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Detailed measurements of temporal variations in the stable isotopic composition of precipitation and
lake water were conducted in the permafrost region near Yakutsk, eastern Siberia. The δ18O ranged from
approximately –30 to –5‰ in precipitation and from –25 to –5‰ in lake water were observed from April
to August, 2000. Temporal changes in δ18O of precipitation observed weekly at 12 sites all showed the
same trend. The temporal variation of δ18O in lakes classified into two groups: isotopically steady-state
lakes with less than 5‰ variation, and non-steady-state lakes with variation exceeding 10‰. In non-steady-
state lakes, the water originated from snowmelt, and the δ18O of lake water gradually enriched as a result
of evaporation during the summer. In steady-state lakes, the water originated predominantly from 18O-
enriched lake water that had evaporated in the previous summer. The temporal volumetric and isotopic
variations in alas lakes are accurately depicted by an isotope mass-balance model using Rayleigh
fractionation over daily time steps. The inflow of soil water (subsurface flow) was estimated to be con-
stant (200 m3/day) from May to August, based on the difference between observed and simulated lake
volumes. Taking the isotopic mass-balance into consideration, the soil water in lower part of the active
layer is inferred as a major component of inflow which has a δ18O of about –23‰.

lakes”. Because stream networks are not present
and runoff is minimal except for snowmelt, evapo-
ration from lake surfaces is the dominant outflow
in alas lakes (Ishii and Yabuki, 2001). In perma-
frost regions, alas lakes have an important role in
the hydrological cycle.

There have been some studies on the water
cycle of thermokarst lakes in North America (e.g.,
Gibson, 2002), but little research has been done
in Siberia. Although climatic conditions in
Siberia are more amenable to thermokarst lake de-
velopment than those in North America (French,

INTRODUCTION

Thermokarst landforms are abundant in the
permafrost regions of eastern Siberia, because
large seasonal changes in soil temperature promote
thermal erosion (French, 1984). Alasses are thaw-
depressions that range from a few hundred me-
ters to about 10 km across, which occupy about
30% of the land-surface area on the right bank of
the Lena River (Suzuki et al., 2001). In areas with
a high permafrost ice content, alasses commonly
form thermokarst lakes, hereinafter it called “alas
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1984), there is insufficient information on the
hydrological cycle in Siberia’s permafrost region.
In recent studies, large-scale water vapor trans-
port has been considered using stable isotopes in
precipitation (e.g., Ichiyanagi et al., 2002). Ob-
served isotopic data is limited in high latitude, so
it is important to validate the results of Atmos-
pheric General Circulation Model (AGCM).

Soil water volumes were high in spring 2000
(Sugimoto et al., 2003), and the volume of alas
lakes and river runoff has been extremely high for
the last 50 years (Desyatkin and Desyatkin, 2001).
This study examines the seasonal variation of sta-
ble isotopic compositions in precipitation and sur-
face water, and interprets of the origin of alas lake
water. The volumetric and isotopic temporal vari-
ation of alas lake is estimated using an isotopic
mass-balance model.

FIELD OBSERVATIONS AND MODEL DESCRIPTION

Field observations
Water samples for precipitation and surface

waters were observed near Yakutsk from April to
August, 2000 (Fig. 1). The “Spasskaya Pad” ex-
perimental forest of the Institute for Biological
Problems of the Cryolithozone (62.15°N,
129.37°E) and the “Ulakhan Sykkhan” alas
(62.09°N, 130.31°E) is referred to as “Spasskaya
Station” and “Alas Station”, respectively. Precipi-
tation was sampled with a funnel (diameter = 21
cm) and plastic bottle (1L). A layer of paraffin oil
was put into the sample bottle so that the floating
oil layer prevented evaporation of the water sam-
ple. At Spasskaya and Alas stations, precipitation
was sampled every morning or soon after precipi-
tation stopped. The precipitation at 12 other sta-

Fig. 1.  Locations of precipitation and alas lake water sample sites.
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tions (A–D and R1–R8) was sampled weekly. In
addition, surface waters from eight alas lakes
(W1–W6, W8, and W9), the Lena River, and the
Suola River (W7) were sampled once or twice per
month. Lake water was sampled near the shore.
Snow cover at Alas Station was sampled in April,
and soil water from the surface to 90 cm depth at
Spasskaya Station was sampled every month. The
method of soil water sampling is described by
Sugimoto et al. (2001). Oxygen-18 and deuterium
were analyzed for over 200 of the water samples
including precipitation, snow cover, soil water,
river, and alas lake samples. The electrical con-
ductivity (EC) of lake water at Alas Station was
measured almost daily from May to August, and
both the EC and pH of the eight other alas lakes
were measured once a month in July and August.
In addition, the EC and pH of precipitation and
throughfall at Alas Station were measured in June
and July.

To provide an isotope mass-balance analysis
of a typical alas lake, intensive observations were
carried out at Alas Station. This alas is situated
about 50 km northeast of Yakutsk on the right bank
of the Lena River; it is roughly elliptical, 1.2 km
long from west to east and 0.6 km long from north
to south, with a total area of 0.64 km2. A lake with
an area of less than 0.1 km2 and no surface out-
flow is at the center of the alas (Ishii, 2001). Pre-
cipitation, water level of the alas lake, air tem-
perature and relative humidity at a height of 2 m
above the water surface were measured from May
to September. The evaporation rate from the lake
surface was calculated using the Bowen ratio
method (Ishii and Yabuki, 2001). The surface area,
depth and volume of the lake were surveyed once
a month from May to October (Desyatkin and
Desyatkin, 2001).

Isotope analysis and model description
Oxygen-18 and deuterium in the water sam-

ples were measured at the Ecological Research
Center of Kyoto University, using a MAT252 with
a CO2/H2/H2O equilibration device (Thermoquest,
USA, manufactured in Germany). Isotopic con-
centrations are expressed as the difference be-

tween the measured ratios of the sample and ref-
erence over the measured ratio of Standard Mean
Ocean Water (SMOW), expressed using delta (δ)
notation:
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Analytical errors for the entire procedure were
±0.1‰ and 1.5‰ for δ18O and δD, respectively.

According to Gibson (2001), the respective
water-mass and isotope-mass balances for a well-
mixed reservoir, assuming a constant water den-
sity, can be written as
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where, V is the volume of the alas lake, t is time
(t = 1 day), dV is the change in volume over time
(dt), P is daily precipitation, E is daily evapora-
tion, I is daily inflow, and δL, δP, δE, and δI are the
δ18O of the alas lake, precipitation, evaporation,
and inflow, respectively. In Eqs. (2) and (3), the
water-balance components (P and E) are expressed
in terms of lake surface area (A), and isotopic com-
ponents (δP and δL) were obtained in the field. The
lack of evaporation data was accommodated by
interpolation using the mean for the entire period.
Temporal variation of the lake’s volume was de-
termined from changes in its water level, and the
surface area was estimated from the linear func-
tion relating lake volume (data from Desyatkin and
Desyatkin, 2001) and water level over each time
step. There are no observations for the δ18O of
evaporating vapor (δE) at this site, because it is
difficult to measure directly. In this study, δE was
estimated as a function of dV lost by evaporation,
assuming a Rayleigh process with an equilibrium
fractionation factor (α*). Majoube (1971) obtained
the equilibrium fractionation factor in terms of
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temperature (T).
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In solving Eqs. (2)–(5), the only unknowns are I
and δI.

RESULTS

Seasonal variation in precipitation
The temporal variation in δ18O for precipita-

tion at Spasskaya, Alas, and the other 12 stations
(A–D, R1–R8; classified into the right and left
banks of the Lena River), is shown in Fig. 2. The
minimum δ18O value for precipitation at each sta-
tion ranged from approximately –30 to –20‰ at
the beginning of May. The δ18O value of snowfall
is much lower than that of rainfall, large differ-
ences in minimum values among them were shown

Fig. 2.  Temporal variation in δ18O for precipitation at Spasskaya, Alas, and the other 12 stations on the left
(upper) and right (lower) banks of the Lena River. Bar graphs show daily precipitation at Spasskaya and Alas
stations. Original data are from Kurita et al. (2002).
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at early spring. The δ18O then rapidly increased
to maximum values (approximately –10‰) by
June. Values then gradually decreased to about
–20‰ by August. Spatial differences in the val-
ues were very small throughout the study period
following snowmelt. Kurita et al. (2002) pointed
out that the air-mass in which rain forms is
isotopically homogeneous in this region in sum-
mer, and that isotopic variation is predominantly
a function of the precipitation sources.

Seasonal variation in surface water
The temporal variations of δ18O in nine alas

lakes and two rivers are shown in Fig. 3, and
monthly averaged δD and δ18O measurements are

shown in Table 1. Seasonal variation of δ18O in
alas lakes is clearly classified into two groups. In
one group, variation is of a non-steady-state type
(W2, W4, W5, W6, W8, and Alas Station). The
minimum δ18O for these lakes ranged from –25 to
–15‰ in May, whereas the maximum δ18O ranged
from –13 to –5‰ in July or August. The differ-
ence among the alas lakes at each observation
periods exceeded 10‰. The light isotopic form
of water has a higher saturation vapor pressure
and diffusivity than the heavy form, and is prefer-
entially removed from a lake via evaporation, en-
riching the lake water with the heavy isotope spe-
cies.

In the second group, variation in δ18O was

Fig. 3.  Seasonal changes in oxygen isotopic compositions of non-steady-state (upper) and steady-state (lower)
lakes. Values for the Lena and Suola (W7) rivers plot below the other locations.
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minimal (W1, W3 and W9). The δ18O values were
comparatively low (–24‰ for W3 and –14‰ for
W9) during snowmelt in May, and were almost
constant (ca. –14‰ for W1 and W3, and –10‰
for W9) after snowmelt from June to August, and
the difference between the maximum and mini-
mum became less than 5‰. The δ18O for W3 was
–24‰ on May 12, but suddenly enriched to –17‰
on May 19. This sudden change cannot be ex-
plained by evaporation from the lake surface. The
δ18O values of steady-state lakes in June were
similar to the maxima for non-steady-state lakes
in July or August, and close to the maximum for
soil water in the lower part of the active layer (be-
low 90 cm from the surface; Sugimoto et al.,
2003).

Walker and Krabbenhoft (1998) examined the
seasonal change in stable isotopic composition of
several lakes in northern Canada. Isotopically light
values were observed in early spring, whereas
heavier values were observed in late fall. Substan-

tial seasonal variation in δ values may develop in
relatively shallow lakes, as compared to deeper
lakes (Gonfiantini, 1986). Gibson (2001) also
pointed out that the isotopic composition of large
lakes was relatively stable over time. In this study,
the area/depth survey was conducted only at Alas
Station. In the context of the geography around
the alas lakes in the study area, W1, W2, W8, and
W9 are comparatively large and deep. No clear
relationship was evident between lake diameter
and isotopic stability (Table 1). The δ18O of the
Lena and Suola (W7) rivers increased slowly from
–25‰ in May to –15‰ in August. The δ18O val-
ues of these rivers were much lower than those of
the alas lakes throughout the study period.

EC and pH variations
The EC and pH of the alas lakes and river W7

for July-August are shown in Table 2, and those
of rainfall and throughfall at Alas Station for June-
July are shown in Table 3. Figure 4 shows the

Table 1.  Summary of stations and monthly averaged stable isotope compo-
sitions in surface water for 2000

Alas lakes May June July August
Station
lake or river

diameter
stability

δD (‰)
δ18O (‰)

δD (‰)
δ18O (‰)

δD (‰)
δ18O (‰)

δD (‰)
δ18O (‰)

Alas
lake

<100 m
non-steady

–181.06
–22.47

–145.97
–16.31

–125.80
–12.75

–109.21
–9.63

W1
lake

>1 km
steady

–132.70
–14.52

–129.19
–14.19

–124.21
–12.30

–120.04
–12.19

W2
lake

>1 km
non-steady

–137.07
–15.27

–128.80
–18.74

–101.91
–8.12

–111.78
–10.40

W3
lake

<100 m
steady

–163.15
–19.03

–139.34
–14.65

–129.62
–12.82

–126.77
–12.33

W4
lake

<100 m
non-steady

–173.39
–21.02

–139.32
–14.70

–123.72
–11.47

–116.97
–10.37

W5
lake

<1 km
non-steady

–180.24
–22.46

–151.55
–17.17

–132.34
–13.65

–124.84
–13.39

W6
lake

<1 km
non-steady

–170.58
–20.21

–149.18
–16.60

–115.38
–10.27

–100.55
–7.04

W7
river steady

–168.52
–21.26

–146.20
–17.71

–132.86
–15.83

–134.20
–15.54

W8
lake

>1 km
non-steady

–150.71
–17.34

–125.37
–13.23

–108.13
–9.07

–115.84
–10.83

W9
lake

>1 km
steady

–115.60
–11.42

–105.33
–9.69

–102.44
–9.13

–103.99
–9.22

Lena
river steady

–163.58
–21.32

–156.64
–19.92

–149.80
–19.48

–133.16
–17.62



Seasonal variation in stable isotopic composition of lake water in Siberia 525

change in EC of alas lakes and the Suola River
(W7) for July-August. The pH of rainfall and
throughfall was less than 6.5, and that of rainfall
on 15 June and throughfall on 6 July was less than
5.0. On the other hand, the pH of most alas lakes
exceeded 8.0.

The maximum EC of rainfall and throughfall
was below 14.0 µS/cm and 78.0 µS/cm, respec-
tively, whereas the minimum EC of alas lakes ex-
ceeded 0.3 mS/cm (300 µS/cm). The large differ-
ence in EC among precipitation and alas lakes was
observed. In August, the EC of W1–W7 and W9
was below 1.0 mS/cm, whereas that of W8 and
the alas lake at Alas Station exceeded 1.5 mS/cm.
The EC in the alas lake at Alas Station increased
from 0.8 mS/cm in May to 1.8 mS/cm in August.
This increase in EC values might resulted from
evaporation from the lake surface. There was no

correlation between EC and lake diameter or iso-
topic stability (see Table 1).

DISCUSSION

Origin of surface water
Relationships between δD and δ18O in snow,

river, and alas lakes are shown in Fig. 5. The δD
and δ18O of precipitation ranged from –30‰ for
snow in April to –10‰ for summer rain in August
(Fig. 2). From these data, the local meteoric wa-
ter line (L.M.W.L.) obtained by the least squares
method was δD = 7.3 × δ18O – 7.3; this slope is
close to that of the Global Meteoric Water Line
(8.0). The local evaporation line (L.E.L.) obtained
by the least squares method for non-steady-state
alas lakes was δD = 5.6 × δ18O – 54.9. This rela-
tionship is very similar to δD = 5.4 × δ18O – 55.1,

Table 2.  The electrical conductivity (EC) and pH of alas lakes
and river W7 for July and August, 2000

Station Date pH EC (mS/cm) Date pH EC (mS/cm)

W1 22 Jul. 8.9 0.31 5 Aug. 9.0 0.38
W2 22 Jul. 8.0 0.60 5 Aug. 8.0 0.40
W3 22 Jul. 8.0 0.80 7 Aug. 8.1 0.90
W4 22 Jul. 8.3 0.70 5 Aug. 8.1 0.70
W5 22 Jul. 7.7 0.60 7 Aug. 7.7 0.60
W6 22 Jul. 8.8 0.30 7 Aug. 7.7 0.30
W7 22 Jul. 8.3 0.40 7 Aug. 8.1 0.40
W8 22 Jul. 8.9 2.10 7 Aug. 9.2 1.80
W9 22 Jul. 9.0 0.80 7 Aug. 9.0 0.90

Table 3.  The electrical conductivity (EC) and pH of precipitation
and throughfall at Alas Station for June and July, 2000

Date pH EC (µS/cm) Date pH EC (µS/cm)

Precipitation Throughfall
15 Jun. 4.9 14.0 15 Jun. 6.2 13.0

20 Jun. 5.4 78.0
21 Jun. 5.4 10.0 21 Jun. 5.9 40.0
25 Jun. 6.2 13.0 25 Jun. 5.5 52.0

26 Jun. 6.0 17.0
29 Jun. 5.9 12.0 29 Jun. 5.9 8.0
30 Jun. 6.2 8.0 30 Jun. 6.4 17.0
1 Jul. 5.0 12.0 1 Jul. 5.7 9.0

2 Jul. 6.2 19.0
6 Jul. 4.6 27.0
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Fig. 4.  Seasonal changes in the electrical conductivity (EC) of non-steady-state (upper) and steady-state (lower)
lakes. Values for Alas Station and Suola River (W7) plot below the other locations.

on the lower part of the local evaporation line
(close to the plots for snow), the lake water likely
originates from snowmelt water. After the
snowmelt season, the δ18O of these lakes gradu-
ally increased as a result of evaporation during
the summer. Isotopic enrichment of steady-state
lakes might be a result of evaporation during the
previous summer. Sugimoto et al. (2002) mea-
sured the δ18O of soil water and sap flow in 1998-
2000, and pointed out that excess water present in
the soil just before freezing is retained as ice dur-
ing winter, and becomes available for plants the
following summer or later.

The vertical mean soil water δ18O weighted by
the water content from the surface to 90 cm depth

which is the local evaporation line for surface
waters in North America obtained by Gibson
(2001).

Depending on the seasonal variation of δ18O
in summer rain, the δ18O of non-steady-state lakes
increased from –23‰ in May to –10‰ in August
(see Fig. 3). The δD-δ18O for soil water plots near
the local meteoric water line. On the other hand,
the δ18O of steady-state lake was relatively con-
stant and seasonal variation is minimal. Most δD-
δ18O plots of steady-state lakes deviated on the
upper part of the local evaporation line for non-
steady-state lakes, indicating that evaporation af-
fected water in all alas lakes. Because the δD-δ18O
plots of non-steady state lakes in May deviated
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plots on the local meteoric line (Fig. 5), and ranged
from –23‰ in the lower part of the active layer to
–18‰ in the surface layer. Although the δD-δ18O
of surface soil water showed evaporation effects
(Sugimoto et al., 2003), it does not have a signifi-
cant effect on the weighted mean because the wa-
ter content of surface soil is usually low.

The isotopic compositions of soil water and
the Lena River lie along the local meteoric water
line at Yakutsk. The δ18O of water in the Lena

River is thought to have the same origin as the
precipitation and soil water at Yakutsk. In con-
trast, the isotopic compositions of the Suola River
(W7) lie between the local meteoric water line and
the local evaporation line of alas lakes. The Suola
River water might formed by mixing of soil water
and some other water that is enriched by evapora-
tion, as in alas lakes.

Isotope mass-balance model for alas lakes
The temporal variation in the volume and iso-

topic composition of the lake at Alas Station can
be compared with the results of the isotope mass-
balance model using the Rayleigh process. Model
1 and Model 2 (Fig. 6) show the calculated re-
sults of the mass-balance model without and with
an inflow component. Seasonal variation in the
observed precipitation and evaporation, and the
δ18O of precipitation are shown in the upper panel
of Fig. 6.

Observed and estimated lake volumes gradu-
ally declined from about 70,000 m3 in May to
40,000 m3 in August, but experienced temporary
increases after heavy rainfalls. The temporal vari-
ation in lake volume estimated by the mass-bal-
ance model without an inflow component (Model
1) was lower than observed values throughout the
study period. Because the volumetric difference
between the Model 1 calculation and the field
observation always increased by 200 m3 every day,
the Model 2 assumes a constant inflow of 200 m3/
day. Soil hydraulic conductivity ranged from
10–2 to 10–3 m/sec in the active layer (from the
surface to 80 cm depth) at Alas Station (Mizoguchi
et al., 2001). Applying this hydraulic conductiv-
ity to Darcy’s law, the assumed inflow component
appears to be appropriate.

The temporal variation in the δ18O of lake
water estimated using the model without an in-
flow component (Model 1) was higher than val-
ues observed throughout the study period. This
result implies that the δ18O of the inflow compo-
nent was lower than that of lake water. Possible
sources of water in the inflow component are rain-
fall and soil water (subsurface flow). In the mod-
els, the precipitation contributing water to lakes

Fig. 5.  Plots of δD and δ18O for precipitation and sur-
face water. The local meteoric water line (L.M.W.L.)
and the local evaporation line (L.E.L.) are also shown.
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was treated as the precipitation component in Eq.
(2), and calculations considered only the rainfall
onto the lake surface proper. Realistically, how-
ever, the inflow component probably encompasses
both precipitation onto the lake surface and that
onto the surrounding alas. Rainfall δ18O was not
always lower than that of lake water. The actual
observed δ18O in rainfall from mid-June to the
beginning of July was much higher than that of
lake water. If rainfall with higher δ18O is assumed

to inflow component, calculated δ18O of lake wa-
ter does not gain access to the observation.

The other possible inflow component is soil
water (subsurface flow). The δ18O of soil water
ranged from –23‰ in the lower part of the active
layer to –18‰ in the surface layer (Fig. 5). The
soil water content in the lower part of the active
layer (below 90 cm from the surface) was much
larger than that of the surface layer (Sugimoto et
al., 2003). Therefore, the δI component was as-

Fig. 6.  Seasonal variation in precipitation (P), evaporation (E), volume, and isotopic composition of the alas
lake at Alas Station. Precipitation was observed and evaporation rate was calculated using the Bowen ratio
method. Simulated and observed lake volumes are shown in the middle panel. Simulated and observed δ18O for
the alas lake and observed precipitation are shown in the lower panel. Models 1 and 2 (middle and lower) are
mass-balance models based on the Rayleigh process without and with an inflow component, respectively.
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sumed to be the soil water in the lower part of the
active layer which has a δ18O of –23‰. Substitut-
ing the inflow (I) and δI components into Eq. (3),
the theoretical temporal variation in lake volume
and δ18O in the alas lake (Model 2) agreed with
the observed values (Fig. 6). Substitution the δ18O
of soil water in the surface layer (–18‰) into δI

component, the temporal variation of δ18O in the
alas lake is far from the observed values. Given
that large volumes of groundwater were present
in the spring of 2000 (Sugimoto et al., 2003), the
assumption of soil water inflow (subsurface flow)
from the lower part of the active layer appears
reasonable.

CONCLUSIONS

In the permafrost region of eastern Siberia, sta-
ble isotopes in precipitation and surface water
were observed from May to September, 2000. The
δ18O variation in alas lakes were classified into
two lake types: steady-state lakes in which sea-
sonal δ18O variation was less than 5‰, and non-
steady-state lakes in which it exceeded 10‰. The
lake water in non-steady-state lakes likely origi-
nates from snowmelt, and gradually becomes en-
riched in 18O by evaporation during summer. In
steady-state lakes, enriched lake water by evapo-
ration in the previous summer is dominant. The
local meteoric water line in this region obtained
by the least squares method for precipitation was
δD = 7.3 × δ18O – 7.3, which has a slope close to
that of the Global Meteoric Water Line. The local
evaporation line obtained by the least squares
method for alas lakes was δD = 5.6 × δ18O – 54.9,
which is very similar to that obtained at Canadian
lakes (Gibson, 2001).

The volumetric and isotopic variation of alas
lakes were closely reproduced by the isotope mass-
balance model using Rayleigh fractionation over
daily time steps. The inflow of alas lakes was es-
timated to be 200 m3/day throughout the study
period, and the δ18O of the inflow component was
assumed to be –23‰, representing soil water in
the lower part of the active layer.
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