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Groundwater dating by radio-krypton (81Kr; half-life of about 229,000 years) was applied to the 
sedimentary basin aquifer of the North China Plain (NCP). Krypton gas extracted from deep groundwater 
in the Coastal Plain was analyzed for 81Kr/Kr ratios by Atom Trap Trace Analysis, which yielded 
normalized ratios of 0.05 to 0.20, corresponding to groundwater residence times of 0.5–1 million years. 
Helium isotope compositions were determined on groundwater samples collected from the Central 
Plain and the Coastal Plain along a flow path of about 200 km. Helium dissolved in the groundwater 
samples are a mixture of atmospheric, crustal radiogenic and mantle derived sources. Mantle derived 
3He contributes up to 30% of the total, and the area of occurrence coincides with zones of previous 
magmatic/tectonic activities. By contrast, >90% of 4He is derived from crustal reservoirs and correlates 
with 81Kr ages. The absolute groundwater ages (81Kr) and radiogenic 4He concentrations permit us to 
calibrate the 4He flux into the aquifer as well as the vertical diffusion rate of 4He to utilize the radiogenic 
4He in groundwater as a quantitative age tracer. Previously, groundwater showed 14C activities near the 
limit of detection (30–40 k yr), in contrast Kr and radiogenic 4He data reveal progressively older ages 
from the recharge area to the Coastal Plain, from <20,000 yr to 0.5 to 1 Ma along the flow path of the 
NCP aquifers.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Accumulation of radiogenic helium (4He) derived from the de-
cay of U and Th in deep groundwater has been used to ob-
tain groundwater residence time (e.g., Andrews, 1985; Aeschbach-
Hertig et al., 2002; Plummer et al., 2012; Kulongoski et al., 2008;
Aggarwal et al., 2015; Wen et al., 2016). 4He has potential to date 
water over timescales of thousands to millions of years. However, 
external 4He sources to aquifers (basal fluxes entering the bottom 
of aquifers) and difficulties with the quantification of He release 
rates from host rock to water have hampered its use. Thus the 4He 
method requires ‘calibration’ using other radionuclides. Until re-
cently, 4He ages were calibrated using 14C ages (e.g., Plummer et 
al., 2012), but the shorter half-life of 14C often leads to inaccurate 
age estimates in groundwater older than ∼30,000 yr (Aggarwal et 
al., 2015).
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In this context, recent advances in Atom trap trace analysis 
(e.g., Lu et al., 2014) has enabled the application of krypton-81 
(81Kr; half-life 229,000 yr) as a tool to date very old groundwater 
(e.g., Lehmann et al., 2003; Sturchio et al., 2004; Aeschbach-Hertig, 
2014). As a noble gas, Kr is non-reactive and is derived solely from 
atmospheric sources. Its long half-life and the lack of geochemi-
cal interactions make this radionuclide an ideal tracer to estimate 
groundwater ages in deep aquifer systems.

81Kr offers the possibility of ‘calibrating’ the 4He chronometer 
to facilitate application to groundwater beyond the 14C age range. 
The first application of combined 81Kr and 4He age proxies was 
done on the Guarani aquifer in Brazil (Aggarwal et al., 2015), in 
which 81Kr was used to constrain model parameters to convert 
4He concentrations in groundwater into ages. Here, we expand 
the use of these isotopic tracers to a deep aquifer in a tecton-
ically active area of the North China Plain (NCP) – the largest 
alluvial plain in eastern Asia. We targeted areas where previous 
studies identified significant contributions of mantle-derived he-
lium in relatively old groundwaters (Wei et al., 2015). In the NCP, 
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Table 1
The main aquifers of the NCP.

Strata Depth to the bottom of aquifers
(m)

Groundwater Lithology

Quaternary ∼50 I Saline, TDS > 5 g/L Silt, clay, and fine sand interbed
50–150 II Saline, TDS > 5 g/L
150–350 III Fresh, TDS < 1 g/L
350–450 IV Fresh, TDS < 1 g/L

Neogene (Minghuazhen 
group)

600–680 V1 Brackish, TDS 1–1.5 g/L Clay, medium sand, fine sand

740–820 V2 Brackish, TDS ∼1.5 g/L Mudstone, sandstone, and conglomerate 
sandstone900–1100 V3 Brackish (Geothermal), TDS ∼1.5 g/L
there have been attempts to estimate residence times of the deep 
confined aquifer using 14C (Wei et al., 2015) and 36Cl (Dong et 
al., 2002). These efforts identified residence times beyond the lim-
its of the 14C method (∼35 kyr) to hundreds of thousands of 
years (36Cl). Concentrations of 4He varied by more than a fac-
tor of 10 among groundwater samples with <2 pMC (percent of 
modern carbon) of 14C (Kreuzer et al., 2009; Wei et al., 2015), im-
plying that 4He concentrations represented accumulation beyond 
the application limit of the 14C method. In fact, conceptual model-
ing suggested that the deep confined aquifer could have residence 
times approaching 1 Myr (Cao et al., 2016). At such time scales 
14C and 36Cl are unreliable tracers, and the 81Kr age method could 
provide better insight into the renewability of groundwaters in 
the NCP, given high contemporary rates of groundwater exploita-
tion.

2. Study area

The NCP overlies a thick Cenozoic sedimentary basin covering 
∼150,000 km2, and consists of the piedmont pluvial plain, the 
central alluvial and flood plain, and the coastal plain (Fig. 1a). 
It is one of the most densely populated areas of the world and 
is of great agricultural importance for China. The regional aquifer 
system consists of thick Neogene and Quaternary deposits. These 
sediments are dominated by alluvial and lacustrine deposits with 
interbedded marine deposits in the littoral plain. The aquifer sys-
tem of the Quaternary–Pliocene formations consists of five aquifers 
(Table 1 and Fig. 1b). Aquifer I, is a phreatic aquifer around 
10–20 m thick, consisting of fine-grained sand in the littoral 
plain. Depth to the groundwater table is ∼2–3 m, and the spe-
cific yield is about 1–2.5 m3/h m. Groundwater is a Na–Cl type 
with TDS >5 g/L (maximum value of 9 g/L). Aquifer II, depth 
to ∼150 m consists of fine sand and silt. Groundwater is Na–Cl 
type with TDS 7–8 g/L. Aquifer III and aquifer IV are hydrauli-
cally connected and are the target of present resource exploitation. 
Aquifer III, depth to ∼350 m and about 25–60 m thick, is a con-
fined aquifer consisting of fine sand. The specific yield is about 
5–10 m3/h m. Groundwater is Na–Cl–HCO3 type with TDS <1 g/L. 
Fluoride concentrations range up to 5.5–6.9 mg/L. Aquifer IV, depth 
to ∼550 m, with a thickness of 20–50 m, consists of fine sand 
and silt. The specific yield is less than 2.5 m3/h m. Groundwa-
ter is Na–Cl–HCO3 type with TDS <1 g/L. The fluoride concen-
tration is up to 2.5–3.5 mg/L. Aquifer V (subdivided into V1 to 
V3), depth to ∼1100 m, is a Pliocene confined aquifer consisting 
of fine sand and silts in the upper part of this group, and mud-
stone, sandstone and conglomerate sandstone in the lower part 
of this group. This aquifer is mainly exploited around Huanghua 
city. The deposits of subgroup aquifer V1, depth at above 680 m, 
consist of 8–12 layers of alluvial and lacustrine fine sands with 
a total thickness of ∼70 m. Groundwater is HCO3–Na type with 
TDS 1.15–1.48 g/L. The fluoride concentration is about 2 mg/L. 
The deposit of subgroup aquifer V2, depth at above 820 m, con-
sists of sandstone with a total thickness of ∼50 m. Groundwa-
ter is Na–HCO3 type with TDS ∼1.5 mg/L. The deposit of sub-
group aquifer V3, depth at above 1100 m, consists of well ce-
mented sandstone with a total thickness of ∼100 m. Groundwa-
ter is Na–Cl–HCO3 type with TDS 0.8–1.5 mg/L. Some geother-
mal water, with temperatures of 30–50 ◦C, occurs in this reser-
voir. Further details of the NCP aquifer system can be found 
elsewhere (Zhang et al., 2000; Chen et al., 2003; Kreuzer et al., 
2009).

3. Sampling and measurements

This study focused on confined aquifer (III to V) along the 
general east to west flow line in a middle of the Central Plain 
to the Coastal Plain. Groundwater samples for stable noble gases 
(He and Ne) were collected in copper tubes with stainless steel 
pinch clamps (Weiss, 1968) from 20 wells (Fig. 1b) from the Cen-
tral and Coastal areas of the NCP in 2014 and 2016. Noble gases 
were analyzed at the Isotope Hydrology Laboratory at the Inter-
national Atomic Energy Agency using the methods described by 
Suckow et al. (2008) and Matsumoto et al. (2017). Dissolved gas 
samples for radio-krypton (81Kr) analysis were collected from five 
locations in the coastal area using a vacuum cylinder extraction 
method (Purtschert et al., 2013; Yang et al., 2015). Krypton was 
purified from co-existent dissolved permanent and biogenic gases 
by molecular sieve absorption and gas chromatographic meth-
ods (Tu et al., 2014). Abundance ratios of purified 81Kr/Kr were 
analyzed by Atom Trap Trace Analysis at University of Science 
and Technology of China with a method described in Yang et al.
(2013).

4. Noble gas results

4.1. Helium concentrations and 3He/4He ratios

Table 2 presents results of noble gas analysis by sampling 
site. The groundwater samples from the NCP have a range of 
helium concentrations, spanning from 6 × 10−8 cm3 STP/g to 
7 × 10−5 cm3 STP/g. As shown in Fig. 2a, these concentrations in-
crease towards the coastal plain area, and the new data extend the 
trends defined by a previous study that covered the area closer 
to the recharge area (Kreuzer et al., 2009). Isotope ratios of he-
lium (3He/4He) from this study and those by Kreuzer et al. (2009)
show a monotonic decrease from the recharge area to the middle 
of the central plain area, and minimum of about 1.1 × 10−7 in 
well H1201 (Fig. 2b). Thereafter, 3He/4He ratios increase towards 
the coastal plain.

Plotting 3He/4He ratios versus Ne/He ratios reveals the involve-
ment of three isotopically and elementally distinctive components 
in the NCP groundwater samples (Fig. 3a). Except for data with tri-
tiogenic 3He, which is evident from 3He/4He ratios greater than 
the atmospheric ratios, samples from the Piedmont area and the 
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Fig. 1. The study area and sample sites in the North China Plain (a), and a geological cross section of study area and North China Plain (b). The sampled wells are shown as 
vertical lines.
western part of the Central Plain (i.e., 3He/4He > ∼2 × 10−7) 
nearly all plot along a two component mixing line between at-
mospheric and crustal radiogenic sources. The remaining samples 
show a systematic departure from this binary mixing trend to 
a source component with elevated 3He/4He and low Ne/He ra-
tios, revealing additional mantle components in those groundwater 
samples.

4.2. Component separation

Contributions from three different He sources (mantle, crustal 
radiogenic, and air) can be quantified by solving mixing equations;
(3He/4He)Measured

= k(3He/4He)Air + l(3He/4He)Mantle + m(3He/4He)Crust

(Ne/4He)Measured

= k(Ne/4He)Air + l(Ne/4He)Mantle + m(Ne/4He)Crust

1 = k + l + m

⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭

(1)

where k, l, and m denote fractions of air, mantle and crustal 
4He components, respectively. With 3He/4He ratios of air, mantle 
and crustal components of 1.38 × 10−6, 1 × 10−5 and 2 × 10−8

and Ne/He ratio of 4 (air equilibrated water at 20 ◦C), 5 × 10−5

(Graham, 2002) and 5 ×10−8 (Yatsevich and Honda, 1997), respec-
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results Groundwater ages (105 yr)

r
le/Rair)a

81Kr ages 4He model 
ageb

(+0.032/−0.028) 5.3 (+0.4/−0.4) 6.8

(+0.021/−0.018) 7.2 (+0.5/−0.5) 6

(+0.024/−0.024) 5.2 (+0.4/−0.3) 5.5

(+0.016/−0.013) 9.9 (+0.9/−0.9) 10.4

(+0.019/−0.016) 7.7 (+0.5/−0.5) 5.9

0.81

0.6

1

0.38

2

1.6

1.6

2.1

4.8

1.4

1.3

0.4

3.8

× 10−12, measured by ATTA (Du et al., 2003).

odel (see text).
Table 2
Results of noble gas isotope analysis and resultant groundwater ages from 81Kr and 4He.

Sample Sample 
date

Longitude Latitude Depth
(m) (Aquifer)

Altitude 
(m, asl)

Mass spectrometer results ATTA

He
(10−6 cm3 STP/g)

Ne
(10−7 cm3 STP/g)

3He/4He 
(×10−6)

81Kr/K
(Rsamp

NCP-001 2013-11-18 116.50 38.20 420(IV) 10 33.8 (±0.8) 2.40 (±0.06) 0.419 (±0.005) 0.200

NCP-002 2013-11-20 117.09 38.23 530(V1) 4 37.3 (±0.9) 2.09 (±0.08) 0.340 (±0.004) 0.114

NCP-003 2013-11-20 117.02 38.20 460(IV) 8 27.3 (±0.6) 2.49 (±0.10) 0.443 (±0.007) 0.206

NCP-004 2013-11-21 117.44 38.19 580(V1) 4 67.0 (±1.6) 2.23 (±0.06) 0.477 (±0.004) 0.050

NCP-005 2013-11-21 117.18 38.22 560(V1) 4 30.2 (±0.7) 2.28 (±0.06) 0.236 (±0.002) 0.098

NCP-CZ05 2016-05-24 116.11 38.16 400(III) 10 0.60 (±0.01) 2.07 (±0.02) 0.162 (±0.008)

NCP-CZ06 2016-05-24 116.02 37.91 280(III) 10 0.47 (±0.01) 2.28 (±0.03) 0.182 (±0.004)

NCP-CZ07-1 2016-05-24 116.13 38.04 280(III) 10 0.73 (±0.02) 2.29 (±0.03) 0.160 (±0.008)

NCP-CZ08-1 2016-05-24 116.95 38.06 300(III) 10 0.33 (±0.00) 2.20 (±0.02) 0.251 (±0.011)

NCP-H113-1 2016-05-25 116.42 38.05 320(III) 10 2.06 (±0.03) 2.35 (±0.03) 0.159 (±0.013)

NCP-H120-1 2016-05-25 116.18 37.80 300(III) 10 1.24 (±0.02) 2.36 (±0.03) 0.108 (±0.006)

NCP-H388-1 2016-05-25 116.06 37.72 350(III) 10 1.47 (±0.02) 2.41 (±0.03) 0.135 (±0.007)

NCP-H399 2016-05-26 116.56 38.23 280(III) 10 1.89 (±0.03) 2.35 (±0.03) 0.123 (±0.014)

NCP-HB1401 2016-05-26 117.50 38.46 700(V2) 10 47.3 (±0.7) 2.60 (±0.03) 0.620 (±0.012)

NCP-HB1408 2016-05-25 116.72 38.25 400(IV) 10 1.28 (±0.02) Not determined 0.348 (±0.007)

NCP-HB1411 2016-05-26 116.37 38.22 300(III) 10 0.99 (±0.01) 2.36 (±0.03) 0.124 (±0.004)

NCP-HS02-1 2016-05-24 115.64 37.69 350(IV) 10 0.34 (±0.00) 2.17 (±0.02) 0.240 (±0.006)

NCP-NP01 2016-05-25 116.68 38.07 300(III) 10 8.1 (±0.1) 2.31 (±0.03) 0.221 (±0.008)

NCP-TW1 2016-05-23 115.68 37.91 600(V1) 10 0.107 (±0.00) 3.19 (±0.04) 1.031 (±0.007)

NCP-TW3 2016-05-23 115.68 37.91 305(III) 10 0.065 (±0.00) 2.70 (±0.03) 1.194 (±0.012)

a 81Kr is expressed in terms of the air-normalized ratio, Rsample/Rair = [81Kr/Kr]sample/[81Kr/Kr]air , where Rair is the modern atmospheric ratio, [81Kr/Kr]air = 1.10(±0.05) 
b 4He model ages are calculated based on the effective 4He flux and vertical helium diffusion rate determined by using 81Kr and 4He results as input parameters of the m
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Fig. 2. 4He and 3He/4He ratios of groundwater samples from the North China Plain plotted against longitude of the sampling points. Note that the aquifer flows the eastward, 
so that flow is from low to high longitude. The groundwater with high 3He/4He ratios in the Piedmont area contains tritiogenic 3He (Kreuzer et al., 2009).

Fig. 3. (a) 3He/4He ratios versus Ne/He ratios, with mixing lines connecting air (Air-equilibrated water), mantle and air and a crustal component. Note that higher 3He/4He 
ratios near the atmospheric endmember are due to additional tritiogenic 3He, as these are very young groundwaters (Kreuzer et al., 2009). Contributions of each component 
(air, mantle and crust) in total 4He and 3He budgets are shown in (b) and (c), respectively, based on the mixing relationships shown in (a).
tively, the contributions of each endmember were calculated, and 
are shown in Fig. 3b and 3c.

It appears that the 3He budget of all groundwater samples is 
controlled by mantle components admixed with atmospheric 3He, 
which should be more or less constant (Fig. 3c). The contribution 
from of crustal 3He is negligible. In contrast, a large part of 4He 
is derived from crustal components with a limited contribution 
from mantle derived 4He, up to 6% (Fig. 3b). The largest mantle He 
contribution is found in the deepest well (700 m) at the eastern 
edge of the Coastal Plain, either because the sample has received a 
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Fig. 4. 14C (Krezuer et al., 2009) and 81Kr ages determined for the NCP groundwater 
samples plotted against the radiogenic 4He. Radiogenic 4He produced within the 
aquifer matrix and transferred to groundwater is shown with a reported in situ 
production rate of 6 × 10−12 cm3 STP/g/yr (Wei et al., 2015).

larger input of mantle He compared with groundwater from shal-
lower levels, or because it has the longest residence time among 
the present sample set.

4.3. 81Kr ages

Previous studies on groundwater dating with 3H/3He and 14C 
methods on the western side of the NCP reveal groundwater ages 
that are progressively older from the piedmont area of the Tai-
hang Mountains to the east. Kreuzer et al. (2009) also showed 
4He concentrations correlated with 3H/3He and 14C ages, suggest-
ing that 4He accumulates with increasing groundwater residence 
time (Fig. 4). However, it also appears that the correlation becomes 
uncertain around the 20,000–30,000 yr range due to the detec-
tion limit of the 14C method. Thus, 14C is not expected to provide 
meaningful age information for our samples because they are from 
sites further east to the Central Plain area. To obtain residence time 
for much older samples, we collected dissolved gas samples from 
five separate sites from the Coastal plain area for age determina-
tion by 81Kr.

Table 2 shows the results of 81Kr analyses of these samples. 
81Kr/Kr ratios in the samples (= Rsample) range from 5% to 20% of 
the modern atmospheric ratio (RAir = (81Kr/Kr)Air = 1.1 × 10−12; 
Du et al., 2003). With the 81Kr decay constant (λKr = 3.03 ×
10−6 yr−1), the age (tKr) was calculated using:

tKr = − 1

λKr
ln

(
RSample

RAir

)
(2)

The range of ages estimated for these samples was 0.5 to 1.0 Ma 
and these 81Kr ages correlate with their radiogenic 4He contents 
(Fig. 4). The oldest among the five samples (NCP-004) is from the 
easternmost site; the youngest one (NCP-001) is from the western-
most and is 70 km away from the NCP-004 site.

5. Discussion

5.1. Calibration of effective 4He flux using 81Kr ages

We have shown above that there is an increase in 4He concen-
trations along the flow path (Fig. 2) and that 4He concentrations 
correlate with 81Kr ages spanning a much older age range than is 
accessible using the 14C method (Fig. 4). These observations lead to 
an expectation that 4He concentrations provide a robust age tracer, 
if the rate at which radiogenic 4He accumulation in the aquifer 
samples can be constrained.

Radiogenic 4He is produced within aquifers by α-decay of U 
and Th, and its accumulation rate can be estimated with a knowl-
edge of U and Th elemental contents of aquifer rock matrix, along 
with the assumption of a complete transfer of radiogenic 4He to 
groundwater. The simplest approach to estimate groundwater res-
idence times is to assume in situ production as the sole source 
for the observed amount of crustal 4He and to use the production 
rate as rate constant (e.g., Castro et al., 2000; Kipfer et al., 2002;
Wei et al., 2015). However, this often results in overestimation of 
groundwater ages when compared to residence times determined 
by other techniques (Aggarwal et al., 2015). In the case of the 
NCP, the in situ production rate of 4He was estimated to be about 
6 × 10−12 cm3 STP/g/yr based on U and Th measurements from 
sedimentary core samples (Wei et al., 2015). As discussed in Wei 
et al. (2015), in situ 4He can account for observed amounts of ra-
diogenic 4He in samples with 14C ages younger than about (2–3) 
× 104 yr (Fig. 4). Geographically, these younger samples are from 
the Piedmont to the middle of the Central Plain (Longitude < ca. 
115.5◦E). However, for samples with longer residence times, espe-
cially those from the Coastal Plain with 81Kr ages of > 5 × 105 yr, 
the in situ production is insufficient to account for the observed 
amount of radiogenic 4He (Fig. 4). This discrepancy suggests that 
the in situ component is responsible for only a part of total radio-
genic 4He in those samples with relatively larger radiogenic 4He 
(>2 ×10−7 cm3 STP/g), and that an external basal 4He flux into the 
aquifer is required to control the amount of helium in the samples 
(e.g., Torgersen and Ivey, 1985).

Distribution of radiogenic 4He in an aquifer with two sources 
(an in situ component and an external basal 4He flux) can be mod-
eled as (Torgersen and Ivey, 1985):

[4He
]

x,z =
(

P

U

)
x +

(
F (4He)/φ

U

)[
x

h
+

(
hU

DHe

)

×
{

3z2 − h2

6h2
− 2

π2

∞∑
n=1

(−1)n

n2
e
− DHen2π2x

h2U cos
nπ z

h

}]

(3)

where P = production rate of 4He by in situ decay, U = horizontal 
flow velocity, φ = porosity of the aquifer, x = distance from the 
recharge zone, h is thickness of the aquifer, z is a depth of sam-
pling from the aquifer top, and DHe is an effective (vertical) helium 
diffusion coefficient. A basal flux (F (4He)) enters the aquifer across 
its bottom. U denotes a horizontal flow rate of groundwater and 
is written as x/t with a residence time (t). Some of the parame-
ters, such as an in situ 4He production rate (P ), can be estimated 
from U and Th contents of aquifer matrix rock. In the case of 
the NCP aquifer system, as noted above, previous work reports 
P = 6 × 10−12 cm3 STP/g/yr (Wei et al., 2015). Aquifer geome-
try is also relatively simple for the NCP with its confined layers 
(layer III–V3) consisting of a thickness of about 950 m and a rel-
atively flat basement at 1050 m b.s.l. Depths of well screens are 
also known, and porosity is reported to be 0.2 (Zhang et al., 2000). 
These leaves the effective 4He flux F (4He) and the vertical dif-
fusion coefficient DHe, as two variables in the equation (3), that 
control the model distribution of radiogenic 4He within the NCP 
aquifer system.

It is also possible to calculate the time for the groundwater at 
the sampling depth to obtain the observed amount of radiogenic 
4He (this required accumulation time will hereafter be called “4He 
model age”). The 4He model age strongly depends on F (4He) and 
DHe, and differs significantly depending on the depth of samples 
(namely the z/h ratios). Optimization of F (4He) and DHe is pos-
sible by minimizing the differences between the 4He model ages 
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Fig. 5. (a) Residual sum of squares of the model 4He ages and the observed 81Kr ages obtained over ranges of basal effective 4He flux and the effective vertical helium 
diffusion coefficients. (b) Concentration of crustal radiogenic 4He in the NCP plotted against 81Kr ages (filled circles) and 4He model ages. Curves represent the model 
concentrations of 4He at given depths and ages in the aquifer (expressed as z/h ratios) determined based on the model of Aggarwal et al. (2015), with the effective 4He flux 
and diffusion coefficients optimized by using 81Kr ages.
and the observed 81Kr ages (Aggarwal et al., 2015). A set of five 
4He model ages (NPC-001 to 005) were calculated for a pair of 
given F (4He) and DHe from F (4He) = 10−7–10−5 cm3 STP/cm2/yr
and DHe = 10−11–10−7 m2/s and compared with the 81Kr ages. 
As shown in Fig. 5a, we find the residual sum of squares between 
the 4He model ages and the observed 81Kr ages shows a mini-
mum (i.e., best agreement) at F (4He) = 1.8 × 10−6 cm3 STP/cm2/yr
and DHe = 8.5 × 10−9 m2/s. With these fluxes and vertical diffu-
sion, the 4He model ages agree with the observed 81Kr ages within 
about 30% (Fig. 5b). Fig. 5b displays the degree of concordance 
between the 4He model ages and 81Kr ages with the optimized 
values of F (4He) and DHe. Considering the large uncertainties in 
assumed or assigned parameters (e.g., depth of sampling, poros-
ity and aquifer geometry) as well as analytical uncertainty in 81Kr, 
a robust assessment of the uncertainties in these obtained 4He 
model ages is not feasible. For now, we assign a 30% error to cover 
the differences between ages by 4He and 81Kr.

The method described above yields reasonable agreement be-
tween 81Kr and 4He chronometers in two separate aquifers – the 
NCP and Guarani aquifers (Fig. 6), demonstrating that groundwater 
dating by 4He concentrations can be more quantitative when the 
model parameters are calibrated by an independent age tracer.

5.2. Implications for helium fluxes from the mantle and crust

As shown above, calibration of the model parameters with 81Kr 
reveals an optimum effective 4He flux into the NCP and Guarani 
aquifers that differs by a factor of 10 (2 × 10−6 cm3 STP/cm2/yr
for the NCP versus 2 × 10−7 cm3 STP/cm2/yr for the Guarani; 
Aggarwal et al., 2015). Hereafter, we will explore possible mech-
anisms that could be responsible for the apparent variation in the 
effective 4He fluxes between the NCP and Guarani aquifers.

A distinct difference between these two sites is the occurrence 
of mantle-derived helium in the NCP, whereas the Guarani aquifers 
show no indication of a mantle source. By using the amount of 
mantle-derived 3He in each sample, and using the same model-
ing methods (the same set of input parameters as for the case of 
4He, but without in situ radiogenic 3He production), the effective 
mantle-3He flux at the base of the NCP aquifer was estimated to 
be about 10−12 cm3 STP/cm2/yr (=8 × 103 atoms/m2/s). Note that 
simple diffusion is not likely to deliver 3He from mantle depths to 
shallow sedimentary strata (Ballentine et al., 2002). The mantle-
Fig. 6. A comparison between the 4He model ages and the observed 81Kr ages at the 
optimum effective 4He flux and diffusion coefficient for the NCP samples. For com-
parison, the ages from the Guarani aquifer (Aggarwal et al., 2015) are also shown. 
The solid line has a slope of unity and indicates age concordancy.

derived helium component is often found in formations closely 
associated with specific geological features such as volcanic sys-
tems and major faults (e.g., Kennedy et al., 1997), or associated 
with regions of high heat flow (Matsumoto et al., 2003) and higher 
extension and shear strain rates (Kennedy and van Soest, 2007). 
Tectonically, the NCP is known to have undergone several distinct 
phases of rifting and subsidence during the Mesozoic and Cenozoic 
eras, and rapid subsidence and widespread calc-alkaline basaltic 
volcanism, especially during early Tertiary (Ye et al., 1985). The 
region is also known for highly active intraplate seismicity, with 
well-developed fault systems (e.g., Guodong, 1987). Moreover, the 
area with the highest 3He/4He ratios (Longitude of 116◦ to the 
east) coincides with one of many small regions with high heat flow 
anomalies (Hu et al., 2000; Tao and Shen, 2008), scattered widely 
in the Eastern part of the continent. These geological/tectonic fea-
tures all support the interpretation that there are pathways in the 
continental lithosphere beneath the NCP which permit ready ac-
cess of mantle-derived fluid to the shallower sedimentary basin.
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Fig. 7. Fluxes of 4He from the mantle and the continental crust compiled by Tor-
gensen (2010), with the effective crustal and mantle 4He fluxes estimated for the 
NCP – 2 × 10−6 and 10−7 cm3 STP/cm2/yr, respectively. The effective crustal 4He 
flux to the Guarani aquifer (Aggarwal et al., 2015) is also shown by an arrow. (Dark 
shade: volcanic/magmatic influences. Light shade: area with tectonic strain.)

An important consequence of such a process would be that the 
upward movement of mantle-derived fluids and/or melts can po-
tentially result in enhanced fluxes of 4He from the continental 
crust. This is shown in Fig. 7 in which previously reported mantle 
and crustal He fluxes in areas of tectonic strain and/or magmatic 
activities are correlated with each other (adopted from Torgensen, 
2010), and tend to show that the 4He flux from the crustal source 
is significantly larger than the theoretical “crustal 4He flux”, a dif-
fusion controlled release of radiogenic 4He from continental base-
ment rocks (=4 × 10−6 cm3 STP/cm2/yr, based on in situ produc-
tion and steady state release to the atmosphere from the conti-
nental crust; e.g., Tolstikhin, 1975; Mamyrin and Tolstikhin, 1984;
Torgersen, 1989). The mechanism responsible for coupled and el-
evated mantle and crustal helium fluxes is uncertain, but we en-
visage that advective vertical movement of fluids/melts from the 
mantle effectively scavenges in situ radiogenic helium accumulated 
in the crust through their passage. Consequently, a total 4He flux 
exiting the continental basement in tectonically active regions, 
including the NCP, could have been larger than the theoretical 
“crustal 4He flux.

An additional process that might have limited the effective he-
lium flux at the bottom of the aquifer would be suppression by 
a non-advective, diffusion/dispersion-controlled transfer of radio-
genic 4He through a sedimentary layer between the continental 
basement rock and the aquifer strata (Aggarwal et al., 2015). In 
the absence of active and recently active magmatism and/or tec-
tonic activity in the Parana Basin, South America (e.g., Chulick et 
al., 2013), this diffusion-controlled process appeared to be the pri-
mary control on the size of the effective 4He flux entering the 
Guarani aquifer (Aggarwal et al., 2015). The NCP aquifer overlies 
a thick sediment layer of ∼10 km above the Paleozoic basement 
(e.g., Yang and Xu, 2004). Thus, the diffusion controlled flux re-
duction could result in a much smaller effective 4He flux for the 
NCP. However, in the eastern part of the NCP, the effect of the 
flux reduction was likely offset by tectonically enhanced 4He ex-
iting from the continental basement, resulting in a larger effective 
4He flux than the Guarani aquifer. In contrast, there is no mantle-
derived helium observed in groundwater samples from the western 
part of the NCP (this study, and Wei et al., 2015). Then, the flux 
reduction through thick sedimentary strata is expected to be a pri-
mary process that affects the size of the effective 4He flux in the 
Fig. 8. (a) Isotope ages determined by 14C, 81Kr and 4He in the NCP groundwaters. 
(b) Horizontal flow rate estimated based on an apparent linear correlation between 
ages and longitudes in (a).

western part of the NCP. Indeed, as noted earlier, the concentra-
tion of 4He in groundwater samples from the western part of the 
NCP can be accounted for by in-situ production within the aquifer, 
so that the effective 4He flux is negligibly small in the western 
part (Wei et al., 2015). Hence, there seems to be a divide between 
the Western and Eastern parts of the NCP in terms of the size of 
effective helium fluxes into the NCP aquifers. This boundary was 
clearly delineated by the occurrence of the mantle-derived helium 
which reflects the tectonic/magmatic conditions within the under-
lying continental crust.

5.3. Insights from multiple isotopic tracers (4He, 14C and 81Kr)

In order to see the distribution of groundwater ages across 
the flow path of the NCP, we compiled ages estimated by 81Kr 
(this study), 14C (Kreuzer et al., 2009) and 4He (4He model ages 
based on 4He concentrations reported here and in Wei et al., 2015) 
(Fig. 8a). The model ages were estimated for samples from the 
eastern part of the NCP, as the application of the 4He flux opti-
mized based on 4He and 81Kr from the eastern part should lead 
underestimation of ages for samples from the western part of the 
NCP.

As noted earlier, groundwater residence times are at the 14C 
detection limit in the middle of the Central Plain, and there is a 
gap between the ages determined by 81Kr and those reliably dated 
by 14C (Fig. 4). These 4He model ages cover the gap by extending 
the trends previously defined by the youngest ages (14C ages with 
<104 yr) to the older age range determined by the 81Kr method 
(>5 × 105 yr). This suggests that there is continuity of groundwa-
ter flow of the NCP from the recharge zone to the coastal plain 
area, at least in the deeper confined sections (Section 3 to 5). This 
finding is in good agreement with a recent conceptual model for 
the groundwater in the Quaternary and Neogene aquifers in the 
NCP (Cao et al., 2016).

The apparent correlation of ages and flow distance in the 
semilogarithmic diagram (Fig. 8a) means that groundwater ages 
increase exponentially to the east. This further reveals an expo-
nential decrease in the flow rates to the east (Fig. 8b). In an age 
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range below 10,000 yr in the eastern end of the Piedmont area 
(Longitude of 115.0 to 115.5◦E), 14C ages indicate an eastward 
component of the flow rate of about 5 m/yr (Kreuzer et al., 2009). 
In the middle of the Central Plain the flow rate suggested by the 
4He model ages is 0.8 to 1 m/yr. Further east in the Coastal Plain, 
the 81Kr ages define a flow rate of 0.2 m/yr. This dramatic drop 
in flow rates towards the coastal area should be reflected in a de-
creased hydraulic gradient and/or continuous drop of permeability, 
likely reflecting finer deposits in the Neogene aquifers from the 
central to coastal plains.

6. Conclusion

81Kr age dating carried out on the deep groundwater samples 
from the Coastal Plain of the North China Plain (NCP) yields ages 
between 0.5 Ma and 1 Ma. In addition to helium derived from the 
atmosphere and from the continental crust, groundwater samples 
from the Central and the Coastal plain areas contain a significant 
contribution of helium from a mantle reservoir, reflecting the tec-
tonically active nature of the continental crust beneath the NCP. 
However, because of the significantly larger 4He/3He ratio of the 
crustal component than the mantle, we can show that >90% of 
total 4He in the samples is derived from the crust. The crustal 
component of 4He shows a clear correlation with 81Kr ages, in-
dicating that the radiogenic 4He can be used as an age proxy.

The crustal 4He and 81Kr ages allowed us to estimate the size 
of the effective 4He flux entering the aquifer as well as the verti-
cal diffusion/dispersion rate of 4He within the aquifer. This allowed 
us to convert observed 4He concentrations of the radiogenic com-
ponent in groundwaters from the Central and Coastal plain into 
residence times (= 4He model ages). The modeling yielded 4He 
model ages that agree with 81Kr ages, demonstrating the feasibil-
ity of our methodology in tectonically active regions, as marked by 
profound emanation of mantle-derived 3He.

The 4He model groundwater ages from the Central Plain appear 
to be 5 to 10 times greater than 14C ages, and reveal a clear pro-
gression over ∼200 km across a flow path from the eastern edge 
of the Piedmont through the Central Plain to the Coastal plain. 
This suggests continuity of groundwater flow in the deeper con-
fined sections of the NCP aquifers. Finally, it is becoming clear that 
the deep groundwater (>300 m) under the central and coastal 
plains undergoes limited replenishment from flow originating in 
the piedmont area, and therefore needs to be considered as a non-
renewable resource on human timescales.
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