults extend to
lower parts of the basin (Fig. 2). Part of the melt water and precipitation inform the high elevations
converges into surface water in streams and mountain lakes. Some surface water infiltrates through
faults, fissures and volcanic edifices to a fractured-rock aquifer in the mountains. The groundwater
developed in the high mountains flows towards the basin, locally discharge into rivers where
favorable geological and geomorphological conditions exist. The river and the fractured-rock
aquifer are closely connected, and exchange water over the entire hard-rock stream bed. According

to aquifer types, physical properties and water dynamics, four kinds of aquifer are present:
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fractured bedrock, karst, consolidated clastic sedimentary rock with intergranular porosity in
addition to fracture porosity, and unconsolidated sediment. A fifth occurrence takes the form of
ice in frozen soil and rock at high latitudes. Since the Quaternary period, the western QB in front
of eastern KM has been subsiding, resulting in the deposition of thick, unconsolidated sediment
sequences in the basin. These deposits from a set of large, porous aquifers with great water-yield
potential. The maximum thickness of the phreatic aquifer in the mountain region is probably tens
of meters, while the total thickness of the phreatic aquifer and multiple confined aquifers in the
alluvial-fluvial fan and alluvial-fluvial plain is hundreds of meters. The confined groundwater may
well up locally to replenish the upper phreatic aquifers or discharge direct to the surface as artesian
flow through deep buried faults or “sky windows”. The water table lies about 50 m below the
surface at the mountain front, over 10 m in the center of the AFF, and intersects the surface at the
foreland of the AFF mountains (Table 1). The aquifer system is over 100-200 m thick at the center
of the fan. The AFF of the NR is the largest fan in the QB, and contains one of the richest
groundwater resources in the area. The groundwater quality is excellent in all aquifers of the AFF

and is almost undisturbed by development at present.
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Figure 2 Simplified tectonic map of the source and upper reaches in the Nalenggele River and basic
hydrogeologic section (A-A line)
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Table 1 Basic information of sampling sites (well or spring)

Site Sample Elevation | Well Type Water Water Aquifer Main lithology
number /m Depth/m yield/m?/d | table/m | thickness /m

Mountain | SDJ-1 3266 CW Sands, gravel
XKO01 2902 PW 22.86 Sands, gravel
ZK10 2904 121.15 | PW 5279 34.56 86.59 Sands, gravel
ZK09 2905 120.10 | PW | 4761 33.93 86.17 Sands, gravel
ZKO1* 2940 150.3 PW 5495 3223 107.23 Sands, gravel
ZK02 2878 1515 PW 8199 15.97 125.91 Sands, gravel
ZK14 2974 150.60 | PW | 6307 19.29 120.37 Sands, gravel

Southern | ZKZ03 2929 150.0 PW 27.15 Sands, gravel

Section ZKO03* 2924 150.0 PW 9685 26.97 119 Sands, gravel
ZK04 2927 150.60 | PW 8934 24.08 121.77 Sands, gravel
ZK05* 2941 15028 | PW 9832 26.84 123.44 Sands, gravel
ZK06* 2945 15020 | PW 9331 26.655 | 118.65 Sands, gravel
NKS8 3073 31.40 PW 1900 3.34 15.10 Sands, gravel
NHJ-1-1 2925 70 cw 5.0 Sands, gravel
NCJ-1 2909 cw 5.0 Sands, gravel
NK13 2876 250.2 PW 3675 8.06 212.7 Sands, gravel
ZK11 2876 120.00 | PW 8588 8.48 108.6 Sands, gravel
NK9 2880 20075 | PW 2400 6.53 188.76 rSn'cEl(;is, gravel,
NK1 2879 251.00 | PW 4259 7.79 222.28 Sands, gravel
IMI-1 2871 10 CG 0 Sands, grit
IMJ-2 2826 10 CG 0 Sands, grit

Northern | CHWSQ-1 | 2823 Spring 0 Sands, grit

Section NK3-1* 2877 251 PW 1.19 92.29 Sands, gravel,
NK3-2 300 CG 0.35 17035 md
ZK11-2 2885 PW 8.57 Sands, gravel
NK2 2884 198.00 | PW 1252 3.94 194.18 Sands, grit, mud
NK10* 2886 250.63 | PW | 4242 0.45 92.55 Sands, gravel
NHQ-1-1 2860 Spring 0 Sands, gravel
NHJ-1-2 2858 15 CW 3.0 Sands, gravel

*Automatic gauge was installed to record groundwater table. C\WCivil well; PW-Phreatic groundwater; CG-Confined

groundwater. Blank space means no data available.
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2.3 Sampling strategy and measurements

Groundwater and river water samples were collected from early April to October (April, June,
July, September and October) in 2019. Tritium, He isotopes and >’Rn measurements of groundwater
were made only on samples collected in April, which can represent the sample under the base
condition. The monthly river samples were collected simultaneously (same period with groundwater
sample) at sites from the high mountain zone to the northern edge of the AFF. Two monitoring
sections for groundwater sampling and water table measurement are roughly perpendicular to the
river channel around the AFF. The southern monitoring section cut through the center of the fan and
included some wells near the mountain front. The northern monitoring section was located near the
northern edge of the fan and included some shallow wells and springs near the edge of the fan (Fig.
1). Before sampling, the depth to the water table was measured first (some wells had automatic
water-level meters installed). Given the typical well depths (150-250m) and depths to the water
table (>10m), it was impractical to pump the wells dry before sampling. Instead, a special instrument
(depth-setting sampler) was inserted at least 50 m below the water table to take the groundwater
samples. The tritium, radon and inert gas samples were collected from water extracted by a bore-
hole turbine pump driven by a high-power electromotor, after pumping for two hours in order to
avoid atmospheric contamination to the greatest extent possible

Samples for stable isotopic analysis were sealed tightly in special thick plastic bottles. At the
time of sampling, the electrical conductivity, pH, and temperature were measured using standard
hand-held calibrated field meters. Because of its short half-life, 2?Rn was analyzed in the field using
a DURRIDGE USA (RAD 7) radon detector. Five measurements were taken over 1 to 2 hours; the
first was discarded, and the remaining four were averaged to yield the reported measurement. The
detection limit was 0.4000 cpm/pCi/L. Data were accepted if the uncertainty of measurements fell
within +25% of the mean (confidence level: 95 percent). The measurement time was extended if the
range of the readings exceeded + 25%.

Measurements of stable H and O isotopes were performed at the State Key Laboratory of
Hydrology-Water Resources and Hydraulic Engineering, Hohai University, Nanjing. The H/'H and
130/160 ratios were measured on a MAT253 mass spectrometer, and the results are reported relative
to VSMOW with analytical precisions (16) of £1%o to 2%0 and £0.2%o to 0.3%o., respectively. For
the determination of the tritium content in groundwater, the water samples were concentrated

through electrolysis and then measured by a low-background liquid scintillation counting (Tri-Carb
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3170 TR/SL), and the results were expressed as absolute concentrations in tritium units (TU) with
a precision (1o) of +0.8 TU or better, and a detection limit of 0.2 TU. Analytical techniques and
instrumentation for He isotope analyses were similar to those described by Ye et al. (2007). He
isotopes were measured using a MM5400 mass spectrometer in the Laboratory of Gas Geochemistry
(Lanzhou), Institute of Geology and Geophysics, Chinese Academy of Sciences. *He/*He ratios

were reproducible in duplicate analyses to +1%. All the results are listed in Table 2-3.

Table 2 Stable H and O and radio tritium isotopic data of groundwater samples in different months

5 Sam. No. April June July September Octobet December Std
tte 3D%  5°0% T (TU)| 3D% 3"0%| D%  5°0% | D% 5°0% | D% 5'°0% | D% &°0% | D "o

XK01 822 683 -937 | -699 -1031 [ -698 -10.09 0.7 0.40
ZK10 582 -922 1907 | -563 824 | -555 793 [-578 942 [-529 -698 | -580  -9.54 1.9 092
ZK09 607 -914 825 |-598 916 | 561 761 |-601 941 | -593 909 | 597 926 15 0.60
ZKO01 582 931 1544 | 596 919 | 512 627 [-586 950 [ s14 695 | -600 993 37 139
ZK02 576 921 1339 | 573 794 | 582 916 |-587 936 | s34 787 | 584 895 18 0.61
ZK14 596 -940 1033 |-572 -888 | 576 945 |-574 941 | -564 -932 1.0 021

Southern [zZKz03 541  -B60 920 [-540 -850 | -560  -B.85 463 594 | -538  -8.17 34 1.06

Section  [ZKO03 597  -931 871 |-568 -796 | -553 834 [-545 880 572 -8.96 18 047
ZK04 503 936 814 |-582 904 | -520 -721 568 777 | -619 963 3.3 095
ZKO05 557 -841 856 |-349 794 | 596  9.00 578 -8.91 18 043
ZK06 584 -912 822 |-579 -847 | 601 882 [-592 918 [-588 -913 | -589 -9.65 0.7 036
NK8 16.25 502 -6.89 561 -9.30 29 121
NHJ-1-1 549  -365  8.08 560  -8.88 0.5 0.11
NCI-1 552 863 842 496 651 28 1.06
NK13 602 914 785 |-396 916 | -593 902 |-602 929 [-s06 941 | 588 955 05 018
ZK11 539 870 1894 541 857 | 547 888 | 517 760 | -57.5 851 1.9 0.44
NK9 531 -B37 1247 [-532 787 | 548 843 503 654 | -547 811 1.6 0.69
NK1 535 -850 1015 538 -8.67 511 -9.01 12 021
TMI-1 10.68 549 815 544 876 0.2 0.30
TMI-2 8.62 510 620 =571 -9.03 3.0 1.41

Nothern [CHWSQ-1 bd 531 582 634 970 51 194

Section  [NK3-1 562 885 862 |-525 -7.77 | 482 591 537 -8.53 29 1.14
NK3-2 554 -891 1276 | -546 854 | 575 858 549 857 L1 0.15
ZK11-2 533 827 9.02 581 -8.77 24 025
NK2 535 830 745 553 -885 09 027
NE10 532 856 821 |-536 862 | 511 678 | -532 885 | -500 -691 14 0.90
NHQ-1-1 564 578 1402 575 -883 0.6 0.02
NHJ-1-2 576 905 1365 577 -9.39 0.1 0.17
SDJ-1 15.39* 527 717 499 671 1.4 023

Mountain -560 -1086  19.15
Recent snow

16.11* 594  -837

bd-denotes below detection; Std-Standard deviation of monthly data; *Sampling time 1 October and December rather than April.
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Table 3 ?*’Rn and helium isotopic data of groundwater

Sam. No. 22RnBg/m>) | He content (x10°) “He/*°Ne SHe/*He (x107°) R/Ra
NK8 5217

ZK06 1182 0.8 0.29 1.92 1.37
ZKO05 0.7 0.29 1.83 1.30
ZK04 49 0.32 1.60 1.15
ZKO03 18400

NK10 14500

ZKO01 97.00 53 0.39 4.90 3.50
NK1 97.00

NK9 631.0

NK3-1 4887

NK3-2[] 18000

ZX09 2230

NK13 49.00

3. Results

3.1. Variability of stable H and O isotopes of groundwater

Monthly monitoring data show that temporal variations in 8 D and & 80 values can be
identified for most groundwater samples, while some of them even show large fluctuations (Fig. 3-
5). A sine curve-like seasonal variation trend of 6 '30 values for most groundwater samples can be
identified (Fig. 4a), which the '30 isotopes are distinctly depleted in April, September and December
while enriched in July (Some of them also in June) and October. Some groundwater samples
collected from shallow wells near the northern edge of the AFF or springs plot along the evaporation
line in diagram of 8D and §'30 relationship that can be attributed to evaporation (Fig. 3 b and d). In
contrast, the water table more than 10m below the surface, e.g. in the central part of the AFF (Table
1), evaporation effects of water in the aquifers are weak or absent. As a whole, there is a smaller
change in 8D and §'%0 for groundwater except for some groundwater samples show slightly positive
shift particularly in 8'80 values. However, a distinctly positively shift for river water between April
and June can be identified (Fig. 3a and Fig. 4a). With respect to April and June, the stable H and O
isotopes of the most groundwater samples change to enriched and some of them relatively depleted
in July, which is particularly maxima in samples collected from the northern edge of the AFF or
springs and plot along the evaporation line with a small slope (Fig. 3c). However, the isotopes in
river water also shows a smaller enriched variation in July with respect to June but they do not plot

along evaporation line and locate left-upper area. Groundwater samples from some wells (ZKO01,
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ZK03, ZK04 and ZK09) in southern section and river water samples show more depleted isotopes
in September after summer recharge than that in previous month in July (Fig. 3b). It seems to be
followed by a return to high values in 8D and 3'®0 for most groundwater samples but more depleted
values for river water samples can be observed in October (Fig 3d). All in all, values of 8D and 3'%0
in groundwater are in most cases higher than corresponding April and December values and most
of them show a co-fluctuation in amplitude range with groundwater table (Fig. 4b). The most
groundwater tables show small variations from April to June and distinctly rise to reach highest in
September or October. The stable H and O isotopes of the most groundwater samples also
correspondingly show large temporal variations after June and the largest variations can be observed
in July, September, and October. The groundwater table as well as 5'30 values return to basic level

as that of in April in December.
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Figure 3 Diagram of the 8D versus 6 ¥ O of the groundwater and river water in different months in
2019. a-June with respect to April; b-July with respect to April; c-September with respect to April;
d-October with respect to April; e-December with respect to April (No river water sample is

available due to freezing in December).
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Figure 5 Monthly difference of stable H and O isotopes of groundwater. The 3D and §'%0 values of
later months (June, July, September, October and December) minus the values of April (values of
base conditions). Here, the difference was selectively diagramed only for the samples with deeply
buried groundwater table and distinctly monthly variations of stable isotopes. The area confined
between two red dot lines denotes maximum analytical uncertainty.

From yearly variation for obtained data, groundwater samples from most wells show distinctly
enriched variation trend in D and '80 values from July 2012 to the same time in 2019 except for
only two wells of ZK05 and NK3 (depleted). It seems that roughly similar variation trends of slopes
about 2.0 from July 2012 to July 2019 for most groundwater samples can be observed in the diagram
of 680 and 6 D (Fig. 6). The isotopic enrichment trend is corresponding to groundwater table
rising except for well ZK04. The groundwater table in the well ZKO01 has risen about 28m from July
2012 to July 2019. Correspondingly, the stable H and O isotopes show greatly enriched shifts from
-8.83%0 t0 -6.27%0 in & 30 and from -57.8%o to -51.2%0 in & D. The large groundwater table
fluctuations associated with distinct stable isotopic variations in the annual-scale can be also

observed in the AFF of NR catchment.
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Figure 6 The variation trend of stable H and O isotopes and groundwater table fluctuation of wells
between in July 2012 and 2019. From the diagram, the most groundwater tables show a rising trend
while stable isotopes positive shift.

3.2. Distribution characteristics of other isotopes (T, He and 2*Rn) of groundwater in dry
season

Almost all groundwater samples in the AFF of NR catchment show high content of tritium
except for one sample from confined artesian well in the foreland nearby the fluvial plateau
(CHWSQ-1 in Table 2). The T content in groundwater ranges from 7. 5TU to 19.1TU. Samples from
river water show higher T content with smaller variations (15.3-17.7TU) and are similar to recent
snow samples (16.11 to 19.15TU). There are no previous T data available for the NR catchment, but
are similar to high tritium values reported in the neighboring Golmud River water, groundwater and
precipitation if they are corrected by 28 years radio-active decay (Sun et al., 1991). The tritium

content in groundwater or river water in the NR catchment is higher than that of modern
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precipitation elsewhere in the northern hemisphere, where the trititum content varies between 5 and
12 TU (Morgenstern et al., 2010; Chae et al., 2019), but is close to the range of precipitation
monitored in the northeastern Tarim Basin (Zhao et al., 2019) and is also close to the most recent
measurements reported by the IAEA for Zhangye and Wulumugqi at about the end of the pulse of
anthropogenic tritium in western China (http://www.univie.ac.at/cartography/project/wiser/). In
addition, the precipitation in Tianshan Mountains and Qilian Mountains all correspondingly show
high T content (Kreutz et al., 2003; Zhao et al., 2018), which indicate the NR catchment is located
a typical area with high modern background T content of precipitation. There seems to be no regular
spatial variation law of T content in groundwater of NR catchment, e.g. the distance from river bed
or mountains and deep or shallow groundwater.

Four typical groundwater samples (Table 3) show the similar ratios in “He/*’Ne but larger
variations in content of He and ratio of *He/*He. the groundwater samples collected from the center
of AFF (ZK01 and ZK06) show higher *He/*He ratios. In particular, the groundwater in well ZK01
shows a very high content of He (5.3%10° v/v) as well as the highest *He/*He ratio (3.5Ra). The
“He/**Ne ratio in this groundwater sample is also high. Thus, the high 3He/*He ratio should be related
to the high content of *He rather than low content of “He. The other groundwater samples also have
SHe/*He ratios higher than 1Ra, the atmospheric rate, which suggests addition of deep-circulating
water enriched in 3He.

The content of >*?Rn in the groundwater in AFF of NR catchment shows a large variation from
49 to 18400Bq/m>. If the lowest content of 49 Bg/m? (well NK13) in the whole catchment is
regarded as local background value of groundwater, most groundwater samples show hundreds or
even thousands of times higher content than local background (Table 3). This also suggests the

presence of groundwater as circulated through underlying bedrock.

4. Discussion
4.1. Temporal recharge source and renewal of groundwater system
4.1.1. The law of spatial and temporal fluctuation of the groundwater table

Different from a general arid basin, the groundwater table of thick aquifers developed in AFF
of NR catchment shows significant temporal variations, both in interannual, monthly, daily and
hourly time scales, respectively (Fig. 7a, b and c). There are almost no human activities to affect the

groundwater system, and the water table mainly fluctuates under natural conditions. Firstly, as to
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the interannual time scale, the groundwater table in almost all wells distinctly rises during the wet
season from June to September (sometimes extending into October) and then, declines again after
following October each year. The groundwater table increases to reach the highest in September or
October while it drops to the lowest in April or May with also a sine curve-like fluctuation. During
strong recharge seasons, the groundwater table successive rising trend can be observed on daily and
even hourly time-scales. The groundwater table in wells ZK01, ZK03, ZK05 and ZK06, showed a
distinctly rising trend from July Ist to 31st in 2019 as well as within 72 hours from July 14th to July
16th (Fig. 7b and c). These rising fluctuations of the groundwater table in different time-scales
indicate rapid water recharge processes occurring during the wet season. The groundwater table
fluctuates every year, but concerning previous years, the groundwater table in most wells have
distinctly upwelled to reach the highest level for ten years in September to October 2019. For
example, the groundwater tables in wells ZK03, ZK01 and ZK05 have risen each year from 2010
to 2013 between July and September 12.38m, 10m and 5m, respectively. Most shallow groundwater
levels have even reached the surface or discharge as springs in the northern edge of AFF, indicating
that the recharge water amount or storage of groundwater have been increasing a lot since 2013 in
the NR catchment. The analysis of GRACE data also concluded that water storage has distinctly
increased in QB in recent years (Jiao et al., 2015; Xiang et al., 2016). From the seasonal time scale
in 2019 (Fig. 4b), the monthly groundwater table variation is similar to previous years with a
distinctly rising trend in the wet season while declining in the dry season. Most wells with deeply
buried groundwater table in the southern monitoring section (around the centre of AFF) also show
distinctly rising trends after recharge since April. Groundwater tables in the well ZK14 nearby the
mountain front and ZK03 adjacent the mainstream rose from April to September close to and over
15m, respectively. The groundwater table in ZK03 and ZKO01 rose within one-month over 2m and
over 5m, and about 0.1 to 0.5m within 72 hours in July, respectively (Fig. 7b and c). Reversely, a
few wells around the Hongxing Water Supply Company (No. ZK11, ZK09. NK13 and ZK10) do
not show a distinctly rising trend of the groundwater table in summer and even some decline, which
should be related with increasing anthropogenic freshwater extraction counterbalancing the natural

rising trend on a local scale.
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Figure 7 Groundwater table fluctuations in the time-scale of (a) year/month, (b) day/month and (c)
hour/day in the AFF of NR catchment (Data within 72 hours recorded from 14 to July 16th 2019

using high-precision automatic water gauge (HOBO U20 Ti).
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From the spatial variations of groundwater table, the wells with more significant dynamic
fluctuations mainly distribute around southern monitoring section and close to mountains, where
the well ZK 14 nearby the mountain front show the most considerable monthly groundwater table
difference. Also, the wells ZK03, ZK04 and ZKZ03 located nearby and ZKO05 or ZK06 far away
from the mainstream show a more substantial groundwater table fluctuation of a rising trend after
April. The monthly fluctuation of groundwater table becomes smaller and smaller from the
mountains to the northern edge of the AFF, which is corresponding to a general catchment. However,
the different characteristic from a general mountain-river-basin system is that groundwater table
fluctuation seems to be no natural law with the distance from the mainstream. Generally, the closer
to the mainstream is, the more substantial variation of groundwater table occurs for river water
regularly infiltrates to recharge groundwater when flows across the AFF. That is, the groundwater
table will relatively maintain stable due to the slower recharge and longer renewal time if it is far
away from the mainstream or river channels. However, there seem to be no corresponding tight
relationships between groundwater dynamics and distance to the significant river channel in AFF
of NR catchment. This unusual scenario is related to individual preferential conduits for
groundwater recharge through faults or other structures in the mountains rather than only dependent
on river water infiltrating through unsaturated zones in the basin. The mechanism will be discussed
in later sections.

At present, the groundwater dynamics are mainly governed by a natural recharge and discharge
balance in the NR catchment. The distinctly rising groundwater table during the wet season in the
thick aquifers in the centre of the AFF (with water table buried over 10m or 20m, respectively)
indicates favourable circulation conditions of the groundwater system and bears great significance
for water resources exploration in the future. Moreover, the interannual groundwater table
fluctuation law in the NR catchment is not only the response for seasonal climate changes every

year but also as a response to constant climate warming in the last ten years.

4.1.2. Water source inferred from temporal variability of stable H and O isotopes

Previous results show that the stable H and O isotopes in groundwater for most wells in the
AFF of the NR catchment display distinct or identified temporal variations, particularly seasonal
effects also display sine-like curves corresponding to groundwater table fluctuations (Fig. 4 and 5).

Thus, the rising groundwater table and corresponding variations in stable isotope records during the
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wet season argues for water recharge and at least partly renewal of old water in the aquifers. Some
groundwater samples from wells or springs located near the northern edge of the AFF display
different intensities of evaporation effects for the shallow groundwater table and 8D and §'0
obtained within plot along the evaporation line (see Fig. 3 b, d). Groundwater samples from wells
in the centre of the AFF and nearby the mountain front plot in the upper-left area of the global
meteoric water line (GMWL), arguing for a local continental derived source. This scenario is
widespread in the groundwater circulation system in the high-cold Tibetan Plateau (Li et al., 2020).
Kong et al. (2019) concluded that non-monsoon precipitation, sourced from inland glaciers on the
Tibetan Plateau, govern the groundwater recharge in the foreland basin, where the local monsoon
precipitation, sourced from the ocean, plays negligible effects. The groundwater recharge in the
exceptionally arid QB basin should further follow this trend as it receives only scarce precipitation.
The primary recharge source therefore originates from precipitation of local moisture circulation
patterns in the high elevation of the eastern KM, where waters can directly infiltrate and recharge
the groundwater and rivers.

In the dry season in April, the groundwater table drops to reach the lowest state and stable H
and O isotope compositions in the groundwaters are relatively lighter (than values obtained later in
the year) and plot close to river isotopic compositions. Consequently, both the river and groundwater,
reveal similar a source, i.e. the discharge of groundwater in the mountains as the base flow of the
NR. During winter in the permafrost region, nearly the entire river base flow is contributed by
groundwater discharge (Liu et al., 2012). Until June, the glacial-snow meltwater shows greatly
increasing trends, however, significant precipitation does not occur. Following Sergey et al. (2009)
snow sublimation causes kinetic isotope fractionation leading to an enrichment in heavy H and O
isotopes in the meltwaters. Consequently, the H and O isotope compositions of rivers fed by
meltwaters should become isotopically heavier than that in April. However, the isotope
compositions in groundwater in AFF show no significant variations between April and June, despite
the groundwater table rising (Fig. 3a). This suggests that the proportion of new recharge water in
the aquifers may be too small for significant impact on the isotopic compositions, or new recharged
water hasn’t reached the aquifers in the AFF within two months’ lag time. From July, temporal
precipitation occurs occasionally, while the glacial meltwater flux increases to its largest level and
evaporation is the strongest. For wells or springs near the northern edge of the AFF, evaporation

causes H and O isotope fractionation towards heavier values recorded in the groundwater (Fig. 3b).
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Most groundwater samples plot along the evaporation line with a good linear relationship (R?>=0.74).
The negative end-member is defined by groundwater samples from the centre and the southern area
of the AFF. A trend line fitted through samples from near the northern edge of the AFF reversely
extends to the left-lower corner, which means that the groundwater developed in the centre and
southern area, as well as the northern edge of the AFF, have a similar source. The groundwater
flows from the center to the northern AFF and surface discharge as springs and in swamps or
wetlands. Thus, here it only needs to trace the source of groundwater in the centre of AFF for weak
or negligible evaporation effects on stable isotopes. Concerning April, the distinct enriched shift in
stable H and O isotopes in the groundwater and river, as well as rising water table in the AFF in
July (Fig. 4), suggest juvenile water input into the aquifers. The new water should originate from
upper reaches of the NR with heavier isotopes (sample No. NH7 and NHS) as well as meltwater
from high elevation vertical infiltration. The groundwater table gradually rises to reach the highest
level in September and October after successive recharge during the wet season (Fig.7). The rising
groundwater table makes the most areas become a swamp in the northern edge of the AFF making
the research area inaccessible from September on. According to recent three years’ monitoring data
in the source region of the Yangtze River (Li et al., 2020), the precipitation dominates and accounts
for 48% of runoff with the maximum temperature and precipitation occurring and stable H and O
isotope compositions changing to lighter values in August. The climate is similar in the source area
of the NR with the source region of the Yangtze River. So, although there is no precipitation sample
available, the distinctly depleted H and O isotopes in the groundwater in September in the AFF of
NR catchment should be more likely caused by replenishment of mountain precipitation from July
to September. Compared to April, the groundwater in October exhibits distinctly heavier H and O
isotope compositions (Fig. 3c). In particular, the groundwater samples from the northern edge of
AFF in October also show distinct evaporation effects in H and O isotopes and samples plot along
the evaporation line with an obvious linear relationship (R>=0.84) (Fig. 3d). The negative end-
member of reversely extensive evaporation line is also very close to samples from the centre of the
AFF. Considering the rising by a wide margin of groundwater table in September and October, the
successive recharge since July correlates to a response at the end of the wet season. The stable H
and O isotopes in groundwater in the centre AFF changes to relatively enriched and is closer to river
water. In contrast, the groundwater table gradually drops after October. The reason why the

groundwater table naturally declines and gradually recovers to its base condition is mainly attributed
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to a large water discharge at springs in the edge of the AFF as well as laterally runoffs into the
northern lakes, indicating that the groundwater system fully adjusts after the strong recharge during
the wet season. The stable H and O isotopes of groundwater in December return to base values like
in April with recharge source water changes to base flow (mainly fed by spring water) in the
mountains.

Due to the very complicate nature of water source compositions and seasonal variations in a
high-altitude cold-climate mountains and basin system, it’s hard to estimate the large seasonal
proportion of groundwater accurately. Here, some typical wells with deep groundwater table (>20m)
and sizeable seasonal water table fluctuations (>5m), as well as identified seasonal variation of
stable isotope compositions, were selected to statistically estimate the recharge proportion of the
groundwater system during the wet season from June to September. The groundwater in June can
represent the beginning of large-scale recharge. The groundwater in September can be regarded as
a mixture of new and old water after substantial recharge. Then, the recharge proportions of

groundwater can be estimated using the isotope mass balance equation:

3130 +(1-f) x5'80,=5"30m
where 8'%0; denotes for the isotopic composition value of the main recharge source water during
the time from June to September (-9.47%o, average river value of the upper NR before flowing out
the mountains in September). 5'%0, denotes for the old groundwater isotopic end-member contained
in the aquifers in June (-8.58%o, averaging data for groundwater of wells with table rising over Sm
in the centre of the AFF), §'%0., denotes for the isotopic composition of the mixture of groundwater
in September (-9.24%o, averaging data for groundwater of the same wells as in June), and f indicates
the mixing proportion (%). The calculation results show that the river water proportion in the mix
is in the order of 68% while old water accounts for the remaining 32%. Therefore, 68% groundwater
was replenished during the wet season from June to September in 2019 for groundwater samples
with large water table fluctuations in the centre of the AFF of the NR catchment. It is that large

proportion of new water added in the aquifers that drives the groundwater table to rise up to 15m
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after recharge during the wet season.

4.1.3. Replenished period and estimated age of groundwater inferred from isotopes and water
table

Almost all wells show high contents of T in the groundwater except for one confined
groundwater sample collected in the northern edge of the AFF of the NR (Table 2). The T content
in most groundwater samples matches river concentrations. Two typical wells (ZK10-11) with the
highest T content have very rich groundwater with water yields of more than 5000m?/d (data from
the pumping test), denoting for excellent circulation conditions in the groundwater system. There
has been no T released by new atmospheric thermal nuclear tests since the Comprehensive Nuclear
Test Ban Treaty in the 1990s. All the river water samples in the NR show higher T content than
15TU and are close to recent snow meltwater concentrations of 19.15TU (Fig. 8), suggesting that
the river water even at base flow state in April mainly originates from current precipitation. The T
content in the adjacent Golmud River ranged from 84 to 123TU in 1987 and from 42.6 to 67.0TU
during rainfall in 1998 (Sun et al., 1991). All these datasets exhibit a distinct higher background T
content. According to the radioactive decay law, current precipitation should have T contents
ranging from 14 to 21.96TU, which overlaps with recent snow meltwater concentrations (19.15TU).
The T content is also close to concentrations obtained during a precipitation event in 1998 if it is
assumed that the river water in 1987 can represent the current meteoric water and further
experienced about ten years’ of radioactive decay. All these facts approve that the T content in the
river water can roughly describe the background value of the current precipitation. So, the
groundwater samples with high T content (closing to content of river water) should be recently
recharged and the renewal period may probably be limited within yearly or even seasonal time scale
(Fig.8). In contrast, the groundwater sample with the second-highest T content (10-15TU) mean that
relatively older water, recharged several years ago, likely occupies a more substantial proportion.
The circulation period should be within 0 to 12 years with less than a half-life of tritium. The very
young groundwaters with higher T contents (over 10TU) are mostly located in the centre or southern
area of the AFF. In addition to higher T content, the circulation period for other groundwater
samples with relatively general T content (5-10TU) may be probably recharged over ten years but
less than two half-lives (within 24 years) or even older. There seems to be no natural variation law

of groundwater replenished period in the the AFF except for a very young age in the mountains and
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relatively older age in the alluvial plains. Almost all groundwaters developed in thick aquifers of
the AFF in the the NR catchment (over 150m or 250m in depth) should be very young and can be

classified as a modern groundwater circulation system.
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Figure 8 Estimated replenished period of groundwater systems from Mountains to Basin in the
Nalenggele River catchment (NG-Apr denotes samples of groundwater in April; NH-Apt denotes
samples of the river in April; PW-denotes snow samples collected from mountains in October)

4.2. Conceptual model of the hydrological processes controlling rapid groundwater circulation
system

Generally, river water can infiltrate to recharge groundwater through loose alluvial or fluvial
deposits when it flows out of mountains into the basin. However, there is no adequate river water to
recharge groundwater and to account for a groundwater tables’ monthly rise by several meters or
decameters. Over 70% of the NR water is lost in the mountains, and it is almost completely
evaporated after flowing out of the mountains during the dry season. Besides, it should be a long
time only dependent on water to infiltrate through thick vadose to recharge groundwater. Thus, there
might be a mechanism governing the rapid recharge and circulation of groundwater forming
abundant groundwater resources in the the AFF of the NR catchment.

As an area with intense tectonic and volcanic activities in the mountains as well as a very young
groundwater system with rapid recharge and circulation in the AFF of the NR catchment, the

unusual high *He/*He ratios in the groundwater are more likely related to deep fluids or upwelling
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mantle de-gassing. Previous studies concluded that the formation of unique salt-lake resources with
extreme enrichments in B, Li and other incompatible elements as well as high concentrations both
in rivers and groundwater in the NR catchment might be mainly sourced from deep fluids (Tan et
al., 2012). The high content of >?Rn in the groundwater further indicates the development of faults
or other large-scale fractures effecting the groundwater circulation system. The groundwater in
some wells in the centre of the AFF of the NR shows a large groundwater table rising trend in the
wet season as well as distinct stable H and O isotopic variations and high content of T. All these
characteristics correspondingly suggest favorable structures as conduits developed for groundwater
rapid recharge and circulation.

Generally, water flow in crystalline basements is enabled by the occurrence of interconnected
fracture networks (Bucher and Stober, 2010) and the presence of hydrological driving forces
(Ingebritsen and Manning, 1999). Mountain topography has been long ago recognized as a critical
driver for precipitation deep and long-distance circulation. The tectonic, topography and
geomorphological characteristics are special in the upper or source area of the NR, which are very
different from the general river catchment. As a centre of collision and convergence of the Altyn
Mountains and the Kunlun Mountains, a series of deep and large-scale faults and many kinds of
volcanic craters have been developed (Fig. 2). Besides, recent intense tectonic activities, the Kunlun
Mountains are still rising, while the QB is relatively declining (Wang et al., 2012; Zhou et al., 2018).
A massive earthquake (Ms 8.1) happened on November 14th 2001 along the NWW slip fault
belonging to the eastern Kunlun fault zone. Geological investigations found that a 350km-long left-
lateral rupture zone with a maximum left-lateral displacement over 6m have been developed since
the earthquake (Yin et al., 2002). Klinger et al. (2005) concluded that the earthquake ruptured a
450-km-long stretch of the sinistral Kunlun strike-slip fault, at the northeastern edge of the Tibet
plateau. These young (Quaternary) deep faults cut through the source area of the branch of HR
catchment, which has developed very significant hydrothermal activity and deep fluid circulation
(Tan etal., 2012). Moreover, frequently occurring volcanic activity developed many kinds of craters
in ancient times, with the latest eruptions in 1952 and 1984 in the source area of the NR (Zhu, 1989).
Thus, the favorable conduits have been developed in the source area and the upper NR (including
HR and CR branches) under the background of these tectonic and volcanic activities (Fig. 9). The
high content of ?2’Rn and 3He/*He ratios indicate deep fluids or gas can move upward to reach the

shallow aquifers. These profound substances can generally move upward along deep faults. Thus, a
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unique condition of groundwater circulation system in the NR catchment is that, in addition to
general conduits for shallow groundwater circulation, the active significant faults or craters can be
well acted as favorable conduits for deep groundwater circulation. This is furtherly certified by
considerable enrichment of elements of B and Li (over ten times higher than general freshwater) in
the very fresh groundwater as well as large-scale B and Li resources developed in the tail salt lakes

(Tan et al., 2012).

AMh Crater \\ Fault
C » Salt Lake

\ Shallow groundwater circulation

River
\ Deep groundwater circulation

Figure 9 Conceptual model indicating the rapid groundwater circulation process in a typical high-

cold mountain-arid basin system

In addition to excellent conduits for groundwater recharge and runoff, the plentiful water
sources and large water head fall from source to aquifers in the AFF of NR catchment are also an
essential critical condition to drive rapid surface water to groundwater recharge and underground
circulation. Large-scale glacial and snow cover the northern slope of the eastern KM where
abundant summer precipitation occurs as well. The steady flow of glacial-snow meltwater and
temporal precipitation supply are an adequate water source both for the NR and groundwater. In
particular, the elevation in the source area of the high mountains is over 4000-5000m a.s.l. while it
declines to lower than 2900m in the principal aquifers of the AFF of the NR. Thus, these abundant

source waters in the high mountains can vertically and rapidly infiltrate along favorable conduits
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(significant faults and crater) and then laterally move along all kinds of structures including shallow
pores within loose sand-gravel deposits to recharge groundwater in the AFF under over 1000-2000m
water head fall. Overall, the abundant water source yielded in high mountains, favorable conduits
of significant faults and craters in the mountains and macropores developed in shallow sands or
gravel strata in the middle-lower reaches. Excellent water head difference from the source area of
high mountains to aquifers in the lower basin combinedly drive and maintain the rapid recharge and
circulation processes of groundwater all the round between high-cold mountains and low basin
system. As for such abundant groundwater resources developed in the AFF of NR catchment, in
addition to above preconditions, it is also related to very thick aquifers over 100m to 200m with
sands-gravel deposits, which supply adequate space for groundwater storage.

Based on the rough water budget, local hydrological observations conclude that enormous
quantities of groundwater resources have developed in intermontane basins of upper-middle reaches
of'the NR catchment for over 70 percent of the river water infiltrated to recharge groundwater before
the river flowing out of the mountains (Wang et al., 2008). The conceptual model of the hydrological
processes of groundwater circulation between the mountains and basin in the NR catchment issued
in this study furtherly believes it a reasonable presumption. Moreover, it seems to be much likely
that there have collections between groundwater system in intermontane basins at higher elevation

and groundwater in QB at lower elevation through underground conduits.

4.3. Trend prediction on groundwater table fluctuation and storage

Many previous studies approved that the climate warming is very distinct on the Tibetean
Plateau and the QB is one of the areas with the most substantial temperature rise (Jiao et al., 2015;
Xiang et al., 2016; Kuang et al., 2016). From the meteorological records (since 1956) of trendline
of annual temperature and total precipitation variations in Golmud station nearby research area (Fig.
10), the precipitation displays large-scale fluctuations for different years, and the fitted linear
trendline is not very distinct (R?=0.14). A weak, increasing trend of rainfall since 1956 can be
identified. In contrast, a very definite rising trend of temperature with an excellent linear correlation
(R?=0.85) can be observed. The average rise in temperature is in the order of 0.06°C/year over the
past 60 years. The temperature has never dropped to be lower than 4°C since 1970 and maintained
over 6°C in the recent 20 years. Successive warm climate might be expected to accelerate the

shrinkage of glaciers and permafrost and increase the availability of water in the source or upper
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NR catchment. The more enriched in stable H and O isotopes in the groundwater as well as water
table rising in July 2019 than that the same time and same well in 2012 in the AFF of NR catchment
may be more likely related to the response of this hydrological process (Fig. 6). The response
mechanism governing the distinctly enriched stable H and O isotopic variation in groundwater needs
furtherly to be tracked. It possibly indicates that the recharge water proportion from glacial melting
of permafrost releasing increases under the effect of climate warming. The evaporation and
sublimation processes in snow, ice and permafrost samples shows significant fractionation in
observed &'%0 and 3D in residual meltwater (Sergey et al., 2009). This means that the proportion
of meltwater from remaining snow or ice and permafrost releasing water after a long time of
evaporation (and associated sublimation) increases in the groundwater for successive climate
warming from 2012 to 2019. Besides, the precipitation will also increase in the high mountains with
temperatures rising in the area. For example, in the Qilian Mountains, the contribution of recycled
moisture to rainfall increased by 60% since 1990, which has increased runoff and changed seasonal
runoff patterns and runoff components (Li et al., 2020). Thus, the total water in the recharge area

will increase significantly with glacial-snow-permafrost meltwater and temporal precipitation

mcreasing.
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Figure 10 Meteorological records (trendline of annual temperature and total precipitation variations)

from Golmud station nearby Nalenggele River catchment.

Although there are no long-term monitoring records in the mountains for hard natural

conditions, sporadic monitoring data found that over 70 per cent of the river water infiltrated to
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recharge groundwater before the river flowing out of the mountains (Wang et al., 2008). Field
observation of this study in 2019 also noticed that the runoff of two upper main branches of CR and
HR had a substantial quantity of water at the end of spring and summer. Still, most of the water lost
after flowing out the mouth of mountains and the river was almost dried up in the basin. This means
that the groundwater in the AFF of NR catchment mainly receives recharge from lost surface water
in the mountains rather than the recharge from river runoff'in the basin. Thus, it can be well predicted
that the groundwater table will substantially rise if the total water in the mountains (recharge area)
increases with the successive climate warming expected in the future. Moreover, a large reservoir
has been building in the NR at the mouth of mountains in future ten years. The rising trend of
groundwater table will be more accelerated for the recharge water will increase driven by the
hydraulic pressure increasing when much more water is retained in the reservoir. The rising
groundwater table will increase the water storage and yield more water resources for the QB while
it will also result in potential natural hazards. The substantial rising groundwater table will easily
incur serious salinization and alkalinization in the extremely arid basin. Besides, the oasis located
in the northern edge of AFF will much likely be perennially submerged into water and lose the
natural ecological function due to much more water discharged under groundwater table rising. The
tail Salt Lake resources (K, B and Li minerals) will also be affected by increasing discharge water.
Therefore, the exploration of water resources in the NR catchment cannot only become dependent
on surface water in the future with facing climate changes. The exceptionally rapid groundwater
circulation characteristic between the high-cold mountains and arid basin system impels the
practicable development of superior groundwater resources. The development and utilization of rich
and excellent groundwater resources in the AFF of NR catchment must control a reasonable scale,
which can abstract water to satisfy other town or cities with water resources scarce but large-scale
demands, such as adjacent Golmud city and northern QB, and while must maintain groundwater

table fluctuates in a balance or reasonable dynamic state and prevent it from over rising.

5. Conclusions

1) A distinct seasonal or monthly fluctuation of groundwater table as well as identified stable
isotopic variations can be observed in the AFF of Nalenggele River catchment in Qaidam Basin.
The large-scale rising groundwater table with identified stable isotopic variations during the wet

season indicate the large proportion of seasonal renewal of groundwater occurring. The recharge



729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759

source of groundwater in the fan mainly originates from surface water vertical infiltration in the
Kunlun Mountains.

2) Both the river and groundwater have a high concentration of radio tritium, which the content
is very close to current precipitation. Combining high content T with the association of significant
seasonal groundwater table dynamics and stable isotopic seasonal effects, the age and renewal rate
of groundwater should be very rapid. The groundwater seems to be very young with recharge age
about 0-12 years for aquifers developed in the centre and near the mountain front or mountains and
about 12 to 24 years in the northern edge of the AFF of NR catchment. Some confined groundwaters
with almost free T content in the alluvial-fluvial plateau may be over 60 years before recharge and
need to be furtherly approved.

3) The mechanism governing the formation of abundant groundwater and rapid circulation in
the AFF in extremely arid Qaidam Basin may be mainly related to several favorable hydrological
conditions. Firstly, the plentiful water from glacial-snow melt and temporal precipitation in the high
mountains supply adequate recharge source. Secondly, large-scale active faults and volcanic craters
and other macro-structures can be acted as favorable conduits to drive abundant source water to
infiltrate and laterally runoff vertically. Thirdly, the massive hydraulic head, over 1000-2000 m,
appears to rapidly drive infiltrated water flow over distances from recharge area in high mountains
to the alluvial-fluvial fan. Finally, the very thick loose sands and gravel strata over 100 or 200 m
supplies enough groundwater storage space in the basin. Thus, the rapid groundwater circulation
system and affluent groundwater resources can also be developed even in the very arid basin far
away from the recharge area.

4) The successive warm climate in the future might be expected to accelerate the shrinkage of
glacial and increase precipitation in the high Kunlun Mountains. As a response, the trend of
groundwater table in the AFF of NR catchment will rise more rapidly and dramatically with recharge
water increasing in the source area. Thus, it will supply more superior water resources for arid
Qaidam Basin as well as prevent oasis and soil from salinizing and alkalinizing if groundwater in

the alluvial-fluvial fan is reasonably explored in the future.
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