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GRAPHICAL ABSTRACT

ABSTRACT

A spatially distributed network of thermokarst lakes undergoing significant environmental changes was sampled
in 2014 and 2016 to develop a comprehensive understanding of lake water balances in lakes across a gradient of
frozen ground conditions. Frozen ground ranges from seasonally frozen ground (SFG) to sporadic discontinuous
permafrost (SDP) to extensive discontinuous permafrost (EDP), and is representative of complex conditions in
the Source Area of the Yellow River, northeastern part of Qinghai-Tibet Plateau. Radioactive and stable water iso-
topes in reference lakes (non-thaw lakes), thermokarst lakes, precipitation, wetlands, ground ice and supra-
permafrost groundwater are analyzed to characterize systematic variations and to assess lake water balances
using stable isotope mass balance (IMB). IMB, paired with analysis of tritium decay gradients, is shown to be a
valid approach for detecting short-term shifts in lake water balance, which allows evaluation of the proportion
of precipitation-derived versus permafrost-derived water inputs to lakes. All lakes except EDP thaw lakes are
evaporation-dominated (E/I > 0.5). Negative water balances occurred most frequently in reference lakes due to
hydrological connectivity with rivers. Precipitation-derived water inputs result in positive water balances in
SFG and SDP thermokarst lakes, but negative-trending water balances are found in SDP thermokarst lakes due
to substantial reduction in water yield. Increasing contributions from thawing permafrost in EDP thermokarst
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lakes result in strong positive water balance. Permafrost degradation may also lead to the changes in hydrological
connectivity between precipitation and wetlands or thermokarst lakes. Based on these findings, a conceptual
model of the hydrological evolution of thermokarst lakes under the influence of permafrost degradation is

proposed.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Climate change has been widely implicated as the major cause of
rapid permafrost degradation in arctic and subarctic regions of the
northern hemisphere and Qinghai-Tibet plateau (QTP) as revealed by
numerous recent studies (Hinzman et al.,, 2005; Cheng and Wu, 2007;
Jin et al., 2009; Yang et al., 2010; Liljedahl et al., 2016; Ran et al.,
2017). Thermokarst lakes (also known as thaw lakes) are a common
landscape feature in these regions, forming as a result of thawing of
locally ice-rich permafrost or melting of massive ground ice. The occur-
rence of thermokarst lakes is signal of permafrost degradation and often
indicates unstable and warming permafrost conditions (Yoshikawa and
Hinzman, 2003). The deepening and expansion of small, shallow ponds
and/or lakes and increasing thermokarst intensity have been widely re-
ported over the last decade in areas such as Central Yakutia, Alaskan
Arctic Coastal Plain, Yukon and southern QTP (continuous permafrost).
Latent heat storage in newly formed water bodies frequently becomes
the dominant heat source in winter, leading to further acceleration of
thawing, subsidence and formation of water-rich depressions (Arp
et al.,, 2011; Lin et al., 2010, 2011; Niu et al., 2011; Boike et al., 2016;
Roy-Leveillee and Burn, 2017; Ulrich et al., 2017). Progressive perma-
frost degradation may also result in increased active layer depths,
slumping or erosion of drainage channels, formation of taliks below
lakes, increased interaction with sub-permafrost groundwater, and
eventually may result in shrinkage, drainage, or disappearance of
thermokarst lakes (Yoshikawa and Hinzman, 2003; Smith, 2005;
Lantz and Turner, 2015). Ulrich et al. (2017) suggested that evolu-
tion of thermokarst lakes is often complicated by several factors in-
cluding permafrost zonation, geomorphology of the catchment, and
reshaping of the surface and subsurface thermal regimes, which
can lead to changes in lake sizes and numbers, as confirmed by
Macdonald et al. (2016).

Thermokarst lakes are an important water resource and have signif-
icant hydrological, ecological, and biogeochemical roles in cold regions
systems (Niu et al., 2011; Kokelj and Jorgenson, 2013; Heslop et al.,
2016). The hydrological behavior of thermokarst lakes can strongly af-
fect regional water mass balance, intensify thermokarst processes,
alter water quality, increase mobilization of contaminants, and release
fresh organic carbon, thereby accelerating carbon cycling and green-
house gas production (Kokelj et al., 2005; MacDonald et al., 2012;
Anthony et al., 2014; Bond and Carr, 2018). Shifts in water balance pro-
cesses triggered by climate change have also been suggested as a poten-
tial driver of thermokarst lake evolution (Gibson et al., 2015; Chen et al.,
2014; Narancic et al., 2017; Pan et al., 2017; Gao et al., 2018).

While there are thousands of thermokarst lakes distributed across
QTP undergoing significant climatic and hydrological changes, the
quantitative mechanisms driving these processes are not yet fully un-
derstood. Due to the lack of long-term hydrometeorological monitoring
and large-scale investigations, previous studies mainly focused on
thermokarst lakes in small- or mesoscale basins including several
well-known large lakes. Emphasis has been placed on characterization
of changes in the numbers or areas of lakes, qualifying the contributions
of permafrost-derived meltwater to thaw lakes, and estimation of
evaporation-to-inflow or precipitation-to-inflow ratios, although these
studies have not succeeded in quantifying the major hydrological fluxes
(Lin et al., 2010, 2011; Pan et al., 2014, 2017; Luo et al., 2014a, 2014b,
20183, 2018b, 2018c, 2018d; Yang et al., 2016, 2019; Gao et al., 2018).

Recent studies have documented that direct precipitation on lake sur-
faces was a minor source of inflow to thermokarst lakes compared to in-
flow from the lake drainage basin including surface and subsurface
recharge and permafrost thaw sources, which dominated the water bal-
ance (Yang et al., 2016, 2017; Pan et al.,, 2017; Gao et al., 2018). To our
knowledge, Yi et al. (2018a) first calculated the runoff depths of very
limited numbers of thermokarst lake catchments in the Yellow River
source region. Although this study confirmed variations in runoff (or
water yield) across different permafrost landscapes, it did not attempt
to rank hydrological vulnerability of these landscapes, nor did it estab-
lish the corresponding water balance conditions for lakes. While great
diversity of lake water balances has been found in lake-focused case
studies carried out at sites within the QTP, there is still a recognized
gap in understanding the broader relationship between permafrost gra-
dients, permafrost degradation, and the corresponding hydrological re-
sponses of thermokarst lakes (Yi et al., 2018a, 2018b, 2018c; Yang et al.,
2019).

Situated in the southeastern part of the QTP, the Source Area of the
Yellow River (SAYR) is characterized by a mosaic of different frozen
ground types including seasonally frozen ground (SFG), sporadic dis-
continuous permafrost (SDP, permafrost coverage: 0-10%), extensive
discontinuous permafrost (EDP, permafrost coverage: 10-50%) and
continuous permafrost (permafrost coverage: >90%). Note that the per-
mafrost classifications used here are based on the standards proposed
by the International Permafrost Association (Lewkowicz et al. (2011);
Bond and Carr (2018)). As such, the SAYR provides an ideal district to
evaluate a range of hydrological regimes across a gradient of frozen
ground conditions, as well as providing the opportunity to assess
thermokarst processes across a broad continuum of lake water balance
conditions. Yi et al. (2018b) previously reported that supply of the sub-
surface inflows to a small thermokarst lake in the EDP area accounted
for between approximately 30 and 60% of the total volume of this
lake. This finding indicated that hydraulic exchange between ground-
water and thermokarst lakes may be more significant than for rivers,
as the average proportion of groundwater recharge to rivers has been
shown to be smaller than 20% in this region (Zheng et al., 2016). Yi
et al. (2018a, 2018c¢) also provided multiple lines of isotopic evidence
to confirm that thermokarst lakes likely receive more water input
than other lakes.

The isotope mass balance (IMB) approach utilizing oxygen-18 ('80)
and deuterium (*H) contained within the water molecule ("H'H'®0,
TH2H'%0) has been recognized as an effective method for assessment
of lake water budgets, providing valuable quantitative information on
evaporation loss and water residence time. In many high-latitude re-
gions as well as in some permafrost areas within the QTP, IMB methods
have provided detailed characterization of lake hydrological fluxes
(Gibson and Edwards, 2002; Macdonald et al., 2016; Narancic et al.,
2017; Yang et al., 2017, 2019; Gao et al., 2018). Furthermore, based on
the approach summarized by Gibson et al., 2016a, water yield estimates
based on the IMB method have been shown to be particularly useful in
ungauged basins for quantifying and comparing runoff responses across
wide-area surveys of lakes in complex wetland-rich terrain (Gibson
et al., 2015, 2016¢, 2017, 2018, 2019; Yang et al., 2016; Narancic et al.,
2017). While informative, regional IMB models based on stable isotopes
do not generally allow for separation of the proportions of hydrological
components in lake inflow, although tritium has been shown to be in-
formative for this purpose in past studies.
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Tritium (*H), with a half-life of 12.32 years, is a naturally occurring
radioactive isotope of hydrogen, that was introduced into the atmo-
sphere in large quantities during atmospheric weapons testing in the
late 1950s and early 1960s. Unlike other solute tracers such as C or
325j, tritium activities are quite stable and not impacted by geochemical
or biological reactions (Cartwright and Morgenstern, 2016, 2018). Tri-
tium movement in permafrost is mainly dependent on temperature-
induced mass transport instead of molecular diffusion (Burn and
Michel, 1988).

While relatively few studies have measured tritium concentrations
in water bodies located in permafrost terrain (Gibson et al., 2016b; Yi
et al.,, 2018a; Bond and Carr, 2018), these studies have consistently re-
ported higher tritium concentrations in thermokarst lakes compared
to other surface water bodies, evidently implying enhanced input
from thawing of modern (post 1950s) permafrost. While informative,
none of these studies have endeavored to measure or compare tritium
concentrations directly in permafrost or ground ice, nor did they charac-
terize or apply a tritium decay gradient approach as demonstrated to be
informative for inflow source identification by Samalavicius and Mokrik
(2016) and Yi et al. (2018a).

The major aims of this paper are 1) to describe stable isotope and
tritium variations in thermokarst lakes across a gradient of perma-
frost conditions in the SAYR; 2) to apply the IMB and tritium decay
gradient methods, and to combine these approaches to characterize
both water balance and sources of input to thermokarst lakes; 3) to
characterize systematic shifts in hydrology across the permafrost
gradient and in response to ongoing permafrost degradation, and
4) to summarize current understanding of hydrological processes
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in a newly developed conceptual model applicable to the wide
range of permafrost conditions observed in the SAYR and beyond.
Our main hypothesis is that the IMB method, paired with tritium
analysis, will provide a sharper focus on underlying causes of hydro-
logical changes as compared to using IMB alone, which was similarly
noted by Bond and Carr (2018). Specifically, we hypothesize that
measurement of tritium decay gradients may be a robust, compli-
mentary indicator of short-term water balance shifts in water bodies
affected by permafrost and frozen ground.

2. Study area

The study region is located in the northeastern part of Qinghai-Tibet
Plateau between 95°55’ to 98°41’E and 33°56’ to 35°31’ N, an area of 2.9
x 10* km? which defines the headwater catchment or Source Area of
the Yellow River (SAYR; Jin et al., 2009; Luo et al., 2011; Fig. 1). The
area is flanked by mountain ranges on three sides; by the Buging Moun-
tains in the north, Geshigeya Mountains in the west, and the Bayan Har
Mountains in the south; which together form the watershed divide. El-
evation ranges from a low of 4200 m a.s.l in the eastern valley near the
watershed outlet at Duoshixia, to 5267 m a.s.l at the peak of the Bayan
Har Mountains (Luo et al., 2018c).

The Yellow River originates from the west and flows eastward, aug-
mented by a drainage network of numerous mountainous tributaries
and small creeks that collect to fortify flow in the main channel. In addi-
tion, thousands of lakes are widely distributed across the SAYR. Total
surface area of lakes is approximately 1665 km? or 8% of the SAYR,
and includes two large lakes, Gyaring and Ngoring Lakes (ELH and
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Fig. 1. Map of the Source Area of the Yellow River (SAYR), showing locations of sampling sites, water bodies and permafrost characteristics of the region.
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ZLH) which are throughflow lakes of the Yellow River, and a cluster of
four other prominent lakes situated near Madoi Town (Xingxinghai:
XXH, Ayongwama Co: ALC, Ayonggama Co: LZC and Longre Co: LRC;
shown in Fig. 1).

The climate of the region can be classified as continental, semi-
arid alpine (Li et al., 2016). Based on the only long-term climate re-
cord in the region (Madoi Town; 98°13’E, 34°55’N, 4272 m a.s.l;
Fig. 1), the warmest month is normally July (7.8 °C) and the coldest
month is January (—16.1 °C), as recorded over the 1956-2014 pe-
riod. More recent short-term climate observations have also re-
vealed a wide range in annual air temperature and annual
precipitation across the region. Site-specific field studies across the
region by Luo et al. (2014a, 2014b, 2018d) reported mean annual
air temperatures ranging from +4.7 °C to —5.0 °C, and mean annual
precipitation ranging from 311 to 501 mm, typically with 30 rain
days and 80 snow days per year. Rainfall in the warm season
(April-October) accounts for 80% of total precipitation amount. The
annual evaporation capacity of open water can exceed 1300 mm,
and the annual average actual evapotranspiration from the land sur-
face is estimated at around 300 mm. Most rivers and lakes freeze up
from November to April (Yi et al., 2018b).

A variety of complicating factors such as elevation, topography, hy-
drogeology and local climate zoning, as well as presence of open
water bodies influences the distribution of seasonally and perennially
frozen soil. Generally, frozen ground occurs as a mosaic of different
zone types including seasonally frozen ground (SFG), sporadic discon-
tinuous permafrost (SDP), extensive plateau discontinuous permafrost
(EDP) and continuous permafrost (Jin et al., 2009; Luo et al., 2018c;
Wang et al., 2018a). Permafrost in the SAYR is warm (>-2.0 °C), thin
(<100 m), ice-rich (high ice content near permafrost table) and ther-
mally unstable, and so is considered to be vulnerable to climate
warming (Li et al., 2016; Luo et al., 2018d). Permafrost thickness varies
between 2 and 80 m depending on permafrost types and conditions,
while active layer thicknesses vary between 0.6 and 3.0 m, resulting
from spatial differences in thermal regimes in the presence of vegeta-
tion and peaty substrates (Luo et al., 2014a, 2014b, 2018b). The
permafrost in the source area of the Yellow River is mainly elevation-
dependent, with a vertical lapse rate of about 4 °C/km on the north
slopes of the Bayan Har Mountains (Luo et al., 2018c). High ground ice
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content of deposits in plains and platforms, and the collapse of ice
mounds and pingos caused by permafrost degradation since the
1970s, promote the development of thermokarst pits and ponds as
well as taliks (Jin et al., 2009). Three representative zones were
established to characterize conditions over gradients in the substrate,
frozen soil types, and extent of permafrost degradation in SFG, SDP,
and EDP, each zone based on a range of watersheds with numerous
lakes (Fig. 2), as described below.

Zone 1 (Madoi) is mainly covered by SFG (coverage > 90%) in dry
lands, whereas sporadic and plateau discontinuous permafrost under
wetlands occurs only at the boundary between Zone 1 and Zone 3,
where elevation increases above 4350 m. Previous surveys have
shown that permafrost underlying soils in Madoi town had completely
disappeared during the 1970 to 1990 period, with an increase in season-
ally frozen ground and taliks from thawed permafrost near the four
lakes cluster (Jin et al., 2009). Bare-soil desert is one notable landscape
in Zone 1. Importantly, the groundwater table in this zone was found
to be regionally declining, with a drop of 2 m occurring during
1980-2000 (Jin et al., 2009). The relationship between lakes, rivers
and groundwater could be reversed once the ground table is lowered
below the surface water levels, resulting in reduction of surface water
resources (Cheng and Jin, 2013).

Zone 2 (TCM) is located on fluvial fan underlain with SDP, and at the
northern and southern zone edges is interspersed with SFG and EDP, re-
spectively, which has resulted in various landscapes from sandy land, al-
pine grassland to dense paludal meadows. Thermokarst lakes grow
numerous and wide-ranging in TCM due to the acceleration of
degrading ice-rich permafrost, approaching 60% by weight. Prominent
features include thawed and collapsed pingos and palsas, dried
thermokarst ponds, and widespread wetlands (mainly bogs) associated
with patches of continuous and discontinuous permafrost (Jin et al.,
2009).

Zone 3 (CLP) is a region with well-developed EDP, with the smallest
active layer thickness and thickest depth of permafrost (Luo et al.,
2018c). Peaty organic matter of up to 0.5 m occurs above the permafrost
table, holding high soil moisture content and promoting dense and sta-
ble vegetation (Luo et al., 2018d). Many small creeks and thaw ponds
receive overland flow from melting of massive ground ice, which is typ-
ically exposed at the soil surface due to retrogressive thaw slumping, as
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Fig. 2. Representative thermokarst lakes and permafrost-related landscapes.
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noted during field observations in spring and summer seasons (Luo
et al., 2018a, 2018b, 2018c, 2018d; Yi et al., 2018a).

3. Materials and methods
3.1. Field sampling and analysis

Field investigations were carried out in 2014 and 2016 within the
study region, including sampling of seasonally frozen ground (Zone 1,
SFG), sporadic discontinuous permafrost (Zone 2, SDP), and extensive
discontinuous permafrost (Zone 3, EDP). In this study, large lakes
(>200 ha) are designated as reference lakes due to the fact that they
are not presently under the direct influence of permafrost degradation,
as no permafrost has been reported near lakeshores or beneath the lake
bottoms for these lakes since the 1970s (Vi et al., 2018a). In contrast,
thermokarst lakes were found to be under the direct influence of per-
mafrost, occurring in areas of ground subsidence related to permafrost
thawing, and fed by permafrost-derived meltwater. In Zone 1 (SFG),
many thermokarst lakes continue to persist following complete loss of
permafrost, and so may only receive water input contributions from
non-permafrost sources.

Water samples for both stable isotopes and tritium were collected
during both visits to the sites during 16 April to 6 May 2014 and 12
May to 21 May 2016 (Fig. 1). In total, there were 14 samples from 7 ref-
erence lakes, 34 samples from 17 thermokarst lakes of different sizes,
and 8 samples from wetlands situated near 4 selected thermokarst
lakes (see Table 1). Lake waters were sampled at 1-m depth near the
lake centre. Opportunistically, during the sampling program, four sam-
ples of precipitation were gathered to assist with defining the local me-
teoric water line (LWML). To determine the isotopic compositions of
permafrost-related groundwater, and for better understanding of the
influence of permafrost thawing on the water cycle, 4 samples of
supra-permafrost groundwater (i.e. from above the permafrost table)
were extracted from two boreholes drilled in late spring in 2014 and
2016 when the thaw depth approached the full active layer depth at
these sites in Zone 3. Five ground ice samples were also taken from
one 3.5-m ice core collected in Zone 2.

Liquid water samples were stored in 500 ml high-density polyethyl-
ene bottles without any headspace and tightly sealed to minimize evap-
oration. Stable isotope and tritium samples were stored at 4 °C until
returned to the lab at which time the lid seals were checked again and
samples were then held at room temperature until analyzed. All ice
samples were kept frozen after sampling and then melted for the first
time at room temperature in sealed bottles prior to analysis.

Tritium concentration measurements were completed by using a
low-activity liquid scintillation counting spectrometer (LSC, Tri-Carb
3170 TR/SL) with three counting cycles and a 120 min count time for
each cycle. Tritium concentrations are reported in tritium units (T.U)
with analytical uncertainty estimated at <0.3 T.U. The samples collected
in 2014 were measured in August 2014, and the samples collected in
2016 were measured in June 2016. These tritium values, together with
all historic tritium data discussed in this paper, were corrected for radio-
active decay by normalizing to a common datum (20th May 2016). The
collected water samples were analyzed for 5°H and 6'80 using a Thermo
Scientific Delta V Advantage Dual Inlet/HDevice system at the InnoTech
Alberta lab located in Victoria, Canada. Results are expressed in &
notation in per mil (%.) relative to Vienna Standard Mean Ocean
Water (V-SMOW) and normalized on the VSMOW/SLAP scale (Stan-
dard Light Arctic Precipitation). Analytical uncertainty is better than
0.1%. for 630 and 1%. for 62H, respectively.

3.2. Development of tritium decay gradients

Tritium gradient analysis has proven to be an effective method to
identify recharge-discharge patterns of water bodies (Yi et al., 2018a).

The tritium decay gradient (TDG) represents the observed change in
tritium concentration measured in a specific water body during a fixed
time period, which is defined as:

N;—N
TDG = 5
where N; is the initial tritium concentration of a specific water body (T.
U), N is the measured tritium concentration (T.U) of the same water
body after time T, T is the time interval (yr).

Also, a theoretical tritium decay gradient (TG) is defined as:

_ Ni—N:
16 ==+

N, = N; x e~ T/1793

where N; is the initial measured tritium concentration (T.U), N, is the re-
sidual tritium concentration (T.U) after radioactive decay time, T (yr).

The theoretical tritium gradient represents a gradient corresponding
exactly to the theoretical rate of tritium decay, so therefore is always
positive (>0). If the TDG/TG ratio > 1 then we can conclude that the
lake may be recharged by water sources with mean tritium concentra-
tions lower than the lake water. Conversely, if the TDG/TG ratio < 1
we can conclude that the input water to the lake may contain mean tri-
tium concentrations that are higher than the lake water.

3.3. Estimating water mass balance using stable isotopes

A reference plot in 5'80-62H space (Fig. 5) was developed to illus-
trate and compare lake water samples to precipitation, wetlands,
groundwater, ground ice and the Local Meteoric Water Line (LMWL)
based on Ren et al. (2013). Lakes are shown to plot along a linear
trend close to predicted Local Evaporation Lines, which were calculated
for each zone based on the linear resistance model of Craig and Gordon
(1965) under the assumption that the isotope composition of atmo-
spheric moisture (64) was in equilibrium with the isotope composition
of amount-weighted average annual precipitation (6p) at prevailing
local atmospheric conditions (i.e. temperature (T) and relative humidity
(h)), and the evaporation-flux weighted method used to modify Tand h
values as recommended by Gibson et al. (2016a). The isotope mass bal-
ance (IMB) methodology, as applied in previous studies of thermokarst
and non-thermokarst lakes (Gibson et al.,, 2016¢; Narancic et al., 2017;
Gao et al., 2018), was then applied to describe site-specific hydrology
of lakes.

We used the lake water isotope compositions (6;) measured in 2014
and 2016 in each lake to calculate evaporation-to-inflow (E/I) ratios for
each year under the assumption that lakes were well-mixed (common
for shallow lakes) and that isotopic composition of inflow can be ap-
proximated by the isotopic composition of precipitation (i.e. dp = &;).
Evaporation-to-inflow is given by:

E/I(orx) = (8,—5.)/(8g—01) (1)

where & is the isotopic composition of evaporated water (Gibson et al.,
2016a):

O = ((6L—s+)/a+—haA—g,<)/(1—h + 10*3e,<) 2)

&T is the equilibrium isotopic separation (Horita and Wesolowski,
1994), 't is the equilibrium isotopic fractionation (i.e.e™ = at — 1),
& is the kinetic isotopic separation (Horita et al., 2008), and 8,4 is the iso-
topic composition of atmospheric moisture:

84 = (5p—e™)/a* 3)
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Table 1
Isotopic data for samples from different water bodies in this study, including stable oxygen and hydrogen isotopes, tritium concentrations, tritium decay gradients and theoretical gradi-
ents. Tritium values are decay corrected to May 20th 2016.

Water  Type of sample Sampling  Longitude Latitude Elevation  Stable isotopes Tritium Tritium Theory
body ID time (masl) concentration decay gradient
: —1
5'%0 (%  ©o°H (%  D-excess BgqlL TU %;agle;;r,l) (TUyear™)
V-SMOW)  V-SMOW) i
MADOI, zone 1; seasonally frozen ground
P1 Precipitation 2014/4/19 98°07'54" 34°56' 4215 —9.5 —67.1 9.0 0.71 6.3
20//
2016/5/20 —-11.9 —85.2 10.0 0.71 6.3
P2 Snow 2014/4/19 98°07'54" 34°56' 4215 —7.8 —61.1 1.7 098 87
20//
2016/5/20 —9.9 —69.8 9.2 090 8.0
T1 Thermokarst lake 2014/4/15 98°05'49” 34°44' 4215 —0.7 —21.5 —16.1 169 150 121 0.89
127
2016/5/17 —-1.0 —22.2 —13.9 1.61 14.3
T2 Thermokarst lake 2014/4/16 98°09'09” 34°43' 4260 0.8 —22.8 —29.2 1.81 161  1.15 0.95
497
2016/5/18 —0.5 —24.2 —20.1 1.77 157
T3 Thermokarst lake 2014/4/16 98°13'34" 34°42' 4230 —14 —26.3 —15.5 186 165 148 0.98
42
2016/5/18 -29 —36.3 —13.2 1.74 155
T4 Thermokarst lake 2014/4/16 97°58’'50” 35°00’ 4245 —1.5 —32.0 —19.8 182 162 124 0.96
217
2016/5/18 —2.0 —322 —15.9 176 156
XXH Reference lake 2014/4/14 98°06'35" 34°52' 4118 2.3 1.1 —17.6 136 121 120 0.72
(non-thaw) 31”
2016/5/11 13 —26 —13.0 125 111
ALC Reference lake 2014/4/16 98°1222" 34°49' 4143 0.3 —14.6 —17.1 134 119 132 0.71
(non-thaw) 57"
2016/5/11 0.2 —15.5 —16.9 120 106
LzC Reference lake 2014/4/26 98°17'43" 34°48' 4200 0.2 —15.9 —175 132 118 150 0.70
(non-thaw) 53"
2016/5/18 0.1 —16.1 —16.8 114 101
TCM, zone 2; sporadic discontinuous permafrost
T5 Thermokarst lake 2014/4/18 97°13'23" 34°46' 4278 —43 —44.8 —104 230 204 279 1.21
16"
2016/5/20 —-29 —336 —104 193 171
T6 Thermokarst lake 2014/4/19 97°16'04" 34°46' 4274 —45 —45.2 —9.5 210 186 244 1.09
567
2016/5/20 -29 —34.6 —11.6 182 162
T7 Thermokarst lake 2014/4/20 97°13'20" 34°41' 4285 —3.7 —36.5 —7.0 178 158 1.13 0.93
477
2016/5/20 —3.5 —37.2 —8.9 173 154
T8 Thermokarst lake 2014/4/26 97°21'06” 34°35' 4296 —3.1 —35.8 —10.9 196 174 1.16 1.03
317
2016/5/21 —4.1 —44.5 —-11.9 193 171
T9 Thermokarst lake 2014/4/26 97°26'59" 34°38' 4346 —2.1 —27.6 —11.0 193 171 097 1.01
297
2016/5/21 —2.7 —34.6 —134 194 172
T10 Thermokarst lake 2014/4/26 97°30'21" 34°38' 4282 —4.7 —51.9 —145 185 164 155 0.97
05//
2016/5/21 —43 —49.7 —15.0 1.71 15.2
T11 Thermokarst lake 2014/4/26 97°32'45" 34°39’ 4285 —44 —45.9 —10.8 1.77 157 1.90 0.93
20//
2016/5/21 —4.0 —48.7 —16.9 154 137
ELH Reference lake 2014/4/19 97°34'21" 34°47’ 4285 0.8 —12.5 —19.0 140 124 146 0.74
(non-thaw) 10”
2016/5/20 0.5 —143 —18.1 123 109
ZLH Reference lake 2014/7/24 97°14'28" 34°50' 4364 0.2 —18.6 —19.9 140 124 164 0.73
(non-thaw) 25"
2016/5/21 —0.3 —183 —16.1 1.21 10.7
MD Reference lake 2014/4/16 97°44'20" 34°44' 4284 0.5 —11.2 —15.6 165 147 119 0.87
(non-thaw) 56"
2016/5/15 0.4 —13.6 —16.7 1.58 14.0
w1 Wetland 2014/4/17 97°26'55" 34°38' 4422 13 —6.5 —16.9 190 169 091 1.00
287
2016/5/17 1.6 —7.1 —19.8 1.92 171
w2 Wetland 2014/4/26 97°20'52" 34°34' 4567 1.7 —6.6 —20.0 190 168 097 1.00
347
2016/5/21 1.6 —7.0 —19.6 190 169
G1 Ground ice 2016/5/19 97°13'31” 34°35' 4456 —13.2 —915 13.8 216 192
297
G2 Ground ice 2016/5/19 —14.0 —97.2 15.1 2.21 19.6

(continued on next page)
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Water  Type of sample Sampling  Longitude Latitude Elevation Stable isotopes Tritium Tritium Theory
body ID time (masl) concentration decay gradient
: -1
5'%0 (%  o°H (%  D-excess Bgq/l T.U f;ag'eg;r_1) (TU year™)
V-SMOW)  V-SMOW) =y
G3 Ground ice 2016/5/19 —143 —98.2 16.3 234 208
G4 Ground ice 2016/5/19 —14.5 —99.4 169 247 219
G5 Ground ice 2016/5/19 —13.7 —94.8 149 275 244
CLP, zone 3; extensive discontinuous permafrost
T12 Thermokarst lake 2014/4/16 97°41'53" 34°29' 4414 —88 —749 —46 215 191 076 1.13
34
2016/5/19 -9.1 —71.7 0.9 224 199
T13 Thermokarst lake 2014/4/22 97°35'50" 34°29' 4548 -93 —80.7 —63 205 182 064 1.07
10"
2016/5/21 —-10.1 —81.6 -0.8 215 191
T14 Thermokarst lake 2014/4/23 97°36'10" 34°25' 4634 -9.0 —69.6 22 227 201 083 1.19
550
2016/5/18 —94 —729 23 235 209
T15 Thermokarst lake 2014/4/18 97°52'37" 34°33/ 4604 -89 ~70.2 1.0 231 206 1.05 1.22
20"
2016/5/19 -9.0 —726 -0.3 235 209
T16 Thermokarst lake 2014/4/23 97°29'08" 34°24' 4633 -89 -71.6 —-0.1 227 201 101 1.19
507
2016/5/18 -9.1 —75.0 -18 231 205
T17 Thermokarst lake 2014/4/18 97°25'05" 34°21’ 4600 —6.9 —56.7 -15 228 203 101 1.20
59//
2016/5/19 —7.2 —63.4 —58 233 207
SP1 Groundwater 2014/4/15 97°24'28" 34°27’ 4515 -129 —922 11.3 1.64 145 038 0.86
38//
2016/5/17 -123 —88.7 9.6 175 155
SP2 Groundwater 2014/4/17 97°24'38" 34°37’ 4625 —124 —90.9 8.2 114 102 058 0.60
307
2016/5/19 -119 —83.9 11.1 115 102
w3 Wetland 2014/4/18 97°33/22" 34°28' 1.3 —7.7 —184 212 189 053 1.12
06"
2016/5/19 1.5 -85 —206 226 201
W4 Wetland 2014/4/18 97°35'47" 34°29' 4611 0.8 —10.6 —168 234 208 067 1.23
21"
2016/5/20 15 -7.1 -188 212 188
Considering that: corrected to estimate the accumulated actual evaporation depths
(e) during the open water season (Jin et al., 2009). Lake surface areas
I=P+R (4)  (LA) are extracted from Surface reflectance Tier 1 products of Landsat

where P is the precipitation falling directly on the lake surface and R is
the ungauged total flow from the watershed, we can estimate R based
on:

R=E/x—P (m3-yr) (5)
given that Evaporation is known or can be estimated. Given that x = E/I,
E=¢e-ILAand P=p - LA; e and p are the annual depth of evaporation
and precipitation (m-yr~—'), and LA is the lake area (m?), water yield
(WY) can be estimated as:

WY = R/DBA - 1000 (mm - yr~') (6)
where DBA is the drainage basin area of individual lake (m?), DBA =
WA — LA, and WA is the watershed area of individual lake (m?).
Runoff ratio can be defined as WA (mm-yr~') /p (mm-yr—'), also
expressed as R/P.

Mean annual estimates of 6'®0 and &2H in precipitation (5py are
amount-weighted values based on the amount and isotopic composi-
tion of 175 individual precipitation events sampled during 2009-2010
from Ren et al. (2013). Climatic parameters in 2014 and 2016 including
mean annual air temperature, annual total precipitation and mean
monthly relative humidity in the three different zones were derived
from China National Meteorological Information Center (http://cdc.
Cma.Gov.cn/home.do). Actual evaporation rates of open water in each
zone based on daily field observations during the study period were

L8-0OLI-based 30-m resolution imagery in 2014 summer, where scenes
are selected with low cloud and shadow coverage (<5%) by Google
Earth Engine (GEE, https://code.earthengine.google.com/dataset/
LANDSAT/LC08/C01/T1_SR). A non-parametric, unsupervised method
using adaptive threshold detection integrated with MNDWI, Canny
Edge Filter, and Otsu Thresholding, is applied to help auto-extract
the LA for each lake in GEE. Details of the methodology and pro-
gramming codes can be found in Donchyts et al. (2016). Watershed
areas (WA) were calculated for each sampling site in the ArcGIS
program using the ArcHydro tools based on 30-m digital elevation
model (DEM) data, where each watershed was delineated up-
stream of a lake outlet. High-resolution Google Earth images and
1:250000 geological and environmental maps compiled for the
SAYR during 2001 to 2004 were also used to confirm the delineated
results of each watershed. The summary of surface areas and water-
shed areas are shown in Table 2.

Table 2
The morphometry summary of lakes and lake watersheds.
Morphometry Other lakes Thaw lakes
SFG SDP EDP
Surface area (km?) 211.8 £266.5 2.15+0.76 0.05+0.11 3.7+83
Drainage basin area (km?) 9155 +1095.2 114 +33 04+ 06 27.1 £59.3
Shape Round Elliptical Elliptical Elongated
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4. Results
4.1. Tritium activities

Tritium concentrations are highly variable among the sampled
water bodies, as summarized in box plots in Fig. 3. The lowest tritium
activities were found in present-day precipitation, with mean values
of 7.3 T.U, ranging from 6.3 to 8.7 T.U., and confirmed to be significantly
distinct from other groups based on K-W ANOVA test Hy = 62.5, p <
0.001). Ground ice was found to contain the highest average tritium
concentration of 21.2 + 1.9 T.U, and is distinct from most other groups
(K-W ANOVA, H3 = 26.5, p < 0.001), with the exception of wetland
water and thermokarst lakes. Wetland water was found to range from
16.8 to 22.0 T.U, with a mean value of 18.3 4+ 1.5 T.U. For thermokarst
lakes, average tritium concentration was 17.9 + 2.4 T.U compared
with 11.9 4 1.3 T.U in reference lakes. A K-W ANOVA test shows that
wetlands, thermokarst lakes and reference lakes are all statistically dif-
ferent (K-W ANOVA, H3 = 31.4, p < 0.001). Reference lakes are not
found to be significantly different than groundwater based on the
Mann-Whitney U test (U = 23, n; = 12, n, = 4, p = 0.952).

Highest tritium concentrations were found in EDP thermokarst lakes
(20.4 & 0.6 T.U), while tritium concentrations were generally lower and
more variable in SDP thermokarst lakes (17.1 + 2.0 T.U). SFG
thermokarst lakes were found to have the lowest tritium values (15.6
4+ 0.7 T.U). Among the frozen ground zones, tritium content in
thermokarst lakes clearly shows a progressive increase from SFG to
SDP to EDP as permafrost presence and prevalence increases.

Tritium values for wetland water in Zone 2 was found to be 16.9 +
0.1 T.U whereas in Zone 3 it was 20.4 + 1.3 T.U,, differences found to
be statistically significant. In contrast, thermokarst lakes in both Zones
2 and Zone 3 did not have significantly different tritium values than
local wetland water as suggested by Mann-Whitney tests (p = 0.749
and p = 0.952, respectively). While tritium content in ground ice evi-
dently differed from wetland water in Zone 2 (Mann-Whitney, U =
20,n; = 5,n, = 4,p<0.01), it is not statistically different from wetland
water in Zone 3 (p = 0.806).

The tritium content of local precipitation and groundwater during
the 1980-1990 period, a period when permafrost degradation was
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Fig. 3. Box plot showing tritium concentrations in different water bodies measured during
this study (right), compared to historical records (Yi et al., 2018a). Note that all tritium
values are decay-corrected to 20th May 2016 to permit direct comparisons.

expected to have begun or when it significantly accelerated, are also
shown in Fig. 3. Tritium in current groundwater is statistically indistin-
guishable from both the historic precipitation and the supra-permafrost
water sampled in 1980-1990, indicating the persistence of 1980-1990
water in the subsurface. Note that peak tritium concentrations in the at-
mosphere in SAYR was almost 2000 T.U in 1963 which, if corrected for
radioactive decay to 2016, corresponds to a comparatively high value
of ~103 T.U. A positive correlation (r? = 0.98, N = 5) is found between
the depth-below-surface and tritium concentrations of ground ice, im-
plying that samples of ground ice in this study likely originated from
historic precipitation recharged between approximately 1963 and
1980 as noted by Yi et al. (2018a).

4.2. Tritium decay gradients

Comparison of observed tritium decay gradients and theoretical
decay gradients in different water bodies are useful for examining re-
charge or discharge patterns (Fig. 4), as described below. As expected,
precipitation samples fall close to the 1:1 line (TDG = TG), which re-
flects that tritium activity in the atmosphere is dominated by radioac-
tive decay. As tritium in modern precipitation is found to be <10 T.U, it
appears that atmospheric tritium concentrations are returning to natu-
ral background (pre-1950) levels. The reference lakes, together with all
SFG and SDP thermokarst lakes (with the exception of T9 lake) fall
above the 1:1 line, indicating that input to these lakes is dominated by
tritium-depleted sources. In contrast, EDP thermokarst lakes and wet-
land water, as well as groundwater, plot below the 1:1 line, which im-
plies that sources supplying the water bodies contain relatively higher
tritium concentrations.

It is notable that wetland water has relatively lower TDG/TG ratios
compared with lake water in each zone. TDG/TG ratios of wetlands are
found to be spatially variable, with values of 0.94 + 0.04 T.U-yr~! for
Zone 2 and 0.51 + 0.05 T.U-yr™! for Zone 3, respectively. It can be in-
ferred that wetlands in Zones 2 and 3 may have different recharge-
discharge patterns.

4.3. Stable isotope framework

Stable isotope analyses are plotted in 6'80-62H space to illus-
trate labelling of the various water sources relative to the LMWL
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Fig. 4. Tritium decay gradients (TDG) versus theoretical gradients (TG) including standard
error bars for different water bodies. Note that water bodies that fall above the 1:1 line are
likely fed by water sources with lower tritium concentrations, while water bodies that fall
below the 1:1 line are likely mixed with waters of higher tritium concentrations. Higher
TG means higher tritium concentrations in water bodies in 2014.
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and evaporative enrichment of lakes from the various zones
(Fig. 5). The isotope composition of reference lakes and
thermokarst lakes in the three zones are found to be clustered, sug-
gesting similarity of water balances within each group. Higher off-
set from the LMWL is noted for reference lakes indicating more
evaporative water balances, with systematically reduced offset,
and hence lower evaporation losses in successive categories from
SFG to SDP to EDP.

Parameters used to plot predicted LELs (Table 3) utilized gridded
FW T and FW h data (2-year means) as well as a constant value for 6p
based on Ren et al. (2013). The similarity between predicted LELs for
all zones reflects similarity in climate. While the predicted LELs
closely match the slope of the observed evaporative enrichment in
SDP and EDP lakes, reference lakes (and to some extent SFG lakes)
appear to fall slightly above the predicted trends, which may indi-
cate that the lakes are evaporating at slightly higher humidity due
to evaporative feedback from the lakes to the local atmosphere
(see Jasechko et al., 2014). In particular, this situation is enhanced
by the large size of many of the reference lakes. Lack of permafrost
in reference and SFG lakes may also lead to enhanced subsurface in-
filtration and reduced runoff of snowmelt, potentially biasing inputs
to non-permafrost lakes in favor of more enriched summer precipi-
tation values. Enriched input values could also be influential in
steeper evaporation slopes.

The isotopic compositions of supra-permafrost groundwater (mean:
—12.4%. for 6'80 and -88.9%. for 62H) are close to &p, which confirms
that active-layer storage can be approximated as an average mixture
of recent precipitation. While no samples of deep groundwater from
sub-permafrost or non-permafrost areas were collected to assess if
they may be more snowmelt rich, this effect has been widely observed
in areas of Canada with seasonally frozen soils (Carey and Pomeroy,
2009). Unlike the groundwater and other water sources, ground ice is
characterized by the most depleted compositions (Mean: —14.0%. for
5'80 and -96.2%. for &°H) and low variability (6'%0: —14.5 to
—13.2%., 6°H: —99.4 to —91.5%.). Ground ice clusters above the
LMWL, with a regression line given by °H = 5.85'%0 — 15.2, which is
consistent with deep-buried ground ice originating from sub-modern
precipitation rather than modern water (Yang et al., 2017, 2019).

4.4. Modelling outputs of lake water mass balance

Lake-specific ratios of E/I, P/l and lake catchment-specific water
yields (WY) and runoff ratios (R/P) are calculated for both 2014 and
2016 based on the methodology presented in Section 3.3. Results con-
firm and quantify the striking differences observed for specific lakes
and lake classes (Fig. 6). The E/I and P/I ratios are shown in all cases to
have negative correlations with tritium concentrations, while positive

Table 3
Derived and calculated parameters used to develop the isotope mass balance (IMB) model.
Parameter Zone 1 Zone 2 Zone 3
2014 2016 2014 2016 2014 2016
FWT (K) 273.94 274.34 273.92 274.32 27194 272.34
FW h 0.527 0.527 0.561 0.561 0.561 0.561
at (180, 2H) 1.0117, 1.111 1.0117, 1.112 1.0117, 1.111 1.0117,1.110 1.0120, 1.114 1.0120, 1.113
et (180, %H) 0.0117,0.111 0.0117,0.112 0.0117,0.111 0.0117,0.110 0.0120,0.114 0.0120,0.113
ek (180, 2H) 6.81, 6.00 6.81, 6.01 6.23,5.49 6.23,5.49 6.23,5.49 6.23,5.49
op (180, 2H) %o —12.2, —86.4 —12.2, —86.4 —12.2, —86.4 —12.2, —86.4 —12.2, —86.4 —12.2, —86.4
5 (180, 2H) %o —23.6, —178.5 —23.6, —176.9 —23.7,—177.4 —23.6, —176.9 —23.9, —179.2 —23.8, —179.2
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Fig. 6. IMB derived water balance indicators for thermokarst lakes (SFG, SDP, EDP) and reference lakes, including: (a) evaporation-to-inflow (E/I) ratios, (b) precipitation-to-inflow (P/I)
ratios (c) annual water yield, and (d) runoff ratios. Note that E/I and P/I reflect water balance conditions in the lakes whereas water yield and runoff ratios reflect conditions in the

respective lake catchments.

correlations are found for water yield and runoff ratios, all statistically
significant at p < 0.001.

4.4.1. Evaporation-to-inflow ratios (E/I) and precipitation-to-inflow ratios
(P/I)

For reference lakes, it is apparent that water losses by evaporation
exceeded liquid outflows for the two years sampled, with predomi-
nantly higher E/I ratios than other lake categories (Table 4). E/I values
were found in most cases to be higher than 1, suggesting also that the
lakes had little leakage and may have been actively reducing in volume
due to evaporation. This situation can be regarded as a strongly negative
water balance. E/I ratios for SFG thermokarst lakes were somewhat less
enriched, in the range of 0.60 to 1.11, which again indicates an evapora-
tive (or negative) water balance although some lakes are also losing sig-
nificant amounts of water to liquid outflow. For SDP thermokarst lakes,
E/I ratios are found to be comparatively lower, averaging 0.57 with a
narrow range straddling the boundary between negative and positive
water balances (0.46 to 0.79). In contrast, EDP thermokarst lakes were
found to have the lowest E/I ratios, with a mean value of 0.16 and rang-
ing between 0.09 and 0.28 (Table 4), implying consistently positive
water balance.

Differences in E/I ratios were also estimated based on 2014 and 2016
surveys and applied to assess positive or negative trends over this inter-
val (Table 4). With the exception of SDP thermokarst lakes, the majority
of lake classes (and individual lakes) were found to have decreasing E/I
ratios indicating positive shifts in water balance. Change in E/I (AE/I) for
reference lakes, SFG and EDP thermokarst lakes ranged from —1.5 to
—30.8% (and were generally more pronounced in SFG lakes) confirming
a trend to more positive water balances for these systems. For SDP, AE/I
ranged from +1.5 to +30.8%, indicating more evaporative negative-
trending water balance conditions. Interestingly, nearly 60% of
thermokarst lakes in the SDP area had negative water balances (i.e. E/I
> 0.5) whereas in 2016 this number had increased to 100%.

P/I ratios reflect the fraction of total inputs by precipitation on lake
surfaces, and are therefore expected to be sensitive to factors such as

lake area, catchment area and permafrost extent, the latter expected
to govern conditions such as hillslope water availability, evapotranspi-
ration, infiltration, and runoff amounts. P/I for all reference lakes, overall
the largest lakes surveyed, is estimated to be >0.5 (or 50%), whereas
thermokarst lakes are found to be entirely below this threshold. In gen-
eral, EDP lakes have the lowest P/I values (between 0.07 and 0.22), pre-
sumably due to relatively large influxes of lateral inflows from these
permafrost-rich catchments, and systematically increase as permafrost
extent diminishes. For SDP lakes we note P/I values in the range of
0.22 to 0.40, and for SFG, 0.25 to 0.45.

General trends in P/I between 2014 and 2016 (Table 4) follow the
same pattern found for E/I, and are attributed mainly to increased pre-
cipitation in the latter year. For SDP lakes, consistent positive trends in
both E/I and P/I are more strongly linked to reduced input, presumably
due to reduction in catchment water sources.

4.4.2. Water yield (WY) and runoff ratio (R/P)

Water yield from EDP thermokarst lake catchments is shown to
range from 400 to 900 mmy/year (Fig. 6¢), significantly higher than any
other group, with consistently higher runoff ratios (0.76 to 1.47). Aver-
age water yield of EDP lakes (640 mmy/yr) is roughly 3 times higher than
both SDP lakes and SFG lakes, which were similar (200 mm/yr versus
181 mmy/yr), and >8 times higher than water yield to reference lakes
(77 mm/yr). Mean runoff ratios displayed similar gradients, ranging
from >1.0 for EDP lakes, 0.4 to 0.6 for SDP or SFG lakes, and <0.2 for ref-
erence lakes. Catchment water contributions are clearly enhanced in
areas with increased permafrost coverage.

From 2014 to 2016, water yield increased by nearly 20% in half of the
reference lake catchments, with concomitant changes noted in runoff
ratios, while the remainder underwent only slight increases in water
yield and runoff ratio (<3%). For thermokarst lakes there were substan-
tial increases noted in water yield and runoff ratio, both in SFG and EDP
thermokarst lakes. In contrast, SDP lakes underwent reduction in water
yield and runoff ratio, reflecting unique evolutionary water balance tra-
jectories for the different hydrological regimes.
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Table 4

Calculated components of the water budget of lakes and hydrological features of drainage basins in 2014 and 2016.

Thermokarst lake

SFG

Reference lake

EDP

SDP

2016

2014

A%)

2016

A(%) 2014
+4

2016

2014

A%)

2016

2014

+12.5
+2.2
+1.6

—4.2
594.8
750.5

—4.8
582

+3.5
+3.1
+3.4

—2.74

—2.84

-2.5 -24
4384

+3.5-4%
+3

-2.74to -2.4
416.9 &+ 6.6
925.6

—2.84to0 —2.5
4049 + 16.1
915.7

T(°C)

Climate factors

402.8 £ 8.2
816.2

390.8 &+ 8.0
789

+2.8
+2.7

426.4

P (mm)
E (mm)
[ (mm)
E/l
P/1

738.7

1078.5

1050.1

+1.1

+18.1

5367 + 1506
0.15 £ 0.05

4546 4 903

—13.9
+16.1

1319 + 171

1533 4+ 189
0.53 + 0.08
0.26 + 0.05

+16.5

1424 4 222
0.76 + 0.11
0.32 £+ 0.05

1222 + 172
0.88 £ 0.14
0.36 + 0.06
163 + 39
0.38 £ 0.09

+4.7
—52
—25
+8.3
+5.4

797 + 194
1.18 £ 0.14
0.56 + 0.11

761 + 202
1.24 £ 0.17
0.57 £ 0.12
74 + 36
0.18 + 0.08

Lake water balance parameters
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—122
—10.3
+16.4
+14.1

0.17 £ 0.05
0.14 + 0.04
591 + 119
1.01 £ 0.20

0.61 £ 0.09
0.31 + 0.04
175 + 39

—14.1
—11.7

+22.1

0.12 + 0.04
689 + 87

+17.2

—22.0
—23.2

224 + 80
0.57 £ 0.21

199 + 32
0.45 + 0.07

80 + 35
0.19 + 0.08

WY (mm)

R/P

Watershed hydrological conditions

1.16 £ 0.15

0.44 + 0.10

+18.8

5. Discussion
5.1. Isotope hydrology of thermokarst lakes and source waters

A clear pattern of isotopic enrichment emerges from our analysis of
lakes in different permafrost zones in the SAYR. Stable isotopic compo-
sition of lakes (880 and 62H) is found to be controlled mainly by evap-
orative enrichment under similar atmospheric conditions but different
water balance conditions at each site. Water balance is found to be
closely related to or determined by the extent of permafrost in the var-
ious zones, and results in systematic groupings of lakes in 6'80-6%H
space (Fig. 5). Progressive isotopic enrichment is generally found
along the following gradient:

EDP<SDP<SFG<reference

which corresponds to a general decline in the extent and influence of
permafrost.

Tritium concentrations in lake water are similarly systematic, al-
though tritium gradients are reversed, with higher tritium concentra-
tions being correlated with greater permafrost extent, as follows:

Reference<SFG<SDP<EDP

Anti-correlation between tritium and stable isotopes is confirmation
that tritium concentrations are not controlled by evaporation, but likely
by the proportion of modern (post-1950s) permafrost thaw sources, as
noted by Gibson et al. (2016b) for sites in Canada.

Stable isotope enrichment in lakes closely follows the predicted LEL
trajectory in 6'80-8?H space for EDP and SDP lakes, but SFG and refer-
ence lakes fall slightly above this trend which is perhaps related to mois-
ture buildup over the lakes, and/or bias in snowmelt recharge in
permafrost-free areas. While previous studies have cautioned that the
LMWL and LEL intercept may yield biased estimates of inflow sources
(see Benettin et al., 2018), we find reasonable agreement between the
intercept and measured isotopic composition of precipitation.

Based on both the IMB assessments and tritium gradient analyses,
two main input sources to lakes are established, namely precipitation,
which may fall directly on the lake surface or on the catchment, the lat-
ter contributing in turn to surface or subsurface water yield, and
permafrost-related water, including supra-permafrost water and
ground ice, which also contribute to increases in the water yield.
While these sources are often indistinctly labelled by stable isotopes
(Gibson et al., 2015; Narancic et al., 2017), indirect evidence from E/I,
P/I, WY, and R/P calculations for both 2014 and 2016 (Fig. 6) have
helped to understand the spatial and temporal gradients in these
sources. As tritium content in lake water generally falls in the range be-
tween rainfall (with the lowest value of 6.3 T.U) and ground ice (with
the highest value of 24.4 T.U) (Fig. 3), partitioning of these sources can
also be evaluated. Importantly, a positive correlation between tritium
concentration and permafrost extent directly emphasizes that the pro-
portion of thawing permafrost contributing to inflow is progressively
increased from Zone 1 to Zone 3 (Luo et al., 2018a, 2018b, 2018c).

From assessment of TDG/TG ratios (Fig. 4), it is also apparent that
better definition of input sources can be achieved from analysis of tem-
poral tritium gradients. Because there is no existing ground ice in Zone
1, which contains both reference and SFG lakes, the current inflow con-
tribution to these lakes from permafrost is negligible, and the major
input is precipitation. In most cases these lakes have TDG/TG > 1 indicat-
ing recent addition of sources depleted in tritium relative to lake waters.
Persistence of high tritium values in these lakes relative to modern pre-
cipitation sources is attributed mainly to storage of old water, these
lakes being large lakes (>1 km?) with depths reaching >3 m, and
which are therefore expected to have residence times of many years.
For SFG thermokarst lakes in Zone 1, it is important to note that perma-
frost was present (mainly as ground ice) up until the late 1970s (Jin
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et al., 2009; Yi et al., 2018a). A previous study demonstrated that SFG
thermokarst lakes operated as hydrologically closed-systems, and that
they have high '2°1/'27], which is attributed to past permafrost thaw
(Yietal., 2018c). Reference lakes receive replenishment of rivers and re-
lease great amounts of water to the downstream, which is also con-
firmed by the enriched ?°I/'?7] and stable isotope ratios in the nearby
lakes and rivers (Yi et al., 2018a, 2018c). Slightly higher ranges of
TDG/TG for reference lakes relative to SFG lakes may indicate that a
component of water contributions from tritium-free sources, perhaps
glacial melt or deep groundwater, in the former.

High tritium found among SDP and EDP thermokarst lakes and
ground ice directly reflects their formation from thawing permafrost.
Particularly, tritium concentrations in ground ice are more enriched
than thermokarst lakes, groundwater and wetland water, with lower
TDG/TG ratios (<1) suggestive of higher proportions of permafrost
meltwater relative to other sources. Previously, subsurface water
has been shown to account for between about 30 and 60% of source
water in a typical EDP thermokarst lake (Yi et al., 2018b). Supra-
permafrost groundwater that was sampled at depths of 0.6 m (SP1)
and 0.2 m (SP2) below ground surface in the EDP area, were found
to have mean tritium concentrations of 15.0 and 10.2 T.U., respec-
tively. SP1 displays a lower TDG/TG ratio, similar to wetland water
(W3, W4) in Zone 3 (Fig. 4). 6'80 and 6H signatures of SP1 are
very close to the average isotopic composition of ground ice. Mean-
while, no differences are noted in stable isotope signatures or TDG/
TG between SP2 and precipitation, which suggests that active layer
water near the ground surface may contain precipitation, but that
it may not infiltrate into deeper soils. By comparison, deeper soil
water close to the permafrost table is expected to be comprised
mainly of ground ice melt.

Lower elevation areas of Zone 2 and Zone 3 contain wetlands
originating from thawed and collapsed pingos (Jin et al., 2009). Sim-
ilar wetland water was sampled within the SDP (W1, W2) and EDP
areas (W3, W4), and within thermokarst lake catchments (T9, T8,
T13,T14), and was found to be relatively enriched in stable isotopes,
revealing high levels of evaporation loss and sluggish flow. A range of
tritium concentrations and TDG/TG in wetland waters indicate dif-
ferent hydrologic responses in Zone 2 and Zone 3. Note that tritium
concentrations in wetlands are slightly reduced compared to
thermokarst lakes, and, along with similarity of TG/TDG between
wetlands (0.97, 0.91) and near-surface groundwater (0.96), suggest
that water sources are precipitation dominated rather than being de-
rived from permafrost thaw sources. The presence of 1980-1990
supra-permafrost water in Zone 2 wetlands suggests a significant
storage of old water and low mobility of water in the perennial wet-
land, such that it is effectively sustained for long periods under evap-
orative conditions (Yi et al., 2018a). While the tritium concentration
of wetland water in Zone 3 are generally higher than thermokarst
lakes but lower than ground ice in the same drainage basin, it ap-
pears that wetland water may have been derived from ground ice
melt, and then subsequently released to thermokarst lakes as noted
by Gibson et al. (2016b). These findings emphasize that wetlands
may form early in the permafrost thaw process prior to the forma-
tion of thermokarst ponds (Wang et al., 2018b). Gradually deepening
seasonal thaw depths tend to melt and finally exhaust ground ice,
changing the landscape and increasing subsurface storage. The
supply-discharge relationships between wetlands and thermokarst
lakes may reverse as the reduction of permafrost coverage induces
groundwater table lowering, which changes conditions for the re-
charge and discharge (Cheng and Jin, 2013). As a result, drainage of
lakes may occur via hydraulic pathways created from lateral erosion
of soils and/or due to vertical taliks in the latter stages. While iso-
topes may assist to better understand the relationship between per-
mafrost thaw, ground ice formation, and wetland and thermokarst
lake development, complete understanding of these processes re-
quires further study.

5.2. Temporal shifts from 2014 to 2016

In 2016, E/I for SFG lakes and reference lakes was 2 to 23% lower than
estimated in 2014 (Table 4). Although air temperature dramatically in-
creased, the measured evaporation loss fraction declined as slightly
higher evaporation rates were more than compensated for by increased
precipitation and runoff. Reference lakes, together with SFG and SDP
lakes, are classified as evaporation-dominated lakes due to annual
losses exceeding 50% of total inflow by volume (Turner et al., 2010;
Gao et al., 2018). Reference lakes are more extreme examples of evapo-
rative lakes as they appear to be systems experiencing drawdown given
that E>Ifor 2014 and 2016 surveys. On average, direct precipitation ac-
counts for 57% and 34%, respectively, of the total inflows for reference
lakes and SFG thermokarst lakes. Importantly, their hydrological behav-
ior is in general contrast to other large lakes studied in southern QTP
such as Tangra Yumco and Nam Co, which show positive water balance
due to recently increased precipitation (Biskop et al.,, 2016; Kang et al.,
2017).

The two biggest lakes sampled in this survey (ELH and ZLH) are
headwater flow lakes which serve as reservoirs to regulate the annual
discharge of the Yellow River (Fig. 1). An 18 to 19% increase in water
yield to these lakes suggests that more runoff was being generated up-
stream of the lakes in 2016 compared to 2014, but the total input by
runoff and precipitation on the lake is still less than the sum of water
losses via evaporation and downstream outflow (Table 4). Note that
P/I of the two lakes is over 60%, which means the precipitation on lake
surfaces is the most important influence on this process. Reference
lakes ALC and LZC (Fig. 1) are found to be close to the E = I balance
point in 2014 and 2016, with P/I < 50%. Field investigations suggest
that these lakes were hydrologically disconnected from the Yellow
River and tributaries in 2014/16 in contrast to other reference lakes
such as XXH and MD where E/I > 1.3 and P/I > 0.5, which are known
to recharge to river when water levels increased in response to inten-
sive summer rainfall (Yi et al., 2018a). Similarly, most SFG thermokarst
lakes show slightly positive water balance (E/I < 1) due to no interaction
with rivers, and they appear in many cases to accumulate precipitation-
related runoff from their watershed instead of depending on direct pre-
cipitation on lake surface (P/I < 0.5). Comparison of water balance be-
tween SFG lakes and reference lakes with no connection to rivers
(ALC, LZC) reveals more similar runoff responses.

5.3. Spatial and temporal indicators

Use of both spatial and temporal water balance indicators has been
shown here to be informative for study of thermokarst lakes in the
SAYR as it has been for lake districts in many other parts of the world.
Previous studies and reviews have discussed the uncertainties related
to IMB and have generally concluded that the method, while ideally
suited for assessment of site-to-site variability in lake water balance, is
not preferred as a stand-alone approach without supportive physical
monitoring for a single site or watershed (Gibson et al., 2016a). Never-
theless, the value of the method for obtaining the general features of the
regional water balance and for characterizing variability in ungauged
systems in this study is indisputable. Yet it is interesting to ask if we
might have gained similar insight from a one-time stable isotope survey
conducted in either year.

IMB results based on either 2014 or 2016 would have established a
spatial trajectory of shifting ratios of E/I, P/I, WY and R/P (y-axis,
Fig. 6) which can be recognized among individual lakes and between
the various lake groups. These indicators illustrate many of the key
water balance processes across the region, and already serve as a basis
for better understanding of the system. Tritium surveys based on either
2014 or 2016 (y-axis, Fig. 6) would likewise have provided confirmation
that high WY thermokarst systems (also characterized by high R/P, low
E/l and low P/I) have anomalously high tritium, which, given water
sources in the present setting, may only be attributed to melting of
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Fig. 7. Relationships between IMB water balance indicators and the ratios of actual tritium decay gradient to theoretical decay gradient (TDG/TG) for thermokarst lakes (SFG, SDP, EDP) and
reference lakes, including: (a) change in evaporation-to-inflow ratios (AE/I) between 2014 and 2016 (%); and (b) change in annual water yield (AWY) between 2014 and 2016 (%).Note
that AE/I reflects changes in lake water balance whereas AWY reflects changes in runoff from the respective lake catchments.

permafrost containing significant bomb tritium. Repeat sampling in
2014 and 2016 provides additional confidence in the results, but what
additional information has temporal sampling provided?

In the case of SAYR, short-term changes in lake water balances be-
tween 2014 and 2016 are likely representative of the systematic and
widespread hydrological shifts that have occurred due to a warming
and wetting climate across the region (Table 4). Correlations between
temporal shifts in both stable isotopes and tritium (e.g. AE/I, AWY ver-
sus TDG/TG, Fig. 7a, b) establish a useful framework for visualization
and classification of both positive and negative shifts in water balance,
information on the underlying cause of shifts, namely permafrost
thaw versus precipitation-related changes (Fig. 7a), as well as increas-
ing versus decreasing runoff (Fig. 7b). For EDP lakes, robust correlations
between AE/I versus TDG/TG (1> = 0.88, Fig. 7a) and AWY versus TDG/
TG (r? = 0.82, Fig. 7b) capture systematic positive shifts due mainly to
permafrost-related changes. For SDP lakes, the strength of transition
to more negative water balances appears to be due to decreasing runoff
(Fig. 7b) but is significantly dependent on the degree of influence from
permafrost thaw sources, as revealed again by a correlation between
AE/I versus TDG/TG (r? = 0.44, Fig. 7b). Post-melt systems such as
SFG and reference lakes are shown to be undergoing positive shifts in
water balance mainly driven by precipitation-related changes, and clus-
ter by group indicating similarity, but do not display clear trends likely
due to weaker drivers (see Fig. 7a,b).

Overall, from the combined assessment of spatial thermokarst lake
patterns and analysis of short-term temporal shifts, a clearer picture of
thermokarst lake development emerges for the SAYR. Early in the per-
mafrost degradation cycle, meltwater enhances runoff and produces
more positive water balances in newly formed thermokarst lakes. As
melt proceeds, runoff gradually declines as permafrost sources become
depleted, the active layer deepens and taliks reduce the connectivity of
the lakes and their watersheds. At the present time, melting in extensive
discontinuous permafrost (EDP) watersheds continues to generate >8
times higher runoff (WY than reference lakes and WY was found to in-
crease by 50 mm/year on average between 2014 and 2016. In contrast,
sporadic discontinuous permafrost (SDP) watersheds produced 2.5
times higher runoff (WY) than reference lakes, but were found to be de-
creasing on average by 25 mm/year during 2014 to 2106. Progressive
permafrost thaw appears to produce a pulse of meltwater analogous
to an event hydrograph, with both a rising limb and falling limb.
While the duration of the pulse is expected to vary depending on

specific regional conditions, observations in the SAYR suggest that this
pulse will conclude within several decades.

5.4. Conceptual model of thermokarst lake development

Evolutionary changes in lake and wetland coverage across the QTP
and SAYR has been attributed to different stages of permafrost degrada-
tion (Li et al., 2008; Mao et al., 2018). Consistently for SAYR, both wet-
land areas and lake areas have varied significantly over the past
30 years due to increasing melt-related disturbances in water balance
including changes in water supply, runoff, drainage and overall annual
budgets. Across the region, the majority of small ponds and lakes, to-
gether with swamps and wetlands, increased during 2004-2012
(Tong et al., 2014). Based on the enrichment of tritium signatures in
these systems, and positive shifts inferred for lake water balances
under the permafrost-increased gradients, we consider that reverse
shifts in hydrological regimes could be representative of sustained per-
mafrost disturbances. Based on this premise, a conceptual model of hy-
drological variability and change of thermokarst lakes under 3 stages of
progressively degrading permafrost conditions is developed as follows
(Fig. 8):

Stage 1: in ice-rich permafrost, as shallow permafrost begins to thaw
due to changes in surface heat balance, local subsidence occurs due to
melting of both intergranular and massive ground ice. Meltwater re-
leased into the active layer enhances moisture availability, leads to
development of wetlands, and enhances local runoff to lakes contribut-
ing to additional erosion, deepening, and volumetric enlargement of
lakes. Consequently, thermokarst lakes show strongly positive water
balances and experience lateral expansion as a result of higher water
yields from melting ground ice and high runoff ratios. Some studies
have also reported runoff enhancement due to enhanced connectivity,
leading also to increase in precipitation-related runoff (overland and
subsurface flows) as well as an increase in meltwater from the thawing
upper-permafrost (Ala-Aho et al., 2018a, 2018b; Zheng et al., 2018).

Stage 2: as permafrost degradation continues, ground ice is con-
sumed and eventually will become exhausted. Deepening of the active
layer and reduction in ice-content leads to decline in thaw sources to
wetlands and thermokarst lakes, although thermokarst lakes may con-
tinue to grow and modify the thermal characteristics of the surrounding
landscape including the formation of taliks (Fedorov et al., 2014; Selroos
et al., 2019). Enhanced infiltration and vertical connectivity in unfrozen
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Fig. 8. Conceptual model illustrating the evolution of thermokarst lakes under processes of permafrost degradation. 1: thermokarst lake, 2: wetland, 3: permafrost, 4: active layer, 5: soil, 6:
direction of flow, 7: heat conductivity, P: precipitation, E: evaporation, melting: water from permafrost thawing, R: surface runoff, Rqp: supra-permafrost ground water, R;: infiltration, Rp:

drainage, R¢: water flow into talik.

soils is expected to occur as permafrost becomes less pervasive and no
longer serves as an effective aquitard (Cheng and Jin, 2013; Yang et al.,
2019). Consequently, sporadic discontinuous permafrost (SDP)
thermokarst lakes are formed, which receive reduced quantities of run-
off, lower runoff ratios and may potentially develop sub-permafrost
groundwater connections including lake drainage. Others have noted
that enhanced drainage of thermokarst lakes, either laterally or verti-
cally, can produce a feedback effect on the permafrost degradation
(Ma et al, 2017). In stage 2, thermokarst lakes become more
evaporation-dominated due to the significant reduction in water yield.

Stage 3: as the perennially frozen system turns into a seasonally fro-
zen one, permafrost meltwater ceases, evaporation becomes more

dominant, and seasonally frozen ground (SFG) thermokarst lakes are
established. Such lakes are now entirely reliant on precipitation or
groundwater sources for replenishment although seasonal frost may
still be influential in determining the timing of runoff. In Stage 3,
thermokarst lakes are likely to undergo areal and water level decline,
they may divide into multiple water bodies, or complexly drain. In
some cases, thermokarst lakes are sustained by interaction with rivers,
connections which may have been enhanced by the thermal/mechani-
cal erosion process. Such lakes are representative of reference lakes
used in this study, and can be considered to be mature thermokarst
lakes with water balances stabilized by the influence of regional runoff.
Once such lakes are linked to rivers, they become influential as


Image of Fig. 8

1290 C. Wan et al. / Science of the Total Environment 689 (2019) 1276-1292

headwater storage reservoirs and supply sources to downstream chan-
nels. While the characterization of lake-river interactions is beyond the
scope of this analysis, it is evident that the thermokarst lake cycle is a
key aspect of understanding environmental and ecological conditions
in the SAYR, and water prediction and security in the Yellow River as a
whole. Similar changes are occurring in the Tibetan headwaters of
the Langcang (Mekong) and Chang-Jiang (Yangtze) Rivers which ac-
count for about 5% of global riverine discharge (Dai and Trenberth,
2002).

6. Conclusions

A water sampling program was carried out in 2014 and 2016 to col-
lect and measure radioactive and stable isotopes of water (*H, 2H and
80) in lakes, wetlands, ground ice, supra-permafrost groundwater
water and precipitation across the Source Area of the Yellow River, a re-
gion characterized by a mosaic of permafrost landscapes with active
thermokarst lake development. The dataset was applied to evaluate
lake water balances using stable isotope mass balance and a tritium gra-
dient method to further understand the effects of permafrost degrada-
tion on lake water balances. The main conclusions of the research are
as follows:

(1) Adistinct increase in tritium content was found in thermokarst
lakes under a gradient signifying progressively greater perma-
frost coverage, i.e. SFG < SDP < EDP, which were measured at
15,6 +£ 0.7 T.U,17.1 &£ 2.0 T.U, and 20.4 + 0.6 T.U, respectively.
Higher tritium content is inferred to an indicator of source contri-
butions from thawing permafrost. This is consistent with tritium
values in ground ice that were found to be 21.2 + 1.9 T.U.
IMB revealed systematic gradients in water balance of lakes. E/
I and P/l ratios increased along the gradient EDP < SDP < EDP <
reference lakes, whereas WY and R/P were found to decrease.
Reference lakes, together with SFG and SDP thermokarst lakes
are defined as evaporation-dominated lakes (E/I > 0.5). Refer-
ence lakes were found to have negative water balances (E/I
> 1), with direct precipitation on lake surfaces controlling
the water balance and downstream flows. Slightly positive
water balances in SFG thermokarst lakes (0.6 <E/I < 1) are at-
tributed to watershed conditions which have limited hydro-
logical connection to rivers. The limited role of permafrost
drives a little more runoff to feed SDP thermokarst lakes
within a positive balance. EDP thermokarst lakes have
strongly positive water balances (E/I < 0.3) and receiving
greatest runoff from permafrost meltwater.

(3) Using IMB models paired with the tritium decay gradients, an
enhanced approach is presented for better understanding of
short-term shifts in lake water balance. From 2014 to 2016,
minor precipitation-related increases led to weak positive
shifts of water balance in reference lakes and SFG lakes,
while minor precipitation-related increases accompanied by
significant permafrost meltwater contributions accounted for
strong positive water balance shifts in EDP thermokarst
lakes. Increasing contributions from thawing permafrost (es-
timated at 50 mm/year based on IMB) was found for EDP
thermokarst lakes, which also was confirmed by higher tri-
tium concentrations as well as tritium decay gradients. For
SDP thermokarst lakes, negative shifts in water balances re-
sulted from decrease in permafrost (estimated at close to
25 mm/year based on IMB). The approach serves as a useful
framework for illustration and classification of thermokarst
lake water balance, and emphasizes the value in tracing tem-
poral isotopic shifts.

(4) Progressively, from EDP to SDP to SFG thermokarst areas, run-
off conditions transitioned from high water yield dominated
by permafrost thaw sources to low water yield dominated by

—~
\S]
—

precipitation sources. A conceptual model of thermokarst
lake development and evolution was developed that provides
context for the current spatial mosaic of permafrost land-
scapes observed across the SAYR. This provides a framework
for predicting future changes in hydrology, and background
for understanding headwater lakes that influence the future
hydrology of the Yellow River.

Ongoing research is focused on analysis and interpretation of wider
area surveys of thermokarst lakes in the SAYR including geochemical
properties, as well as partitioning of source water contributions to the
Yellow River using radon-222, tritium and stable isotopes to develop
better understanding of hydrologic and biogeochemical processes af-
fecting riverine source waters and their expected evolution due to con-
tinued permafrost degradation.
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