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Abstract: This  study  systematically  investigates  natural  radioactivity  in  groundwater  from  the  densely
populated eastern Gonghe Basin in Qinghai Province, aiming to reveal its spatial distribution, origins, and
potential health risks. The characteristics of gross-α and gross-β activities, as well as the concentrations of
nuclide  including 238U, 232Th,  and 226Ra,  have  been  investigated  in  groundwater  samples  from  12  groups
encompassing various types such as hot springs and artesian wells across different aquifer systems. Correla-
tion  analysis  and  dose  estimation  models  were  applied  to  preliminary  estimate  the  radiation  exposure  to
local residents and to explore the genesis and hazards of natural radioactivity in groundwater. Results indi-
cate that overall groundwater radioactivity in the Gonghe Basin remains within acceptable limits, with mean
gross-α  and  gross-β  activity  concentrations  of  0.32 Bq/L and  0.27 Bq/L,  respectively.  Approximately
83.33% of samples comply with relevant national standards. However, two fault-controlled high-tempera-
ture spring samples exhibited gross-α activity exceeding regulatory limits, with one also showing elevated
gross-β activity surpassing China's  Class III  groundwater quality standards for radioactivity.  Furthermore,
single-radionuclide α radioactivity from 230Th, 226Ra, 210Po, and 232Th exceeded regulatory thresholds in some
samples,  suggesting  potential  long-term  health  risks.  While  most  samples  complied  with  effective  dose
limits, four showed 210Po α radioactivity exceedances within controllable risk ranges. The findings suggest
that groundwater radioactivity in the region is primarily controlled by geological structures, lithology, and
hydrothermal  conditions,  with  fault  zones  and  high-temperature  environments  serving  as  key  factors  in
radionuclide  enrichment.  This  research  provides  scientific  foundation  for  the  sustainable  development  of
geothermal resources and the prevention of radioactive water contamination. Continuous monitoring of high-
radioactivity hot springs and prudent resource utilization are recommended.

Keywords: Groundwater radioactivity; Gross-α; Gross-β; Radionuclides; Effective dose

Received: 16 Jul 2024/ Accepted: 23 May 2025/ Published: 20 Jul 2025 

 

Introduction

With the rapid economic development and increas-
ing  health  awareness,  there  is  a  growing  concern
about the presence of radioactive substances in the
environment, particularly in groundwater, and their

potential  impacts  on  human  health  (UNSCEAR,
2016).  According to  the  United  Nations  Scientific
Committee on  Radiation  Effects,  the  global  aver-
age  annual  radiation  dose  from  natural  sources  is
approximately  2.4 mSv per person.  Natural  back-
ground  radiation  accounts  for  about  80% of  total
environmental  radiation  exposure,  estimated  at
approximately  3.0 mSv annually,  making  it  the
primary  source  of  human  radiation  exposure.  In
China's Standard  for  Groundwater  Quality (GB/T
14848–2024), the  Class  Ⅲ water  thresholds  for
radioactivity  are  set  at  gross-α  ≤  0.5 Bq/L and
gross-β  ≤  1 Bq/L.  Similarly,  the  World  Health
Organization (WHO, 2017) has set a guideline for
annual  effective  dose  from  drinking  water  at  0.1
mSv/a per  person.  Radionuclides  present  in
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groundwater can  enter  the  human  body  via  envi-
ronmental  pathways,  and  prolonged  exposure  to
elevated  levels  of  natural  radiation  may  pose
significant health risks.

Radionuclides in  water  bodies  primarily  origi-
nate  from  natural  radionuclides  (Fahad  I  et  al.
2020).  The  activity  concentrations  in  groundwater
are  influenced  by  local  physicochemical  and
geochemical  conditions,  as  well  as  the  geological
composition  of  the  soil  and  bedrock  (Giuseppe  et
al. 2021; Contreras et al. 2022). The Gonghe Basin
in  Qinghai  Province  is  rich  in  geothermal  water
resources,  with  the  highest  recorded  hot  spring
temperature  reaching  96.6°C  (Wang  et  al.  2020).
The  deep  thermal  reservoir  rocks  in  the  basin  are
primarily  composed  of  granite,  which  exhibits
naturally  elevated  levels  of  radioactivity,  slightly
above  background  concentrations  for  uranium,
thorium,  and  potassium  (Zhang  et  al.  2019).  As
groundwater  flows  through  granite  formations,
water-rock  interactions  promote  the  leaching  of
substances from the host rocks into the groundwa-
ter. During this process, radioactive elements such
as  uranium  (U),  thorium  (Th),  and  potassium  (K)
are  mobilized  into  the  groundwater  system.
Elevated temperatures  further  enhance  the  leach-
ing efficiency  of  these  radionuclides.  Once  mobi-
lized,  they  can  be  transported  to  the  surface
through  groundwater  circulation,  potentially
posing  risks  to  the  local  ecological  environment
and human health (Murad et al. 2014).

Groundwater radioactivity in the eastern Gonghe
Basin  is  influenced  by  multiple  factors  and  has
important  implications  for  both  public  health  and

resource  development.  This  study  focuses  on  this
region  to  investigate  the  spatial  distribution,
origins,  and  hazard  assessment  of  radioactive
elements  in  groundwater.  The  objectives  are  to
identify the controlling factors and processes, eval-
uate associated  health  risks,  and  provide  a  scien-
tific foundation for sustainable resource utilization
and  pollution  prevention.  For  the  first  time,  this
research integrates geological structures, lithology,
and hydrothermal  conditions  to  reveal  the  enrich-
ment mechanisms of radionuclides in groundwater.
A  refined  dose  estimation  model  was  developed,
and  targeted  mitigation  strategies  were  proposed.
The  findings  offer  new  insights  that  may  be
applied to other regions facing similar challenges. 

1  Study area

The  Gonghe  Basin  is  situated  at  the  northeastern
margin  of  the  Qinghai-Tibet Plateau,  at  the  west-
ern end of the West Qinling region.  It  is  bordered
to  the  north  by  the  Qilian  Mountains  and  to  the
west by the Qaidam Basin. The southern boundary
is defined by the Guinan Nanshan, while the east-
ern  boundary  gradually  transitions  into  the  West
Qinling  tectonic  belt  (Peng  et  al.  2016). Specifi-
cally,  the northern and southern limits  are marked
by  the  Qinghai  Nanshan  and  Guinan  Nanshan,
respectively.  The  eastern  and  western  boundaries
are delineated by the Xinjie-Waliguan right-lateral
strike-slip fault and the Ela Mountain. Overall, the
basin  exhibits  a  roughly  diamond-shaped geome-
try in plan view (Fig. 1).

The  Quaternary  fluvial-lacustrine  facies,  with
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Fig. 1 Geological structure and sampling point location map of the Gonghe Basin
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thickness  ranging  from  100  to  1600  meters,  are
predominantly  composed  of  yellow-green  or  gray
sand  and  gravel  layers.  In  contrast,  the  Neogene
Guide  Group  (NG)  consists  of  interbedded
mudstone and sandstone, along with fine conglom-
erate  layers,  reaching  thickness  of  1,000  m  to
1,900 m thick. Regional groundwater types include
pore  water  in  unconsolidated  sediments,  fracture
pore  water  in  clastic  rocks,  and  fracture  water  in
bedrock.  These  groundwater  types  are  influenced
by  factors  such  as  topography  and  lithological
composition,  resulting  in  diverse  hydrogeological
conditions.  Numerous fault-controlled hot  springs,
such  as  Qunaihai  (QNH),  Zhacangsi  (ZCS),  and
Xinjie (XJ), are located along the Xinjie-Waliguan
right-lateral  strike-slip  fault  zone  on  the  eastern
side  of  the  basin.  The  highest  recorded  spring
temperature  in  the  area  reaches  96.6°C.  In  the
Qiabuqia  area,  groundwater  primarily  occurs  in
unconfined and confined aquifers, characterized by
moderate  to  high  water  abundance  and  forming
dual- or multi-layered aquifer systems. Groundwa-
ter  is  replenished  through  infiltration  from  the
surrounding high-altitude mountainous regions and
transitions  from  phreatic  and  semi-confined  states
to confined conditions as altitude decreases. Corre-
spondingly,  groundwater  temperature  increases,
and  discharge  occurs  mainly  near  the  Qiabuqia
River  and  Longyangxia  (Niu  et  al.  2022; Dai,
2020). 

2  Sample collection and testing

Twelve  groups  of  water  samples  were  collected
from the Gonghe Basin, Qinghai Province, includ-
ing  four  groups  of  Quaternary  pore  water,  two
groups of Neogene pore water,  two groups of Hot
Dry  Rock  (HDR)  recycling  produced  water,  and
four groups of hot spring water. The spatial distri-
bution  of  sampling  points  is  shown  in Fig.1.
During  the  sampling  process,  containers  were
rinsed with the native water at least three times to
avoid  contamination.  Additionally,  the  pumping
wells were purged and flushed prior to sampling to
ensure that the collected water accurately reflected
the in-situ chemical characteristics of the aquifers.
Water  samples  were  then  stored  in  10 L plastic
containers, sealed  and  transported  to  the  labora-
tory for testing and analysis.

Analytical testing was conducted by the  Analy-
sis  and  Testing  Research  Center  of  Beijing
Research  Institute  of  Uranium  Geology,  China
National  Nuclear  Corporation.  The  following
instruments and methods were employed:

•  A  Z-2000  Graphite  Furnace-Flame  Atomic
Absorption Spectrophotometer for measuring 40K

•  An  ELEMENT  XR  Inductively  Coupled
Plasma  Mass  Spectrometer  (ICP-MS) for  deter-
mining 238U and 232Th

• An MPC9604 Low Background α-β Counter
for gross-α and gross-β activities

•  A  PC-2100  Radium and  Radon  Analyzer  for
measuring 226Ra

For  uranium  (U)  and  thorium  (Th)  analysis,
parallel duplicate samples and spike recovery tests
were  conducted.  For 226Ra  and 40K,  analysis
included parallel  duplicates  along  with  the  inser-
tion  of  quality  control  reference  materials.  In  the
gross-α  and  gross-β  analysis,  routine  background
checks,  efficiency  monitoring,  and  quality  control
charts  were  implemented  to  ensure  measurement
precision and accuracy. 

3  Results and discussion
 

3.1 Gross-α  and  gross-β  radioactivity
levels of groundwater

The  results  of  the  radioactivity  detection  are
summarized  in Table  1.  The  gross-α  activity
concentrations  in  the  12  groundwater  samples
ranged from 0.06 Bq/L to 1.19 Bq/L, with an aver-
age  value  of  0.32 Bq/L.  Similarly,  the  gross-β
activity  concentrations  ranged  from  0.06 Bq/L to
1.26 Bq/L,  with  an  average  value  of  0.27 Bq/L.
Notable variations in gross-α and gross-β radioac-
tivity  levels  were  observed  across  the  sampled
wells, which can be attributed to differences in the
lithological  composition  of  the  aquifers  and
surrounding strata. In particular, the QNH and ZCS
samples,  both  high-temperature  spring  waters
sourced from  granite  lithology,  exhibited  signifi-
cantly  elevated  gross-α  and  gross-β  radioactivity
levels  compared  to  other  samples.  On  the  other
hand, the remaining water  samples were predomi-
nantly derived from aquifers composed of Quater-
nary  loose  sandy  sedimentary  layer,  Neogene
strata,  or  Triassic  metamorphic  sandstone  and
slate, resulting in generally lower levels of radioac-
tivity.  These  findings  align  with  the  recently
updated Standard for Groundwater Quality (GB/T
14848–2024)  and  the Standards  for  Drinking
Water Quality (GB 5749–2022), which both spec-
ify the same limits for gross radioactivity in Class
III  water  and  drinking  water:  gross-α  ≤  0.5 Bq/L
and gross-β ≤ 1 Bq/L.

The assessment of natural radioactivity in water
has been  extensively  studied  worldwide  to  evalu-
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ate the suitability of water for drinking and irriga-
tion purposes. Table 2 presents a comparative anal-
ysis of gross-α and gross-β activity concentrations
in  groundwater  from the  Gonghe  Basin  and  those
reported in other countries and regions around the
world.

According  to Table  2,  the  overall  groundwater
radioactivity in the Gonghe Basin is relatively low.
The  main  groundwater  radioactivity  levels  in  the
basin are comparable to those reported for ground-

water  and  drinking  water  samples  from  countries
such  as  Germany  (Beyermann  et  al.  2010),  Italy
(Jia et al. 2009), Serbia (N Todorović et al. 2012),
Turkey (Turhan et al. 2013), Brazil (Bonotto et al.
2008),  Ghana  (Darko  et  al.  2015), and  the  south-
western  Caspian  region  (Jowzaee,  2013).
However, it is noteworthy that significantly higher
gross-α  and  gross-β  activity  concentrations  have
been  observed  in  groundwater  from  Nigeria
(Agbalagba et al. 2013; Esi et al. 2021), as well as

 

Table 1 Measured active concentration of gross-α, gross-β, and associated radionuclide contents in groundwater
samples from the Gonghe Basin

Field number pH
T U Th 226Ra 40K gross-α gross-β
°C μg/L Bq/L

GR-2 8.36 19.2 0.209 0.005 0.008 0.166 0.079 0.141

AYH 7.35 30.9 0.098 0.008 ＜0.008 0.159 0.064 0.143
XTM-1 8.48 27.8 1.06 0.006 0.009 0.079 0.206 0.116

STM-1 8.23 25.4 2.01 0.003 ＜0.008 0.069 0.262 0.089
STM-2 8.17 17.1 4.55 <0.002 0.008 0.083 0.151 0.114

DR-4 - - 0.045 0.005 ＜0.008 0.252 0.069 0.152
GSJ - - 6.48 <0.002 ＜0.008 0.099 0.097 0.136
GH-02 - - 0.076 0.008 0.04 0.795 0.191 0.146

GH-04 - - 0.006 0.001 ＜0.008 0.5 0.067 0.064
QNH 5.59 70.3 0.038 0.003 ＜0.008 1.59 1.19 1.26
ZCS 5.19 72.8 0.164 0.004 0.809 0.66 1.13 0.613

XJ 5.74 55.6 0.044 0.015 ＜0.008 0.219 ＜0.036 0.213

 

Table 2 Comparison of gross α/β activity concentrations in groundwater from this study with values reported in
the literature (Bq/L)

Country/Region Type gross-α gross-β References

Nigeria Drinking water 0.0058–0.174 0.0147–0.2225 Fasae et al. (2013)
Australia Drinking water 1.40 1.15 Kleinschmidt (2004)
Germany Drinking water 0.013–0.97 Beyermann et al. (2010)
Italy Drinking water 0.25–1.1 Jia et al. (2009)
Serbia Drinking water 0.029–0.21 MDC-0.4 N Todorović et al. (2012)
Singapore Drinking water < MDA 0.228–0.258 Ong JX et al. (2024)
Finland Drilled well water 2.4 1.5 Salonen (1994)
Turkey Groundwater 0.192 0.579 Turhan et al. (2013)
Brazil (Sao Paulo) Groundwater 0.001–0.4 0.12–0.86 Bonotto et al. (2008)
Nigeria Groundwater 0.15±0.003 6.0±0.1 Agbalagba et al. (2013)
Ghana Groundwater 0.0157–0.198 0.122–0.28 Darko et al. (2015)
Southwestern Caspian Groundwater 0.016–1 0.022–0.63 Jowzaee (2013)
United Arab Emirates Groundwater 1.4±4.1 1.5±1.52 Murad et al. (2014)
Aqaba, Jordan Groundwater 0.64 0.71 Awadallah M et al. (2012)
Saudi Arabia, Hail Groundwater 2.15 2.60 EI and AA (2014)
Saudi Arabia, North-western Groundwater 3.15±0.26 5.39±0.44 Alkhomashi et al. (2016)
Saudi Arabia, Northern region Groundwater 3.51±0.33 3.48±0.36 Fahad I et al. (2020)
Gonghe basin Groundwater 0.06–1.19 0.06–1.26 Present work
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in  parts  of  Saudi  Arabia  and  the  United  Arab
Emirates.  Additionally, Table  2 indicates  that
treated  drinking  water  generally  exhibits  lower
gross-α  and  gross-β  radioactivity  compared  to
untreated groundwater.  This  highlights  the  effec-
tiveness  of  water  purification  and  treatment
processes in  reducing  naturally  occurring  radioac-
tivity before human consumption. 

3.2 Correlation  analysis  of  radioactive
content in water samples

The correlation  analysis  between  major  radioac-
tive elements, gross-α and gross-β activity concen-
trations in water samples provide valuable insights
into the  relationships  among  radioactive  parame-
ters,  revealing  both  similarities  and  differences  in
their  geochemical  behavior  and  potential  sources
(Shang  et  al.  2012; Sadeghi,  2024). Table  3
presents the Pearson correlation coefficients calcu-
lated  among  the  radioactive  parameters  of  12
groups of groundwater samples collected from the
Gonghe Basin.

In the study area,  gross-α activity in groundwa-
ter  samples  shows  a  positive  correlation  with  the
concentrations of 226Ra, 40K, and Rn. Similarly, the
gross-β is positively correlated with 226Ra and 40K,
but negatively  correlated  with  Rn.  A  strong  posi-
tive  correlation  is  also  observed  between  gross-α
and gross-β activities. In addition, significant posi-
tive correlations are found between Th and U, 226Ra
and 40K,  and 40K  and  Rn,  indicating  interrelated
behavior among  these  radionuclides.  These  rela-
tionships indicate a degree of geochemical associa-
tion  and  shared  source  among  the  radioactive
elements.  Some  correlations  may  also  reflect
random  co-occurrence, pointing  to  complex  inter-
actions in the hydrogeochemical environment.

A  significant  correlation  was  observed  between
gross-α  and  gross-β  in  groundwater  samples
(R=0.911; Fig.  2). This  strong  association  indi-
cates  that  both  gross-α  and  gross-β  activities

primarily  originate  from  natural  radionuclides
within  the 238U  and 232Th  decay  chains.  Gross-α
activity  in  groundwater  is  mainly  attributed  to  the
decay  of  uranium  isotopes  (234U, 235U, 238U)  and
226Ra.  A  key  decay  product  of 238U  is  radon-222
(222Rn), which can readily escape from rock forma-
tions and dissolve into groundwater. However, due
to the volatilization of 222Rn during sample evapo-
ration  prior  to  measurement,  its  contribution  is
excluded from the reported gross-α activity values.
Data on 226Ra (Alshamsi et  al.  2013; Uzorka et  al.
2024)  reveal  a  strong  correlation  with  gross-α
activity in certain groundwater samples (R=0.979),
further supporting the interpretation that a substan-
tial portion of gross-α activity is attributable to the
decay of  the  child 226Ra produced by the decay of
238U.

This  study  investigated  the  inhibitory  effect  of
pH on gross-α and gross-β activities in groundwa-
ter. The pH values of the samples ranged from 5.19
to  8.48  (Table  1),  and  a  negative  correlation  was
observed  between  gross-α,  gross-β,  and  pH  (Fig.
3). pH  plays  a  crucial  role  in  groundwater  hydro-
chemistry,  particularly  influencing  the  speciation
of  chlorine  and  carboxyl  ions.  Under  alkaline
conditions,  uranium  tends  to  form  carbonate-
uranium  complexes,  such  as  (UO2(CO3)2

2−)  ions,
which increase uranium's solubility and mobility in
groundwater,  especially  within  the  pH  range  of
6–8.  On  the  other  hand,  thorium  exhibits  greater
solubility under acidic conditions. Given the strong
negative  correlation  between  pH and  radioactivity
levels, it is inferred that the contribution of thorium
radionuclides  to  groundwater  radioactivity  in  the
Gonghe  Basin  is  significantly  higher  than  that  of
uranium radionuclide.

Groundwater  temperature  in  the  study  area
varies significantly, ranging from 17.1°C to 72.8°C
(Table  1).  A  strong  positive  correlation  exists
between  water  temperature  and  both  gross-α  and
gross-β activities, with gross-α exhibiting an espe-
cially  pronounced  correlation  (Fig.  4).  While

 

Table 3 Pearson correlation coefficient matrix for radioactive element parameters in groundwater samples from
the Gonghe Basin

Item U Th 226Ra 40K Rn gross-α gross-β
U 1
Th −0.560 1
226Ra −0.212 0.023 1
40K −0.400 −0.047 0.521 1
Rn 0.169 0.046 −0.465 −0.706 1
gross-α −0.256 −0.062 0.979 0.762 0.719 1
gross-β −0.249 −0.074 0.986 0.873 −0.672 0.911 1
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assessing  the  precise  impact  of  temperature  on
radionuclides  distribution  is  complex,  it  is  likely
that  elevated temperatures enhance the dissolution
of  radionuclides  from  aquifer  materials  into
groundwater,  thereby  contributing  to  increased
gross-α and gross-β activity concentrations.

The  concentration  of 40K  in  groundwater
samples  within  the  study  area  ranges  from  0.069
Bq/L  to  1.590 Bq/L,  representing  a  significant
contributor to gross-β activity. Variations in potas-
sium levels  directly  influence  gross-β  activity.  As
shown  in Fig.5, there  is  a  strong  positive  correla-
tion  (R=0.873)  between 40K  concentration  and
gross-β  activity  concentration,  indicating  that 40K,
along  with  other  naturally  occurring  β  minerals,
primarily  decay  products  of 238U  and 232Th,
contributes  substantially  to  the  observed  gross-β
radioactivity  levels.  Additional  monitoring  is
recommended  to  investigate  other  potential
secondary  sources  of  gross-β,  such  as 228Ra  and
210Pb.
  

y=0.09+1.14x, R=0.873
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Fig. 5 Relationship  between gross-β and 40K concen-
tration  in  groundwater  samples  from  the  Gonghe
Basin
  

3.3 Estimation  of  population  radiation
dose due to radioactivity
 

3.3.1    Annual effective dose estimation method
According  to  the  World  Health  Organization
(2017), the  recommended  annual  effective  radia-
tion  dose  from  drinking  water  for  an  individual
should not exceed 0.1mSv. If  the gross radioactiv-
ity surpasses the screening level,  specific radionu-
clides  must  be  identified,  and  effective  mitigation
measures  should  be  implemented  to  remove  the
radioactive substances. The natural radioactivity in
groundwater  primarily  originates  from  naturally
occurring  potassium,  uranium-series,  and  thorium
series  radionuclides and their  decay products.  The
α emitters mainly consist of 238U, 234U, 230Th, 226Ra,
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Fig. 2 Relationship  between  gross-α  and  gross-β
activities in groundwater samples
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Fig. 3 Relationship  between  gross-α/gross-β  activity
concentrations and pH values in groundwater samples
from the Gonghe Basin
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Fig. 4 Relationship  between  gross-α/gross-β  activity
concentrations  and  groundwater  temperature  in
samples from the Gonghe Basin
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210Po, 232Th, and 228Th, while the β emitters mainly
include 40K, 210Pb, and 228Ra (Bonotto et al. 2008).

Field investigations revealed no radiation-related
industrial  activities  or  contamination  sources  near
the sampling locations, indicating that the radioac-
tivity observed in groundwater samples is of natu-
ral  origin.  Therefore,  the  estimation  of  internal
radiation  dose  in  this  study  is  based  primarily  on
the  contribution  from  natural  occurring  α  and  β
radionuclides  (Laassiri  et  al.  2025； María  et  al.
2022).

Estimation of Annual Effective Dose:
The  annual  effective  dose  was  estimated  using

the following formula:

AED = A×V×C (1)

Where:
- AED  represents  the  annual  effective  dose

equivalent (mSv/a).
- A denotes  the  radioactive  activity  concentra-

tion (Bq/L).
- V is the annual volume of water consumed by

an adult, recommended by the World Health Orga-
nization as 730 L/a.

- C  represents  the  dose  conversion  factor
(mSv/Bq) for ingestion of specific radionuclides by
adults.

The dose  conversion  factor  is  defined  in  accor-
dance  with  the  World  Health  Organization's
Guidelines  for  Drinking  Water  Quality  (4th
edition, 2017).

The dose coefficients  for  radionuclide ingestion
by  adults,  as  recommended  by  the  WHO  (2017),
are as follows:

•  α  radionuclides: 238U:  4.5×10−8 Sv/Bq, 234U:
4.9×10−8 Sv/Bq, 230Th:  2.1×10−7 Sv/Bq, 226Ra:

2.8×10−7 Sv/Bq, 210Po:  1.2×10−6 Sv/Bq, 232Th:
2.3×10−7 Sv/Bq, 228Th: 7.2×10−8 Sv/Bq.

• β radionuclides: 210Pb: 6.9×10−7 Sv/Bq，228Ra:
6.9×10−7 Sv/Bq. 

3.3.2    Annual effective dose from natural α emitters
The annual effective doses for residents exposed to
natural  α  emitters, 238U, 234U, 230Th, 226Ra, 232Th,
228Th and 210Po,  were estimated using the equation
AED  =  A×V×C.  The  resulting  dose  were  then
evaluated against  the World Health Organization's
recommended  limit  for  annual  effective  dose  for
drinking  water,  which  is  0.1 mSv/a. If  the  esti-
mated  dose  for  any  specific  radionuclide  exceeds
this  threshold,  further  assessment  is  required  to
identify and  quantify  individual  nuclide  contribu-
tions.  This  step  is  essential  for  determining
whether  the  groundwater  is  safe  for  human
consumption (Valli et al. 2024).

The  estimated  internal  exposure  doses  from
natural α radionuclides are summarized in Table 4.
In  both  the  QNH  and  ZCS  high  temperature
geothermal  spring  samples,  four  α  radionuclides,
230Th, 226Ra, 210Po,  and 232Th,  exceed  the  WHO's
recommended  annual  effective  dose  limit  for
drinking  water.  Specifically,  in  the  QNH  sample,
the  dose  contributions  from  these  radionuclides
exceed  the  threshold  by  1.8,  2.4,  10.4,  and  2.0
times,  respectively.  Similarly,  in  the  ZCS sample,
the  exceedances  are  1.7,  2.3,  9.9,  and  1.9  times,
respectively.  Additionally,  the  gross-α  activity
levels  in  both  QNH and ZCS samples  surpass  the
limits  set  by  the Sanitary  Standard  of  Drinking
Water (GB  5749–2022)  and  the Comprehensive
Sewage  Discharge  Standard (GB  8978–1996),
which define a threshold of 1 Bq/L. Although these
geothermal  springs  are  not  currently  used  as

 

Table 4 Estimated annual effective dose of α emitters in groundwater samples from the Gonghe Basin

No.
gross-α Annual effective dose /μSv/a

Bq/L 238U 234U 230Th 226Ra 210Po 232Th 228Th
GR-2 0.079 2.60 2.83 12.11 16.15 69.20 13.26 4.15
AYH 0.064 2.10 2.29 9.81 13.08 56.06 10.75 3.36
XTM-1 0.206 6.77 7.37 31.58 42.11 180.46 34.59 10.83
STM-1 0.262 8.61 9.37 40.16 53.55 229.51 43.99 13.77
STM-2 0.151 4.96 5.40 23.15 30.86 132.28 25.35 7.94
DR-4 0.069 2.27 2.47 10.58 14.10 60.44 11.59 3.63
GSJ 0.097 3.19 3.47 14.87 19.83 84.97 16.29 5.10
GH-02 0.191 6.27 6.83 29.28 39.04 167.32 32.07 10.04
GH-04 0.067 2.20 2.40 10.27 13.69 58.69 11.25 3.52
QNH 1.19 39.09 42.57 182.43 243.24 1042.44 199.80 62.55
ZCS 1.13 37.12 40.42 173.23 230.97 989.88 189.73 59.39
ZNH 0.036 1.18 1.29 5.52 7.36 31.54 6.04 1.89
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sources of drinking water, and are only utilized for
preliminary  bathing  purposes,  the  elevated  levels
of  natural  radioactivity  raise  potential  long-term
health concerns  with  prolonged  exposure.  There-
fore,  regular  monitoring  of  these  water  sources  is
recommended.  If  future  plans  involve  expanded
utilization, particularly  for  residential  or  recre-
ational purposes, further investigation and detailed
risk  assessment  should  be  conducted.  Moreover,
implementing basic water treatment measures prior
to large-scale development is advisable to mitigate
potential radiological health risks.

The  estimated  annual  effective  dose  from  α
radionuclides, 238U, 234U, 230Th, 226Ra, 210Po, 232Th,
and 228Th,  in  the  remaining  groundwater  samples
were generally low and did not exceed the WHO's
recommended  limit  of  0.1 mSv/a for  drinking
water.  However,  the  contribution  from 210Po  was
notably higher in several samples. Specifically, the
estimated  annual  doses  from 210Po  exceeded  the
WHO  guideline  in  four  samples:  XTM-1  (1.8
times), STM-1 (2.3 times), STM-2 (1.3 times), and
GH-02 (1.7 times). 210Po is a naturally occurring α
radionuclide  within  the 238U  decay  series.  It  has  a
half-life of 138.4 days and an α emission energy of
5.304  MeV.  It  decays  into  a  stable  state  of  lead
(206Pb).

The  four  groundwater  samples  with  annual
effective  dose  from 210Po exceeding  the  recom-
mended standard should undergo further radiologi-
cal screening to identify specific radionuclides and
clarify  the  composition  of  naturally  occurring
radioactive materials. Although residential villages
are located near the sampling sites,  it  is  important
to  note  that  groundwater  samples  analyzed  in  this
study  are  not  currently  used  for  drinking  water
purposes Therefore, there is no immediate concern
regarding adverse  health  effects  on  nearby  resi-
dents. 

3.3.3    Annual effective dose from natural β emitters
Potassium-40  (40K),  a  primary  radionuclide,  is
widely distributed in nature since the formation of
the  Earth.  The  gross-β radioactivity  in  groundwa-
ter  primarily  originates  from  the  β  decay  of 40K.
However,  potassium  intake  in  humans  mainly
occurs  through  food  consumption,  with  minimal
contribution  from  drinking  water.  Moreover,  the
dose  coefficient  of 40K  (5×10−9 Sv/Bq) is  signifi-
cantly smaller  than  that  of  other  natural  radionu-
clides. Therefore, its contribution is excluded from
the  dose  estimation.  The  annual  effective  dose
from  the  natural  β  radionuclides, 228Ra  and 210Pb,
were  calculated  and  compared  with  the  World
Health Organization's recommended personal radi-

ation dose limit for drinking water of 0.1 mSv/a. If
the  activity  concentrations  of  these  radionuclides
exceed this  threshold,  further  screening  is  neces-
sary  to  identify  specific  radionuclide  composition
and  to  evaluate  the  suitability  of  the  water  for
drinking purposes.

Table 5 presents the estimated internal exposure
dose from natural  β radionuclides in groundwater.
The annual effective dose for residents due to 228Ra
and 210Pb  is  relatively  low  and  remains  below  the
World  Health  Organization's  recommended
personal radiation dose limit for drinking water of
0.1 mSv/a.
  
Table 5 Annual  effective  dose  of  β  emitters  in
groundwater of the study area

No.
gross-β

Annual effective dose of β
radiation /μSv/a

Bq/L 228Ra 210Pb
GR-2 0.141 7.10 7.10
AYH 0.143 7.20 7.20
XTM-1 0.116 5.84 5.84
STM-1 0.089 4.48 4.48
STM-2 0.114 5.74 5.74
DR-4 0.152 7.66 7.66
GSJ 0.136 6.85 6.85
GH-02 0.146 7.35 7.35
GH-04 0.064 3.22 3.22
QNH 1.26 63.47 63.47
ZCS 0.613 30.88 30.88
ZNH 0.213 10.73 10.73
  

4  Conclusions

This  study  systematically  evaluates  the  natural
radioactivity  levels  and  genetic  mechanisms  of
groundwater in the eastern Gonghe Basin, Qinghai
Province,  highlighting  the  significant  influence  of
regional  geological  structures  and  hydrothermal
activities  on  radionuclide  distribution.  Based  on
the findings,  health  risk  prevention  recommenda-
tions are proposed, with the following key conclu-
sions:

(1)  Coupling  relationship  between  groundwater
radioactivity  and  geological  structures:  The  deep
thermal  reservoir  rocks  in  the  Gonghe  Basin
primarily  consist  of  uranium- and  thorium-
enriched  granites.  Groundwater  migration  along
regional  fault  zones  acts  as  conduits  for  deep
fluids,  enhancing  water-rock  interactions.  Under
high-temperature  conditions,  radioactive  elements
such  as  uranium  and  thorium  are  extensively
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released  into  groundwater  through  leaching.
Although 83.33% of sampled waters meet national
standards  for  gross-α  and  gross-β  activities,  the
QNH and ZCS high-temperature springs near fault
zones  exhibit  significant  exceedances  in  gross-α
activity  and specific  α-emitters  (230Th, 226Ra, 210Po,
232Th), indicating fault zones and high-temperature
environments  are  dominant  controlling  factors  for
radionuclide enrichment.

(2)  Genetic  mechanisms  of  radioactivity:  The
spatial differentiation  of  radionuclides  in  ground-
water is  controlled  by  lithology,  hydrogeochemi-
cal conditions, and temperature:

① Lithogenic contributions:  Granite  formations
exhibit uranium and thorium concentrations above
regional  background  levels,  with  their  fracture
networks  serving  as  pathways  for  radionuclide
migration and release.

② Hydrogeochemical controls:  Alkaline  condi-
tions  (pH  7.35–8.48) promote  uranium  mobiliza-
tion  through  carbonate  complexation,  while
thorium demonstrates greater mobility under acidic
environments.

③ Thermal  effects:  Elevated  groundwater
temperatures substantially  enhance  nuclide  leach-
ing,  as  evidenced  by  strong  positive  correlations
between  gross-α activity  and  temperature,  under-
scoring hydrothermal circulation as a critical factor
driving the migration of radioactive elements.

(3)  Health  risk  assessment:  Annual  effective
dose  indicate  that  most  groundwater  samples
remain  below  the  WHO  guideline  limit  of  0.1
mSv/a.  However,  the  QNH  and  ZCS  hot  springs
exceed this threshold,  with the 210Po dose in QNH
spring water  reaching  10.4  times  the  recom-
mended  limit.  This  suggests  a  potential  internal
radiation hazard from long-term exposure.  Special
attention  should  be  given  to  non-drinking expo-
sure  pathways,  such  as  recreational  bathing  and
agricultural irrigation in nearby areas.

(4)  Recommendations  for  environmental  mana-
gement  and  resource  development:  For  water
sources  with  elevated  radioactivity,  continuous
monitoring and cautious development are essential
to  balance  resource  utilization  and  environmental
protection.  Additionally,  public  health  education
and  environmental  management  should  be
strengthened  to  raise  public  awareness  about
radioactive contamination  and  enhance  commu-
nity capacity for risk prevention.
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