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ABSTRACT

Water isotopes play an important role in the study of the alpine lake water budget and
the hydrological cycle in the arid, far western Tibetan Plateau. These isotope records,
derived from well-preserved sediments, are believed to reflect climatic and environ-
mental changes. Using two years of 8'*O and 8D data from precipitation, river water,
underground water, and lake water at the long alpine lake Bangong (LBG), together
with local meteorological observations in the arid western Tibetan Plateau, this study
reveals that the 8'®O in the lake is over 10%o more enriched than that in the local
precipitation due to evaporation of the lake water. Spatial changes in both the lake
water 8O and d-excess (= 8D — 8 * §'%0) are apparent, ranging from ~—4.9%o to
+0.9%0 for 880, and —13.22%o to —30.85%o for d-excess, respectively, from east to
west of the lakes. Simulation with the Craig-Gordon model shows that the isotopes
in alpine inland lake water are controlled to a great extent by local relative humid-
ity. Using a modified partly mixed isotope fractionation model, we rebuilt the spatial
change of the evaporation/inflow (E/I) ratios from east to west of the lake. A quanti-
tative estimation shows that the E/I ratio of the lake water increases from 0.73~0.83
in the eastern part and 0.90~0.93 in the western part of LBG. We also found that by
assuming a full development of kinetic fractionation of the environmental vapor iso-
topes, our simulation result matched the observed spatial change for both 8'®O and
d-excess, confirming the strong inland evaporation enrichment in the northern part
of the plateau. This research may increase our understanding of inland water move-
ment in the alpine Tibetan lakes, and also will improve our understanding of the lake
sediment isotope record.

INTRODUCTION 1996; Gat and Airey, 2006; Yao et al., 2007; Bow-

en et al.,, 2011). The Tibetan Plateau has the larg-

Hydrological processes and the water cycle of  est number of lakes in China (Wang, 1998) and is
lake water isotopes are widely used to determine  highly relevant to global climate dynamics and the
water budget balances (Gat, 1996; Gibson, 2002;  Indian monsoon system (Immerzeel et al., 2010).
Gibson et al., 2002; Tian et al., 2008; Yuan et al.,  Global climate change has accelerated the retreat
2011) and the hydrological cycle (Grafenstein et al.,  of glaciers and permafrost thawing, which have be-
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come the predominant sources of inflow for many
expanding lakes (Yao et al., 2007; Ye et al., 2007,
Zhou et al., 2013), thus leading to changes in lake
water levels (Lu et al., 2005; Kropacek et al., 2012;
Lei et al., 2014). Understanding the role that lakes
at high elevations play in the seasonal and annual
water balance and water cycle of the arid Tibetan
Plateau, especially in the remote western alpine re-
gions over the last three decades (Song et al., 2013,
2014; Zhang et al., 2013, 2014; Wu et al., 2014), is
essential.

The heterogeneity of stable isotopes and
chemical components caused by differences in
hydrology and climatology can also be used to
reconstruct paleoclimatic and paleoenvironmen-
tal changes (Fontes et al., 1996; Wang et al., 2002;
Zhu et al., 2008, 2009). It has been shown that
more negative values of carbonate 8O in the
deglaciation stage reflect a cooling climate and a
low evaporation rate (Gasse et al., 1991, 1996) or
relationship with the Indian monsoon (Fontes et
al., 1996). Recent studies have shown that there
is still room for improvement in the understand-
ing of isotopic processes, notably those leading to
observed variations in the d-excess (= 8D — 8 *
0'%0) (Dansgaard, 1964) in precipitation in polar
and high mountain regions (Masson-Delmotte et
al., 2008;Yu et al., 2007, 2009). The d-excess that
has been calculated as an index indicates that the
influence of kinetic fractionation (evaporation)
can be compared with equilibrium fractionation
on water isotopes. Lower d-excess in lakes gen-
erally indicates more evaporation. Both 8O and
d-excess could provide powerful tools for ob-
serving and quantifying the spatially integrated
effects of water cycle processes within water-
sheds and air sheds (Bowen et al., 2011; Brooks
et al., 2014; Gibson et al., 2016).

The isotope fraction process between lakes and
precipitation is in equilibrium, and the Craig-
Gordon model can simulate the water cycle very
well in humid or temperate areas (Gibson, 2002;
Gibson et al., 2002, 2006). Because there is an
apparent enrichment of the precipitation iso-
tope on the Tibetan Plateau (Tian et al., 2001;
Yu et al., 2007), both the equilibrium and the
kinetic fractionation processes for calculating
the ambient atmospheric vapor isotopes should
be considered. It is important to understand the
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lake water budget and isotope fraction process
and its relationship with regional climatic vari-
ables at locations such as the alpine arid Tibetan
Plateau. The non-equilibrium fraction processes
between precipitation and ambient water iso-
topes are common but primarily influence the
water mass balance on the arid western Tibetan
Plateau.

The objective of this study was to examine the
variation of water 8'*0O and d-excess in the spa-
tially elongated alpine Lake Bangong (LBG), which
is the largest lake in western Tibet, and the cor-
relations of 8O and d-excess with climatic and
environmental factors. In this locality, systematic
observation of water isotopes in precipitation, lake
water, river water, and groundwater, combined
with actual hydrological data and meteorologi-
cal station data measured in the region of interest,
allow for a detailed analysis of the water cycle to
promote a further understanding of processes that
affect isotopic variation and climate drivers on the
arid western Tibetan Plateau. This paper is organ-
ized as follows: (1) an investigation of the temporal
and spatial variation of 8"O in lake water and pre-
cipitation, river water, and groundwater in the LBG
region; (2) the deduction of the E/I ratio of LBG
via a modified isotopic enrichment model based on
the 8'0O and d-excess; and (3) a discussion of the
potential relationships between the E/I ratio based
on both observed and modeled 8'®O and d-excess
in lake water. This study is the first comprehensive
lake water isotope and geochemical investigation of
a large alpine freshwater lake on the arid western
Tibetan Plateau.

REGIONAL SETTING

Geomorphology

The alpine LBG, located in the arid western Ti-
betan Plateau between 78°30—80°E and 33°30'—
33°45’N, has a spatially elongated configuration
and is the largest lake (604 km?) in arid western
Tibet. Approximately two-thirds (413 km?) of the
lake is in Chinese territory, and the rest is in Indian-
controlled Kashmir (Fig. 1). The origin of the lake
is attributed to tectonics (Huang et al., 1989), or to
a moraine dam at the downstream end of the lake.
LBG is a chain of five basins separated by shallow
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sills (Ou, 1981), which thus evolved as a series of
individual lakes connected by rivers. The length of
the lake is approximately 150 km from east to west,
with the width varying from several kilometers in
the east to less than 0.1 km in the west. Measure-
ments in the eastern part of the lake indicate that
the maximum depth is 43 m (Wang Junbo, personal
communication).

Hydrology

LBG 1is principally supplied by surface runoft
flowing into the easternmost sector of the basin.

In summer, the ambient lake surface temperature
is about 13.3 °C (diurnal observations), which is
close to the mean summer surface water tempera-
ture of 13.5 °C in central Tibet (Liu et al., 2009).
Two principal streams flow into the eastern portion
of the lake: the Magazangbu River in the south,
which receives mainly local precipitation, and the
Wujiang River in the north, which receives water
from precipitation as well as from a small amount
of glacier melting from a large, glaciated area in the
upper basin (Yang et al., 2003).

The nearby Rebang Co is in approximate hydro-
logic and isotopic steady state and is used to support
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the applicability of the steady state model. The annu-
al precipitation amount of the Rebang Co is 50~70
mm and the annual average temperature is 0.0 °C,
and it shares the same arid environment as the LBG.

Climate

Arid western Tibet is a cold and windy de-
sert that lies in the rain shadow of the Kunlun
and Karakorum mountain ranges. This region is
within the extreme range of the Indian monsoon
and is mainly influenced by westerlies. Precipita-
tion is concentrated over this region during June
to September as either regional rainfall or as rare
monsoon rainfall. Automated Weather Station
(AWS) observations from the nearby Nagri Sta-
tion (33.39°N, 79.70°E, 4260 m a.s.l.) show that
mean air temperature was 7.4 °C from May to
October 2011. The observed total precipitation
amount over a two-year period was 180.3 mm,
with a large annual variation of 134.4 mm (2010)
and 45.9 mm (2011). However, the annual poten-
tial evaporation can be as high as 2465.3 mm. The
climate conditions are similar to those at the near-
by Shiquanhe meteorological station (80.08°N,
32.50°E, 4278 m), which support the soundness
of our data.

MATERIALS AND METHODS

Water Sampling, Measurement, and
Lake Water Level Monitoring
Samples from precipitation, streams, and lake

water were collected continually during a two-
year period from October 2009 to December

2011. Information on sampling locations and
frequency is summarized in Table 1. A total of
50 daily precipitation events was collected dur-
ing the period from October 2009 to December
2011 at Ngari Station. Specially designed bottles,
as suggested by the International Atomic Energy
Agency (IAEA), were used in the sampling pro-
cess to minimize the effects of re-evaporation on
isotopes. Two collection containers were used in
turn; one was used for sampling while the other
was drying. The samples were collected daily at
20:00 local time if there was rainfall. Samples of
solid precipitation were put into plastic bags, then
into plastic bottles after thorough melting at room
temperature.

River water was collected weekly from the
Magazangbu and Wujiang Rivers; 105 samples
were collected from the Magazangbu from Oc-
tober 2009 to December 2011, and 50 were col-
lected from the Wujiang throughout 2011. In
addition, 43 weekly underground water samples
were collected in 2011 from an existing well with
a depth of about 2.5 m.

Lake water was sampled by two methods. The
first, in situ sampling, was performed at a fixed
site about 5 cm beneath the surface water for
temporal lake water isotope change (Fig. 1), with
44 weekly samples collected from 21 December
2011 to 7 November 2012. The second method
was spatial sampling along the lake from east to
west, which was performed three times over dif-
ferent seasons. The first round of sampling was on
28 June 2010, when 17 samples were collected.
The second round of sampling was on 24 Decem-
ber 2011, when 19 samples were collected. On the

TABLE 1

Summary of sampling and isotope values (+10) for precipitation, underground water, and lake water in situ
sampling and vertical lake water sampling at long alpine lake Bangong (LBG) Basin from 2009 to 2011

Sampling period
Sample types Station Longitude Latitude (yyyy.mm) No. 830 (%o) 3D (%o) d-excess
Daily precipitation ~ Ngari 79.7°E 33.39°N  2009.10-2011.12 50  —-15.62 (£6.2)  —125.80 (+50.0) —0.85 (£11.0)
Weekly river Magazangbu ~ 79.7°E  33.39°N  2009.11-2010.9 42
Weekly river Magazangbu ~ 79.7°E 33.39°N  2010.10-2011.12 63  —-12.23 (£1.5) —95.13 (£9.0) 1.62 (£4.7)
Weekly river Wujiang 79.8°E  33.62°N 2010.10-2011.12 50  —12.52 (£0.6) —94.04 (£2.5) 6.13 (£2.7)
Weekly
underground water ~ Ngari 79.7°E  33.39°N  2011.3-2011.12 43 1288 (£0.48)  —96.16 (£1.4) 6.88 (£2.5)
Weekly lake Bangong 79.8°E  33.44°N  2011.12-2012.11 49 =3.64 (£0.16)  —46.75 (£0.7) —-17.62 (£0.9)
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third occasion, we went out on the lake by boat to
collect samples from the lake interior on 24 Au-
gust 2012 and collected 40 samples. These samples
were collected near the lake bank by throwing an
empty bottle attached to a cord into the lake to
minimize the enhanced evaporation of lake water
near shore. In addition, nearly 105 vertical lake
water samples were sampled at the east opening
area of the LBG, with the deepest of the samples
at more than 40 m.

All water samples were analyzed using a Pic-
arro L2120-1 Liquid Water Analyzer with a preci-
sion of 20.15%po for 8"*O and +0.6%o for D at the
Key Laboratory of Tibetan Plateau Environment
Changes and Land Surface Processes (ITPCAS).
The isotopic ratio was expressed as per mil relative
to the Vienna Standard Mean Ocean Water (VS-
MOW?2) value.

Variations in lake water level and water temper-
ature were measured using a HOBO water level
logger, which recorded data hourly from 23 De-
cember 2011 to 8 December 2012. The AWS at
Ngari Station provided daily meteorological data,
including air temperature, relative humidity, and
precipitation.

Isotope Fraction Model Description

Lake water isotopes represent a balance be-
tween inflow water isotopes and isotope frac-
tionation via surface water evaporation, includ-
ing both equilibrium fractionation and kinetic
fractionation. This variation in isotopic profiles
can be simulated using the Rayleigh isotope frac-
tionation model for a closed basin system (Gib-
son, 2002; Gibson et al., 2002). Here, we used this
model to simulate the spatial shift of lake water
080 and 8D by assuming a different evaporation
ratio compared with the total river water inflow
into LBG.

For the lake water isotopic budget, we used

dvV/di=1-Q—~E (1)
and

dd,
dt

V

‘35, % SI8,-Q8y -5,  ©

where 17 1s lake volume, f 1s time, d17 is change
in volume over the time interval dt, I is total in-
flow where I = [ +P (I is surface inflow and P
is precipitation on the lake surface), E 1s evapo-
ration, and &, §,, &, are the isotopic composi-
tions of lake, inflow, and evaporation flux, re-
spectively.

Lake evaporation is mainly affected by temper-
ature, wind speed, and relative humidity. Craig and
Gordon (Craig and Gordon, 1965; Merlivat and
Jouzel, 1979) described the isotopic composition
of the evaporation flux, 65’ which can be calcu-

lated by
8, =(a'8, —hd,—€)/(1-h+10"¢,) A3)

where a"is the equilibrium liquid-vapor isotope
fractionation factor as a function of temperature.
But these factors are fairly well constrained by lab-
oratory experiments in the range of 0-350 °C, and
give experimental values of

«( 18 0.4156 1137
a | —O |= Exp| —0.002067 — + )
T*T
and
«f 2 76.248 24844
a | —H |= Exp| 0.05261 - + (®)]
T=T

for oxygen-18 and deuterium, respectively,
where T is interface temperature (K), / is the
relative humidity, and d, is the isotopic com-
position of the ambient moisture. € is the total
isotopic separation factor, which is comprised
of both equilibrium ¢" and kinetic €, compo-
nents, as follows:

e=¢ +¢g, (6)

Equilibrium ¢* principally relies on tempera-
ture, and kinetic fractionation €, is mainly based
on relative humidity. ¢” is related to (a* — 1) * 1000.
An empirical relationship is used in practice to
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FIGURE 2. A simple schema of a gradual evaporation
(E) model from east to west for the LBG.

calculate €, (Merlivat, 1978; Merlivat and Jouzel,
1979), as follows:

€x (ﬁo) =14.3(1—h) ©)

Ex (%H)= 12.5(1—h) ®)

We used a partly mixed model to simulate the
gradual evaporation in LBG as shown in Figure
2. In this model, the assumed lake water volume
does not change as a unit, but there is gradual
water flow and gradual evaporation from east
to west in the lake. We divided the lake into
small box-shaped areas from east to west and as-
sumed that the isotopes of the water were well
mixed in each area. We also assumed that the
lake water in each area constituted a through-
flow body of water. After partial evaporation,
the residual water from each box proceeds to
the next area, where evaporation occurs in the
succeeding box, and the lake water isotopes are
thereby enriched.

We then calculated the lake water 8'*O and 8D
for this model using a twofold isotope fractiona-
tion process. First, we treated each box-shaped
area as a through-flow water body by introduc-
ing a through-flow index, x, representing the frac-
tion of evaporation to water inflow (Gibson et al.,
2002). This allows for a simulation of the residual
water 08O, 0D in each box-shaped area. Next, we
simulated the gradual 8O, 8D enrichment from
the first box to subsequent box-shaped areas. In
this process, we simulated the water 8'®O, 8D in
the first box by assuming that the water body iso-
topic content was the same as the initial river wa-

ter 80, dD. A minor portion of lake water OV
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evaporated from the water surface with an evap-
orating isotope composition of OE. The residual
lake water will be slightly enriched in heavy iso-
topes to a value of 8, ,

= 1y, — AV, ©
V—-AV

Then, we assumed a small portion of inflow wa-

ter 8, with 6, and that the lake water will maintain

the same volume 17 but that the lake water isotope
composition will change to J .,

_ (V—AV)SU-FAVSI (10)

6L2 1%

Each step will take a time TOV/ I/, where T is the
residence time of water in a steady state lake, which
is given as

T=— (11)

With the subsequent repeated steps of lake water
evaporation and inflow water replenishment, the
model can simulate the progressive enrichment in
the heavy isotopes in lake water with time with-
in each box. The lake water isotope composition
will attain a constant value of d. We also assumed
the lake water is well mixed after each step within
each box. The simulated constant 8'*O, 6D of the
first box residual water was set as the inflow of wa-
ter isotopes for the next box. As the above process
continues, the residual lake water in the subsequent
box-shaped areas become enriched with the in-
creasing E/I ratio.

Under mean annual conditions, the d, of at-
mospheric moisture is assumed to be close to
equilibrium with the stable isotope of precipi-
tation, as found in many other studies (Craig
and Gordon, 1965; Gibson et al., 2016). There
is an increasing trend of water isotopes, includ-
ing precipitation and water vapor from south
to north on the Tibetan Plateau, which is sig-
nificantly different from the “continental eftect.”
This non-equilibrium between precipitation and
lake water isotopes should be considered when
modeling the isotope fractionation of lake wa-
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ter in northern arid regions. Thus, a fully kinetic
fraction involved evaporation assumption be-
tween precipitation and ambient vapor isotopes
has been applied to approximate the value of d,

(0, =98,—¢€ —¢,).

REsuLTs AND DISCUSSION

Temporal Variation of %O in
Precipitation, River, and Lake Water
in the LBG Basin

In the LBG Basin, the isotopic composition
was found to be lighter in precipitation than in
river and lake water (Table 1). The mean 8'®O in
precipitation was —15.62%o, with a standard de-
viation (£1s) of 6.2%o. The mean 0D in precipi-
tation was —125.80%o0, with a standard deviation
of £50.0%o. The mean isotopic values from LBG
were very close to those for the Magazangbu and
Waujiang Rivers, with —12.23%o0 (with a standard
deviation of +1.5%0), —12.52%0 (with a stand-
ard deviation of +0.6%o) for 88O, respectively,
and —12.88%o for ground water (with a standard
deviation of +0.48%o), indicating a single water
source. The observed isotopic composition of

2011-7-15  2011-11-15 weekly lake 8O in 2011—

2012.

the lake water was significantly enriched, with
—3.64%o (with a standard deviation of £0.16%o)
for 8'*O.

The 8"O of precipitation varied significant-
ly from —30.11%0 to —2.55%0 over the seasons
(Fig. 3; Table 1). The large fluctuations in the
precipitation 8O are partly due to the effect of
summer monsoon precipitation. During the en-
croachment of the Indian monsoon between 26
and 29 July 2010, the 'O in precipitation rap-
idly decreased from —9.0%o0 to —30.11%o, while
the extreme precipitation amount was more than
25 mm (Fig. 3, part a). Variation of river water
080 was more stable when compared to that of
precipitation (Fig. 3, part b). However, season-
al variation of precipitation affects the isotopic
composition of stream water. The extreme pre-
cipitation event led to the sharp drop of 8'*O in
both precipitation and river water. The 8'%O in
the Magazangbu fell to a minimum of —18.55%o
from 26 to 28 July 2010 (Fig. 3, part a).

The results from weekly lake water sampling
showed that the lake 8'%0O was almost stable, especial-
ly when the value was compared to the variations of
precipitation and river water (Fig. 3, part b). The sea-
sonal lake water level changed within only 20 cm, a
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result related to lower precipitation in the catchment
in winter. This result validated the assumption of a
constant lake water volume in the isotope model.

Longitudinal Variations of Lake 6'*O
and d-Excess

Figure 4, part a, shows the longitudinal 8O and
d-excess variation for lake water. There is a robust
increasing trend in lake 8'*O from east to west. The
roughly seasonal consistency in spatial lake 8'%0O im-
plies that the observed trends are representative and
persistent. 0'°0 in lake water varied within a range
from —2.51%0 to —4.90%0 in the eastern, open wa-
ter area between 79.7°E and 80.0°E. Westward, 8'*O
in lake water increased to —1.59%o from 79.7°E to

570 / RoNG WEN ET AL. / ARCTIC, ANTARCTIC, AND ALPINE RESEARCH

79.0°E. As the evaporation process continued, the val-
ue of 8'*O kept rising from the open water area of the
east to the west. In the westernmost part of the lake,
080 1in lake water increased to slightly above 0.36%o.

The spatial variation of lake water d-excess
showed a divergence opposite to the 8O changes
(Fig. 4, part b). The d-excess was about —17.0%o in
the eastern, open water area between 79.7°E and
80.0°E, —23.97%0 from 79.7°E to 79.0°E, and had
an extremely negative value of —29.10%o in the
westernmost sector.

Lake 'O in December 2011 was consistently
lower than in summer over longitudinal transects,
while the d-excess was significantly higher. This
may be because most of the lake surface was cov-
ered by ice, which effectively prevented lake sur-
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face evaporation. A slight variation in "0 in the
eastern part of the lake is related to the location
of river water input and its distance to the river
mouth. An exceptionally low 8'"®O near 79.7°E is
related to the direct contribution of the input wa-
ter from the Magazangbu River (the shaded area
in Fig. 4, part a).

Simulated Results

As a first step, a simple steady-state model (Gib-
son et al., 2002) was used to test the simulation’s
capacity for capturing the lake isotope signal. The
lake water was assumed to be isotopically mixed
with a constant volume.The observed precipitation
and river 8O, dD were used as the inflow water
isotope value and combined with the meteorologi-
cal data. The final simulated mixed closed lake wa-
ter reached a constant value through the full kinetic
isotope fractionation process of atmospheric water
vapor, with —1.0%o for 8O, and —31.2%o for d-
excess, respectively (Fig. 5). We first evaluated the
reliability of the model by simulating the lake 8'*O
and d-excess in the nearby lake, Rebang Co. This
simulated result is in close agreement with the ob-
served lake water of 0.21%o for 8'*O, and —29.4%o
for d-excess (Fig. 1). This agreement validates this
application of the steady-state isotope model. With
average relative humidity of about 54%—58% at the
Yamdruk-tso basin on the southern Tibetan Pla-
teau (Tian et al., 2008), it is reasonable to assume

0 ~ 10
—40
18

-5 —3 0 %
2\3/ ------ d-excess %
o 1-103
= T=133 g
RH=35% =5

10 1 < -20

_______________________________ < -30

-15 T T T T
0 1 2 3 4 5

FIGURE 5. The model simulation of closed lake 5*O
(solid line) and d-excess (dashed line) in lake water over
time for the assumed steady state. The abscissa is for
time expressed in T, the residual time of water in a lake.

that relative humidity is about 35% from the Ngari
meteorological data and corresponds to the mod-
eled present 8'*O value of lake water at the steady
state of LBG on the far western arid Tibetan Pla-
teau.

The model results show that, with lake water
evaporation and inflow to the lake, the 8'*O of the
residual lake water will rise and the d-excess of the
residual lake water will decrease due to the isotopic
fractionation in the evaporation process and will
eventually reach a constant value. The change of
both the lake 8'%0 and d-excess at the beginning
stage 1s so fast that even assuming a very low ini-
tial lake water temperature or relative humidity, the
time to reach isotopic steady state is not increased.
However, the following lake water isotope equi-
librium may take a rather long time to reach the
absolute constant values.

Therefore, we used a modified, partly mixed iso-
tope model to simulate progressive changes in the
lake water. The lake water 8'*O (or D) observed in
different parts of LBG can be transferred to specific
E/I ratios. Initially observed input data are listed in
Table 2.The precipitation input for the lake surface
has been ignored; we assume the inflow isotope
because the lake surface is relatively small com-
pared to the catchment area (approximately 1.4%).
We assume that the initial lake water is the same as
the average of river water, with 8'%0O of —12.35%o
and 8D of —94.55%o, which was the average meas-
ured value for the inflow river (Table 2). Precipita-
tion isotopes are used here to calculate the value
of ambient vapor. With this modified partly mixed
model, the simulated response of LBG water 8'*O
(or 8D) to different E/I ratios under present hydro-
meteorological conditions is presented in Figure 6.

The modeling results show that the 8O of
—3.6%0 and d-excess of —17.6%0 correspond to
an E/I ratio of approximately 0.79 at the fixed
lake water sampling position in the eastern lake.
This result means that 79% of the input water had
evaporated. The model was focused on simulated
results for LBG water 8'®O over a range of —5.0%o
to +0.95%o, and d-excess over a range of —30.9%o
to —13.2%0. We modeled both the lake 8O (Fig.
6, part a) and d-excess (Fig. 6, part b) that cor-
respond to the E/I ratios from east to west. The
simulated E/I ratios from both 8O and d-excess
of lake water are consistent with each other. For
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TABLE 2

Initial data for the stable isotope fractionation model.

Data Parameter Measurement  Data source
ter 13.3°C Water level gauge (2011.05-2011.10)

Hydrometeorological T, 7.4 °C

RH 35% Automatic meteorological station (2011.05-2011.10)

d for 8"*O —12.35%0 This study

d, for 8D —94.55%o This study
Water isotopes d, for 6"O —15.62%0 This study

3, for D —125.80%o This study

d, for 6O —3.64% This study

d for 6D —46.75%0 This study

Time given as yyyy.mm.

the observed —4.9%o of 8'*O, —13.2%0 of d-excess
for the lake water at the easternmost site, the E/I
ratio is approximately 0.73, while in the western-
most position, the +0.95%o of 8'*0, —30.9%o of d-
excess for the lake corresponds to an E/I ratio of
0.93. The relationship between the E/I ratio and
the simulated lake 8'®O or lake d-excess showed
a good fit.

In addition, the relationships between 8'*O and
OD are built to verify the simulation results based
on the observed data and simulation data (Fig. 7).
The line regression is 0D = 5.00 * 8O — 28.48
(R* = 0.98) based on field isotope data, which is
close to the model simulation regression line, 8D =
4.57 * 880 — 28.06 (R> = 1).The variations of lake
isotopes and E/I ratio can properly simulate and

represent the lake water cycle of alpine LBG on the
western Tibetan Plateau.

Sensitivity Test

Various parameters aftect the lake water cycle pro-
cess in the isotope fractionation model. To evaluate
the contribution of different parameters, sensitivity
tests for various climatic parameters, including both
relative humidity levels (Fig. 8, parts a and b) and lake
water temperatures (Fig. 8, parts ¢ and d), and the
initial inflow of the 1sotope values (Fig. 8, parts e and
f) were performed. The model results show that the
E/I ratio that corresponds to lake 8O level is very
much dependent on relative humidity rather than
lake water temperature (Fig. 8, parts a and ¢). Lower
relative humidity, lower lake water temperature, and

FIGURE 6. Simulated variation of lake
water (a) 00 and (b) d-excess evolution
processes in the LBG with increasing E/I
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ratios under present hydrometeorological
conditions. The values of lake 8'*0O and
d-excess at three sites were selected
and marked on the graph: (1) at the
easternmost site with a value of —=5.0%o for
%0 and -13.2%0 for d-excess, (2) at the
fixed sampling site with a value of —3.6%o
for 6O and —17.6%o for d-excess, and (3)
at the westernmost site with a value of
+1.0%o for 6'*O and —30.9%o for d-excess.
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FIGURE 7. Relationship between 0'*O and 0D of
the lake water isotopes based on field observation
data (black circles) and model simulation results
(gray circles). The regression line of the observed line
is 0D = 5.00 * 8'*O — 28.48 (R? = 0.98).The regression
line of the simulation line is D = 4.57 * §'*O — 28.06
R = 1).

strong evaporation will lead to a more enriched 8O
value. The model results imply that local relative hu-
midity is a crucial factor that influences the evapora-
tion process of lake water.

The impact of regional climatic parameters on the
evolution of lake d-excess as they correspond to E/I
ratio was also tested (Fig. 8, parts b and d). Both relative
humidity and lake temperature significantly influence
lake d-excess. The simulated final lake water d-excess
is more negative under lower relative humidity and
higher lake water temperature. As the evaporation pro-
cess continues, the lake 8'*O gets more enriched, while
the lake d-excess gets more depleted under different
climatic parameters. These results agree with the evo-
lution of isotopic evaporation in lake water in other
regions, where relative humidity 1s the essential factor
controlling the inland arid alpine lake water (Gat and
Airey, 2006; Tian et al., 2008; Gao et al., 2009). We also
noticed that the background meteorological conditions
were not useful for running this fully kinetic mod-
el when relative humidity values were too high. The
variation of both 8"*O and d-excess becomes indistinct
when the humidity value reaches about 60% (Fig. 8,
part a and ¢). This modified partly mixed model only
fit for the far western arid alpine region.

To evaluate the influence of difterent distributions
of precipitation and river water budgets, we mod-

eled the lake water 8'"O and d-excess changes by
assuming different percentages of precipitation and
river inflow in present climate conditions (Fig. 8,
parts e and f). We summarize the evolution process
of the lake water isotopes under various values of
initial inflow, mainly from three periods, that is, I,
accounting for 100% stage; I, I, accounting for 50%,
respectively; I, accounting for 100%. Results show
that there 1s no big discrepancy in the initial isotope
values for full precipitation and river water. This re-
sult implies that the lake E/I is not sensitive to the
change of the inflow 8" and d-excess variation.

Implications of Water Cycle and Climate
Change for the Alpine LBG

Notable spatial variations of LBG 6O and d-
excess can be interpolated as spatial E/I ratios for
difterent parts of the lake from east to west with
inverse distance interpolation (IDW) (Fig. 9). The
spatial change in the E/I ratios allows for analysis
of the in-lake water cycle. In the extreme eastern
open water zone, ~0.73—0.83 of the inflow water
evaporates to the atmosphere. The E/I ratio in-
creases to ~0.75-0.90 in the central LBG, and up to
~0.90-0.93 in the westernmost part. This increased
E/I represents a cumulative evaporative enrichment
effect, which shows that the distinctive in-lake wa-
ter cycle leads to the spatial variation of E/I.

Some uncertainties may affect the simulated re-
sults. Considering the representative nature of the
lake samples, spatial lake water was sampled three
times in different seasons to limit the possible ef-
tects of seasonality. The depth profile of the lake
was sampled from the lake interior to decrease the
impact of possible evaporation at or near the shal-
low bank area. However, the sampling coverage
was still quite limited relative to the entire, large
lake surface area, especially in the open water area
in the east. Therefore, the results can give only a
rough quantitative estimation of the longitudinal
trend of the E/I ratio in different parts of the lake.
Moreover, some small rivers flow into the western
part of the lake and thus slightly lower the lake
0'%0 value. In several earlier studies, the ambient
vapor 1s assumed to be in equilibrium with the
annual precipitation isotopes (Gibson, 2002; Gib-
son et al., 2016). However, the inland region is sig-
nificantly affected by local water recycling due to
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FIGURE 8. Simulated (a) 6'*O and (b) d-excess evolution response to E/I ratio in the LBG, assuming various

relative humidity levels; for lake water temperatures (¢ and d); and for initial inflow isotope value (e and f),

respectively.

an increasingly arid climate toward the northern
plateau. This causes a trend of enrichment of the
precipitation isotope (Tian et al., 2001), and non-
equilibrium between precipitation and ambient
vapor isotope as well. If this kinetic eftect between
precipitation and vapor isotopes is not considered,
there will be a failure in rebuilding the observed
spatial change of both lake 'O and d-excess. In
our model, we use a full kinetic isotope fractiona-
tion model to capture the measured Bangong Co
lake water 'O and d-excess, reconfirming the
strong local water cycling in the arid region of the
western Tibetan Plateau. Our research also shows
the importance of observed ambient vapor in the
lake water isotope simulation. Unfortunately, no
directly measured long-term ambient vapor iso-
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tope data are currently available, but we will try to
measure these data in the future.

Because most of the lakes on the arid western
Tibetan Plateau are located in remote regions
where physical access is difficult, major knowl-
edge gaps exist in the behavior of the region’s
hydrological and water resources. Water isotopes
provide a practical method to monitor the water
inflow processes. Because most of the input wa-
ter comes from eastern rivers, the actual inflow
from east to west inside the lake can be deter-
mined from the spatial salinity and the isotopes in
the lake water. Because of the uneven distribution
of river mouths in most of the Tibetan lakes, an
understanding of the inland lake water cycle be-
comes important and necessary. Apparent spatial
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variations in the lake water 8O and E/I ratios
may be related to the variability of climate and
hydrological conditions. This analysis may suggest
topics for further research on lake isotopes. A large
water budget shift on the Tibetan Plateau in the

coming years will certainly change lake water iso-
topes (Lei et al., 2014; Zhang et al., 2013, 2014).
The water 8O signature in the vast number of
lakes across the inner Tibetan Plateau is likely to
be inconsistent. Therefore, such studies may aid in
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understanding the various patterns of climate evo-
lution and hydrological conditions on the Tibetan
Plateau.

The expansion or shrinkage of a lake changes
the distance to the mouth of the river, and thus the
E/I ratio, for a large lake. Various factors affect the
isotope record, including the local climate, changes
in atmospheric circulation, and the residual time
(Fontes et al., 1996), making an explicit interpreta-
tion of the isotope record difficult. In addition, the
means by which the modern regional water cycle
and the hydrological process can change the lake
sediment isotope record is not quantitatively un-
derstood. In this sense, our study can facilitate the
interpretation of the isotope record from lake sedi-
ments on the Tibetan Plateau in the future.

CONCLUSIONS

Application of the isotope technique provides
a useful tool for understanding the hydrologi-
cal cycle in an inland basin. Lake water isotope
variation can reflect the local water cycle in the
catchment as well as in the inflow process, owing
to climate changes, especially on the arid west-
ern Tibetan Plateau. Over two years of continual
observation of water isotopes in the alpine LBG
catchment allowed for a simulation of the lake
isotope and the lake water cycle. The lake 8O is
approximately —3.64%o at the fixed sampling site
in the eastern open water, which is >10%o high-
er than the local precipitation, with the 8O of
—15.62%o.The large difterence reflects the strong
evaporation enrichment of the heavy isotopes in
the steady lake system. Data from three differ-
ent periods of spatial sampling along the alpine
LBG show that the spatial variation of lake 8'O
and d-excess are apparent, ranging from approxi-
mately —4.9%o to +0.9%o for 8'80O, and —13.22%
to —30.85%0 for d-excess, respectively, from east
to west in the lake.

By combining both the 8"*O and 8D of the local
precipitation and the river water, a modified partly
mixed isotope fractionation model can be used to
depict the evaporation process of lake water. The
simulation results based on the isotope technique
show that present lake water 8'*O and 8D levels cor-
respond to an average relative humidity of around
35% during evaporation, which is identical to aver-
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age relative humidity during the evaporation season
from local meteorological data. The gradual increase
in the E/I ratio was simulated along the LBG from
east to west and was most notably influenced by
the kinetic fractionation process during the evapo-
ration of the lake. Approximately 0.73—0.83 of the
input water was evaporated in the eastern part, while
~0.90—0.93 evaporated in the western part of the
alpine LBG. This study’s linkage of the spatial vari-
ation of the water isotopes with the E/I ratio may
provide clues for further determining the evolution-
ary pattern of lake water on the distant arid western
Tibetan Plateau. Also, it potentially could shed light
on the interpretation of lake sediments.
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APPENDIX

TABLE A1
Observed spatial 6'*O, dD, and d—excess for the long alpine lake Bangong (LBG).

Sampling date

(dd/mm/yyyy) Longitude (°E) Latitude (°N) 80 (%o) D (%o) d—excess (%oo)
6/28/2010 79.74 33.48 —4.77 —58 -19.82
6/28/2010 79.72 33.63 —4.63 —50.43 —13.4
6/28/2010 79.72 33.47 —4.54 -56.6 —20.28
6/28/2010 79.93 33.55 —4.38 -50.29 -15.27
6/28/2010 79.76 33.48 —4.02 —48.44 -16.27
6/28/2010 79.89 33.57 -3.5 —45.55 —17.54
6/28/2010 79.82 33.45 -3.5 —44.66 -16.69
6/28/2010 79.85 33.47 —3.45 —44.22 -16.62
6/28/2010 79.75 33.49 —-3.41 —43.64 -16.35
6/28/2010 79.76 33.49 -3.39 —43.92 -16.77
6/28/2010 79.89 33.49 -3.09 —42.81 —18.08
6/28/2010 79.66 33.65 —2.53 —40.79 —20.52
6/28/2010 79.9 33.53 -2.51 —42.14 —22.08
6/28/2010 79.62 33.68 -1.29 -34.33 —24.01
6/28/2010 79.47 33.74 -1.07 -33.95 —25.38
6/28/2010 79.56 33.73 —0.38 -30.02 —27.02
6/28/2010 79.37 33.73 0.04 -29.17 —29.51
12/24/2011 79.76 33.49 —4.9 —52.43 -13.22
12/24/2011 79.64 33.66 —4.56 —50.84 —14.37
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TABLE A1l

Continued
Sampling date
(dd/mm/yyyy) Longitude (°E) Latitude (°N) 80 (%o) D (%) d—excess (Y%o)
12/24/2011 79.63 33.67 —4.18 —49.06 —15.58
12/24/2011 79.92 33.57 —4 —47.65 —15.68
12/24/2011 79.83 33.47 -3.92 —47.07 -15.69
12/24/2011 79.8 33.45 —3.87 —46.97 —15.98
12/24/2011 79.84 33.47 -3.87 —46.86 -15.91
12/24/2011 79.89 33.48 -3.84 —46.7 —15.94
12/24/2011 79.92 33.55 -3.83 —46.72 -16.06
12/24/2011 79.81 33.45 -3.81 —46.64 -16.18
12/24/2011 79.87 33.47 -3.79 —46.65 -16.33
12/24/2011 79.57 33.71 —3.24 —44.69 -18.79
12/24/2011 79.18 33.75 -2.05 -39.35 —22.96
12/24/2011 79.31 33.73 -1.41 —35.31 —24
12/24/2011 79.47 33.74 —0.72 -31.62 —25.83
12/24/2011 79.37 33.72 -0.57 -30.9 -26.32
12/24/2011 78.94 33.73 -0.23 -29.37 —27.52
12/24/2011 78.88 33.74 0.57 —24.61 —29.18
12/24/2011 78.91 33.73 0.68 —24.05 -29.5
8/24/2012 79.69 33.63 -3.93 —47.74 -16.28
8/24/2012 79.92 33.57 -3.9 —47.42 -16.2
8/24/2012 79.79 33.44 -3.79 —47.97 -17.61
8/24/2012 79.82 33.45 -3.6 —46.33 —17.52
8/24/2012 79.81 33.45 —3.58 —45.9 —17.24
8/24/2012 79.85 33.47 -3.58 —46.1 —17.45
8/24/2012 79.88 33.57 -3.57 —46.49 -17.93
8/24/2012 79.89 33.49 -3.55 —48.03 -19.62
8/24/2012 79.84 33.47 -3.5 —45.73 -17.71
8/24/2012 79.83 33.47 -3.49 —46.45 —18.54
8/24/2012 79.63 33.66 -3.26 —44.85 -18.8
8/24/2012 79.67 33.6 —2.74 —42.83 —20.44
8/24/2012 79.67 33.64 —2.58 —41.05 —20.4
8/24/2012 79.65 33.64 —2.53 —40.79 —20.56
8/24/2012 79.63 33.67 -2.31 —39.7 -21.23
8/24/2012 79.64 33.67 —2.28 —40.09 —21.88
8/24/2012 79.62 33.67 -2 —38.67 —22.67
8/24/2012 79.63 33.66 -1.98 -39.99 —24.14
8/24/2012 79.6 33.71 —1.54 —36.39 —24.04
8/24/2012 79.59 33.69 —1.43 —-35.43 —24.01
8/24/2012 79.1 33.76 -1.25 —35.45 —25.49
8/24/2012 79.58 33.7 —1.06 —34.94 —26.45
8/24/2012 79.55 33.75 —1.04 —38.2 —29.87
8/24/2012 79.09 33.76 -0.87 —33.44 —26.48
8/24/2012 79.18 33.75 —-0.82 -32.98 —26.38
8/24/2012 79.12 33.74 —0.71 -31.18 —25.52
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TABLE A1l

Continued
Sampling date
(dd/mm/yyyy) Longitude (°E) Latitude (°N) 80 (%o) D (%o) d—excess (%o)
8/24/2012 79.47 33.74 —0.6 -32.62 —27.86
8/24/2012 79.32 33.73 —0.44 -30.65 —27.1
8/24/2012 79.43 33.74 —0.43 -30.9 —27.46
8/24/2012 79.25 33.76 -0.39 -31.15 —28.04
8/24/2012 79.31 33.73 —0.37 -30.63 —27.65
8/24/2012 79.37 33.72 —0.35 -30.48 —27.64
8/24/2012 78.95 33.74 -0.3 -30.12 -27.7
8/24/2012 79.41 33.74 —0.26 -30.23 —28.17
8/24/2012 78.96 33.75 —0.07 —28.88 —28.35
8/24/2012 78.94 33.73 0.2 —27.07 —28.65
8/24/2012 78.88 33.74 0.42 -26.11 —29.43
8/24/2012 78.89 33.74 0.67 —24.39 —29.72
8/24/2012 78.93 33.73 0.75 —24.1 -30.09
8/24/2012 78.91 33.73 0.95 —23.28 -30.85
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