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Abstract: To explore the causes of the ecological environment deterioration of lakes in the Inner Mongolia
Plateau,  this  study  took  a  typical  inland  lake  Daihai  as  an  example,  and  investigated  the  groundwater
recharge in the process  of  lake shrinkage and eutrophication.  Using the radon isotope (222Rn) as  the main
means  of  investigation,  the 222Rn  mass  balance  equation  was  established  to  evaluate  the  groundwater
recharge in Daihai. The spatial variability of 222Rn activity in lake water and groundwater, the contribution
of groundwater recharge to lake water balance and its effect on nitrogen and phosphorus pollution in lake
water  were  discussed.  The  analysis  showed  that,  mainly  controlled  by  the  fault  structure,  the  activity  of
222Rn in groundwater north and south of Daihai is higher than that in the east and west, and the difference in
lithology and hydraulic gradient may also be the influencing factors of this phenomenon. The 222Rn activity
of the middle and southeast of the underlying lake is greater, indicating that the 222Rn flux of groundwater
inflow is  higher,  and  the  runoff  intensity  is  greater,  which  is  the  main  groundwater  recharge  area  for  the
lake. The estimated groundwater recharge in 2021 was 3 017×104 m3, which was 57% of the total recharge
to the lake, or 1.6 times and 8.1 times that of precipitation and surface runoff. The TN and TP contents in
Daihai have been rising continuously, and the average TN and TP concentrations in the lake water in 2021
were  4.21  mg·L−1 and  0.12  mg·L−1,  respectively.  The  TN  and  TP  contents  entering  the  lake  with
groundwater recharge were 6.8 times and 8.7 times above those of runoff, accounting for 87% and 90% of
the total input, respectively. The calculation results showed that groundwater is not only the main source of
recharge  for  Daihai,  but  also  the  main  source  of  exogenous  nutrients.  In  recent  years,  the  pressurized
exploitation  of  groundwater  in  the  basin  is  beneficial  in  increasing  the  groundwater  recharge  to  the  lake,
reducing  the  water  balance  difference  of  the  lake,  and  slowing  down  the  shrinking  degree  of  the  lake
surface. However, under the action of high evaporation, nitrogen and phosphorus brought by groundwater
recharge would become more concentrated in  the  lake,  leading to  a  continuous increase  in  the  content  of
nutrients and degree of eutrophication. Therefore, the impact of changes in regional groundwater quantity
and quality on Daihai is an important issue that needs further assessment.

Keywords: Groundwater  recharge; Radon  isotopes; Nitrogen  and  phosphorus  pollution; Ecological
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 Introduction

Lake has important ecological functions. It is a ha-
bitat for aquatic organisms, a regulator of regional

climate  change,  and  also  serves  as  a  storage  of
sediment  and  nutrients,  transformation  and  hydro-
logical  regulation  (Yang  et  al.  2022; Liu  et  al.
2022).  It  is  a  very  valuable  aquatic  ecosystem
(Schallenberg et al. 2013). In recent years, with the
rapid  development  of  the  social  economy,  human
activities  such  as  aquaculture,  irrigation  water
intake  and  industrial  water  consumption  have
caused  great  pressure  on  the  lake  ecosystem.
Groundwater is an important part of the lake water
balance  (Jeppesen,  2013; Rosenberry  and  Winter,
2009; Stets  et  al.  2010; Zhou  et  al.  2013).  Rech-
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arge  of  groundwater  by  lake  or  lake  recharge  by
groundwater can significantly affect the biogeoche-
mical  process  and  ecological  process  of  the  lake
(Jeppesen,  2013).  Some  studies  have  shown  that
phosphorus transported by groundwater is the main
factor leading to long-term eutrophication of lakes
(Kazmierczak  et  al.  2020; 2021; Nisbeth  et  al.
2019),  and  groundwater  is  very  important  for  the
nitrogen  and  phosphorus  balance  in  lakes  (Förster
et  al.  2021; Sadat-Noori  et  al.  2021).  Therefore,
understanding the interaction between groundwater
and  lakes  and  the  related  transport  process  of
nitrogen, phosphorus and other nutrients is critical
for protecting the lake ecological environment.

The  stable  isotope  and  radio  isotope  radon  are
widely used in the study of the interaction between
groundwater  and  lake  water  (Arnoux  et  al.  2017;
Zhang  et  al.  2021; Song  et  al.  2017; Kluge  et  al.
2012; Luo  et  al.  2016).  Radon  (222Rn)  is  a  natural
environmental tracer. Due to the advances intesting
methods,  it  has  been  widely  used  in  the  quantita-
tive  assessment  of  groundwater  flow  (Rodellas  et
al. 2018; Su et al. 2014) worldwide in recent years.
It  is  a  radioactive  inert  gas  produced  during  the
decay of radium (226Ra) with a half-life of 3.8 days.
Radon in surface water is mostly lost through self-
decay  and  atmospheric  escape,  so  the  radon  con-
tent  in  surface  water  is  generally  2–3  orders  of
magnitude  lower  than  in  groundwater.  It  can  be
used  to  assess  short-term  groundwater  recharge,
with a maximum of 20 days,  or about 5 half-lives
(Petermann et al. 2018).

Lakes  in  the  Inner  Mongolia  Plateau  have  been
rapidly  declining  in  recent  decades,  with  the
number  of  lakes  larger  than  10  km2 reduced  by
30% (Tao  et  al.  2018)  since  the  late  1990s.  The
Daihai  Basin,  located  in  the  south  of  the  Inner
Mongolia  Plateau,  is  a  typical  closed  inland  lake
basin,  which  constitutes  the  northern  sand  pre-
vention  belt  in  the  strategic  ecological  security
pattern of “two screens and three belts” in China. It
is an important part of the ecological scheme in the
Beijing-Tianjin-Hebei  region  (Wang  et  al.  2019).
Daihai’ s  surface  has  been  steadily  shrinking  and
the  water  quality  has  gradually  deteriorated  over
the past 60 years (Sun et al. 2005; Sun et al. 2006;
Liang  et  al.  2017).  The  cause  of  the  lake’ s  shrin-
kage has been a concern to some researchers over
the  past  20  years.  Earlier  water  balance  ana-
lysis  suggested  that  the  precipitation  on  the  lake
surface  is  less  than  half  of  the  evaporation,  there-
fore  is  not  the  main  source  of  water  supply  for
Daihai.  The decrease of runoff into the lake is the
main  reason  for  the  decrease  of  the  lake  water
level,  and  human  activity  is  the  main  controlling
factor for the decrease of the lake water level, and
the  influence  of  climate  change  is  small  (Huang

and Jiang, 1999). By analyzing the results of water
balance  calculation  and  partial  correlation  coeffi-
cient,  Cao  et  al.  (2002)  indicated  that  the  main
controlling factor of the lake water level change is
precipitation, and the increasing groundwater exploi-
tation  by  agricultural  irrigation  is  an  important
reinforcing  factor.  Sun  et  al.  (2006)  argued  that
additional irrigation water consumption has exacer-
bated evaporative water loss in the basin, resulting
in  a  decrease  in  the  amount  of  water  entering  the
lake.  Liang  et  al.  (2017)  concluded  that  the  in-
crease  in  industrial  water  consumption  caused  by
the rapid social  and economic development  of  the
river  basin  was  the  main  reason  for  the  shrinkage
of  the  lake.  Wang  et  al.  (2021)  quantitatively  ca-
lculated  the  influence  of  driving  factors  on  the
runoff  variation  in  Daihai  using  the  cumulative
enhanced  slope  change  rate.  That  study  demon-
strated  the  dominance  of  human  activities  in  the
runoff  variation  after  1975,  and  the  influencing
factors  include  the  increase  of  water  consumption
by  residents,  industry,  irrigation  and  agriculture.
Nonetheless,  all  these  studies  did  not  properly
distinguish  between  surface  runoff  and  under-
ground runoff.

Using hydrogen and oxygen stable isotopes and
hydrochemical  analysis,  Chen  et  al.  (2013)  and
Wang  et  al.  (2017)  found  that  atmospheric  preci-
pitation  in  the  area  around  Daihai  cannot  be  re-
charged  into  phreatic  water.  They  speculated  that
deep  circulating  groundwater  could  be  an  impor-
tant  source  of  recharge  for  the  lakes  of  the  Inner
Mongolia Plateau. Zhang et al. (2021) analyzed the
variation  characteristics  and influencing factors  of
surface runoff in the basin during 1986–2019, and
estimated  the  groundwater  recharge  in  34  years
using  water  balance,  accounting  for  46% of  the
total recharge of Daihai. Being an important source
of  lake  recharge,  groundwater  recharge  is  1.47
times the recharge of surface runoff and 2.11 times
the  recharge  of  precipitation.  However,  there  are
limited  studies  on  the  impact  of  groundwater  on
water  quantity  and  even  on  the  water  ecology  of
Daihai. Taking Daihai as the study area, this paper
evaluates the groundwater recharge in the lakes by
222Rn;  analyzes  the  changing  characteristics  of  the
water  balance  and  water  quality  of  the  lakes  in
recent years; and further investigates the effects of
groundwater  recharge  on  the  water  balance  and
water  quality  of  the  lake.  The  study  outcomes
could  provide  a  scientific  basis  for  the  eco-envi-
ronmental  protection of the inland lakes of Daihai
and the Inner Mongolia Plateau.

 1  Study Area

Daihai  (112.63°–112.75°E,  40.55°–40.61°N)  is
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located in the middle of the Daihai Basin in Liang-
cheng County, Wulanchabu City, in the Inner Mon-
golia  Autonomous  Region  (Fig.  1),  with  a  water-
shed  area  of  2  312.75  km2.  The  average  annual
temperature  of  the  basin  is  5.1°C  (Liang  et  al.
2017),  the  average  annual  surface  evaporation  is
977.20 mm, and the average annual precipitation is
407.55  mm.  Rainfall  mainly  occurs  in  summer,
and  rainfall  from  June  to  September  accounts  for
66%–80% of  the  total  annual  rainfall  (Xiao  et  al.
2004; Xu et al. 2017). The typical windy season is
from March to June, and the average wind speed is
2.04  m·s−1.  The  Daihai  basin  was  formed  during
the  Miocene  to  Neogene  and  belongs  to  a  sym-
metric graben-type faulted basin. Its formation was
mainly influenced by the differential movement of
NE and NW trending faults caused by the Yanshan
movement. The basin is surrounded by mountains,
hills  and  plateaus,  the  middle  part  of  which  is
mainly  composed  of  alluvial-proluvial  deposits,
alluvial-lacustrine  deposits  and  a  lacustrine  plain.
Daihai is the lowest part of the basin (Fig. 2).

Daihai  was  an  outflow  freshwater  lake  in  the
early stage of  its  formation,  with an area of  about
760 km2. Influenced by the tectonic movement the
late  Pleistocene,  it  evolved  into  a  closed  internal

lake.  Since the Holocene,  the lake surface has ex-
perienced  many  obvious  expansions  and  contrac-
tions under the influence of climate changes (Zhou
and Jiang, 2009). Since the early 1970s, the Daihai
Lake  has  been  shrinking  continuously,  with  the
lake  area  shrinking  from  174.20  km2 in  1970  to
57.14  km2 in  2016,  with  a  shrinking  rate  of  2.55
km2·a−1 (Ma, 2021),  during which there were only
three  slight  expansions  of  short  duration.  Since
2016, in order to alleviate the continuous shrinking
of  the  lake  surface  and  the  deterioration  of  the
water  ecology,  comprehensive  treatment  measures
such as “returning irrigation water to groundwater”
and “ technical  transformation  of  power  plants”
have been implemented in the basin, which greatly
reduced  the  exploitation  of  groundwater  by  in-
dustry  and  agriculture.  From  2017  to  2020,  the
shrinking rate  of  the  lake surface declined to  1.73
km2·a−1. The main supply sources of the lake water
are  atmospheric  precipitation,  surface  runoff  and
groundwater,  and  the  main  outflow  is  lake  eva-
poration.  Dahai  is  fed  by  the  flows  from seasonal
rivers like Gongba River, Tiancheng River, Wuhao
River and Buliang River. During the sampling pe-
riod (May 2021), only Gongba River was observed
to pour into Daihai.

 

0 1.5 3 6
km

4
0
.5

° 
N

4
0
.6

° 
N

112.5° E 112.6° E 112.7° E 112.8° E

N

Mai hutu village

Legend

Plain boundary

Rivers

Infer fault character unknown

Lake samples

Groundwater samples

Gongba river samples

Infer main compound fault 

Fig. 1 Location and distribution of sampling points in the study area
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The basin contains four aquifer systems. The fra-
ctured aquifer system is distributed in the northern
mountainous  area,  and  its  lithology  is  mostly  Ar-
chean  gneiss  and  granite.  It  is  mainly  replenished
by infiltration of atmospheric precipitation, and the
pore  aquifer  is  replenished  by  lateral  runoff.  The
fissure  aquifer  system is  mainly  distributed  in  the
southern  basalt  platform.  Groundwater  occurs  in
the  Neogene  basalt  pores  and  fissures,  which  is
formed by the infiltration of atmospheric precipita-
tion.  It  recharges  the  pore  aquifer  from  south  to
north.  The  fractured  aquifer  system  mainly  inc-
ludes a Cretaceous aquifer and a Neogene aquifer.

The Cretaceous aquifer is exposed and scattered in
the  central  region,  and  consists  of  fine  sandstone.
The Neogene aquifer is distributed in the local area
north  of  Daihai,  which  is  composed  of  conglo-
merate and glutenite, and water in the bedrock fis-
sure  is  the  main  supply.  The  pore  aquifer  system
presents in the Daihai Basin with Quaternary sedi-
ment as the major material. From piedmont to Dai-
hai,  the lithology of  the aquifer  gradually changes
from sandy gravels and medium fine sands to silty
fine  sands,  and  the  groundwater  table  changes
from deep to shallow (Fig. 3 and Fig. 4). Ground-
water  flows  from  all  around  to  Daihai,  and  the
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Fig. 2 Geomorphic map of Daihai Basin
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Fig. 3 Typical hydrogeological profile I - I’
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main  recharge  sources  are  the  lateral  recharge  of
bedrock fissure  water,  pore  fissure  water,  atmosp-
heric precipitation and flood infiltration recharge in
mountainous  areas.  In  the  piedmont  area  of  the
northern  basin,  affected  by  concealed  faults,  the
basement of the Quaternary system is buried shall-
owly, and the groundwater level is 50–70 m deep.
The aquifer  is  thin  and water  scarce,  so  it  has  not
been  exploited.  The  lithology  of  alluvial-proluvial
aquifer  and  alluvial-lacustrine  plain  aquifer  in  the
central  basin  is  mainly  gravel  and  medium coarse
sand, with a buried depth of 5–20 m. The aquifer is
thick and rich in water,  so it  is  the main exploita-
tion  area  of  groundwater.  The  lithology  of  lacus-
trine  plain  aquifer  around  Daihai  is  mainly  silty
fine sand. The aquifer is thin and the buried depth
of  water  level  is  less  than  5  m.  The  water  abun-
dance is  poor,  thus the groundwater  is  not  exploi-
ted, and the drainage is mainly via evaporation.

 2  Data and methods

 2.1 Data

In  May  2021, 222Rn  isotope  sampling  and  testing
work  was  conducted  in  Daihai  and  surrounding
areas.  To reduce gas loss,  a  total  of  56 lake water
samples were collected using a micro submersible
pump,  including  28  surface  water  samples  (0.5  m
below  the  lake’ s  surface)  and  28  bottom  water
samples (0.5 m above the lake bottom), 12 ground-
water samples and 4 river water samples. The river
sampling point was located at the lower reaches of
the  Gongba  River  about  15  km  west  of  Daihai
(Fig.  1).  The  water  temperature  was  simultane-

ously  measured  on  the  spot.  While  sampling  the
lake water,  the depth of the water was determined
with a sounding hammer. The river discharge was
measured  four  times  using  the  buoy  method.  The
sampling  container  was  a  special  sampling  bottle
of RAD7-H2O produced by Durridge Company of
the  United  States.  The  volume  of  surface  water
sampling  bottle  was  250  mL,  and  was  40  mL  for
groundwater  sampling.  In  addition,  3  samples  of
5L lake water were collected for the 226Rn test.

Before  collecting  water  samples,  some  control
points were determined as evenly as possible along
the  shoreline  of  the  lake  by  hand-held  GPS,  and
the lake area in the investigation period was delin-
eated  with  a  combination  of  remote  sensing  ima-
ges.  During  the  sampling  interval  of  the  lake,  the
222Rn and wind speed of the lake atmosphere were
measured at a fixed point in the northern part of the
lake,  with a total  of  6 times,  and the time interval
was 1 hour. The average value was calculated and
analyzed.

In  September  of  the  same  year,  6  samples  of
lake water, 12 samples of groundwater and 7 sam-
ples  of  river  water  were  collected  for  TN  and  TP
analysis.  The  samples  were  refrigerated  at  2–8°C
and analyzed within 48 hours.

 2.2 Measurement and analysis

222Rn  activity  in  the  lake  atmosphere  and  water
samples  were  all  tested  by  RAD7  portable  alpha
energy  spectrum  radon  detector.  Water  samples
were  also  tested  using  special  accessories  RAD7-
H2O.  The  measuring  activity  range  was  0.4–
750 000 Bq·m−3, and the measuring error was with-

 

1215 m

1235 m

0 4 8 16 km

Legend
Water level isoline (5 m)
Plain boundary
Daihai

Division of water-bearing formation
Bedrock fissure water-bearing formation
Hole-fissure water-bearing formation
Pore water-bearing formation
Pore-fissure water-bearing formation

N

 

Fig. 4 Watershed aquifer groups partition and groundwater flow field in plain area
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in 5%①. It has the advantages of short response and
recovery  time,  high  sensitivity  and  portability.  By
combining  with  optional  parts,  it  can  also  realize
on-site  continuous  monitoring,  which is  very  suit-
able for field investigation and research and is thus
widely used. The wind speed of the lake was mea-
sured  using  a  hand-held  digital  anemometer,  and
the measurement error was 2.0%.

The test of water sample 226Rn was completed at
the  Analysis  and  Testing  Research  Center  of  Bei-
jing Institute of Geology. The test instrument was a
PC-2100  radium  radon  analyzer.  We  adopted  the
test method from the national standard GB 11214-
1989,  and  the  measurement  error  was  4.76%.  TN
and TP contents were determined by the Key Labo-
ratory  of  Rivers  and  Lakes  Ecology  in  the  Inner
Mongolia  Autonomous  Region  with  a  UV-visible
spectrophotometer  0XCS-YQ005.  We adopted the
analytical  methods  from  the  national  standards,
namely alkaline potassium persulfate digestion UV
spectrophotometry and ammonium molybdate spec-
trophotometry.  The  standard  numbers  are  HJ636-
2012  and  GB  11893-89,  and  the  detection  limits
are 0.05 mg·L−1 and 0.01 mg·L−1, respectively. Multi-
3620, a portable multi-parameter water quality ana-
lyzer  of  WTW,  Germany,  was  used  in  the  field
test.  The conductivity electrode equipped with the
instrument has a wide measurement range of water
temperature, and the measurement error was 0.2°C,
which meets the test requirements.

 2.3 222Rn mass balance equation

Daihai’s 222Rn mass balance equation can be expre-
ssed as (Burnett, 2012; Dimova et al. 2013；Dim-
ova and Burnett, 2011):

Qgw
222Rngw+Fdi f f Abot +Qin

222Rnin+λ226I226−
FatmAsur −λ222I222 = 0 (1)
In  Equation  (1), Qgw is  the  recharge  of  ground-

water,  m3·d−1; 222Rngw is  the  activity  of 222Rn  of
groundwater,  Bq·m−3; Fdiff is  the  diffusion  flux  of
lake sediment 222Rn, Bq·m−2·d−1; Fatm is  the flux of
222Rn  from  lake  water  to  the  atmosphere,  Bq·m−2·
d−1; Abot and Asur are the area of lake sediments and
lake area, m2; Qin is the surface runoff into the lake,
m3·d−1; 222Rnin is  the  activity  of 222Rn  of  surface
runoff, Bq·m−3; λ226 and λ222 are the decay constants
of 226Ra and 222Rn, which are 1.37×10−11 d−1 (Huang,
2019)  and  0.181  d−1 (Wang  et  al.  2020),  respec-
tively; I222 and I226 are the stocks of 222Rn and 226Ra
in lake water, Bq, respectively.

Following  previous  studies  (Macintyre,  1995;
Rodellas,  2018; Burnett  and  Dulaiova,  2003),  the

main  source-sink  terms  of  the  mass  equation  can
be  calculated.  The  parameter  values  and  calcula-
tion  results  are  presented  in Table  1.  Given  the
shallow  depth  of  the  lake,  the  area  of  lake  sedi-
ments  is  approximately  equal  to  the  lake  area.
Other parameters are described in section 3.2.

 3  Results

 3.1 The content of 222Rn in water body

Our measurement  suggests  that,  in  May 2021,  the
activity of 222Rn in the surface layer of Daihai was
39.35–306.94 Bq·m−3,  showing a double-peak fre-
quency curve; while that in the bottom layer of the
lake ranged 71.35–298.63 Bq·m−3, showing a single
peak frequency curve to the left. The average acti-
vity of 222Rn in the surface layer was 137.44±76.03
Bq·m−3, and the median was 114.67 Bq·m−3, which
were  slightly  smaller  than  those  in  the  bottom
layer.  The 222Rn  activity  of  groundwater  ranged
3  371–25  068  Bq·m−3,  with  an  average  value  of
11 524.26±5 741.17 Bq·m−3,  i.e.  about  two orders
of  magnitude  higher  than  that  of  lake  water  (Fig.
5),  showing  a  single-peak  frequency  curve  to  the
left. The 222Rn activity of Gongba River was 337.5±
102.57 Bq·m−3.

 3.2 Groundwater recharge of 222Rn

The measured surface water temperature of Daihai
Lake was 18.40°C, the activity of 222Rn in the lake
atmosphere  was  9.61  Bq·m−3,  and  the  wind  speed
was 1.77 m·s−1. The activity of 222Rn in lake water
was  78.96±5.28  Bq·m−3,  which  was  taken  as  the
activity  of  lake  water  near  the  measuring  point  of
atmosphere and wind speed. The water storage ca-
pacity  of  the  lake can be estimated as  the  product
of the average water depth of the lake by the lake
area.  According  to  the  survey,  the  average  water
depth of Daihai in the sampling period was 3.88 m
and the lake area was 46.20 km2, so the water sto-
rage capacity was about 1.74×108 m3.  Considering
the discharge conditions of groundwater and the po-
ssible gas loss in the sampling process, the activity
of groundwater 222Rn in the mass balance equation
was  taken  as  15  102.7±1  744.47  Bq·m−3 in  the
north  and  south  bank  of  Daihai,  larger  than  the
average activity of all sampling points. Due to the
restriction  of  lake  area  control  and  investigation
time,  no  sediment  samples  were  collected  for  in-
door  experimental  analysis,  so  it  is  assumed  that
the 222Rn activity of sediment pore water is equal to

①http://www.durridge.com/products_rad7.shtml.
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that  of  groundwater.  According  to  Sukanya  et  al.
(2022),  the 222Rn content  in rainwater  is  very low,
and  the  rainfall  in  the  study  area  is  scarce  during
the sampling survey period, so it can be neglected.
The  porosity  of  sediment  takes  empirical  value
according  to  its  lithology.  The  activity  of 226Ra in
lake  water  was  50±2  Bq·m−3.  The  discharge  of
Gongba River was 7 084.8±574.78 m3·d−1.

Table  1 shows  the  main  inflows  and  outflows
and  calculation  parameters  of  the 222Rn  mass  bal-
ance equation of Daihai. The calculated results re-
flect that the loss of lake radon is mainly due to its
own decay, and the atmospheric emission accounts
for 21% of the total loss. The sum of 226Ra decay in
lake  water  and 222Rn  inflow  from  rivers  was  less
than 0.1% of the lake radon source term, which can

be neglected. 222Rn from sediment and groundwater
accounted  for  60% and  40% of  the  total,  respec-
tively,  which is  the main source of  lake radon su-
pply. The inflow of 222Rn of groundwater was (1.25
±0.28)×109 Bq·d−1,  with  a  relative  standard  de-
viation  of  22%,  and  the  recharge  of  groundwater
was (8.27±2.09)×104 m3·d−1,  with a  relative stand-
ard  deviation  of  25%.  From  the  average  value  of
groundwater recharge, the groundwater recharge in
2021 was 3 017×104 m3.

 3.3 Total nitrogen and phosphorus con-
tents in water

TN and TP are the main influencing factors of eu-

Table 1 Calculation of groundwater recharge flux based on 222Rn activity

Source-sink terms Parameter Unit Value Description

Atmospheric loss Radon concentration in surface
lake (Cws)

Bq·m−3 78.96±5.28 Measured in the field

Radon concentration in air (Cair) Bq·m−3 9.61 Measured in the field
Partition coefficient (α) Dimensionless 0.27  （Burnett and Dulaiova, 2003）

Temperature in lake (T) °C 18.4 Measured in the field

Gas transfer coefficient (k) m·d−1 0.18  （Rodellas et al. 2018）

Wind speed (u) m·s−1 1.77 Measured in the field
Schmidt number (Sc) Dimensionless 1 064.37  （Pilson, 1998）

Atmospheric loss flux (Fatm) Bq·m−2·d−1 14.03±0.96  （Macintyre et al. 1995）

Radon from atmospheric loss Bq·d−1  （6.50±0.45）×108 Equation (1)
Decay of radon Decay constant of radon d−1 0.181  （Wang et al. 2020）

Radon inventory (I222) Bq 1.37×1010 Product of storage and the
concentration of radon in lake

Decay from radon Bq·d−1  （2.49±0.17）×109 Equation (1)
Sediment diffusion Radon concentration in pore

water (Ceq)
Bq·m−3 15 102.7±1 744.47 Assumed to be equal to

groundwater
Radon concentration in bottom

lake (Cwb)
Bq·m−3 163.88±12.59 Measured in the field

Radon molecular diffusion
coefficient (Ds)

cm2·s−1 4.09×10−6  （Ullman and Aller, 1982）

Porosity (θ) Dimensionless 0.38 Empirical value according to
lithology

Sediment diffusive flux (Fdiff) Bq·m−2·d−1 37.78±4.41  （Martens et al. 1980）

Radon from sediment diffusion Bq·d−1  （1.89±0.22）×109 Equation (1)
Decay of radium Decay of radium d−1 1.37×10−11  （Huang, 2019）

Radium inventory (I226) Bq 8.70×109 Product of storage and the
concentration of radium in lake

Radon from radium decay Bq·d−1 0.12±4.77×10−3 Equation (1)
River input Radon concentration in river

(222Rnin)
Bq·m−3 337.50±102.57 Measured in the field

River inflow flux (Qin) m3·d−1 7 084.80±574.78 Measured in the field
Radon from river input Bq·d−1  （2.39±0.75）×106 Equation (1)

Groundwater input Radon concentration in
groundwater (222Rngw)

Bq·m−3 15 102.7±1 744.47 Measured in the field

Groundwater recharge (Qgw) m3·d−1 8.27×104 Radon from groundwater input
divided by its concentration

Radon from groundwater input Bq·d−1  （1.25±0.28）×109 Equation (1)
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trophication in the Daihai Lake (Zhou, 2006). The
increase  of  nitrogen  and  phosphorus  contents  can
accelerate  the eutrophication of  water  body,  cause
algae and other  aquatic  plants  to  multiply in large
numbers,  reduce  dissolved  oxygen,  degrade  water
quality,  and  then  cause  serious  damage  to  water
ecosystem. TN and TP contents in Daihai have sea-
sonal variation characteristics, with higher TN con-
tent in autumn and winter and higher TP content in
summer.  During  2000–2019,  the  TN and  TP  con-
tents in the Daihai Lake showed an overall upward
trend (Liang,  2021).  In  2019,  the  average  TN and
TP contents inthelake water were 3.93 mg·L−1 and
0.11  mg·L−1,  respectively  (Zhao  et  al.  2020),  and
the lake eutrophication was serious.

The survey results (Fig. 6) show that the TN con-
tent in Daihai was 3.71–4.52 mg·L−1, with an aver-
age concentration of 4.21±0.29 mg·L−1. According
to the Environmental Quality Standard for Surface
Water  (GB  3838–2002),  the  TN  contents  of  all
samples  exceeded  the  standard  limit  of  Class  V
water  (2.0  mg·L−1),  and  83% of  the  sampling  po-
ints  exceeded  the  standard  by  more  than  2  times.

TP content was 0.08–0.16 mg·L−1, and the average
concentration  was  0.12±0.04  mg·L−1.  The  TP
content  always  exceeded  the  standard  limit  of
Class  III  water  (0.05 mg·L−1),  and the  compliance
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Fig. 5 Frequency distribution histograms of the 222Rn activity measured in Daihai and groundwater
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Fig. 6 Distribution  characteristics  of  TN  and  TP
contents in groundwater in and around Daihai
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rates of Class IV and V water were 50% and 100%,
respectively.  Compared  to  2019,  the  contents  of
TN and TP in lake water increased further.

The  TN  content  of  the  Gongba  River  ranged
1.64–3.83  mg·L−1,  with  an  average  concentration
of  2.79±0.78  mg·L−1.  The  TN  content  of  all  sam-
ples exceeded the class IV water standard, and 86%
of  the  samples  exceeded  the  class  V  water  stan-
dard.  The  TP  content  was  0.04–0.28  mg·L−1,  and
the  average  concentration  was  0.13±0.09  mg·L−1.
The  TP  content  of  71% of  the  samples  surpassed
Class  III  water  standard,  and  those  of  29% of  the
samples exceeded Class V water standard.

The  TN  content  of  groundwater  was  0.98–3.43
mg·L−1,  with  an  average  concentration  of  2.19±
0.77 mg·L−1. TP content was 0.03–0.42 mg·L−1, and
the  average  concentration  was  0.13±0.14  mg·L−1.
The TN content of 58% groundwater samples sur-
passed the standard limit of Class V surface water,
which exceeded the standard by 1.1–1.9 times, and

83% samples exceeded the standard limit of Class
IV water. The TP contents of 17% groundwater sam-
ples exceeded the limit of Class V water standard,
and  the  rest  samples  were  lower  than  the  limit  of
Class III water standard. 

 4  Discussion

 4.1 The  spatial  variability  of  222Rn  acti-
vity in the lake water and groundwater

 4.1.1    Lake water
The distribution of 222Rn activity in the surface and
bottom layers of lake Daihai exhibited an obvious
spatial variability. The activity of 222Rn of the sur-
face  layer  was  the  highest  in  the  north,  ranging
from  150  Bq·m−3 to  300  Bq·m−3,  followed  by  the
northeast, the southeast and the west, with activity
basically less than 100 Bq·m−3 (Fig. 7a).  The diff-
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Fig. 7 Distribution  of 222Rn  activity  of  Daihai  Lake  bottom,  lake  water  and  groundwater  (a,  b  and  d  are 222Rn
activity of surface and bottom lake water and groundwater, respectively, and c is the depth of lake bottom②)

②Institute of water resources for pastoral area, MWR, 2018. Study on the influence of “returning irrigation water in the basin to groundwater”
on the Daihai Lake.
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erence is that the activity of 222Rn of the bottom lay-
er in the middle and southeast was the highest, gene-
rally more than 180 Bq·m−3,  while it  was lower in
the north, south and west, with activity of less than
100  Bq·m−3 (Fig.  7b). Fig.  7c shows  that,  influ-
enced by the shape of  the lake basin,  the water  in
the middle of the lake area is deep, with the water
depth  ranged 5.6–7.6  m,  and the  deepest  part  was
in  the  north  of  the  middle  area.  In  contrast,  the
depth  of  the  near  shore  area  was  shallow,  and the
water  depth  was  generally  less  than  1.5  m.  The
north  shore  was  relatively  deep,  while  the  east,
west and south shores were shallow.

The  activity  of 222Rn  in  the  bottom  layer  was
unaffected by the shape. Assuming that the content
of 238U  in  lake  sediments  in  the  region  is  evenly
distributed, and the decay product 226Ra and its dau-
ghter 222Rn keep a balance with the content of sedi-
ment  pore  water  for  a  long  time,  the  influence  of
the content change of 222Rn in sediment pore water
on  the  activity  of  lake  water  can  be  neglected.
Then,  the  spatial  variation  of  the  activity  of 222Rn
in lake water will mainly be caused by the different
recharge  of  groundwater,  which  can  indicate  the
recharge intensity of groundwater in different reg-
ions.  The  distribution  characteristics  of 222Rn acti-
vity in the bottom of the lake indicate that the 222Rn
flux of groundwater in the middle and southeast of
the lake area was high and the runoff intensity was
high, which was the main recharge area of ground-
water  (Fig.  7b).  The  high  activity  of 222Rn  in  the
southeast of the lake area indicates that there might
be  lenses  with  high  permeability  in  the  lake  sedi-
ments in this area, and the recharge of groundwater
was relatively large.

The  difference  of  spatial  distribution  of 222Rn
activity  in  the  surface  and bottom layers  indicates
the  water  supply  source  of  lake  water.  Generally
speaking, the 222Rn activity of lake water increases
with the depth of lake water (Corbett  et  al.  1997),
and  the 222Rn activity  of  surface  lake  water  in  the
middle  layer  of  the  Daihai  Lake  was  lower  than
that of bottom layer. However, the activity of 222Rn
in  the  surface  lake  water  in  Hubei  province  was
significantly  higher  than  that  in  the  bottom water,
and  it  had  a  high  activity  value,  indicating  the
existence  of  other  water  sources  with  high  radon
content that supply the lake water from the surface
water. The slope of the sloping plain in front of the
mountain  in  northern Daihai  is  large,  and ground-
water  often  overflows  in  the  form  of  descending
springs.  During  the  sampling  period,  two  streams
collected by spring water were observed in the nor-
thern  part  of  the  Daihai  Lake  near  the  lake  shore
and  injected  into  the  lake.  According  to  the  test,

the average activity of 222Rn in the streams was 505
Bq·m−3,  which  was  about  1.7  times  that  of  the
northern  lake.  It  is  assumed  that  the  supply  of
spring water is the direct cause of the high activity
of 222Rn in the northern surface lake.
 4.1.2    Groundwater
The activity of 222Rn in groundwater is mainly infl-
uenced  by  the  geological  structure,  hydrodynamic
conditions and the hydrogeochemical environment,
and it is formed under the comprehensive action of
many factors. The contents of radioactive elements
such  as  uranium  and  radium  in  different  types  of
rocks can vary a lot. The hydrodynamic conditions
and  hydrogeochemical  environment  that  control
the  transfer  of  radioactive  elements  into  ground-
water are different, which can lead to the change of
222Rn content in groundwater.

The 222Rn  activity  distribution  of  groundwater
around  Daihai  experienced  obvious  spatial  varia-
bility,  with  the  northern  and  southern  parts  signi-
ficantly  higher  than the  eastern  and western  parts,
and  the  eastern  part  slightly  higher  than  the  west-
ern  part  (Fig.  7d).  The  Daihai  basin  belongs  to  a
tectonic faulted basin. Under the action of tectonic
movement from Archean to Mesozoic, the NE-SW
buried  fault  was  formed  in  the  piedmont  of  the
south and north of the basin. Under the action of in-
situ stress in the north and south, the NW-trending
secondary fault zone also occurred in the piedmont
of the north, which became the water delivery chan-
nel  for  the  bedrock  fissure  water  in  the  northern
mountainous area to supply the groundwater in the
plain area.  The basin between the south and north
buried  fault  zones  descends,  and  the  Quaternary
deposits are thick, which is the concentrated exploi-
tation area of  groundwater.  The sampling point  of
this  study  was  also  located  in  this  area  (Fig.  1).
The high degree of  fracture and strong gas emiss-
ion of  rocks in the fault  zone are beneficial  to the
enrichment  of  radon  in  groundwater,  while  the
weak  gas  emission  of  rocks  is  unfavorable  to  the
enrichment  of  radon  in  groundwater  in  areas  with
undeveloped  structural  fissures.  This  could  be  the
main  reason  why  the  activity  of 222Rn  in  ground-
water  in  the  north  and  south  of  Daihai  exceeded
that in the east and west.

In  addition,  groundwater  in  the  north  of  Daihai
is  mainly  supplied  by  lateral  runoff  of  the  fissure
water of the Archean granite and gneiss bedrock in
the northern mountainous area, while groundwater
in  the  east  and  south  is  mainly  supplied  by  the
lateral  runoff  of  the  fissure  water  of  the  Neogene
basalt platform, and the groundwater in the west is
mainly  supplied  by  river  water  infiltration.  The
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content  of  radioactive  elements  and  emissivity  of
magmatic  rocks  are  higher  than  those  of  basic
rocks, and the average content of radium and uran-
ium  in  granite  is  2.3  times  and  2.8  times  that  of
basic rocks, respectively (Research Group of North
China Geochemical  Background Field,  State  Seis-
mo  logical  Bureau,  1990).  The  higher  radioactive
element  content  of  the  rocks  in  the  recharge  area
might  also  be  one  of  the  reasons  for  the  higher
activity  of 222Rn  in  the  groundwater  in  the  north
and south.

Furthermore,  according  to  Balanov’ s  theory  of
radon  enrichment  in  groundwater,  areas  with  a
large flow or strong water alternation are beneficial
to  radon  enrichment.  According  to  the  investiga-
tion of the convection field, the hydraulic gradient
of  groundwater  is  in  the  order  of  north  >  south  >
east  >  west  (Fig.  4),  indicating  that  the  ground-
water flow in the north and south is larger than that
in the east and west, and it is easier to be enriched
in  radon.  This  might  be  another  reason  for  the
different  distribution  of 222Rn  content  in  ground-
water.

 4.2 Impact  of  groundwater  repleni-
shment on nitrogen and phosphorus in
lake

Daihai has been shrinking seriously for many years
despite  no  significant  upward  or  downward  trend
in  the  rainfall  in  the  basin  over  the  last  70  years.
However, due to change inland use and land cover
types, the surface runoff in the basin has decreased
greatly  (Zhang  et  al.  2021).  The  average  annual
surface runoff into the lake during 2016–2019 was
about  347.33×104 m3 (Wang  et  al.  2019; Wang,
2021).  Since  no  local  meteorological  data  have
been  collected,  by  assuming  that  the  rainfall  in
2021  is  equal  to  the  multi-year  average  of  407.55
mm,  the  annual  rainfall  supply  of  the  lake  can  be
estimated as 1 882.65×104 m3. The water supply of
the Daihai Lake is composed of surface runoff, rain-
fall  and  groundwater.  According  to  the  above
estimated  groundwater  supply,  the  total  supply  of
the Daihai Lake in 2021 was 5 246.98×104 m3, sli-
ghtly  smaller  than  the  average  annual  evaporation
in recent years of 5 280.06×104 m3 (Wang, 2021).
The  water  balance  difference  is  negative,  so  the
Daihai Lake is still shrinking. Surface runoff, rain-
fall  and  groundwater  inflow  into  the  lake  account
for 7%, 36% and 57% of the total amount, respec-
tively,  indicating that groundwater is an important
source of water supply for the Daihai Lake, which
is consistent with Zhang et al. (2021).

Based on the average contents of TN and TP in
rivers,  lakes  and  groundwater,  in  2021,  the  TN
content  of  groundwater  supplied  to  the  Daihai
Lake was 66.07 t,  accounting for 87% of the total
TN  entering  the  lake;  and  the  TN  content  of  sur-
face runoff input was 9.69 t, accounting for 13% of
the total.  The TP content of groundwater recharge
is  3.92  t,  accounting  for  90% of  the  total  TP
entering  the  lake;  and  the  TP  content  of  surface
runoff  input  is  0.45  t,  accounting  for  10% of  the
total.  By  maintaining  the  groundwater  recharge
and  the  water  storage  capacity  of  the  lake  at  the
current  level,  assuming  that  the  TN  and  TP  ent-
ering the lake with groundwater  will  not  be trans-
formed,  they  will  cause  the  concentrations  of  TN
and  TP  in  the  lake  water  to  increase  at  a  rate  of
0.38  mg·L−1 and  0.02  mg·L−1 ,  respectively  every
year,  indicating  that  groundwater  is  the  main
source  of  TN  and  TP  in  the  Daihai  Lake.  Whilst
the  contents  of  TN  and  TP  in  the  water  are  not
high, the amount of recharge water is large, and the
recharge  is  continuous  over  the  long-term.  Under
the  influence  of  a  high  evaporation,  N  and  P
contents  in  the  lake  water  would  continue  to  rise,
which  would  in  turn  worsen  the  eutrophication  of
the water body.

 5  Conclusion

This  study  demonstrated  that 222Rn  is  an  effective
means  to  quantitatively  investigate  the  interaction
between  groundwater  and  lake  water.  It  contains
the  advantages  of  convenient  data  acquisition,  are
latively simple model mechanism and easy applica-
tion. Daihai is the representative of the tectonic in-
land lake inthe Inner Mongolia Plateau. The surface
water  system  of  the  basin  is  not  well  developed.
Nitrogen and phosphorus in the soil of agricultural
areas  are  transported  by  rainwater  and  irrigation
water to groundwater through infiltration, and then
enter the lake.

According  to  the 222Rn  mass  balance  equation
and  the  water  balance  equation,  the  groundwater
recharge to Daihai Lake has high contribution rate,
accounting  for  approximately  57% of  the  total
supply,  more  than  eight  times  the  recharge  from
surface  runoff.  It  is  the  main  source  of  water  su-
pply  of  the  lake.  In  relation  to  water  quantity,  the
influence  of  groundwater  on  the  water  quality  of
the lake is much greater than that of surface runoff.
Together with the water supply, groundwater tran-
sported a large amount of nutrients to the lake. The
transported TN contributed 87% of the total amount
into the lake, while the transported TP contributed
90% of  the  total  amount.  Under  the  influence  of
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high evaporation, when the local supply of ground-
water and surface runoff becomes insufficient,  the
lake  water  tends  to  develop  in  a  negative  equili-
brium. This leads to the decrease of the water stor-
age capacity of the lake, the shrinkage of the lake,
and the increase of the nutrient content in the lake,
which causes lake eutrophication.

This  study  confirmed  that  groundwater  is  the
main  source  of  nutrients  in  Daihai  Lake.  Unders-
tanding  the  mechanism  of  lake  eutrophication  is
critical for the decision-making of lake water eco-
logical  protection  and  management.  The  mech-
anism  of  the  change  of  groundwater  quantity  and
quality driving lake eutrophication is a key topic to
be explored in a future study.

 Acknowledgements

This study was supported by the national key rese-
arch  and  development  program “ Spatio-temporal
evolution  and  mechanism  of  ecological  degrada-
tion  of  water  resources  in  the ‘ one  lake  and  two
seas’ basin” (2019YFC0409201).

References

Arnoux  M,  Barbecot  F,  Gibert-Brunet  E,  et  al.
2017.  Geochemical  and  isotopic  mass  bal-
ances  of  kettle  lakes  in  southern  Quebec
(Canada) as tools to document variations in
groundwater quantity and quality. Environ-
mental Earth Sciences, 76: 106.

Burnett WC, Dimova. 2012. A Radon-Based mass
balance model for assessing groundwater in-
flows to lakes. In: Taniguchi M, Shiraiwa T.
(Eds.), The Dilemma of Boundaries: Toward
a new concept of catchment. Springer, Tokyo,
55-66.

Burnett WC, Dulaiova H. 2003. Estimating the dy-
namics of groundwater input into the coastal
zone via continuous radon-222 measurements.
Journal of Environmental Radioactivity, 69:
21−35.

Cao JT, Wang SM, Shen J, et al. 2002. The main
causes of water level drawdown of daihai lake
in Inner Mongolia since the last 40 years. Ar-
id Zone Research, 19(01): 1−6. (in Chinese)

Chen JS, Ji BC, Liu Z, et al. 2013. Isotopic and hy-
dro-chemical  evidence  on  the  origin  of
groundwater through deep-circulation ways in
Lake Daihai region, Inner Mongolia plateau.
Journal of Lake Sciences, 25(04): 521−530.

(in Chinese)
Corbett DR, Burnett WC, Cable PH, et al. 1997.

Radon tracing of groundwater input into Par
Pond, Savannah River Site. Journal of Hydro-
logy, 203(1): 209−227.

Dimova NT, Burnett WC, Chanton JP, et al. 2013.
Application  of  radon-222  to  investigate
groundwater  discharge  into  small  shallow
lakes. Journal of Hydrology, 486: 112−122.

Dimova  NT,  Burnett  WC.  2011.  Evaluation  of
groundwater discharge into small lakes based
on  the  temporal  distribution  of  radon-222.
Limnology  and  Oceanography,  56(2):
486−494.

Förster W, Scholten JC, Schubert M, et al. 2021.
Phosphorous supply to a eutrophic artificial
lake:  Sedimentary  versus  groundwater
sources. Water, 13: 563.

Huang Q, Jiang JH. 1999. Analysis of water level
descent in Daihai lake. Journal of Lake Sci-
ences, 11(04): 304−310. (in Chinese)

Huang  YM.  2019.  Evaluation  of  submarine
groundwater discharge into the west of Bohai
Bay, China using 222Rn. M. S. thesis. Beijing:
China University of  Geosciences (Beijing):
44−45. (in Chinese)

Jeppesen E. 2013. Focused groundwater discharge
of  phosphorus  to  a  eutrophic  seepage  lake
(Lake Væng, Denmark): Implications for lake
ecological  state and restoration.  Hydrogeo-
logy Journal, 21: 1787−1802.

Kazmierczak J, Nilsson B, Postma D, et al. 2021.
Transport  of  geogenic  phosphorus  to  a
groundwater-dominated  eutrophic  lake.
Journal of Hydrology, 598: 126175.

Kazmierczak J, Postma D, Müller S, et al. 2020.
Groundwater-controlled phosphorus release
and transport  from sandy aquifer  into lake.
Limnology  and  Oceanography,  65(9):
2188−2204.

Kluge T, Rohden CV, Sonntag P, et al. 2012. Loc-
alising and quantifying groundwater inflow
into lakes using high-precision 222Rn profiles.
Journal of Hydrology, 450-451: 70−81.

Liang WJ, Chun X, Liu JY, et al. 2017. Research
on the area change processes in the past 40a
of  Daihai  Lake.  Journal  of  Arid  Land  Re-
sources and Environment, 31(04): 93−98. (in
Chinese)

Liang X. 2021. Temporal and spatial distribution

Journal of Groundwater Science and Engineering    10(2022) 353−366

364 http://gwse.iheg.org.cn

https://doi.org/10.1007/s12665-017-6410-6
https://doi.org/10.1007/s12665-017-6410-6
https://doi.org/10.1016/S0265-931X(03)00084-5
https://doi.org/10.13866/j.azr.2002.01.001
https://doi.org/10.13866/j.azr.2002.01.001
https://doi.org/10.18307/2013.0409
https://doi.org/10.1016/S0022-1694(97)00103-0
https://doi.org/10.1016/S0022-1694(97)00103-0
https://doi.org/10.1016/S0022-1694(97)00103-0
https://doi.org/10.1016/j.jhydrol.2013.01.043
https://doi.org/10.4319/lo.2011.56.2.0486
https://doi.org/10.3390/w13040563
https://doi.org/10.18307/1999.0403
https://doi.org/10.18307/1999.0403
https://doi.org/10.18307/1999.0403
https://doi.org/10.1007/s10040-013-1043-7
https://doi.org/10.1007/s10040-013-1043-7
https://doi.org/10.1016/j.jhydrol.2021.126175
https://doi.org/10.1002/lno.11447
https://doi.org/10.1016/j.jhydrol.2012.05.026
https://doi.org/10.13448/j.cnki.jalre.2017.116
https://doi.org/10.13448/j.cnki.jalre.2017.116
https://doi.org/10.13448/j.cnki.jalre.2017.116
https://doi.org/10.1007/s12665-017-6410-6
https://doi.org/10.1007/s12665-017-6410-6
https://doi.org/10.1016/S0265-931X(03)00084-5
https://doi.org/10.13866/j.azr.2002.01.001
https://doi.org/10.13866/j.azr.2002.01.001
https://doi.org/10.18307/2013.0409
https://doi.org/10.1016/S0022-1694(97)00103-0
https://doi.org/10.1016/S0022-1694(97)00103-0
https://doi.org/10.1016/S0022-1694(97)00103-0
https://doi.org/10.1016/j.jhydrol.2013.01.043
https://doi.org/10.4319/lo.2011.56.2.0486
https://doi.org/10.3390/w13040563
https://doi.org/10.18307/1999.0403
https://doi.org/10.18307/1999.0403
https://doi.org/10.18307/1999.0403
https://doi.org/10.1007/s10040-013-1043-7
https://doi.org/10.1007/s10040-013-1043-7
https://doi.org/10.1016/j.jhydrol.2021.126175
https://doi.org/10.1002/lno.11447
https://doi.org/10.1016/j.jhydrol.2012.05.026
https://doi.org/10.13448/j.cnki.jalre.2017.116
https://doi.org/10.13448/j.cnki.jalre.2017.116
https://doi.org/10.13448/j.cnki.jalre.2017.116
http://www.gwse.iheg.org.cn


characteristics and source analysis of COD in
daihai. M. S. thesis. Huhhot: Inner Mongolia
University: 27−28. (in Chinese).

Liu Z, Zhao H, Yang JS, et al. 2022. Stratigraphy
and chronology of  a  Late Pleistocene sedi-
ment core from Hasuhai Lake in Inner Mon-
golia. Geological Bulletin of China, 41(2−3):
271−281. (in Chinese)

Luo X, Jiao JJ, Wang XS, et al. 2016. Temporal
222Rn distributions to reveal groundwater dis-
charge into desert lakes: Implication of water
balance  in  the  Badain  Jaran  Desert,  China.
Journal of Hydrology, 534: 87−103.

Ma JL. 2021. Research on the combined effect of
daihai ecological water demand and ecologic-
al water replenishment. M. S. thesis. Huhhot:
Inner  Mongolia  University:  26−28.  (in
Chinese).

Macintyre  S,  Wanninkof  R,  Chanton  JP.  1995.
Trace gas exchange across the air-water inter-
face in freshwater and coastal marine environ-
ments//Matson PA, Harriss RC eds. Biogenic
trace gases: Measuring emissions from soil
and  water.  New  York:  Blackwell  Science:
52−97.

Martens CS, Kipphut GW, Klump JV. 1980. Sedi-
ment-Water chemical exchange in the coastal
zone traced by in situ radon-222 flux meas-
urements. Science, 208(4441): 285−288.

Nisbeth CS, Kidmose J, Weckström K, et al. 2019.
Dissolved  inorganic  geogenic  phosphorus
load to a groundwater-fed lake: Implications
of terrestrial phosphorus cycling by ground-
water. Water, 11: 2213.

Petermann E, Gibson JJ,  Knöller K, et  al.  2018.
Determination of groundwater discharge rates
and water residence time of groundwater-fed
lakes by stable isotopes of water (18O, 2H) and
radon  (222Rn)  mass  balances.  Hydrological
Processes, 32(6): 805−816.

Pilson MEQ. 1998. An introduction to the chem-
istry of the sea. Upper Saddle River, New Jer-
sey: Prentice Hall. 431.

Rodellas V, Stieglitz TC, Andrisoa A, et al. 2018.
Groundwater-driven nutrient inputs to coastal
lagoons: The relevance of lagoon water recir-
culation as a conveyor of dissolved nutrients.
Science  of  the  Total  Environment,  642:
764−780.

Rosenberry DO, Winter TC. 2009. Hydrologic pro-

cesses and the water budget. In Mirror Lake:
Interactions  among  Air,  Land,  and  Water.
Winter TC, Likens GE (eds).  University of
California Press: Berkeley: 23−68.

Sadat-Noori M, Rutlidge H, Andersen MS, et al.
2021. Quantifying groundwater carbon diox-
ide and methane fluxes to an urban freshwa-
ter lake using radon measurements. Science of
the Total Environment, 797: 149184.

Schallenberg M, De Winton MD, Verburg P, et al.
2013.  Ecosystem services  of  lakes.  In  Dy-
mond JR ed. Ecosystem services in New Zea-
land - Conditions and trends. Manaaki When-
ua Press, Lincoln, New Zealand, 203-225.

Song  C,  Han  GL,  Wang P,  et  al.  2017.  Hydro-
chemical and isotope characteristics of spring
water discharging from Qiushe Loess Section
in Lingtai, northwestern China and their im-
plication to groundwater recharge. Journal of
Groundwater Science and Engineering, 5(4):
364−373.

Stets EG, Winter TC, Rosenberry DO, et al. 2010.
Quantification of surface water and ground-
water flows to open- and closed-basin lakes in
a headwaters watershed using a descriptive
oxygen  stable  isotope  model.  Water  Re-
sources Research, 46: W03515.

Su  N,  Burnett  WC,  MacIntyre  HL,  et  al.  2014.
Natural radon and radium isotopes for assess-
ing groundwater discharge into little lagoon,
AL: Implications for harmful algal blooms.
Estuaries and Coasts, 37: 893−910.

Sukanya S, Jacob N, Sabu J. 2022. Application of
radon (222Rn) as an environmental  tracer  in
hydrogeological  and  geological  investiga-
tions: An overview. Chemosphere, 303(03):
135141.

Sun QL, Zhou J, Shen J, et al. 2006. Environment-
al characteristics of Mid-Holocene recorded
by  lacustrine  sediments  from Lake  Daihai,
north environment sensitive zone, China. Sci-
ence in China Series D: Earth Sciences, 49(9):
968−981.

Sun ZD, Jiang JH, Huang Q. 2005. Analysis of cli-
mate and lake hydrological change in Daihai
Basin in the late 50 years. Water Resources
Protection, 21(05): 16−18+26. (in Chinese)

Sun ZD, Wang R, Huang Q. 2006. Comparison of
water level changes during the past 20 years
between Daihai and Bositen lakes. Journal of

Journal of Groundwater Science and Engineering    10(2022) 353−366

http://gwse.iheg.org.cn 365

https://doi.org/10.1016/j.jhydrol.2015.12.051
https://doi.org/10.1126/science.208.4441.285
https://doi.org/10.3390/w11112213
https://doi.org/10.1002/hyp.11456
https://doi.org/10.1002/hyp.11456
https://doi.org/10.1016/j.scitotenv.2018.06.095
https://doi.org/10.1016/j.scitotenv.2021.149184
https://doi.org/10.1016/j.scitotenv.2021.149184
https://doi.org/10.1029/2009WR007793
https://doi.org/10.1029/2009WR007793
https://doi.org/10.1029/2009WR007793
https://doi.org/10.1007/s12237-013-9734-9
https://doi.org/10.1016/j.chemosphere.2022.135141
https://doi.org/10.1007/s11430-006-0968-2
https://doi.org/10.1007/s11430-006-0968-2
https://doi.org/10.1016/j.jhydrol.2015.12.051
https://doi.org/10.1126/science.208.4441.285
https://doi.org/10.3390/w11112213
https://doi.org/10.1002/hyp.11456
https://doi.org/10.1002/hyp.11456
https://doi.org/10.1016/j.scitotenv.2018.06.095
https://doi.org/10.1016/j.scitotenv.2021.149184
https://doi.org/10.1016/j.scitotenv.2021.149184
https://doi.org/10.1029/2009WR007793
https://doi.org/10.1029/2009WR007793
https://doi.org/10.1029/2009WR007793
https://doi.org/10.1007/s12237-013-9734-9
https://doi.org/10.1016/j.chemosphere.2022.135141
https://doi.org/10.1007/s11430-006-0968-2
https://doi.org/10.1007/s11430-006-0968-2
http://www.gwse.iheg.org.cn


Arid  Land  Resources  and  Environment,
20(05): 56−60. (in Chinese)

Tao SL, Fang JY, Zhao X, et al. 2015. Rapid loss
of lakes on the Mongolian Plateau. Proceed-
ings of the National Academy of Sciences of
the  United  States  of  America,  112(7):
2281−2286.

Ullman  WJ,  Aller  RC.  1982.  Diffusion  coeffi-
cients in nearshore marine sediments. Limno-
logy and Oceanography, 27(3): 552−556.

Wang L. 2021. Characteristics of groundwater in
Daihai basin and its influence on the change
of  seawater  balance  in  Daihai  basin.  M.  S.
thesis.  Huhhot:  Inner  Mongolia  University:
54−56. (in Chinese).

Wang QQ, Li HL, Zhang Y, et al. 2020. Submar-
ine groundwater discharge and its implication
for nutrient budgets in the western Bohai Bay,
China. Journal of Environmental Radioactiv-
ity, 212: 106132.

Wang  QX,  Chen  XK,  Peng  WQ  et  al.  2021.
Changes in runoff volumes of inland terminal
lake: a case study of lake Daihai. Earth and
Space Science, 8: e2021EA001954.

Wang  SH,  Bai  MX,  Chen  JY,  et  al.  2019.  Re-
search on the ecological protection and restor-
ation of mountain-river-forest-farmland-lake-
grassland system in typical farming-pastoral
ecotone: Taking Daihai Lake Basin in Inner
Mongolia as an example. Journal of Environ-
mental  Engineering  Technology,  9(05):
515−519. (in Chinese)

Wang T, Chen JS, Xu Y, et al. 2017. Isotopes and
hydrochemistry  of  Daihai  Lake  recharging
sources,  Northern  China.  Journal  of  Ra-
dioanalytical and Nuclear Chemistry, 312(3):
615−629.

Xiao JL, Xu QH, Nakamura T, et al. 2004. Holo-
cene vegetation variation in the Daihai Lake
region of north-central China: A direct indica-
tion of the Asian monsoon climatic history.
Quaternary Science Reviews, 23: 1669−1679.

Xu  LC,  Liu  Y,  Sun  QL,  et  al.  2017.  Climate
change and human occupations in the Lake
Daihai basin, north-central China over the last
4500 years: A geo-archeological perspective.
Journal  of  Asian  Earth  Sciences,  138:
367−377.

Zhang H, Chen ZY, Tang CY. 2021. Quantifying
groundwater recharge and discharge for the
middle reach of Heihe River of China using
isotope  mass  balance  method.  Journal  of
Groundwater Science and Engineering, 9(3):
225−232.

Zhang  YF,  Xu  XM,  Liao  ZL,  et  al.  2021.  Re-
sponse of surface runoff to land use and land
cover change and its impact on Daihai Lake
shrinkage in Inner Mongolia, China. Theoret-
ical and Applied Climatology, 144: 555−569.

Zhao L, Chen JY, Jiang X, et al. 2020. Temporal
and spatial distribution characteristics and dif-
ference analysis of nitrogen and phosphorus
in  Daihai  Lake.  Environmental  Science,
41(04): 1676−1683. (in Chinese)

Zhou SQ, Kang SC, Chen F,  et  al.  2013.  Water
balance observations reveal significant sub-
surface  water  seepage  from Lake  Nam Co,
south-central Tibetan Plateau. Journal of Hy-
drology, 491: 89−99.

Zhou YK. 2006. Changes of inland lake and ana-
lysis  of  its  causes in arid and semi-arid re-
gions of China: A Case Study of Daihai Lake.
M.  S.  thesis.  Nanjing:  Nanjing  Institute  of
Geography  and  Limnology,  Chinese
Academy of Sciences: 48−53. (in Chinese).

Zhou YK, Jiang JH. 2009. Changes in the ecolo-
gical  environment  in  the  daihai  lake  basin
over the last 50 years. Arid Zone Research,
26(02): 162−168. (in Chinese)

Yang JS, Jiang GL, Zhao H, et al. 2022. Geologic-
al mapping practice and exploration of Qua-
ternary alluvial-pluvial fans along the Daqing
Mountain, Inner Mongolia. Geological Bullet-
in of China, 41(2−3): 262−270. (in Chinese)

Journal of Groundwater Science and Engineering    10(2022) 353−366

366 http://gwse.iheg.org.cn

https://doi.org/10.1073/pnas.1411748112
https://doi.org/10.1073/pnas.1411748112
https://doi.org/10.1073/pnas.1411748112
https://doi.org/10.4319/lo.1982.27.3.0552
https://doi.org/10.4319/lo.1982.27.3.0552
https://doi.org/10.1016/j.jenvrad.2019.106132
https://doi.org/10.1016/j.jenvrad.2019.106132
https://doi.org/10.1016/j.jenvrad.2019.106132
https://doi.org/10.1029/2021EA001954
https://doi.org/10.1029/2021EA001954
https://doi.org/10.12153/j.issn.1674-991X.2019.08.050
https://doi.org/10.12153/j.issn.1674-991X.2019.08.050
https://doi.org/10.12153/j.issn.1674-991X.2019.08.050
https://doi.org/10.1007/s10967-017-5241-y
https://doi.org/10.1007/s10967-017-5241-y
https://doi.org/10.1007/s10967-017-5241-y
https://doi.org/10.1016/j.quascirev.2004.01.005
https://doi.org/10.1016/j.jseaes.2017.02.019
https://doi.org/10.19637/j.cnki.2305-7068.2021.03.005
https://doi.org/10.19637/j.cnki.2305-7068.2021.03.005
https://doi.org/10.1007/s00704-021-03561-9
https://doi.org/10.1007/s00704-021-03561-9
https://doi.org/10.13227/j.hjkx.201909090
https://doi.org/10.1016/j.jhydrol.2013.03.030
https://doi.org/10.1016/j.jhydrol.2013.03.030
https://doi.org/10.1016/j.jhydrol.2013.03.030
https://doi.org/10.1073/pnas.1411748112
https://doi.org/10.1073/pnas.1411748112
https://doi.org/10.1073/pnas.1411748112
https://doi.org/10.4319/lo.1982.27.3.0552
https://doi.org/10.4319/lo.1982.27.3.0552
https://doi.org/10.1016/j.jenvrad.2019.106132
https://doi.org/10.1016/j.jenvrad.2019.106132
https://doi.org/10.1016/j.jenvrad.2019.106132
https://doi.org/10.1029/2021EA001954
https://doi.org/10.1029/2021EA001954
https://doi.org/10.12153/j.issn.1674-991X.2019.08.050
https://doi.org/10.12153/j.issn.1674-991X.2019.08.050
https://doi.org/10.12153/j.issn.1674-991X.2019.08.050
https://doi.org/10.1007/s10967-017-5241-y
https://doi.org/10.1007/s10967-017-5241-y
https://doi.org/10.1007/s10967-017-5241-y
https://doi.org/10.1016/j.quascirev.2004.01.005
https://doi.org/10.1016/j.jseaes.2017.02.019
https://doi.org/10.19637/j.cnki.2305-7068.2021.03.005
https://doi.org/10.19637/j.cnki.2305-7068.2021.03.005
https://doi.org/10.1007/s00704-021-03561-9
https://doi.org/10.1007/s00704-021-03561-9
https://doi.org/10.13227/j.hjkx.201909090
https://doi.org/10.1016/j.jhydrol.2013.03.030
https://doi.org/10.1016/j.jhydrol.2013.03.030
https://doi.org/10.1016/j.jhydrol.2013.03.030
https://doi.org/10.1073/pnas.1411748112
https://doi.org/10.1073/pnas.1411748112
https://doi.org/10.1073/pnas.1411748112
https://doi.org/10.4319/lo.1982.27.3.0552
https://doi.org/10.4319/lo.1982.27.3.0552
https://doi.org/10.1016/j.jenvrad.2019.106132
https://doi.org/10.1016/j.jenvrad.2019.106132
https://doi.org/10.1016/j.jenvrad.2019.106132
https://doi.org/10.1029/2021EA001954
https://doi.org/10.1029/2021EA001954
https://doi.org/10.12153/j.issn.1674-991X.2019.08.050
https://doi.org/10.12153/j.issn.1674-991X.2019.08.050
https://doi.org/10.12153/j.issn.1674-991X.2019.08.050
https://doi.org/10.1007/s10967-017-5241-y
https://doi.org/10.1007/s10967-017-5241-y
https://doi.org/10.1007/s10967-017-5241-y
https://doi.org/10.1016/j.quascirev.2004.01.005
https://doi.org/10.1016/j.jseaes.2017.02.019
https://doi.org/10.19637/j.cnki.2305-7068.2021.03.005
https://doi.org/10.19637/j.cnki.2305-7068.2021.03.005
https://doi.org/10.1007/s00704-021-03561-9
https://doi.org/10.1007/s00704-021-03561-9
https://doi.org/10.13227/j.hjkx.201909090
https://doi.org/10.1016/j.jhydrol.2013.03.030
https://doi.org/10.1016/j.jhydrol.2013.03.030
https://doi.org/10.1016/j.jhydrol.2013.03.030
http://www.gwse.iheg.org.cn

	Introduction
	1 Study Area
	2 Data and methods
	2.1 Data
	2.2 Measurement and analysis
	2.3 222Rn mass balance equation

	3 Results
	3.1 The content of 222Rn in water body
	3.2 Groundwater recharge of 222Rn
	3.3 Total nitrogen and phosphorus contents in water

	4 Discussion
	4.1 The spatial variability of 222Rn activity in the lake water and groundwater
	4.1.1 Lake water
	4.1.2 Groundwater

	4.2 Impact of groundwater replenishment on nitrogen and phosphorus in lake

	5 Conclusion
	Acknowledgements
	References

