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Abstract

- Kai Li? - Sichen Shen® - J. J. Gibson3*# . Kaifang Ji'? - Peng Yi'2 - Zhongbo Yu'

On the Qinghai-Tibet Plateau, permafrost degradation and associated release of permafrost meltwater has undoubtedly modi-
fied the annual and seasonal streamflow patterns and influenced groundwater conditions. However, it is still unclear how
extensively permafrost degradation has influenced surface and subsurface water systems due to very sparse observations.
Isotope mass models combining tritium and 22Rn measurements are developed here to quantify the contributions of ground-
water discharge and thawing permafrost to rivers and lakes in the Source Area of the Yellow River. Results demonstrate the
spatial variability of permafrost thaw impacts and confirm significant influence on surface and subsurface runoff processes
including effects on water yield capacity and water drainage connectivity. While results to date are conclusive, further work

to refine the method and extend observations is warranted.

Keywords Tritium - 2’Rn - Isotope mass balance model - Permafrost hydrology - Permafrost degradation - Source Area of

the Yellow River

Introduction

Frozen ground including permafrost and seasonally frozen
soil is a key component of the cryosphere which plays sig-
nificant role in regulating energy exchange and water cycling
on the Earth’s surface, and is uniquely vulnerable to climate
and environmental change [1-3]. Under the backdrop of
global warming, high-latitude arctic and subarctic regions,
as well as high elevation regions such as Qinghai-Tibet
Plateau (QTP) with extensive permafrost, have undergone
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remarkable permafrost degradation during the past several
decades [1-6]. Substantial alteration of ground thermal
regimes in these areas have also reshaped landscape features
and resulted in alteration in regional hydrological and bioge-
ochemical cycles [7]. Studies conducted in eastern Siberia,
Canada’s Northwest Territories and the Yukon River Basin
have suggested positive correlations between streamflow
discharge and permafrost degradation, and notably, have
established that thawing permafrost not only contributes
to streamflow in the warm season but also may influence
or maintain base flow during the cold season [8—10]. Dra-
matic increases in discharge of the major rivers in Pan-Arctic
watersheds have been observed in recent decades, largely
attributed to thawing permafrost as well as increased hydro-
logical connectivity between surface and subsurface flow
systems [7, 11]. In some cases, enlargement of groundwater
storage capacity due to permafrost degradation has counter-
acted increases in streamflow [12]. In other cases, deepen-
ing active layers have lowered groundwater levels, leading
to delayed subsurface runoff, weaker precipitation-runoff
responses, and a shift towards greater influence of ground-
water discharge on streamflow [13]. In addition, degrada-
tion of permafrost is often associated with lake and wetland
development, distribution and evolution, which is known
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to be influential in partitioning of surface and subsurface
flows, often intensifying surface/subsurface interactions, and
potentially leading to talik formation [6, 7]. While enhance-
ment of hydraulic connectivity between surface water and
subsurface flow systems under degrading permafrost condi-
tions is widely noted and generally accepted, the impacts
of permafrost degradation on streamflow remain a topic of
debate [14].

Previous studies have demonstrated that continued per-
mafrost degradation has modified streamflow patterns at
seasonal and interannual timescales as permafrost meltwa-
ter augments water fluxes to rivers, thermokarst lakes and
groundwater on the QTP [6, 13, 14]. In addition, changes
and enhanced site-to-site variability in surface and subsur-
face water balances occur due to complex shifts in perma-
frost distribution at different stages of degradation, produc-
ing varying amounts of meltwater release from thawing
permafrost [14]. Previous studies have qualified hydrologi-
cal effects of warming permafrost, quantified contribution
of supra-permafrost groundwater and melting ground ice to
river discharge, and estimated proportions of thermokarst
lake volumes using insitu observations, empirical or statisti-
cal simulations, and process-based models [5, 8, 10, 15, 16].
In general, observations were limited to individual landscape
types, and were limited in duration and extent. As such, a
knowledge gap still remains as to how permafrost degrada-
tion influences the contribution from thawing permafrost to
surface and subsurface water systems at the regional scale
on the QTP [17]. Complicated thermal processes related to
permafrost would likely bring high uncertainty in numeri-
cal modelling, while traditional methods such as long-term
monitoring and high frequency of hydrological surveys
might be difficult or impractical to conduct in high-altitude
cold regions [18-20]. In recent years, water isotope analysis
has substantially been proven to be an effective way to obtain
increased understanding of detailed permafrost hydrology.
Isotope mass balance (IMB) using oxygen and hydrogen sta-
ble isotopes has been shown to be especially useful for esti-
mating the contributions of various source waters to lakes
and rivers, and has led to significant advances in hydrologic
understanding [15-23]. Further understanding can be gained
from naturally occurring radioactive isotope such as tritium
(*H) and radon (**?Rn) which can likewise be incorporated
within IMB to produce quantitative results [18-20, 23-27].
The fate and transport of tritium in permafrost-related water
mainly depends on ground temperature, so the increased
tritium mobility as well as unique tritium signals in specific
water bodies can provide additional insight into thawing
permafrost processes as compared to stable isotopes alone,
the latter often being influenced by evaporation that may
mask original source water signatures [24, 26]. As *’Rn
from active subsurface inputs can be measured and used
to assess the strength of subsurface connections to surface
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water bodies, it is considered to be an ideal groundwater
indicator [19, 20, 27].

The SAYR is characterized by a mosaic of different
frozen ground types, including seasonally frozen soil,
sporadic or isolated patches of permafrost, extensive dis-
continuous permafrost, and continuous permafrost, which
is considered to represent temporal evolution of the per-
mafrost thaw sequence [28]. Yi et al. [18] were the first to
report the hydrological linkage between thawing permafrost
and surface and subsurface water bodies in the SAYR via
comparison of tritium signals. However, this paper did not
examine spatial patterns or classify water bodies, nor did
it quantify the hydrological effects of permafrost thawing.
Preliminary observations by [19,20] found significant dif-
ferences (1-2 order of magnitudes) in 222Rn concentrations
between groundwaters and surface waters, and these studies
then applied IMB based on ?*’Rn to estimate the ground-
water fractions of 19% and 30%, respectively, in a small
tributary with discontinuous permafrost, and a reach of the
Yellow River near the outlet of the headwater region with
seasonally frozen soil. Neither study was aimed at evaluat-
ing hydrological processes in different watershed types, nor
did they examine seasonal differences or meltwater contri-
butions to lakes or river discharge, largely due to limited
sampling opportunities and logistical constraints.

Based on several field investigations carried out in SAYR,
a more systematic and comprehensive water isotope dataset
including tritium concentrations and ?’Rn activities has
been established and will be reported in this paper. Addi-
tionally, the tritium contents in permafrost itself are meas-
ured, providing direct evidence that thawing permafrost is in
fact feeding surface and subsurface water bodies. Previous
studies [27, 28] have provided insightful discussions about
using IMB model via ?2’Rn to provide reliable estimates
of groundwater discharge to rivers and lakes. Accordingly,
the main purpose of this paper is to present, review and
evaluate the theoretical basis for applying a combined IMB
approach using *?’Rn and tritium as a method for evaluating
seasonal groundwater and permafrost-thaw contributions to
a range of surface water bodies, and ultimately to improve
the understanding of the hydrological effects of permafrost
degradation in the SAYR.

Study area

The Source Area of the Yellow River (SAYR) is situated
in the northeastern part of Qinghai-Tibet Plateau between
95°55'-98°41'E and 33°56'-35°31'N, and is the head-
water catchment of the Yellow River, with a total area of
20,930 km? (Fig. 1). Three mountain ranges form the water-
shed divide of the SAYR, including the Buging Mountains
in the north, Geshigeya Mountains in the west, and Bayan
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Fig. 1 The geographic location of the SAYR and sampling sites with permafrost distribution. The base map and permafrost distributions are ref-

erenced from [18, 33]

Har Mountains in the south. The Yellow River originates
from the west, runs eastward and flows across the two big
lakes (Gyaring and Ngoring lakes), and exits the headwa-
ter region in the east at Madoi after accumulating signifi-
cant flow contributions from a number of tributaries and
creeks draining the surrounding mountains. The elevation
rises from 4200 m a.s.l in the eastern river valley to 5267 m
a.s.] at the peak of Bayan Har [29]. This region is domi-
nated by continental and semi-arid, alpine climate zones
[30]. The mean annual air temperature (MAAT) is —3.6 °C
for the 1956-2014, while the highest monthly average air
temperature typically occurs in July (7.8 °C) and the lowest
in January (-16.1 °C), as reported by the Meteorological
Station in Madoi town. Average annual humidity is close
to 50%. Aridity is also enhanced by low precipitation and
high evaporation rates, given that annual total precipitation
is near 320 mm while annual open water evaporation rates
can exceed 1300 mm. Spring freshet conditions generally
extend from March to May, whereas summer conditions are
observed during June to August, autumn is observed from

September to November, and winter occurs from December
to February.

Here, permafrost is classified as thermally unstable due
to warm ground temperatures (mean annual ground tem-
perature > — 2.0 °C), thin development (permafrost thick-
ness < 100 m) and ice-rich features (high ice content near
permafrost table), hence, permafrost is especially vulnerable
to a warming climate [30, 31]. A complex mosaic of fro-
zen ground types are currently observed across the region,
including seasonally frozen soils, sporadic or isolated
patches of permafrost, extensive discontinuous permafrost
and continuous permafrost [28, 32]. Here, we chose four
representative watersheds which span a typical gradient of
frozen ground landscapes. Zone 1 is situated at the outlet of
SAYR, which is mainly covered by seasonally frozen soil
(coverage >90%). In general, soils in this zone are very dry,
with silt, sand and gravels abundant along the lower river
plains, and barren, sandy soils and notable desert expanses
[31]. Zone 2 is located along the Noyring Lake shoreline
area. This basin is a transitional zone characterized by
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taliks along the lakeshore in seasonally frozen soils and
sporadic discontinuous permafrost, which supports various
landscapes ranging from sandy, alpine grassland to dense
paludal meadow. The ground surface is mainly covered with
silty sand and gravels. Zone 3 forms an extensive area in the
western part of SAYR dominated by extensive discontinu-
ous permafrost, with continuous permafrost also prevalent
in high elevation areas. This area experiences enhanced per-
mafrost degradation as revealed by features such as pingos
and frozen palsas which have thawed and collapsed, form-
ing thermokarst pits. Bogs are widespread, while sparse or
sporadic permafrost (from residual thawing permafrost)
are often associated with open-water wetlands [28]. Zone 4
occurs predominatly above 4800 m.a.s.l. and is dominated
by continuous permafrost. Here, permafrost appears to be
relatively cold and stable, owing to low mean annual ground
temperature (< —2 °C) and reduced active layer thickness
(< 0.6 m), as well as greatest permafrost thickness (> 60 m)
compared with other zones [31]. Peaty organic soils with
thicknesses of up to 0.5 m above the permafrost table main-
tain high soil moisture content in the active layer, promoting
favorable growing condition for dense and stable vegetation
[18, 32].

Materials and methods
Field work and sampling sites
Field investigations were conducted in the four selected

watersheds (Zone 1-Zone 4) during 16-24 April and 19-27
July 2014, 17-23 January 2015, and 20 May 2016. Daily

Fig.2 Variations of hydrocli-

—— Tempature (°C)

meteorological data (air temperature, precipitation, relative
humidity and evaporation rates) were obtained from Madoi
meteorological station (98.08°E, 34.57°N). Daily discharge
data for the Yellow River were obtained from the hydrologi-
cal gauge station, as shown in Fig. 2.

Three stream sites (R1-R3: from the Yellow River), 4
tributary sites (T1-T4), 4 lake sites (L1-L4) and 8 ground-
water sites (wells, W1 and W2, and springs, S1-S6) were
visited in the three seasons for water/liquid samples during
2014-2015 (Fig. 1). Note that precipitation and ground ice
samples from 2016 were reported in a previous paper [33],
although additional results are reported for the first time.
Sampling locations were determined and recorded by hand-
held GPS (Garmin eTrex 30x) (detailed in Table 1). At each
the stream site, upstream and downstream water (labeled as
R, and R,) was sampled three times at reach intervals rang-
ing from 1000 to 2000 m. As tributaries originated from
small basins, upstream water was considered to be repre-
sentative of the water sources and downstream water (up
to 1600 m along tributary reaches) was considered to be
representative of water exported from the basins. In total,
42 river samples (18 from the Yellow River and 24 from its
tributaries), 12 lake samples, 24 groundwater samples (6
from wells and 18 from springs) and 5 ground ice samples
were collected for isotopic analysis. 6 rain and snow event
samples were also gathered opportunistically in Zone 1 and
Zone 4 using a bucket.

Surface water samples were routinely collected at a
depth of 30—40 cm below the water surface and as far away
from the river banks and lakeshores as possible. For well
water sampling, pumps were run for 15 min before sam-
pling to remove any stagnant water in the well bores. For
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Table 1 Information of locations, sampling times, tritium and ?2Rn compositions

Sample ID  Type of water body Latitude Longtitude  Sampling time  Tritium concentration Radon activity
BgL TU 16(T.U) BgM® 1o (BgM>

Zone 1; Seasonally frozen ground

P1 Precipitation 34.8901 98.1706 2016/5/20 0.71*  63* 0.2°
2016/5/20 0.71*  63* 0.2°
2016/5/20 0.66° 59° 0.1*

RI1_U River 34.8901 98.1706 2014/4/16 1.69° 112> 02° 780 163
2014/7/22 191° 105° o0.1° 1011 167
2015/1/18 123 109 03 2509¢  345°

RI_D River 34.8901 98.1706 2014/4/16 1.63° 11.4° 02° 1096 178
2014/7/22 1.94° 106> 0.2° 1765 234
2015/1/18 1.68 117 02 51006 546°

TI_U Tributary 34.8851  98.2601 2014/4/16 135 12,06 03° 896 124
2014/7/22 126° 112> o0.1° 1407 323
2015/1/18 152 129 04 3471 578°

T1_D Tributary 34.8851  98.2601 2014/4/16 1.28° 11.4° 04° 1074 154
2014/7/22 1.18° 105> 0.2° 1844 211
2015/1/18 142 126 03 5899  544¢

L1 Lake 34.8794  98.1096 2014/4/16 128 12.1°  0.2° 386 83
2014/7/22 1.10*  12.0° 0.1° 499 54
2015/1/18 128 11.4° 0.3* 865 121

Wi Groundwater 349111 98.1381 2014/4/16 1.64° 139> 0.3° 7402 348
2014/7/22 1.46° 124° 0.2° 8961 1443
2015/1/18 155 138 0.1 15,422¢  1043°

w2 Groundwater 34.8622  98.1885 2014/4/16 1.64° 136> 0.1° 7688 610
2014/7/22 146> 12.8° 02° 8469 1027
2015/1/18 154 137 03 14,521 1025°

Zone 2; Sporadic discontinuous permafrost

R2_U River 34.8075 97.3928 2014/4/19 1.63° 145> 02° 2653 245
2014/7/25 1.66° 147> 0.3° 4120 153
2015/1/20 176 156 02 9863°  211°

R2.D River 34.8075 97.3928 2014/4/19 1.67°  14.9° 0.1° 3506 332
2014/7/25 1.64° 14.6° 03° 5468 332
2015/1/20 169 150 03 11,456°  224°

T2_U Tributary 34.6669 97.2741 2014/4/17 1.69 143 02 2234 211
2014/7/23 191 162 0.1 2988 324
2015/1/19 181 161 0.1 4200¢  223¢

T2_D Tributary 34.6669 97.2741 2014/4/17 1.63 138 03 3145 456
2014/7/23 194 165 03 3917 234
2015/1/19 1.68 143 04 7894 412°

L2 Lake 34.6395  97.2700 2014/4/17 1.85* 164 0.5 1233 223
2014/7/23 1L71*  152*  0.12 2311 246
2015/1/19 1.87* 16.6* 0.2° 6522°  566°

Gl Ground ice (0.5 m) 347177  97.2458 2016/5/20 2.16°  19.2*  0.1%

G2 Ground ice (0.8 m) 2016/5/20 221*  19.6*  0.1%

G3 Ground ice (1.2 m) 2016/5/20 234 208 0.0

G4 Ground ice (2.0 m) 2016/5/20 247 21.9° 0.1%

G5 Ground ice (3.0 m) 2016/5/20 275 244 0.2°

S1 Supra-permafrost groundwater ~ 34.6707  97.2405 2014/4/17 190 119 0.1 8650 988
2014/7/23 192 131 02 9784 764
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Table 1 (continued)

Sample ID  Type of water body Latitude Longtitude Sampling time  Tritium concentration Radon activity

Bg/L TU 16(T.U) BgM® 1o (Bg/M>

2015/1/19 126 112 0.1 18,655¢  1122°
S2 Supra-permafrost groundwater  34.7498  97.2845 2014/4/17 1.90 10.8 0.1 8966 536
2014/7/23 1.54 137 02 9421 780
2015/1/19 129 115 04 19,874°  1314°
Zone 3; Plateau discontinuous permafrost
R3_U River 35.0645 96.5941 2014/4/19 1.86 165 02 4560 174
2014/7/25 1.89 168 02 6745 563
2015/1/20 190 169 02 10,556°  1045°
R3_D River 35.0645 96.5941 2014/4/19 1.87 166 02 5620 319
2014/7/25 190 169 03 10,210 426
2015/1/20 193 171 03 13,623°  1444°
T3_U Tributary 349874  96.5149 2014/4/19 1.67 148 0.1 6788 345
2014/7/25 1.80 16.0 0.2 6863 689
2015/1/20 1.81 16.1 0.3 7865°¢ 855°¢
T3_D Tributary 349874  96.5149 2014/4/19 1.71 152 03 7956 190
2014/7/25 1.79 159 02 9536 422
2015/1/20 1.80 16.0 0.1 8755°¢ 675°
L3 Lake 35.0031 96.5684 2014/4/19 231 206 0.1 3786 22
2014/7/25 233 207 03 5423 766
2015/1/20 230 204 03 9862° 880°
S3 Supra-permafrost groundwater  35.0417  96.5791 2014/4/19 1.91 170 0.2 12,004 897
2014/7/25 2.03 180 0.2 15,336 902
2015/1/20 1.71 152 02 21,057¢  1890°
S4 Supra-permafrost groundwater  35.0217  96.4363 2014/4/19 1.89 16.8 0.1 14,071 1301
2014/7/25 224 199 0.1 24,100 1110
2015/1/20 1.61 143 0.0 24,512¢  2798°

Zone 4; Continuous permafrost

P2 Precipitation 34.2415  97.6653 2016/5/20 098" 87 0.3%
2016/5/20 0.90* 8.0* 0.1
2016/5/20 0.91% 8.1* 0.2°

T4_U Tributary 342415  97.6653 2014/4/21 207 184 0.1 13,201 2167
2014/7/26 208 185 02 7563 544
2015/1/22 215 191 03 12,032 1223
T4_D Tributary 342415  97.6653 2014/4/21 202 179 03 14,863 2343
2014/7/26 209 186 02 10,235 790
2015/1/22 214 190 02 13,561 855
L4 Lake 343912 97.7900 2014/4/21 198 176 02 6533 1121
2014/7/26 202 179 0.2 7563 2118
2015/1/22 230 173 0.1 14,124 1330
S5 Supra-permafrost groundwater  34.3534  97.5345 2014/4/21 1.46 13.0 0.2 34,568 3212
2014/7/26 164 145 03 31,562 2245
2015/1/22 127 113 03 41,230 4229
S6 Supra-permafrost groundwater  34.4019  97.7586 2014/4/21 1.48 132 02 28,966 1500
2014/7/26 1.66 147 02 34,569 6197
2015/1/22 136 121 0.1 37,456 2281

#Published data from [33]
®Published data from [18]
“Published data from [20]
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the ground ice samples, 5 deep-buried ground ice samples
were obtained from an 3-m depth ice core obtained by drill-
ing into the ground surface to various depths as recorded in
Table 1. In total, 56 of 89 points for tritium concentrations
and 36 of 58 points for 2>’Rn activities are newly reported
data published here for the first time.

Liquid water samples were stored in 250 ml glass bottles
(WAT-250 system; Durridge Co) for 2*’Rn measurement and
500 ml high-density polyethylene bottles for tritium analy-
sis, respectively, ensuring minimal headspace and tightly
sealed lids to minimize both degassing of >*’Rn and moisture
exchange with the atmosphere [20]. Ice samples were pre-
served and kept frozen during transport, and then melted in
the lab for the first time at room temperature in sealed bottles
before analysis. Other liquid samples were refrigerated at
4 °C until analysis.

Isotopic analysis

222Rn activity in the liquid samples was analyzed by an auto-
matic radon monitor RAD7 and the RAD H,O accessory
(Durridge Company, USA) within 3-6 h after collection
from the water bodies. Four count cycles of 20 min were
used for each sample with a 20 min count time for each
cycle. 222Rn activities are reported in Bq/m® with analytical
uncertainty varying by sample as determined by standard
measurement errors.

For the tritium analysis, samples were returned to the
State Key Laboratory of Hydro—Water Resources and
Hydraulic Engineering, Nanjing, China. Tritium concentra-
tion measurements were completed using a liquid scintilla-
tion counting spectrometer (Tri—Carb 3170 TR/SL). Tritium
concentrations results are reported in tritium units (T.U)
with total analytical uncertainty of less than 0.6 TU for all
samples. Tritium values were normalized by the correction
of radioactive decay to 20 May 2016 to enable intercom-
parison of samples collected on different dates. It should
be noted that 2?’Rn activity data for 2015 were previously
published [20], as were Zone 1 and Zone 2 tritium data [18,
33], although the present comparison is more comprehensive
and provides significant new hydrological insight.

Development of IMB models

Along a specified river reach, groundwater—surface water
interactions can be quantified based on ?*’R isotope mass
balance provided there are significant differences in **’Rn
activities between surface and subsurface water sources [27].
According to the mass conservation theory and considering
the variation of 2*?Rn activities in the natural environment,
the basic water mass balance and isotope mass balance equa-
tion (river model) can be expressed as follows along a river
reach [19, 20, 27]:

0i=0,+0, (1)
04Cy = 0,Ce™E + / Q,Ce™" /Ldx Q)

where Q,, Q4 and Q, are upstream, downstream discharges
and total recharges of groundwater to the river reach (m%/s),
respectively; C,, C4 and Cg are the *2’Rn activities in
upstream water, downstream water and groundwater (Bq/
m?), respectively; L is the distance between upstream and
downstream sampling sites (m); and a is the total loss coef-
ficient (m™).

Equations (1) and (2) should only be applied under strict
application conditions, assumptions for which have been
summarized previously [20, 27, 34]. The main assumptions
include: 1. Precipitation and evaporative effects are negligi-
ble, 2. River cross-sections are well mixed vertically, so that
sampled water at one site are representative of the entire depth
profile of a river cross-section, 3. Groundwater recharge is
the only source of 2*’Rn in river water, and that groundwater
recharge is uniformly distributed along the river bank along the
reach, and 4. Gas exchange and radioactive decay are the only
sinks for 222Rn, while the contribution of 2>Rn from decay
of ??°Ra in sediments and hyporheic exchange are considered
negligible[35-37].

Radioactive decay and degassing consist of the total loss
coefficient (“1 ) [35]:

a=p+y 3
A n
p== @
v
DO.S
r=0s0s ®)
—logD = 280 +1.59 (6)

air

where f and y are the decay coefficient (m~") and degassing
coefficient (m™), respectively; Ag, = 2.08 x 10705~ !is the
radioactive decay coefficient; v is the average velocity of the
river discharge (m/s'); D is the molecular diffusion coeffi-
cient of gas (m%/s'); & is the average river water depth (m);
and T, is the air temperature (K).

Similarly, we improved the ?2Rn box model based on water
and isotope mass balance theory for lakes [38, 39] to account
for the sources of radon from sediment diffusion and the decay
of dissolved ?2°Ra:

Vg(Cg -C,) _ F jegasA
VL VL

A, C, =0 %
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where Vg is the groundwater recharge volume (m3), V. is the
total lake volume (m?); Cg and C; are the 222Rn activities in
groundwater and lake water respectively; Feq,, is the flux
density of 2*’Rn degassing to the atmosphere (Bg/m? d) and
A is the lake surface area (m?) [40].

Fdegas = k(Cs - a2Ca) (8)
k= 0.45u'0 S\ )
0\ 600
S, =v/D (10)
I’l -1
= u0.0971 <—)+1] 11
Uy ”[ T an
@, = 0.105 + 0.405¢~0-05027(Ts;=273.15) (12)

where k is the gas transfer coefficient (m/s), a, is the Ost-
wald’s solubility coefficient, C, is the 222Rn activities in
atmosphere; 1, is the wind velocity at 10 m height above the
water surface (m/s), which can be estimated via the meas-
ured wind velocity () at height (7) in Eq. (11) [41]; S, is the
Schmidt number determined by the kinematic viscosity (v)
and molecular diffusion coefficient of gas (D); b=0.5 when
u;9>3.6 m/s and b=0.667 when u;,<3.6 m/s.

The accurate measurement of real-time river flow and
lake water volume in this high-elevation and remote area
are sparse for both main stream channels of greater than
10 m width as well as shallow tributaries [20] such that
conventional reach mass balance assessment is difficult.
Consequently, it is easier to measure the *2’Rn activities
in upstream water, downstream water and groundwater as
well as the climatic and physical parameters essential to
application a radon balance. This permits estimation of
the ratios of Q,/Qg4 and V,/V; which represent the relative
contribution of groundwater recharge to river discharge
and lake water volumes, respectively.

It is noted as an important consideration that ground-
water in Zone 2 to Zone 4 was considered to have two
components; one being supra-permafrost water originat-
ing from precipitation, and the other being thawing per-
mafrost (ground ice). As such, the fraction ratio of melt
ground ice to groundwater (Xgi) can be estimated by mass
balance with several assumptions, as follows [6, 17, 42,
43]: 1. There are significant differences in concentrations
of chemical or isotopic tracers in the two initial water
components, which are the precipitation-related supra-
permafrost water and ground ice individual to recharge
to the groundwater. 2. The observed temporal variations
of concentration of tracer in groundwater are naturally
reflected the temporal fluctuating proportion of water
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components. Thus, the contributing fraction of ground ice
can be expressed as:

T, — T
gw — 7p
X =77 (13)
gi _
Ta—T,
where T,,,, T}, and T; are the concentrations of tracer in

groundwater, precipitation and ground ice, respectively.
Then multiplying Q,/Q, by X,; as well as multiplying V, /V;.
by X,; yields the contributing fractions of thawing ground ice
to river discharge and to lake volume, respectively.

In this study, air temperature (Tair) and wind velocity
(u) were measured using a Multifunctional Environmental
Meter (RH87, OMEGA), and river flow velocity (v) was
measured using a portable current meter (§1M/FP-211) with
a measuring accuracy of +0.1 m/s. River depth was meas-
ured manually using a measuring staff. Ratio of A/V; for
individual lakes was based on previously reported data on
ecological environmental geology in SAYR (2001-2004)
[18, 28]. All parameters used in the models are shown in
Tables 2, 3 and 4.

Results
Tritium concentrations in water bodies

Notably, precipitation samples show the depleted tritium
concentrations and narrowly range between 5.9 and 8.7 T.U,
values slightly reduced compared to present-day precipita-
tion (10-20 T.U) as observed in interior North America at
similar latitudes, e.g. the Sierra Nevada, and Ottawa, Canada
(Fig. 3a) [44]. While ground ice samples share the highest
tritium concentrations, ranging between 19.2 and 24.4 T.U,
there is a remarkable increasing trend in the tritium concen-
trations from top (near earth surface) to bottom in the ground
ice profile, which implies that younger ground ice (shal-
lower buried) formed from a higher proportion of modern
(post-1950s) precipitation, as reported by [33]. Statistically
significant differences in tritium concentrations between pre-
cipitation and ground ice allows an estimate of the fraction
of melted ground ice in groundwater to be separated from
the fraction of precipitation by Eq. (13).

The greatest fluctuations of tritium values are noted
for both lake water and groundwater, which range from
11.4 to 20.7 T.U and 10.8 to 19.9 T.U, respectively. A
significantly statistical difference is found between lake
water, with mean value of 16.5 T.U, and groundwater, with
a mean value of 13.8 T.U based on ¢ test (p =0.023). In
contrast, lake water is undistinguishable from ground ice
(p <0.005). There are also no significant differences meas-
ured among stream water, tributary water and groundwater.
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Table 2 Summary of parameters used in the river model in Egs. (1)-(6)

Sampling sites Sampling date C, (bq/m3) Cy (bq/rn3) Cg (bq/m3) Air temp (°) River velocity h (m) L (m)
(m/s)
R1 2014/4/16 780 1096 7545 -2.7 1.2 1.80 2000
2014/7/22 1011 1765 8715 8.7 2.9 2.10 2000
2015/1/18 2509 5100 14,972 —21.1 0.8 1.50 2000
T1 2014/4/16 896 1074 7545 -2.7 1.4 0.60 1000
2014/7/22 1407 1844 8715 8.7 3.1 0.90 1000
2015/1/18 3471 5899 14,972 —21.1 0.4 0.30 1000
R2 2014/4/17 2653 3506 8808 -3.0 2.6 1.35 980
2014/7/23 4120 5468 9603 7.4 2.5 1.69 980
2015/1/19 9863 11,456 19,265 —19.6 1.6 1.32 980
T2 2014/4/17 2234 3145 8808 -3.0 2.6 0.90 850
2014/7/23 2988 3917 9603 7.4 2.3 1.30 850
2015/1/19 4200 7894 19,265 - 19.6 1.2 0.50 850
R3 2014/4/19 4560 5620 13,038 -32 4.1 1.10 1300
2014/7/25 6745 10,210 19,718 9.5 2.4 1.40 1300
2015/1/20 10,556 13,623 22,785 —18.6 1.0 1.00 1300
T3 2014/4/19 6788 7956 13,038 -32 2.3 0.50 1600
2014/7/25 6863 9536 19,718 9.5 2.6 0.65 1600
2015/1/20 7865 8755 22,785 —18.6 0.5 0.30 1600
T4 2014/4/21 13,201 14,863 31,767 -2.7 1.6 0.36 1450
2014/7/26 7563 10,235 33,066 8.4 1.8 0.56 1450
2015/1/22 12,032 13,561 39,343 —-11.7 1.1 0.31 1450
Table 3 Summar.y of Sampling sites Sampling date C; (bg/m?) C, (bg/m?) Air temp (°) V/A Wind
paramgters used in the lake € velocity
model in Egs. (7)—(12) (m/s)
L1 2014/4/16 386 15,000 -2.7 1.6 1.2
2014/7/22 499 8715 8.7 1.6 1.2
2015/1/18 865 14,971.5 -21.1 1.6 1.2
L2 2014/4/17 1233 8808 -3 1.6 4
2014/7/23 2311 9602.5 7.4 1.6 2.3
2015/1/19 6522 19,264.5 -19.6 1.6 1.2
L3 2014/4/19 3786 13,037.5 -32 1.6 2.8
2014/7/25 5423 19,718 9.5 1.6 24
2015/1/20 9862 22,784.5 —18.6 1.6 2.3
L4 2014/4/21 6533 31,767 2.7 1.6 2.9
2014/7/26 7563 33,065.5 8.4 1.6 2.6
2015/1/22 14,124 39,343 -11.7 1.6 3

Tritium concentrations in stream water and tributary water
both span wide ranges of 10.5-17.5 T.U and 10.5-16.5
T.U, respectively, with average values of 14.2 and 14.5
T.U, respectively, which are lower than lakes. It can be
inferred that permafrost meltwater is likely to be more
interactive with thermokarst lakes than surface runoff and
groundwater systems.

Overall 222Rn activities

The results of dissolved **’Rn in Fig. 3b show distinct con-
trast in activity levels between surface water (stream, tribu-
tary and lake) and groundwater. The average **’Rn activity
measured in stream water is 5591 Bq/m3, with an observed
range from 780 to 13,623 Bq/m3, and is similar to tribu-
tary water which averages 6591 Bg/m?, ranging from 896
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Table 4 Summary of parameters used in the separation of groundwa-
ter components in Eq. (13)

Sampling sites  Sampling date Ty, (TU) T, (T.U) T,(T.U)
Zone 2 2014/4/17 114 21.2 6.2
2014/7/23 13.4 21.2 6.2
2015/1/19 114 21.2 6.2
Zone 3 2014/4/19 16.9 21.2 6.2
2014/7/25 18.9 21.2 6.2
2015/1/20 14.7 21.2 6.2
Zone 4 2014/4/21 13.1 21.2 8.3
2014/7/26 14.6 21.2 8.3
2015/1/22 11.7 21.2 8.3

to 14,893 Bq/m>. Lake water is found to have lower **’Rn
activities, varying from 386 to 14,124 Bg/m® and averaging
4926 Bg/m>. ?*?Rn activities in groundwater span a wide
range from 7402 to 41,230 Bq/m® with an average value
of 19,052 Bq/m?, which differs significantly from surface
waters. It is noticeable that the *’Rn activities in stream
and tributary water sampled on the downstream reaches are
higher than upstream reaches for each site in all seasons,
which confirms that groundwater recharges to rivers all
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year. The slightly higher *’Rn activities in tributary water
as compared to rivers may reflect a quick or more direct
linkage between small creeks and groundwater. Groundwater
recharge to streams and lakes may be associated with longer
residence times and deeper flowpaths, and in some cases
may be diluted by more efficient hyporheic zone flushing,
thus reducing 22’Rn activities slightly. Note that 2*?Rn is not
detectable in ground ice meltwater, thus, permafrost melt-
water contributions to groundwater may only be evaluated
by considering measureable differences in tritium concen-
trations in water sources which comprise the groundwater.

Spatial and temporal distributions of tritium
and 222Rn

Figure 4a, b illustrates the spatial and temporal character-
istics of tritium and 2*’Rn activities in various water bod-
ies. Tritium concentrations in stream water decrease sub-
stantially from upstream to downstream (R3 to R1), which
are shown to be reduced from 16.8 +0.2 T.U to 11.1 +£0.5
T.U, respectively. Tritium concentrations in tributary water
show a progressive increase depending on permafrost zones,
where the average tritium content is 11.8 +0.9 T.U for tribu-
tary locations draining seasonally frozen ground (Zone 1),
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Fig.3 Box plots showing values of tritium (a) and 222Rn (b) in water bodies. The whisker is defined by 1.5 times of standard deviation (SD)
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Fig.4 a >H concentrations, and b 2?’Rn activities in water bodies
located in zones with different permafrost extents. Each sample is
shown as a separate data point. Triangles represent tributary water
samples, circles represent lake water samples, squares represent
ground water samples, while green color represents samples in spring

values of 15.2+ 1.2 T.U are found for sporadic discontinuous
permafrost tributaries (Zone 2), values of 15.7+0.5 T.U are
found for extensive discontinuous permafrost tributaries, and
values of 18.6 +0.4 T.U are found for continuous permafrost
tributaries (Zone 4). The highest tritium concentrations are
measured in lake water (20.6 +2.0 T.U) and groundwater
within extensive discontinuous permafrost (16.9+2.0 T.U).
Tritium values of lake water are higher than river water and
groundwater in discontinuous permafrost regions (Zone 2
and Zone 3). In continuous permafrost areas (Zone 4), there
is a specific order noted for tritium enrichment, as follows:
rivers (18.6 +0.4 T.U) > lake (17.6 +0.3 T.U) > groundwater
(13.1+ 1.3 T.U). However, this order is reversed in perma-
frost free areas (Zone 1). Apparently, tritium concentrations
are correlated with permafrost extent, and may be a useful
index of meltwater contributions to water bodies.
Consistent with the tritium signals, spatial patterns of
222Rn are also informative and systematic. 2>*Rn activity
in each water body appears to increase as regional perma-
frost coverage increases. The greatest differences in 2*2Rn
activity between groundwater and surface water occur in
the continuous permafrost region (Zone 4), where the aver-
age value of **’Rn activities in groundwater is commonly at
least 20,000 Bq/m? greater than the surface water. Moreover,
there are no statistical differences in ?*’Rn activity between
river water and lake water in permafrost regions (Zone 2—4),

Permafrost extent

season, red color represents samples in summer season and blue color
represents samples in winter season. Error bars are analytical uncer-
tainty (1o) of samples, also termed as standard error (SE). (Color fig-
ure online)

but river water (2238 + 169 Bq/m?) is distinctly higher than
lake water (583 +250 Bg/m?) in areas without permafrost
(Zone 1).

Groundwater displays the greatest fluctuation in tritium
contents due to seasonality. Higher tritium concentrations in
groundwater often occur in summer in permafrost-affected
areas (Zone 2—4), but in spring and winter in non-permafrost
areas (Zone 1). The seasonal variation of tritium in other
water bodies is more complicated. Winter is characterized by
highest 22’Rn activities both in lake water and groundwater
in all zones. Peak *’Rn activities in rivers appears to reflect
lag in timing of groundwater contributions across different
permafrost zones, whereby it appears earliest during spring
freshet within continuous permafrost, but is delayed to mid-
summer in extensive discontinuous permafrost, and until late
winter in seasonally frozen ground and sporadic discontinu-
ous permafrost zones.

Estimation of groundwater and ground ice melt
contributing to rivers and lakes

The proportions of groundwater and ground ice contributing
to streamflow (shown in Fig. 5a), tributary flow and lake
water volume (shown in Fig. 6a, b) are estimated from 22Rn
activities and tritium concentrations for three seasons at each
surface water site using Eqgs. (1)-(13). The proportion of

@ Springer



Journal of Radioanalytical and Nuclear Chemistry

(a) upper stream

50 T T
45 ]Zone 1 iZone 2 :Zone 3
40 e Suprapermafrolst water T
35 [ Ground ice meltwater
g
 *]
5 20 :
SARTN g .
104
5] 1
0 T i T T T
Q&\“ & 9‘\“ \0‘8‘ Q““g o
b
(b) 50
45 1/ ™ Groundwater
@  Ground ice meltwater
40
35
é 30 —_
Ou 254
~o 20 4
o 154
104
5
0 T T T T T T

. — . . ;
5 10 15 20 25 30 35
Seasonal average runoff depth (mm)

Fig.5 a Estimated contribution ratios of groundwater and ground ice
to streamflow in Zone 1-Zone 3 in the three seasons, and b relation-
ship between groundwater and ground ice ratios and mean seasonal
average runoff depths of 1995-2005. Error bars represent +standard
error

groundwater discharge to streamflow is 5 +4% in the spring
season and gradually increases to 10 +4% in summer, and
reaches a maximum of 21 +5% in the winter season in Zone
1. In Zone 2 and Zone 3, the greatest proportion of ground-
water contribution to streamflow is noted to be up to 25 +7%
and 28 + 5%, respectively, which occurs in the summer sea-
son. In winter, the proportion of groundwater reduces some-
what to 18 +4% in Zone 2, while in Zone 3 it is little differ-
ent than in summer, with a relatively high ratio of 27 + 14%.
In the three seasons, the proportion of melting ground ice to
streamflow in Zone 3 is nearly twice that of Zone 2, as the
groundwater in Zone 3 stores significantly more meltwater
from ground ice, which accounts for 57-85% of the total
volume compared with that in Zone 2, where groundwater
appears to be less than 50% from melted ground ice sources.

The proportion of groundwater discharge contributing
to tributary flow appears to soar from 3 +3% in spring
to 29+ 6% in winter in seasonally frozen ground and
from 14 +8% in spring and 26 +4% in winter in sporadic
discontinuous permafrost. By contrast, a small decrease
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Fig.6 The estimated contribution ratios of groundwater and ground
ice to tributary flow (a) and lake water volume (b) at zones with
different permafrost extents in the three seasons. Error bars repre-
sent + standard error

(<5%) in the groundwater proportions is persistently
observed at both for extensive discontinuous permafrost
and continuous permafrost areas from spring to summer
and from summer to winter. The maximum contribution
of thawing permafrost (ground ice) accounts for roughly
10-20% of tributary flow for extensive discontinuous per-
mafrost, while in other permafrost regions it accounts for
less than 10%.

The extremely low Vg/VL ratio at seasonally frozen
ground sites suggests little input of groundwater dis-
charge to lakes. For extensive discontinuous permafrost
and continuous permafrost areas, intra-annual changes of
groundwater contributing to lake water remain relatively
constant (<7%) compared with the seasonal deviations
noted for sporadic discontinuous permafrost, where the
contributions of subsurface source are stable at around
20% in spring and summer but drop in the winter season
to less than 5% of the lake volume. The spatial and tem-
poral patterns of thawing permafrost released to lakes are
in agreement with the results displayed in tributaries, the
only exception being that almost no contribution of melt-
water from ground ice to the lakes is found at sporadic
permafrost sites in the winter season.
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Discussion

Complexities and dissimilarities in the role of groundwater
as well as thawing permafrost contributions to rivers and
lakes is postulated to account not only for seasonal varia-
tions but also for patterns noted across trajectories of per-
mafrost extent, as demonstrated by the isotopic evidence
and IMB model results. Overall, our estimated proportions
of groundwater contributions to river flow are summarized
as follows: seasonally frozen ground (3-28%), discon-
tinuous permafrost (13-28%), and continuous permafrost
(13-19%). Similarly, lake water volume derived from
groundwater is estimated as follows: seasonally frozen
ground (0.3-1.2%), discontinuous permafrost (4.7-24.0%)
and continuous permafrost (14.1-26.6%). While based on
more extensive datasets, these values are highly consistent
with previous observational snapshots in this study region,
and concur with previous studies conducted outside the
SAYR within similar seasonally frozen or permafrost-
affected regions within the QTP. For example, ground-
water discharge was found to account for 30% of the total
river discharge in the Yellow River downstream of Zone 1
[20]. For a small sporadic discontinuous permafrost basin
near Zone 2 only 20% of river discharge was generated
from groundwater [19] which falls within the range of our
findings. A hydrograph separation based on stable isotopes
and hydro-chemical tracers indicated the contributing ratio
of groundwater discharge to the river runoff varied season-
ally from 10 to 50% in a catchment covered by extensive
discontinuous permafrost area [15], which is similar to
our findings for extensive discontinuous permafrost areas
of Zone 3. The previously noted study also concluded that
melting of ground ice was an important source of recharge
to streamflow, reaching ratios of 24-32% in August [17],
consistent with our findings for similar terrain. Ground ice
meltwater contributions of 37% of total streamflow from a
hydrograph separation study in Kunlun Mountains Pass in
northern QTP [16] also echo similar results. Groundwater
contributions ranging from — 20 to 22% of the lake water
storage in a permafrost degrading area in northeast of QTP
[20] are consistent with our finding of minor groundwater
input (6-13% of the total lake water volume) to a small
lake in Zone 4 in the warm season.

In the discussion below, we first address the uncertain-
ties and limitations in the IMB approach mainly resulting
from the basic assumptions and measurement uncertainties
associated with isotopes and physical parameters. Then, the
hydrological effects of permafrost degradation on surface
and subsurface water system are illustrated, which may pro-
vide the guidance of reducing biases when using IMB mod-
els and some referential consequences of hydrological and
environmental changes by permafrost degradation.

Model validation and uncertainties

The basic assumptions of our revised approach are anchored
in the fundamentals of water mass balance and isotope mass
balance. The water mass balance is simplified to consider
the subsurface flow to be the only source of recharge, which
is assumed to account for any net increase in downstream
discharge in Eq. (1). Hence, during our sampling period
there were no precipitation events as shown in Fig. 2, which
proves this assumption of water mass balance to be reason-
able, and the considerable increment of 22*Rn activities in
all downstream rivers including streams and tributaries also
suggests the existence of progressive groundwater discharge.
Previous studies have indicated that groundwater discharge
will result in continuous increases in 222Rn activities along
a tributary reach, so the Eq. (2) is likely valid for the isotope
mass balance [19]. The only possibly shortcoming of the
model is that >*’Rn sources from production of *°Ra decay
are neglected, although the released **’Rn from dissolved
226Ra and sediments are often shown experimentally to be
minor [20].

However, for quantification of thawing permafrost to
groundwater and to rivers and lakes, we simply regard the
groundwater in permafrost regions as well mixed combina-
tions of precipitation and melted ground ice, which can be
differentiated due to temporal changes in tritium since the
1950s bomb pulse, and display representative ranges largely
reflecting origin and timing of formation (Figs. 3a, 4a). Use
of average values of tritium concentrations in present-day
precipitation underestimates the proportion of ground ice
meltwater contributing to river flow and lake water volume,
as tritium in present-day rainfall is relative low (<10 T.U;
Fig. 3a) compared with historic tritium records in precipita-
tion in this study area. If preserved in isolation until today,
1987-1988 precipitation would have a remaining tritium
concentration of 14 T.U [18]. The groundwater is suggested
to turnover a timescale of 14 years, it is possible that sub-
permafrost water with average ages of up to 30 years to be
incorporated in the groundwater discharge, as permafrost
degradation is expected lead to deeper migration of flow-
paths as well as increased flow rates [6]. Here the results
still provide reasonable estimates of minimum contributions
from thawing permafrost, and nevertheless, allow meaning-
ful site-to-site intercomparisons [45, 46].

Even under ideal IMB conditions with valid assumptions,
measurement errors in practical applications contribute to
uncertainties in our estimations. As shown in Fig. 7a, b, a
sensitivity analysis is used to illustrate potential errors asso-
ciated with uncertainty in individual parameters used in the
IMB [see also 27].

It is clear that the estimated proportion of ground ice
meltwater contributing to river flow is potentially sensi-
tive to all measurement deviations of radioactive isotope
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Fig.7 Relative errors in the

_—
Y
N
)
o
S

calculated proportions of
ground ice meltwater a to river
discharge and b to lake water
volume due to measurement
errors of various parameters
including radioactive isotope
concentrations, meteorological
data and hydrological charac-
teristics

Relative error of calculated result (%)

—p— Air temp
—@— River velocity
—*—h

L

N

T
—¢— Air temp
—p— Wind velocity
—@—V/A

Relative error of calculated result (%) &

-150 -— T

-50  -40

activities in all water bodies, while the calculated propor-
tion of ground ice meltwater contributing to lake water
volume seems to be sensitive to all parameters except air
temperature. When the measurement error is at+5% in the
river model, the relative errors of targeted result caused by
all parameters are less than 10%, the only exceptions are
222Rn activities in upstream and downstream river water
which result in 11% and 16% of the absolute values of rela-
tive error in targeted result respectively. However, when
the measurement error reaches + 20%, the absolute values
of relative errors of targeted result caused by the measure-
ment errors of isotope activities and other parameters vary
significantly, from 8 to 66%, and from O to 1%, respec-
tively. When it comes to lake models, a measurement error
of + 5% placed on all parameters will produce of the abso-
lute relative errors to be less than 10% in targeted result.
When the measurement errors vary from 10 to 50%, the
absolute values of relative errors increase sharply for all
parameters except air temperature. The +20% measure-
ment error in isotope activities will bring in high relative
error which can be up to 54%, and the +20% measurement
error in wind velocity will lead the relative error of tar-
geted result to rise to 34% as well.
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It should be noted that we use only standard errors
caused by uncertainties in isotopic measurements in the
model results. For other parameters such as flow velocity,
wind velocity, climatic data, average depth of river and lake
hydrological characteristics, measurement errors are difficult
to evaluate. The analytical uncertainties in measurement of
tritium concentrations are less than 5%, while measurement
of *’Rn activities varies between 2 and 22%. Thus, given
that uncertainties in physical measurements are less than
10%, modelling results with uncertainties less than 20% are
acceptable for the purpose of water resource management
[27]. A high frequency of sampling and improvements in
accuracy of parameter measurements will help reduce the
uncertainties in future and ensure reliable results.

It should be acknowledged that isotopic signatures and
modelling results derived in the sampling sites only rep-
resent a random snapshot of conditions over time, which
is likely the most significant uncertainty in our study.
Interannual variability of hydrological processes arising
due to the unique setting of individual landscapes or cli-
mate conditions and drivers may inherently mask the site-
to-site patterns [46]. The limitations of data availability
are unavoidable, although our study is the first to provide
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quantitative comparisons on the contribution of thawing
permafrost to surface and subsurface runoff systems across
a spatially diverse set of four permafrost and seasonally fro-
zen soil landscapes in the QTP, a region vulnerable to cli-
mate change. In the following discussion we provide some
important insight and synthesis of the hydrological drivers
for various landscapes.

Hydrological implications of permafrost
degradation

Since the 1980s, the general trend of permafrost degradation
in the SAYR under warming conditions has been a transi-
tion from continuous permafrost regime to development of
a progressively complex and irregular mosaic of contrasting
discontinuous permafrost terrains, eventually progressing
to sporadic permafrost, isolated patches of permafrost, and
then to seasonally frozen ground once permafrost is com-
pletely thawed [28]. The modelling results presented here for
tributaries and lakes within small catchments are valuable as
quantitative indicators for comparison and differentiation of
hydrological responses in the various permafrost-landscape
units. Remarkable differences are noted in source contribu-
tions for the various terrains as noted below.

For continuous permafrost areas, thawing of permafrost
accounts for less than half that of groundwater (Fig. 6a). In
continuous permafrost systems, the permafrost table serves
as an aquitard which restricts the vertical and in some cases,
horizontal, movement of groundwater throughout a typical
season. As a result, seasonal variations in groundwater con-
tributions tend to be diminished compared to discontinu-
ous permafrost areas [6]. Lower tritium concentrations in
groundwater as compared to river water are typical, and
combined with evidence of higher *’Rn activities in rivers
may suggest limited mobile subsurface storage (most being
perennially frozen) as well as rapid response of precipita-
tion and meltwater within the active layer being displaced
to rivers [47]. Sub-permafrost groundwater is expected to be
isolated from surface water due to streambeds and lakebeds
being frozen and talik-free. Meanwhile, shallow thermokarst
lakes may begin to form due to top-down thawing of perma-
frost, especially in the cold seasons when lakes may act as
local heat storage reservoirs which eventually weaken soil
refreezing and further accelerate the disappearance of per-
mafrost in surrounding areas. Groundwater inputs to down-
stream water bodies may be enhanced as a result (Fig. 6b)
[48].

In transitioning from continuous permafrost to extensive
discontinuous permafrost, the proportion of thawing per-
mafrost contributing to rivers and lakes increases two-fold
as frozen ground becomes less thermally stable. Moreover,
the increase in proportions of melting ground ice recharg-
ing to rivers and lakes appears also to induce increases in

proportions of groundwater discharge to rivers. These find-
ings confirm that permafrost degradation directly promotes
movement of permafrost meltwater to surface water bod-
ies. A similar phenomenon is also reported in northeastern
Alberta, Canada, where permafrost meltwater was inferred
to be released to unfrozen wetlands and subsequently
contributed to recharge in thermokarst lakes [24]. While
extremely high tritium concentrations are detected both in
lake water and groundwater in the SAYR during the warm
season, rivers (other than rivers in extensive discontinuous
permafrost) are not as seasonally responsive (Fig. 4a). Stor-
age of permafrost meltwater in newly thawed subsurface
aquifers appears to be an important process both in rela-
tion to regulation of thermokarst lake inputs and streamflow
contributions, and may eclipse precipitation as indirect con-
veyors of meltwater to these water bodies [16, 17, 43, 46].

The landscape of the SAYR is expected to become domi-
nated by sporadic and/or isolated discontinuous permafrost
as permafrost degradation proceeds. Due to the substantial
disappearance of impermeable permafrost, consequently, the
prominent decrease in proportions of ground ice contribut-
ing to river discharges directly leads to the decline of melt-
water and groundwater contributions to rivers, especially in
the warm season (Fig. 6a). While the enlarged underground
water storage capacity is also expanded due to deepening of
active layer, the groundwater table generally will subside
also. Potential mobilitzation of deep, tritium free ground-
water as well as higher proportions of tritium depleted mod-
ern recharge is buffered by deeper groundwater levels and
reduction in precipitation-induced runoff generation [13].
Logically, it follows that groundwater and meltwater induced
runoff is weakened and delayed in warm seasons, but pro-
gressive release of water is expected to maintain baseflow in
cold seasons, as further confirmed by the higher **Rn activ-
ities in winter (Fig. 4b) [12]. Also, hydraulic connections
and subsurface flowpaths previously frozen would be influ-
enced and reopened, and open taliks may cause the drain-
age of thermokarst lake water to subsurface aquifers. As a
result, especially during the ice-covered period, groundwater
recharge to lakes may be subdued [48, 49].

Ultimately in seasonally frozen ground, greater fluctua-
tions in seasonal and intra-annual water balances may be
realized once the buffering effect of meltwater is exhausted.
Extreme drought-flood cycles including alteration in thaw
lake distributions have also been suggested when permafrost
is completely exhausted and may lead to increase in either
low water levels or flood risk [3]. Regional water balances
are likely to be significantly altered, which is likely to impact
downstream flow conditions in the Yellow River and similar
large rivers.

The linear regressions in Fig. 5b indicates contributions
of groundwater discharge as well as thawing permafrost
are the key components influencing water yield capacity
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of catchment across the permafrost thaw gradient. While
groundwater accounts for 88.3% of the total water resource
in SAYR [6], from upstream to downstream (R1-R3), the
average runoff depths are decreasing, which means most
groundwater containing permafrost meltwater is not being
supplied to streamflow but is retained in big lakes, thermo-
karst lakes and/or deeper groundwater aquifers, as perma-
frost degradation also modifies conditions controlling water
drainage and connectivity [7]. The stability of local water
resources is confirmed to be significantly influenced by cli-
mate changes and by the related degradation of permafrost
currently underway and likely to continue in future across
the SAYR.

Conclusions

Isotope mass models are developed by combining tritium
concentrations and 2?’Rn activities to quantify the contribu-
tions of groundwater and thawing permafrost to streamflow,
tributary flow and lake water volume across four permafrost-
related landscape types, in the Source Area of the Yellow
River, northeastern part of the Qinghai-Tibet Plateau. The
spatial and seasonal variations in the influences of ground-
water and melting ground ice on rivers and lakes caused
by landscape conditions and permafrost degradation have
been revealed. Presence of extensive permafrost is found
to restrict groundwater infiltration leading to responsive
watershed hydrology. Sustained permafrost degradation in
the region is expected to release large volumes of meltwater
to rivers and is likely to enhance development and expansion
of thermokarst lakes, however, enhanced subsurface water
storage is expected to impact downstream water bodies by
potentially delaying movement of surface and subsurface
water. As a result, thawing permafrost may be less respon-
sive to snow and rainfall events. At the later stage of per-
mafrost degradation, large intra-annual variability in runoff
discharge may occur.

The modelled results from this study are in broad agree-
ment with some previous studies, even considering uncer-
tainties and limitations in the methods applied. The com-
bination of radon and tiritum methods presented here is
a new approach expected to be effective for hydrological
and environmental characterization of spatial and temporal
changes in remote, permafrost-affected regions where long-
term hydrological monitoring is sparse or absent. Ongoing
research is aimed to further testing the robustness of the
methodology, and gaining further insight into the role of
permafrost and permafrost degradation on the water cycle
in critical regions.
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