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Abstract: The  present  work  provides  an  online  Bench  II-IRMS  technique  for  the  measurement  of  stable
chlorine  isotope ratio,  which is  used to  measure  the  δ37Cl of  38 groundwater  samples  from the Karst  and
Quaternary aquifers in Anyang area. The regional distribution and signature of δ37Cl value are characterized
on the base of isotopic data. The results suggest that the δ37Cl value of Quaternary groundwater decreases
with  increasing  Cl− concentration,  and  has  no  correlation  with  δ18O and  δD values,  but  closely  correlates
with the depth to water table. The fractionation mechanism of the chlorine isotope is expounded according
to  the  type  of  groundwater.  The  δ37Cl  value  of  karst  water  is  generally  positive,  which  is  relevant  to  the
dissolution of evaporite (gypsum mine), and may be caused by the mixing of groundwater and precipitation.
The groundwater of Quaternary unconfined aquifer is mainly recharged by precipitation, and the δ37Cl value
of  groundwater  is  generally  negative.  The  δ37Cl  value  of  groundwater  in  Quaternary  confined  aquifer  is
more negative with increasing the depth to water level and elevated Cl− concentration, which is possible to
result  from  the  isotope  fractionation  of  ion  filtration.  The  groundwater  with  inorganic  pollutants  in
Quaternary unconfined aquifer has generally a positive δ37Cl value.
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 Introduction

Chloride  is  often  used  as  a  conservative  tracer  in
catchment  hydrology  studies.  Chlorine  has  two
stable isotopes,35Cl and 37Cl, whose abundance are
0.755 3 and 0.254 7,  respectively,  and which have
a mass difference of 53.7‰.

In recent decades, many studies were on the ana-
lytical  procedure of  chlorine isotope,  fractionation
mechanisms  and  geochemical  applications.  Nier
and Hanson (1936) used electrons to bombard HCl
gas, and measured the ratio of 37Cl/35Cl through the
current  intensity of  generated 1H37Cl+, 1H35Cl+ ion,
with  a  measurement  accuracy  of  10 ‰.  Kauf-

mann  (1984)  redesigned  the  sample  preparation
process  based  on  Taylor’ s  (1969),  developed  gas
mass spectrometry based on CH3Cl+,  and then im-
proved  the  determination  accuracy  of  chlorine
to  ±0.24‰. Long made  great  improvements  on
the measurement process in 1993, and improved
the determination accuracy to ±0.09‰ (Long et
al. 1993). Shouaka-stash used continuous flow iso-
tope ratio mass spectrometry (CF-IRMS) to deter-
mine inorganic chlorine isotopes. He combined gas
chromatography  (GC)  and  gas  isotope  ratio  mass
spectrometry  (Shouakar-Stash  et  al.  2005)  and
greatly  reduced  the  sample  dosage  (1.4  μmol);
the determination accuracy reached ±0.07‰.

The  study  work  on  chlorine  isotopes  in  China
started in 1990s. Xiao developed a method of positive
thermal  ionization  mass  spectrometry  based  on
Cs2Cl+ in 1992 (Xiao and Zhang, 1992). Xiao et al
(1995)  improved  the  analyzed  method  to  increase
the  accuracy  to  ±0.09‰,  and  successfully  app-
lied  to  the  research  on  salt  lakes  in  Qaidam  and
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Qinghai  Lake  (Zhang  and  Xiao,  1993; Xiao  et  al.
1994; Liu  et  al.  1996; Liu  et  al.  1998).  In  recent
years,  with  the  advancement  of  stable  chlorine
isotope  fractionation  and  test  methods,  chlorine
isotopes  have been widely  used in  the  research of
evaporite  characteristics  and  groundwater  evolu-
tion,  seawater  intrusion,  and  mineralization  fluid
effects  in  mineral  deposit  formation,  fractionation
mechanism on chlorinated organic solvents, and org-
anic  tracing  in  synthetic  and  natural  degradatives
(Kaufmann et  al.  1993; Xiao et  al.  1997; Jendrze-
jewski et al. 2001; Sie and Frape, 2002; Numata et
al.  2002; Edmunds  et  al.  2003; Shouakar-Stash  et
al.  2003).  It  is  because  of  the  physical  and  che-
mical  characteristics  of  chlorine  that  the  isotope
composition will  not change with the element and
form  transformation.  However,  the  great  relative
quality difference between 37Cl and 35Cl may result
in  isotope  fractionation  in  immixtures,  evapora-
tion, diffusion and ion filtration.

In view of hydrogeologic setting in Anyang, the
isotope fractionation caused by diffusion and filtra-
tion should not be significant for the karst aquifer,
while it  may occur in the Quaternary aquifer.  The
purposes of present study is to (1) characterize the
distribution of chlorine isotopes in the groundwater
of  study area,  (2)  clarify  the  source  of  chlorine  in
groundwater  through  the  combined  use  of  hydro-
geology, stable isotopes of water and chlorine, and
(3)  expound  the  fractionation  mechanism of  chlo-
rine stable isotopes.

 1  Materials and methods

 1.1 Study area

Anyang is  located  in  northern  Henan  Province,  in
which  the  western  region  is  the  foothills  of  Tai-
hang Mountains and eastern region is a part of the
North China Plain.  Geologically,  the study area is
located  at  the  junction  of  the  Taihang  Mountains
fault block. And the Taihang fault block, Tangy in
down  warpand  Neihuang  uplift  are  successively
distributed  from  west  to  east.  Sedimentary  strata
have from older to younger, Cambrian systems, Or-
dovician systems, Carboniferous systems, Permian
systems, Neogene systems and loose deposition in
Quaternary  systems.  Magmatic  complex  rocks  are
widely distributed and mainly comprised of diorite,
granodiorite, hornblende diorite, and quartzdiorite.
These rocks changes from alkaline rock in the east
to intermediate and basic in the west. Hanxing iron
ore is found in the contact zones of limestone and
magmatic  rock.  The  iron  ore  body  in  this  area  is

distributed in the contact zones of the neutral intr-
usive  complex  in  the  Yanshan  and  carbonatite  in
the Middle Ordovician. According to the statistical
data  of  medium  sized  and  larger  iron  deposit,  the
ore  body  total  ore  quantity  in  the  contact  zones
accounts for more than 95%, and the interlayer ore
is  found  in  the  tectonic  zone  (interlayer  shuttered
zone  and  stripping  zone)  in  the  carbonatite  in  the
Middle  Ordovician  near  the  contact  zones,  which
accounts  for  3.0%.  The  third  ore  body  can  be
found  in  the  residual  body  and  xenoliths  in  the
contact  zones,  accounting  for  less  than  1%.  The
gypsum mine is distributed in the Ordovician lime-
stone.

 1.2 Methods

 1.2.1    Sampling
Total 38 samples of groundwater (well water), spr-
ing  water,  and  canal  water  were  sampled  during
the field geologic and hydrogeologic surveys in the
Anyang area. The sampling sites are shown in Fig.
1,  which  is  also  shown  the  details  geological
information  of  the  study  area.  Groundwater  were
sampled in 50 mL bottle of HDPE for oxygen and
hydrogen stable isotope measurement, and 500 mL
bottle  of  HDPE  for  chlorine  isotope.  All  bottles
were washed 3 times with the sample water before
filling samples. The samples were kept in the refri-
gerator waiting for measurement.
 1.2.2    Measurement  of  oxygen  and  hydrogen  stable

isotope
The oxygen and hydrogen stable isotopes of ground-
water  were  measured  online  using  the  method  of
heat transform element analysis isotope ratio mass
spectrometry  (TC/EA-IRMS)  in  the  National  Key
Laboratory  of  Organisms  and  Environment  Geo-
logy,  China  University  of  Geosciences  (Wuhan).
All  water  samples  were  filtered  using  a  0.45  μm
PTFE Millipore filter before online analyzing. The
instrument  for  sample  measurement  is  stable  gas
isotope ratio mass spectrometry MAT253, and the
determined accuracies of δ18O and δD were ±0.1‰
and ±1.0‰, respectively.
 1.2.3    Measurement of chlorine stable isotope
The analyses of chlorine isotopes include two pro-
cesses: Preparation of samples and analysis on mass
spectrometry. In the process of sample preparation,
it  is  not only necessary to ensure the complete re-
covery of chloride ions in groundwater, but also to
ensure that there is no fractionation of chlorine iso-
topes in the process of sample preparation. The diff-
erent sample preparation methods depend on the di-
fferent  mass  spectrometry;  and  this  research  use
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gas  mass  spectrometry  based  on  CH3Cl+.  Sample
measurement  was  completed  with  Gas-Bench  II-
IRMS  (Liu  et  al.  2013)  by  the  National  Key
Laboratory  of  Organisms  Geology  and  Environ-
ment Geology in China University of Geosciences
(Wuhan),  the  results  showed  in Table  1,  and  this
method  can  realize  online  rapid  analysis  of  sam-
ples, with less sample amount.
 1.2.3.1    Sample pretreatments
During sample pretreatments, the ideal water sam-
ple amount is related to the concentration of Cl− in
water; generally, more than 3 mg of Cl− in water is
needed.  If  the  concentration  is  less  than  3  mg/L,
the water sample should be concentrated by evapo-
ration under the condition of temperature less than
60°C. This process mainly includes the preparation
of AgCl precipitation and the preparation of CH3Cl
gas.
(1) The preparation of AgCl
a. Acidization of the water samples. Water sam-

ples  were  placed  in  a  beaker,  several  drops  of
dense HNO3 were added to make the pH<2, and the
samples were heated slowly to slightly boiling for
several minutes to expel the CO2 in water.

b.  Removal  of  SO4
2−.  About  1mL  of  saturated

solution of Ba(NO3)2 was added and stirred with a
glass rod, then slightly boiled and left to stand for
2 h. A drop of saturated solution of Ba(NO3)2 was
added to the supernatant for the complete precipita-
tion  of  SO4

2−.  Filtering  was  done  after  the  BaSO4

deposits, and the filtrate was kept.

c.  Production  of  AgCl  deposits.  Excess  AgNO3

solution  was  slowly  added  to  the  water  samples
after  pretreatment  (the  filtrate)  to  product  AgCl
deposit. The beaker was immediately encased with
aluminum foil (tinfoil) to keep the AgCl from pho-
tolysis. The beaker was placed in the dark to stand
for  2  h.  After  the  solution  was  clarified,  several
drops of AgNO3 solution were added and checked
to confirm completely precipitation. This step was
finished quickly to reduce the exposure time.

d. Purification and washing of the AgCl deposit.
The  AgCl  deposit  was  washed  with  0.001  mol/L
diluted HNO3  solution 3 times, and the supernatant
was discharged. Excess dense NH4OH solution was
added  to  the  AgCl  deposit  to  increase  the  pH  to
more than 10, and the solution was shaken slightly
to make the deposit dissolve completely. The right
amount of  HNO3 solution was slowly added to re-
duce the pH to less than 2, and the AgCl was precipi-
tated  again.  The  supernatant  was  discharged.  This
process was repeated 2–3 times, and AgCl deposits
were continually purified. Finally, the deposit was
washed with diluted HNO3 3 times.

e.  Dry  to  reserve.  The  AgCl  deposit  was  dried
after  purification  at  40°C,  stored  in  the  dark  and
reserved.
(2) The preparation of CH3Cl gas
Under  infrared  lights,  0.5  mg  of  AgCl  was  put

into  a  thread  mouth  glass  tube  and  then  the  super
pure  He  was  filled  into  the  glass  tube  for  30  s  to
drive out the air. 20 μL of CH3I was added into the
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Fig. 1 Geological map of the study area and distribution of sampling points
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tube  immediately  after  stopping  inlet  He  and  the
tube was sealed.

The glass tube was encased with aluminum foil
(or tinfoil) and placed in an oven at 80°C for 48 h.
The  gas  in  the  tube  was  the  mixed  gas  producted
by  the  reaction  of  CH3Cl  and  CH3I.  The  sample
was removed, and a chlorine isotope measurement

was performed in the mass spectrometer as soon as
possible.  If  analyzing  conditions  were  not  acce-
ptable,  the  sample  was  preserved  in  a  refrigerator
at  4°C to  prevent  isotope fractionation,  which can
affect  the  analysed  result.  PTFE/silica  pads  was
used  in  the  bottle  cap  to  ensure  tightness  of  the
tube.

Table 1 Results of chemical compositions and isotope of groundwater in the Anyang area

Num Position Well Type Cl−
δ37ClSMOC

(‰)
δ18OVSMOW

  (‰)
δDVSMOW

 (‰)
001 Beishan Village 1 120 Karst water 16.1 0.25 −8.06 −60.7
002 Beishan Village 120 Karst water 15.9 0.30 −8.36 −62.6
003 Xi-quyang 160 Karst water 41.5 0.29 −7.47 −58.6
004 Shangtao Village 25 Quaternary 13.4 0.03 −8.22 −63.0
005 Shang-yanke 185 Karst water 28.2 0.07 −7.91 −61.7
006 Redflag canal C Canal water 52.1 0.48 −7.80 −62.0
007 Redflag canal sp Spring water 10.6 0.04 −8.78 −64.5
008 Jian Village sp Spring water 10.5 0.20 −8.43 −61.3
009 Guojia Village sp Spring water 8.6 −0.26 −9.59 −65.9
010 Ni-hetou 15 Quaternary 191.6 −0.28 −7.81 −58.4
011 Beiqu Ditch 40 Quaternary 87.4 0.12 −7.55 −57.4
012 Pearl-spring sp Spring water 14.9 0.15 −8.31 −64.1
013 Jishan Village 1 15 Quaternary 89.1 0.32 −7.74 −60.8
014 Jishan Village 2 20 Karst water 17.0 0.49 −8.27 −63.4
015 Gutuo Village 6 Quaternary 146.5 0.56 −7.16 −54.4
016 Zhongle Village 10 Quaternary 23.1 0.02 −7.64 −61.2
017 Shaojia Tun 40 Quaternary 37.9 0.65 −7.52 −58.8
018 Biaojian Village 19 Quaternary 85.3 0.13 −7.97 −61.2
019 Guo-wangdu 20 Quaternary 38.4 5.12 −8.41 −66.9
020 Geological seven 70 Quaternary 130.4 0.20 −7.61 −60.0
021 Xiao-nanhai sp Spring water 22.3 0.35 −7.89 −62.6
022 Zhang er Village 13 Karst water 15.7 0.35 −8.41 −62.2
023 Xiabao Village 20 Karst water 16.7 0.60 −8.32 −63.0
024 Tielu Village 20 Karst water 16.5 0.11 −8.33 −62.2
025 Xiao-tun Village 17 Karst water 16.0 0.17 −8.50 −64.2
026 Guojiayuan 18 Karst water 23.6 0.13 −7.92 −61.0
027 Xiaodian Village 18 Karst water 20.0 0.12 −8.41 −63.0
028 Bei-xiangkou 19 karst water 20.9 0.27 −8.47 −63.4
029 Jiao-jiawan 17 Quaternary 17.6 −0.02 −9.12 −66.1
030 Beiwu Village 30 Quaternary 48.7 0.20 −10.0 −75.6
031 Fengsu Village 40 Quaternary 85.3 0 −7.28 −56.0
032 Lu Villge 70 Quaternary 154.8 0.14 −8.69 −66.3
033 Bei-liugou 20 Quaternary 291.5 −0.01 −9.20 −71.1
034 Dudian Village 40 Quaternary 105.5 0.21 −8.30 −63.0
035 Shang-cheng 40 Quaternary 29.4 0.03 −8.16 −61.6
036 Shi-changtun 12 Quaternary 150.8 0.09 −7.20 −56.8
037 Gaojia Village 20 Quaternary 33.1 −0.14 −7.70 −61.5
038 Ma-toujian Village 70 Quaternary 52.6 0.19 −8.33 −64.6
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 1.2.3.2    Principle  of  mass  spectrometry  me-
thod
Mass  spectrometry  analysis  of  chlorine  isotopes
was  completed  with  stable  gas  isotope  ratio  mass
spectrometry (MAT253) made in Germany by Fin-
nigan. The principle of this method is that the mixed
gas (CH3Cl and CH3I ) is loaded into Gas-BenchⅡ,
loaded  into  the  GC  pillar  by  switching  the  eight-
way-valves  (VALCO),  and  then  separated  online.
After  separation,  CH3Cl is  dewatered  and purified
and  is  loaded  into  the  ion  source  of  isotope  mass
spectrometry  through  Open  Split  to  receive  ion
current signals with two Faraday cups (m/z=50 and
52), which are converted to the 37Cl/35Cl ratio. δ37Cl
is  conversed  by  comparing  it  to  normal  isotope
37Cl/35Cl. The same sample is tested repeatedly, and
δ37Cl  is  the  average  value.  The  international  stan-
dard chlorine isotope material  ISL-354 is  taken
as the analysis standard, and the accuracy of the
chlorine isotope test method is ±0.08‰.

 2  Results and discussions

 2.1 Signatures and distribution of δ37Cl
in waters

 2.1.1    The  chlorine  isotopic  signature  of  the  Sea-

water
Seawater provides the largest and most uniform ch-
lorine storage reservoir in the world and is the main
source and sink of chlorine. Many researchers have
confirmed that the chlorine isotope composition of
global seawater is very consistent. Kanfmann et al.
(1984) suggested using standard mean ocean chlo-
ride as the standard for stable chlorine isotope. How-
ever, the chlorine isotopic composition of seawater
in different regions have minor differences. Accor-
ding to geographic location and atmospheric circu-
lation, the chlorine isotope composition of the Bo-
hai  Sea,  the  Yellow  Sea  and  the  East  China  Sea
may affect  the chlorine isotope composition of at-
mospheric precipitation, surface water and ground-
water  in  the  Anyang  area.  Thus,  the  chlorine  iso-

tope composition of the Bohai Sea, the Yellow Sea
and  the  East  China  Sea  was  measured  in  order  to
study the chlorine isotope composition of  ground-
water and trace the sources of chlorine in Anyang
area. The measured values show close to  0.00‰
and are listed in Table 2.
 2.1.2    Chlorine isotopic signature of precipitation

1−
(Cl/Na)sample

(Cl/Na)seawater

The  precipitation  is  the  main  recharge  source  of
groundwater and the carrier of chloride of sea water.
Thus, it is vital to understand chlorine isotope signa-
ture and its variation of sea water. The largest sou-
rce  of  Cl− in  the  atmosphere  is  marine  aerosols,
which enters the atmosphere through bubble break-
age  or  tearing  of  the  wave  top  (Duce,  1998).  In
most cases, Cl- in the atmosphere may return to the
Earth’ s  surface  through  wet  and  dry  deposition.
However,  sea salt  aerosols  are changed by chemi-
cal  reactions  in  the  atmosphere,  as  proven  by  an

increase in the Cl deficit .  Where:
Cl− volatilizes  from NaCl  to  a  gas  containing  Cl−.
Most  attention  is  given  to  HCl  gas  and  potential
Cl2、ClO− and ClNO2. The reactions of atmosphere-
induced  SOx or  NOx and  H2O  product  H2SO4 or
HNO3 and HCl with NaCl in aerosols (Wagenbach
et al. 1998; Lightowlers and Cape, 1988 ):

HNO3+NaCl→ HCl ↑ +NaNO3 (1)

H2SO4+2NaCl→ HCl ↑ +Na2SO4 (2)

HCl gas dissolves into atmospheric precipitation
due to its high solubility, and then fall onto the land
surface. Thus, Cl is removed from the atmosphere
after  a  short  life  of  perhaps  1.5  days  (Erickson  et
al. 1999). Volpe and Spivack (1994) studied the Cl
stable  isotope  composition  of  marine  salt  aerosol
particles. The δ37Cl value of marine aerosol which
was sampled from Bermuda showed to be positive
with increasing Cl deficit in the samples. This sug-
gested that  the fractionation of Cl isotope in aero-
sols took place with volatilization, i.e. the salt aero-
sols  are  enrichment  in 37Cl  (δ37Cl  is  positive),  and
HCl  gas  is  enrichment  in 35Cl  (δ35Cl  is  negative).
Thus,  in  the  volatilization  experiment,  the  isotope
fractionation  is  about  −3 ‰  between  HCl  gas

Table 2 The measured chlorine isotope values of the Bohai Sea and the Yellow Sea

Sampling location Sampling time（year） Measured δ37Cl (‰)
The Bohai sea Peitaiho 2010 0.06

Peitaiho (500 m from the shore) 2010 −0.10
Huanghua City, Hebei Province 2010 −0.08

Yellow Sea Yantai, Shandong 1995 0.00
The East China Sea Shanghai 2010 −0.01

Notes: ISL-354 seawater was used as the standard (Xiao et al. 2007)
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and saturated NaCl brine, which is similar to the
value  observed  in  sea  aerosols.  This  indicates
that  acidification  of  sea  salt  aerosols  and 37Cl
depletion  resulting  from  the  HCl  production  are
most responsible for the fractionation.

The  existing  data  indicate  that  the  chlorine
isotope  signatures  of  coastal  area  or  around  salt
lakes  are  positive  values.  For  example,  the  δ37Cl
value  of  rainwater  is  about  +1.55% in  the  South
China  Sea,  +1.61% in  Xiamen,  and  +0.88% in
Xining (Erickson et  al.  1999; Sun et  al.  2004; Xu
and  Sun,  2001; Xiao  et  al.  2001).  However,  this
value is −4.07% (dry season) and −2.64% (wet sea-
son) (Lang et al. 2008) in Guiyang city of Guizhou
Province,  where is  far  from the ocean.  In Canada,
the value is −3.5‰–−1.2‰ in the Bonner Lake
area,  and  −3.3‰–0.00‰ in  the  D-Espoir  Gulf.
The  average  value  of  these  two  places  is  about
−3.5 ‰  (Koehler  and  Wassenaar,  2010).  These
data indicate that δ37Cl of rainwater in the area far
from the ocean is negative. Unfortunately, the δ37Cl
value of  rainwater  in  the  study area  was not  mea-
sured, but δ37Cl value of groundwater is −0.26‰
for  the  fissure  spring  in  Guojiazhuang,  Shiban-
yan town, and −0.28‰ for the Quaternary uncon-
fined aquifer with the depth of water table about 10
m, respectively, which indicates that they are recha-
rged  by  modern  atmospheric  rainfall  and  their
δ37Cl  value  has  beenaltered  to  be  slightly  positiv-
eby the following processes (δ37Cl of modern atmo-
spheric precipitation is approximately −4.67‰–
+1.61‰ (Liu, 2011)).
 2.1.3    Chlorine isotopic signature of river water
In this study, one river water sample which was coll-
ected from the Qing-nian-dong of Hongqi Canal in
2010, has a value of δ37Cl = +0.48‰, and the other
one which was sampled in the upper reaches of the
Jia  River  in  Yantai,  Shandong  Province  in  1995,
has a value of δ37Cl = +0.53‰. Xiao et al. (1997)
reported  the  δ37Cl  =  +0.74 ‰  to  +2.22 ‰  with  a
mean  value  of  +1.35‰ for  five  rivers  draining
into  Salt  Lake  in  Qinghai,  and  +1.85 ‰  and
+2.85‰ for two rivers in Qaidam Lake (Xiao et
al.  1994).  Liu  et  al.  (2008)  measured  the  δ37Cl
values of river water near Guiyang city and the
results were +0.12‰ to +1.69‰ (during the dry
period).  Koehler  and  Wassenaar  (2010)  studied
the relationship between Cl− and δ37Cl values in the
Bow River and the Old Man River in Canada, and
found  the  δ37Cl  value  increase  with  elevated  Cl−

concentration  (or  decreasing  1/Cl−).  They  sugg-
ested that the increase in δ37Cl values was the result
of mixing of earlier atmospheric rainfall (δ37Cl val-
ues of approximately −3‰) with more concent-

rated  Cl− input  sources  later,  or  mixing  of  muni-
cipal wastewater (δ37Cl = 0.0‰ to +1.0‰). Volpe
and Spivack (1994) suggested that the higher δ37Cl
values  of  river  may be  caused by the  atmospheric
aerosol of high δ37Cl values. In summary, the δ37Cl
values  of  river  water  are  generally  positive.  The
positive  δ37Cl  value  of  Hongqi  canal  water  in  this
study area is thought to be caused by the mixing of
atmospheric  precipitation  with  a  negative  δ37Cl
value  and  surface  water  or  groundwater  with  a
positive δ37Cl value.
 2.1.4    Chlorine isotopic signature of groundwater
The δ37Cl  value  of  groundwater  in  the  Quaternary
aquifers tends to be negative with elevated Cl− con-
centration  along  the  flow  path  from  west  to  east
(Fig. 1 and Fig. 2). But there is no significant corre-
lation between the δ37Cl values and Cl− concentra-
tion for the groundwater of karst aquifer.
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Fig. 2 Correlation  between  groundwater  Cl− concen-
tration and δ37Cl values
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The δ18O-δD plot of groundwater (Fig. 3) shows
that groundwater in the study area is recharged by
precipitation and undergoes certain evaporation and
concentration.  However,  the  plot  of  δ37Cl-δ18

(Fig. 4) and δ37Cl-δ  (Fig. 5) show that the δ37Cl
values  of  groundwater  do  not  correlate  with  the
δ18  and  δ  values.  This  is  mainly  because
the  fractionation  mechanism  of  δ18O  and  δD
isotope  is  different  from  that  of 37Cl.  Eastoe  and
Guilbert  (1992)  also  found  no  significant  rela-
tionship  between δ37Cl and δ18O and δD values  of
water  in  their  study  of  groundwater  in  the  Gulf
Basin, USA.

Karst water is mainly distributed in mountainous
areas,  and  the  burial  depth  is  greater  than  80  m.
There is no correlation between the Cl− concentra-
tion and the burial depth of karst water, and the Cl−

concentration  varies  slightly  with  depth,  from  10
mg/L to 30 mg/L (Fig. 6 and Fig. 7). The δ37Cl va-
lue  of  karst  water  is  generally  positive,  but  it
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varies  greatly  from  +0.07 ‰  (ShangYanke)  to
+0.60 ‰  (XiaBao  village).  The  δ37Cl  values  of
karst water are also independent of depth. The spr-
ings recharged by karst water have low Cl− concen-
trations, 14.9 mg/L for Pearl Spring and 22.3 mg/L
for  Xiaonanhai  Spring,  with  δ37Cl  values  of

+0.12 ‰  and  +0.35 ‰,  respectively,  within  the
range of δ37Cl values of karst water. According to
Liu et  al.  (2008),  the  δ37Cl  values  of  karst  water
in  the  Guizhou  area  were  positive  in  January
2002, from +0.17‰ and +1.34‰ during the dry
season, and positive and negative in June 2002,
from −1.46‰ to +0.29‰ during the wet season.
The negative δ37Cl values of karst water in the Gui-
yang area may be related to the recharge of preci-
pitation and the runoff conditions of karst develop-
ment  in  wet  season.  In  contrast,  our  study  area  is
located  in  the  northern  China,  where  karst  is  not
developed  and  groundwater  runoff  is  relatively
slow;  thus,  so  far,  no  karst  water  has  been  found
with negative δ37Cl values. The positive δ37Cl value
of karst  water in our study area is presumed to be
caused  by  the  mixing  effect  of  precipitation  and
groundwater.  The  δ37Cl  values  and  their  distribu-
tion  of  groundwater  in  Quaternary  aquifers  show
the following characteristics:
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Fig. 3 Relationship  between  δ18O  and  δD  values  of
groundwater
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Fig. 6 Relationship  between  groundwater  Cl− ion
concentration and burial depth
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Fig. 7 Relationship  between groundwater  δ37Cl value
and burial depth
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(1) The groundwater with buried depth less than
40 m is mostly from the unconfined aquifer which
is recharged by precipitation, and has both positive
and  negative  δ37Cl  values.  Generally,  the  value  is
negative in the western mountainous area; for exa-
mple, groundwater in the site of sample 010, where
the  buried  depth  of  groundwater  is  15  m,  has  a
δ37Cl=−0.28 ‰,  and  Cl− concentration  of  191.6
mg/L,  groundwater  in  Jiaojiawan,  Hengshui,  Lin-
zhou (the site of sample 0029), where the buried de-
pth of groundwater is 10 m, has a δ37Cl = −0.02‰,
and  Cl− concentration  of  17.6  mg/L.  Occasionally
δ37Cl is close to 0.00‰, for example, in Shang-
tao village (sample site 040), the depth of ground-
water  is  10  m,  and  groundwater  has  a  δ37Cl=
+0.03‰ and  the  Cl− concentration of 13.4 mg/L.
However, eastward to the plain area, the δ37Cl val-
ue of groundwater becomes positive,  for example,
in  Beiqugou  (site  of  sample  011),  groundwater
with buried depth of 40 m, has a δ37Cl = +0.12‰
and Cl− concentration of 87.4 mg/L. In Beiwu vill-
age (site of sample 030),  groundwater with buried
depth of 30 m, has a δ37Cl = +0.20‰ and the Cl−

concentration  of  48.7  mg/L.  In  Beijishan  shallow
well (sample 013),  groundwater with buried depth
of 15 m, has a δ37Cl = +0.32‰ and Cl− concentra-
tion  of  89.1  mg/L.  Theoetically,  groundwater  in
Quaternary unconfined aquifer should have a nega-
tive  δ37Cl  valuethat  is  close  to  the  value  of  preci-
pitation,  but  most  of  these  samples  are  positive,
which  may  be  the  influence  of  atmospheric  aero-
sols, pollution, diffusion or ion filtration.

(2)  The  contaminated  groundwater  in  Quater-
nary  aquifer  has  a  more  positive  value  of  δ37Cl.
Groundwater sample from shallow well with a depth
6  m  (sample  015)  in  Gutuo  Village,  Lunzhang
Town,  has  a  Cl− concentration  of  146.5  mg/L and
δ37Cl = +0.56‰. Sample from well with a depth
of  40  min  Shaojiatun,  An  Feng  Town  (sample
017),  is  contaminated  water  with  a  Cr  concen-
tration  of  33.3  ppb,  and  NO3

− concentration  of
34.087 mg/L, and has a δ37Cl = +0.65‰. Sample
from a well with depth >100 m in Guo wangdu
(sample  019)  in  Beijiao  Township,  is  also
contaminated  with  NO3

− concentration  of  19.93
mg/L,  Cr  concentration  of  15.10  ppb,  Zn  concen-
tration of 361 ppb, and has a δ37Cl = +5.12‰ and
Cl− concentration of 22.34 mg/L, which is the most
positive  value  of  δ37Cl  value  in  the  study  area.
Therefore,  the  δ37Cl  value  of  groundwater  both  in
unconfined  and  confined  aquifers  is  significantly
affected by inorganic salt contaminants.

(3) The groundwater in Quaternary confined aq-
uifer has a more negative value of δ37Cl. The Bei-
liugou  well  (site  of  sample  033)  in  Zhang  Erzh-

uang Township, Weixian County, Hebei Province,
is located in the easternmost part of the area, with a
depth of 200 m, and penetrate the confined aquifer.
Groundwater  in  this  well  has  a  δ37Cl  =  −0.01 ‰,
δ18OH2O = −9.2‰, δD = −71.1‰ and Cl− concen-
tration of 291.5 mg/L. The Lu Village well (site of
sample 032), also located in the eastern part of this
study area,  is  70  m deep,  and groundwater  in  this
well  has  a  δ37Cl  =  +0.14 ‰,  δ18OH2O =  −8.69 ‰,
δD  =  −66.3 ‰  and  Cl− concentration  of  154.8
mg/L.  The  positive  δ37Cl  value  is  due  to  the  ele-
vated  Cl− concentration  of  shallow  burial  depth.
The  sample  from  well  (site  of  sample  020)  with
well depth of 70 m in Anyang city, is contaminated
water  with  NO3

− concentration  of  52.6  mg/L,  has
δ37Cl  =  +0.20 ‰,  δ18OH2O =  −7.61 ‰,  δD  =
−60.0 ‰  and  Cl− concentration  of  130.4  mg/L.
From  these  data,  it  can  be  found  that  it  can  be
found  that  the  δ37Cl  value  of  groundwater  in  the
Quaternary aquifer tends to be more negative with
increasing  depth.  Theoretically,  this  should  be
caused by the ion filtration.

 2.2 Mechanism of chlorine isotope frac-
tionation in groundwater

 2.2.1    Chlorine isotope fractionation in karst water
Available  data  confirm  that  salt  minerals  such  as
halite  and  carnallite  are  preferentially  enriched  in
37Cl  during  precipitation  from  seawater  (Vengosh
et al. 1989). Xiao et al. (2000) pointed out that the
enrichment  of 37Cl  in  different  minerals  is  diffe-
rent. Vengosh et al. (1989) determined the δ37Cl va-
lue  of  +(24.7±2.9)‰ for  a  carnallite  sample  in
the  Qaidam  Basin,  Qinghai,  while  the  δ37Cl va-
lue of the corresponding brine was −0.6±1.4‰.
Eastoe  et  al.  (2001)  studied  the  enrichment  of
halite in the Gulf Coast.  Palo, the Duro Basin and
the  evaporite  of  the  Carpathian  Mnt,  those  δ37Cl
values  ranged  from  0.0 ‰  to  +  1.0 ‰.  In  the
present  study  area,  the  Ordovician  limestone
contains  gypsum  deposits,  which  also  con-
tains halite, and the dissolution of halite may cause
the  increases  of  δ37Cl  value  in  karst  water.  The
δ37Cl valueis also related to the size of the deposit.
For  example,  the  δ37Cl  of  Xiaonanhai  Spring  is
+0.35 ‰  and  the  concentration  of  Cl− is  22.3
mg/L.  The  available  information  indicates  that
there  are  large  mineable  gypsum  mines  in  the
upstream  of  the  spring.  In  contrast,  the  δ37Cl  is
+0.25‰ and the Cl− concentration is 16.1 mg/L in
the Beishanzhuang karst water. The well in Zhang
Erzhuang  is  located  in  granodiorite,  because  it  is
very close to the gypsum mine and is heavily con-
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taminated  by  gypsum  ore  dissolution;  therefore,
the  δ37Cl  value  also  is  up  to  +0.35 ‰  and  the
SO4

2− ion content reached 270.2 mg/L, which is an
indicator  for  contamination  from  gypsum  mine.
Therefore, we believe that the positive δ37Cl value
of karst water is due to the mixture of precipitation
(δ37Cl  value  is  negative)  and  groundwater  (δ37Cl
value is positive).
 2.2.2    Chlorine isotope fractionation of groundwater

in Quaternary aquifer
The Quaternary unconfined aquifer  is  generally in
a shallow depth (<40 m), mainly recharged by pre-
cipitation,  and  easily  polluted  by  anthropogenic
activities. The δ37Cl value of groundwater in this
aquifer ranges from positive to negative, or may
also be close to 0.0‰. Thus, the factors influen-
cing the variation on δ37Cl values in shallow ground-
water  is  essentially  a  mixing  process,  since  the
groundwater which is mainly recharged by modern
rainfall  usually  has  a  negative  δ37Cl  values  or
close to 0.0‰ of δ37Cl values. If shallow ground-
water is contaminated with inorganic salts, its δ37Cl
values  are  generally  positive  because  inorganic
salts have more positive δ37Cl values.

The  δ37Cl  value  of  groundwater  in  the  Qua-
ternary confined aquifer  tends to  be negative with
increasing  depth,  while  the  Cl− concentration
shows increase with depth (Fig. 6, Fig. 7, and Fig.
8).  This  probably  indicates  the  fractionation  of
chloride isotope caused by the ion filtration, which
has  been  confirmed  through  the  experiment  by
Campbell  (1985).  If  NaCl  water  is  a  limited
chlorine reservoir, the chlorine entering the porous

medium  (aquifer)  will  have  a  δ37Cl  value  which
close  to  the  value  of  chloride  reservoir  with  time,
and  if  the  NaCl  water  is  an  unlimited  chlorine
reservoir,  the  chlorine  isotope  ratio  in  the  porous
medium (aquifer) will be greater than the value of
this  chlorine  reservoir,  and  this  ratio  will  always
remain  constant  with  time.  Phillips  et  al.  (1987)
and  Lavastre  et  al.  (2005)  further  showed  that
chloride isotope fractionation in the process of ion
filtration  caused  by  the  synergistic  effect  of  the
differential  activity  of 35Cl  and 37Cl  and  negative
ions of Cl− on filtration membrane (clay). Because
35Cl  migration  is  fast,  it  is  more  likely  to  be
repelled  by  the  negative  ions  on  the  filtration
membrane (clay) and cannot enter the upper source
layer  (aquifer).  Therefore,  the  seepage  water  is
relatively enriched in 37Cl and depleted in 35Cl, i.e.
the  δ37Cl  value  in  the  seepage  water  is  more
positive.  The  phenomenon  which  the  negative
δ37Cl  (35Cl−enrichment, 37Cl− depletion)  occurs  in
the  deep  part  of  the  confined  aquifer  and  the
positive  δ37Cl  (37Cl−enrichment, 35Cl− depletion)  is
present  in  the  shallow  part  of  the  aquifer  in  the
study  area,  should  be  resulted  from  the  effect  of
ion filtration through clay layer.

 3  Conclusions

(1)  The  online  technique  for  measuring 37Cl  iso-
topes by Gas-Bench II-IRMS used in this study is a
new technique. It is characterized by low water con-
sumption,  fast  analysis  speed,  online  continuous
analysis and accuracy of ±0.08%.
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Fig. 8 (a)  Relationship  between  Cl− and  δ37Cl  values  in  pore  pressurized  water  of  the  Quaternary  system  (b)
Conceptual illustration of ion permeation. 034 (0.21, 105.5) indicates point 034 (δ37Cl, Cl−) , respectively
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(2) The δ37Cl value of groundwater (karst water
and Quaternary pore diving) in Anyang area has no
correlation  with  the  δ18O  and  δD  of  groundwater.
This  is  mainly  due  to  their  different  fractionation
mechanisms.

(3)  The  karst  water  in  Anyang  area,  is  mainly
distributed  in  mountainous  areas,  with  a  buried
depth of more than 80 m. It is mainly recharged by
precipitation,  and  the  Cl− concentration  of  karst
water  has  no  correlation  with  the  buried  depth  of
groundwater.  The  measured data  suggests  that  the
changes of δ37Cl value is closely related to the gyp-
sum mine.  The positive  δ37Cl value  of  karst  water
is caused by the mixture of precipitation (recharge
water,  δ37Cl  is  negative)  and  groundwater  with
dissolution  of  halite  in  the  stratum  (δ37Cl  value  is
positive).

(4)  The  distribution  of  the  δ37Cl  value  in  Quat-
ernary  aquifers  is  closely  related  to  the  hydrody-
namic conditions and the fractionation mechanism
of 37Cl  isotope  (mixing,  ion  filtration  and  diffu-
sion).  The  δ37Cl  value  of  groundwater  in  uncon-
fined aquifer ranges from negative to positive. And
the  main  process  which  affect  the  δ37Cl  values  is
mixing of waters and contaminated with inorganic
salts. The δ37Cl value of groundwater in the Quater-
nary  confined  aquifer  is  negative  and  tends  to  be
more  negative  with  increasing  depth.  The  mecha-
nism is the chlorine isotope fractionation cause by
ion filtration through clay layer during water down-
ward movement.
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