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Abstract:

Soil and vadose zone profiles are used as an archive of changes in groundwater recharge and water quality following changes in
land use in an area of the Loess Plateau of China. A typical rain-fed loess-terrace agriculture region in Hequan, Guyuan, is taken
as an example, and multiple tracers (chloride mass balance, stable isotopes, tritium and water chemistry) are used to examine
groundwater recharge mechanisms and to evaluate soil water chloride as an archive for recharge rate and water quality. Results
show that groundwater recharge beneath natural uncultivated grassland, used as a baseline, is about 94–100mmyear�1 and that
the time it takes for annual precipitation to reach water table through the thick unsaturated zone is from decades to hundreds of
years (tritium free). This recharge rate is 2–3 orders of magnitude more than in the other semiarid areas with similar annual
rainfall but with deep-rooted vegetation and relatively high temperature. Most of the water that eventually becomes recharge
originally infiltrated in the summer months. The conversion from native grassland to winter wheat has reduced groundwater
recharge by 42–50% (50–55mmyear�1 for recharge), and the conversion from winter wheat to alfalfa resulted in a significant
chloride accumulation in the upper soil zone, which terminated deep drainage. The paper also evaluates the time lag between
potential recharge and actual recharge to aquifer and between increase in solute concentration in soil moisture and that in the
aquifer following land-use change due to the deep unsaturated zone. Copyright © 2012 John Wiley & Sons, Ltd.
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INTRODUCTION

The study of the impacts of climate change and anthropo-
genic activities on water resources has been a hot topic over
the past decade. It has been suggested by Meybeck and
Vörösmarty (2004) that the global impact of direct human
intervention in the terrestrial water cycle (through land-use
change, urbanization, industrialization and water resources
development) is likely to surpass that of recent or anticipated
climate change, at least over decadal time scales. In sub-
humid to arid areas, the total global groundwater depletion
has increased from 126 km3 a�1 in 1960 to 283 km3 a�1

in 2000 owing to increased groundwater abstraction,
especially in the world’s major agricultural regions,
including northwest India, north China and the central
USA (Wada et al., 2010). Furthermore, in agricultural areas,
excessive use of fertilizers has directly or indirectly affected
the groundwater quality (Böhlke, 2002). Land-use change is
also a significant factor affecting groundwater recharge and
water quality in agriculture regions (Scanlon et al., 2005).
In the past 300 years, cultivated cropland and pastureland

have increased globally by 460 and 560%, respectively
(Klein Goldewijk, 2001), and past land-use changes have
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greatly impacted global water resources (Scanlon et al.,
2007a). Whereas studies of land-use change have
mainly focused on climate and habitat loss on biodiversity
(DeFries and Eshleman, 2004), the study of anthropogenic
land-use change onwater resources has received less attention
(Lambin et al., 2002; Scanlon et al., 2005) especially impacts
on groundwater and its recharge (Scanlon et al., 2010).
Changes in land use, particularly transitions between

grasslands and forests, have potentially large impacts on
water balance and salt fluxes in the ecosystem (e.g. Jobbágy
and Jackson, 2004; Stonestrom et al., 2009). This is mainly
due to the differences in evapotranspiration for different
vegetation (Zhang et al., 2001) and root system (Calder,
1998; Jobbágy and Jackson, 2004). A typical example from
south-western Niger shows that the water table has been
rising in the past decades (from 1963 to 2007 by 4m) as a
result of land clearing (from natural bush to millet), leading
to an increase in groundwater recharge from the previous
2–5mmyear�1 to the present 20–25mmyear�1, despite an
~23% deficit in monsoonal rainfall from 1970 to 1998
(Leduc et al., 2001; Favreau et al., 2009). Some other
examples from Australia (e.g. Allison et al., 1990; Cook
et al., 2004; Silburn et al., 2009), south-western USA (e.g.
Scanlon et al., 2007b) and central Argentina (Santoni et al.,
2010) show that the conversions from natural ecosystems to
rain-fed agriculture have increased groundwater availability
through enhanced recharge. Conversely the change from
arable agriculture to woodland or other high water demand
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vegetation in many European countries have caused
increased evapotranspiration (Wattenbach et al., 2007)
and decreased groundwater recharge (Zhang and Hiscock,
2010) based on soil moisture models. Improved under-
standing of groundwater recharge then can help to provide
valuable information on the history of land-use change
and for developing sustainable groundwater resources
programmes (Scanlon et al., 2006).
In the aforementioned semiarid study areas, the native

vegetation is mainly deep-rooted vegetation, e.g. eucalyptus
mallee in Australia (Allison et al., 1990), shortgrass prairie
in south-western USA (Scanlon et al., 2009), dry forests in
central Argentina (Santoni et al., 2010) and natural bush in
South-west Niger (Leduc et al., 2001). The deep-rooted
vegetation and evapotranspiration matching rainfall inputs
lead to negligible deep drainage. However, in the Loess
Plateau of China (LPC), native vegetation cover for the area
with loess is grassland environment (herbaceous vegetation)
of the shallow rooted (Liu, 1985; Li et al., 2003). A series of
unsaturated zone profile information from Africa, north
China and other (semi)arid parts of the world (Edmunds,
2010) shows that any single location recharge rates are
highly variable for a given amount of rainfall, soil type and
thickness as well as vegetation cover. When they are all in
semiarid areas with similar annual rainfall, it is worth to
compare the differences in groundwater recharge rate and
the effects of land-use change.
Because of the high evapotranspiration (small

evapotranspiration uncertainties result in large recharge
uncertainties) and uncertainty of simulation parameters, the
conventional water balance and Darcy flux measurements
usually involve large errors in recharge estimation for (semi)
arid areas (Edmunds and Walton, 1980; Gee and Hillel,
1988; Allison et al., 1994). Neither can artificial tracers give
useful results during the short period of measurement
(Walker et al., 1991). Geochemical tracer methods, e.g.
tritium (Smith et al., 1970), chloride (Allison and Hughes,
1978; Edmunds and Walton, 1980) and chloride-36
(Phillips et al., 1988) in unsaturated zone, have been most
successful in estimating groundwater recharge rate in (semi)
arid areas (Allison et al., 1994). Amore generalized chloride
mass balance (CMB) is given by Ginn and Murphy (1997),
which allows for time-varyingCl deposition for applications
where these inputs are well characterized. The results
obtained by the CMB compare well with the independent
recharge estimates obtained from tritium peak analysis in
many sites, e.g. north-western Senegal with precipitation of
290mmyear�1 (Gaye and Edmunds, 1996), Cyprus with
precipitation of 410mmyear�1 (and this is a coastal site also
where there could have been an aerosol addition; Edmunds
et al., 1988), Gambier Plain in Australia with precipitation
of 700–750mm year�1 (Allison and Hughes, 1978).
Scanlon et al. (2006) made a synthesis of global
groundwater recharge estimations in (semi)arid areas and
pointed out that the CMB technique is now widely and
generally successfully used to estimate groundwater
recharge.
For the estimation of changes in groundwater recharge,

water level measurements, the most direct evidence of
Copyright © 2012 John Wiley & Sons, Ltd.
impacts of land-use change on groundwater recharge (Healy
and Cook, 2002; Favreau et al., 2002; Scanlon et al., 2005),
cannot be used when long-term groundwater level monitor-
ing records are unavailable and when the groundwater level
is affected by pumping, which can mask any impact of
land-use changes (Scanlon et al., 2007b).
Unsaturated zone solute profiles play an important role in

studying the impacts of groundwater recharge, and some
previous studies have used chloride profiles to confirm
increased groundwater recharge (e.g. Walker et al., 1991;
Scanlon et al., 2007a) and degraded water quality (Allison
et al., 1990; Leaney et al., 2003; Scanlon et al., 2009) as a
consequence of land-use change.
The LPC is one of the most severe areas of soil erosion in

the world. Over 60% of the land in the LPC has been
subjected to soil and water loss (Yang and Yu, 1992), and
the sediment load of the Yellow River has 9–21 times more
solid particles content than that of most major rivers in the
world (Shi and Shao, 2000). Since the 1950s, governments
began soil and water conservation practices to control the
soil erosion and increase the productivity of crops. Alfalfa,
trees and shrubs have been widely employed for ecological
restoration, instead of wheat. However, since the 1980s, a
more negative water balance and hence drier soil has
occurred, as a result of the introduction of alfalfa, trees and
shrubs, combined with a long-term low rainfall period
(Chen et al., 2008). Studies from selected catchments in the
LPC following large-scale soil conservation measurements
show decreases in surface runoff (Huang and Zhang, 2004;
Mu et al., 2007; Zhang et al., 2008).
The impacts of land-use change on groundwater

resources in the area have received little attention. Studies
of groundwater recharge were mainly implemented in the
1970–1980s and focused on loess plains (e.g. Xifeng and
Luochuan) by using simple water balance measurements
and showed that the groundwater recharge were
33–94mmyear�1 or 6.7–15% of the mean annual precipi-
tation (Qu, 1991). They also pointed out that precipitation is
the main recharge source to groundwater. However, Chen
et al. (2011) commented that the main source of recharge of
the groundwater in the Ordos Plateau (on the north of the
LPC) and that the LPC is not the local precipitation, as the
mean isotopic compositions of the local precipitation are
significantly higher than those of groundwater. Significant
work using tritium profiles (Zhang et al., 1990; Lin andWei,
2006) shows that the groundwater recharge accounts for
12–13% of the annual precipitation. Most recently,
Huang and Pang (2011) used two soil chloride profiles
(G1 and G2-1) in Hequan, Guyuan, Ningxia Province, and
two (X1 and X2) in the Xifeng loess plain, Gansu Province,
both in the central LPC to demonstrate that the CMB is
admirably suited to investigating recharge processes in
loess. They also modified the standard soil CMB approach
for recharge estimation so that it can potentially be applied
in situations where recharge has been lowered following a
land-use/land-cover change. Gates et al. (2011) pointed out
that mature tree and shrub plantations prevent deep
drainage. Yin et al. (2010) used the CMB approach between
precipitation and groundwater to estimate groundwater
Hydrol. Process. 27, 1238–1252 (2013)
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recharge rate in the Ordos Plateau (on the north of the LPC)
with precipitation of less than 400mmyear�1. Yin et al.
(2011b) used multiple methods for estimating groundwater
recharge in the Ordos Plateau and pointed out that there was
no consistent bias with any of the methods.
This paper aimed at improving our understanding of the

mechanism of groundwater recharge in loess as well as
groundwater evolution (quantity and quality) following
land-use change. The specific purpose of this study is to

1. investigate the groundwater recharge rates, ages and
mechanisms by using relatively deep soil profiles and
multiple tracers (2H, 18O, 3H, CMB and water chemistry)
in Hequan, Guyuan, a typical loess-terrace agricultural
region in the LPC,

2. evaluate chloride profiles in unsaturated zone moisture as
an archive of changes in groundwater recharge and water
quality following land-use change in (semi)arid areas and

3. assess the time lag between potential recharge and actual
recharge and between increase in solute concentration in
soil moisture and that in the aquifer.
METHODS

Assuming that the only source of chloride is atmospheric
(rainfall or dry deposition) and that there is no contribution
of chloride fromweathering, the surface runoff is negligible,
and one-dimensional vertical steady-state chloride flux is
tenable, the recharge rate (R) is given by (Allison and
Hughes, 1978; Edmunds and Walton, 1980)

R ¼ P�Cp

Cus

(1 Þ

where P is the precipitation,Cp is the chloride concentration
in bulk precipitation (including wet and dry fallout) and Cus

is the chloride concentration below the depth of the root
zone (Zr) to the available sampling depth. This represents
potential recharging pore water (Edmunds et al., 1988).
Because of the high cost and difficulties associated with the
collection of wet and dry depositions separately, bulk
precipitation is often the only technique employed in most
studies for the quantification of atmospheric deposition
(Allison and Hughes, 1978; Dettinger, 1989).
Following land-use change (e.g. tree planting) that

leads to decreased groundwater recharge, the only factor
that changes is the increased evapotranspiration of the
vegetation. As plants exclude chloride during evapotrans-
piration, increased evapotranspiration will result in
increased chloride content in the soil profile (Scanlon
et al., 2007a). Before a new equilibrium for the whole
unsaturated zone is established, the decreased recharge
will lead to a zone of chloride accumulation within certain
depth. Assuming that there is a depth, Zb, at which the
chloride concentration remains at the value of old land
use, the chloride contents above Zb represent new land
use and below Zb represent old land use. When a steady-
state condition under new land use has been established
above Zb and below Zr (Walker et al., 1991), the absolute
Copyright © 2012 John Wiley & Sons, Ltd.
change in groundwater recharge (ΔR) is given as (Huang
and Pang, 2011)

ΔR ¼ Rn � Ro ¼ P�Cp þ D
� � 1

Csn
� 1
Cso

� �
(2)

and the relative changes is given as

Ro � Rn

Ro
¼ 1 ¼ Cso

Csn
(3)

where Ro is the recharge rate under the condition of old land
use, Rn is the recharge rate under new land use, Cso is the
average chloride concentration in old land use above the
depth ofZb derived fromnew land use andCsn is the average
chloride concentration in new land use above Zb. As the
concentration of Cl in soil profile is inversely proportional to
recharge rates, the precision of the estimate will increase
with decreasing recharge rate (Allison et al., 1994), and the
estimation of decreased groundwater recharge following
land-use change is more reliable than the estimation of
increased recharge rate (Gee et al., 2005).
Once the soil moisture/solutes reach the water table

following new land use, the solute concentration in
groundwater begins to change. The change in the concentra-
tion of solute depends upon the concentration of the solution
entering the aquifer (Cin), the new aquifer recharge rate (q),
the initial solute concentration of shallow groundwater (Co) in
the aquifer and the amount ofwater in the aquifer (porosity, n;
thickness of the aquifer, H ). Assuming that the water in the
aquifer is well mixed, that the discharge from the aquifer is
equal to the recharge and that the aquifer is a steady-flow
system, the mass balance equation describing the time
variation of the average concentration in the aquifer is given
by (Appelo and Postma, 1993)

nH
@C

@t
¼ �q C � Cinð Þ (4)

Solving the aforementioned differential equation for an
initial concentration of Co yields

C tð Þ ¼ Coe
�qt=nH þ Cin 1� e�qt=nH

� �
(5)

where C(t) is the average concentration in the aquifer at
time t.
Stable isotopes (2H and 18O) are also used here

semiquantitatively to determine sources and mechanism of
recharge. Tritium is one of the most important transient and
ideal tracers used in hydrological research. Environmental
tritium, introduced into the hydrological cycle by atmos-
pheric thermonuclear testing in the 1950s and 1960s,
provides a useful tracer for water originating from this
period (Smith et al., 1970). The tritium peak approach has
now become obsolete in most regions of the world because
of its short half-life of 12.32 years, hydrodynamic disper-
sion, and high recharge rates or shallow water tables. In
some places, however, the tritium peak can still be detected,
e.g. a tritium peak of 230–235 TU in Chinese deep
unsaturated loess in 1997 and 1998 (Lin and Wei, 2006)
Hydrol. Process. 27, 1238–1252 (2013)
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and 64TU in deep unsaturated loess in Alsace, France,
in 2002 (Baran et al., 2007). This study will measure
the tritium content in groundwater to distinguish modern
water from pre-modern water. On the basis of tritium input
data from Ottawa in Canada (1953–2007) and Yinchuan
(1988–2000) and Xi’an (1985–1993) in the LPC (IAEA and
WMO, 2009), groundwater with tritium content less
than 1TU (sampling time is 2009) can be considered as
pre-modern water (before 1952).
STUDY AREA, SAMPLING AND ANALYSES

Loess is an aeolian sediment formed by the accumulation of
wind-blown silt and lesser and variable amounts of sand and
clay over some 2.4Myr (Liu, 1985). Loess is homogeneous,
porous, friable, pale yellow or buff, slightly coherent,
typically non-stratified and often calcareous. The material
composition of loess around the world (such as the Yellow
River Basin, Central Asia, Eastern Europe, Western
Europe and Northern America) is similar (Liu, 1985). Silt
(0.05–0.005mm) accounts for a significant part (50–80%).
Chinese loess is mainly distributed in the middle reaches of
the Yellow River (Figure 1), accounting for about 72% of
the loess-covered area in China (0.44million km2).
The study site, the Hequan terrace, Guyuan, Ningxia

Province, is located in the east of the Liupan Mountains in
the central LPC. As recorded by the Guyuan Meteorology
Station, the average precipitation from 1957 to 2008 was
450mmyear�1, the annual potential evapotranspirationwas
Figure 1. Study area and hydrogeological sect

Copyright © 2012 John Wiley & Sons, Ltd.
1330mmyear�1 and the average temperature was 6.6 �C.
About 60% of the annual precipitation falls between July
and September (Figure 2) during the Asian summer
monsoon.
Clayey sand and gravel is overlain by upper Pleistocene

Loess (Malan Loess, Q3) in Hequan (Figure 1). There is no
surface runoff on the terrace in the study area. The water
table [elevation= 1795–1815m above sea level (a.s.l.)] is
higher than the streams (elevation= ~1785m a.s.l.), so the
stream contributes little to the aquifer.
The vegetation cover has now been extensively modified

by intensive artificial agriculture in most terraces and loess
plains. It is very difficult to find an area of loess where no
disturbance/cultivation has taken place, but two sites of
natural grassland at the high segment of the toposequence in
Hequan, Guyuan, have not been disturbed for at least
100 years when land development commenced, according
to our investigation. Almost all the land has been converted
to winter wheat (~90%) with a current average grain
productivity of ~2200 kg ha�1 year�1, and alfalfa (8–9%)
covers most of the remaining area. This provided a good
opportunity to study the groundwater recharge evolution
and groundwater quality change following land-use change.
Soil samples were collected from five profiles in

Guyuan (Table I), which represent a long-term land-use
change setting. Profiles G1 (depth = 14.25m, natural land
of sparse grass) and G1-2 (depth = 7m, natural land of
sparse grass) are used to provide a baseline land-
use profile. Profiles G2-1 (depth = 11.25m) and G2-2
(depth = 18.25m) represent a 100-year-old winter wheat
ion of Hequan, Guyuan, and sampling sites

Hydrol. Process. 27, 1238–1252 (2013)



Figure 2. Monthly precipitation and temperature distribution in Guyuan
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field. Profile G3 (depth = 7m) represents a 30-year-old
alfalfa (Medicago sativa), formerly a winter wheat field.
Chloride data of G1 and G2-1 have been published in a

previous paper (Huang and Pang, 2011). G1-2 and G2-2 are
drilled for study variation of chloride distribution in the
same land use. Soil moisture was exacted from two deep
profiles (G1 and G2-2) to study groundwater recharge
mechanism. G3 is for new land-use type (alfalfa), which is
one of the main land-use conversions in the LPC.
The soil samples were obtained using a hollow-stem hand

auger or/and a Luoyang spade with interchangeable 1.5m
aluminium rods. Bulk soil samples of ~400 g were collected
at intervals of 0.25m. Samples were immediately sealed in
polyethylene bags. Gravimetric moisture content (θg) was
determined by drying a minimum of 80 g of soil at 110 �C
for 12 h. To determine the Cl concentration, double-
deionized water (40ml) was added to the oven-dried soil
sample (40 g). Samples were agitated intermittently for 8 h.
The supernatant solution was filtered through 0.45mm
Table I. The average moisture content and chloride concentration bel

Profile Land use Depth (m)

G1 Natural grassland 14.25
G1-2 Natural grassland 7.00
G2-1 Winter wheat 11.25
G2-2 Winter wheat 18.25
G3 Alfalfa 7.00

Table II. The water isotopic compositions (3H, 2H and 18O) and w
(locations can be fo

Sample

Depth 3H d18O d2H Cl�

(m) (TU) (%)

GG1 30 <0.3 �9.9 �68.8 8.3
GG2 20 <0.3 �9.7 �68.6 8.1
GG3 22 <0.3 �9.8 �69.3 8.4
GG4 22 <0.3 �9.4 �67.8 7.9
GG5 — <0.3 �10.0 �70.1 9.9
GG6 28 <0.3 �9.6 �69.0 8.1

Copyright © 2012 John Wiley & Sons, Ltd.
filters. Solutes were then analysed by ion chromatography.
The Cl concentration of the soil solutionwas then calculated
by dividing the measured concentration by the gravimetric
moisture content and by multiplying the mass ratio of the
solution over the oven-dried soil sample.
For stable isotopic analysis, soil moisture for profiles G1

and G2-2 was extracted using azeotropic distillation
(Revesz and Woods, 1990) with a reported accuracy of
�2% for d2H and�0.2% for d18O. Resulting sampleswere
collected in glass vials, and a few grams of paraffin wax
were added to the vials to remove remaining traces of
toluene. Before extracting from field samples, tap water was
added into three oven-dried loess samples, formingmoisture
content of 5, 15.6 and 15%; then the three soil moistures
were extracted and analysed together with the tap water.
Results show that the difference between the tap water and
the extracted soil moisture is within �2% for d2H and
�0.2% for d18O.
Limited shallow groundwaters (GG1–GG4 andGG6)with

depth ranging from20 to 30mand one spring (GG5; Table II)
around the soil sampling sites were collected for stable
isotopes, tritium and water chemistry measurements. Stable
isotopes for groundwater and soil moisture samples were
measured at the Laboratory of Water Isotopes and Water-
Rock Interaction, Institute of Geology and Geophysics,
Chinese Academy of Sciences, by using Picarro L1102-i
isotopicwater liquid analyser. Results are reported as d2H and
d18O (d = (Rsample /Rstandard� 1)� 1000) using the Vienna
Standard Mean Ocean Water as the standard. The analytical
precision is�0.5% for d2H and 0.1% for d18O. Tritium was
measured in the same laboratory through electrolytic
enrichment with a tritium enrichment factor of ~20 and
liquid scintillation counting (Quantulus 1220) method with a
detection limit of 0.3TU. Anions were analysed by ion
chromatography (Dionex-500) and cations by inductively
ow 2m for profiles under different land use from Hequan, Guyuan

Moisture content (%) Cl content (mg l�1)

17.3 7.7
16.2 8.1
15.2 13.9
16.4 15.4
9.5 89.1

ater chemistry for groundwater samples from Hequan, Guyuan
und in Figure 1)

SO4
2� HCO3

� Na+ K+ Mg2+ Ca2+

(mg l�1)

27.1 322 52.1 3.2 24.1 42.0
22.3 326 50.6 4.6 26.1 42.1
28.1 366 55.6 2.3 26.2 46.8
25.7 374 53.7 2.3 28.2 45.1
33.2 416 85.2 3.0 27.9 37.5
24.3 328 51.2 2.9 24.5 42.9

Hydrol. Process. 27, 1238–1252 (2013)
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coupled plasma optical emission spectrometer at the Beijing
Research Institute of Uranium Geology. The analytical
precision for water chemistry was 3% of the concentration
based on reproducibility of samples and standards, and the
detection limit was 0.05mg l�1. The charge balance error for
groundwater samples ranges from �2 to 2%.
RESULTS AND DISCUSSION

Groundwater recharge under initial conditions

Chloride input. There are no systematic observations of
chloride deposition in the study area. However, several
measurements in other sites in the LPC or close to the LPC
can be used. The volume-weighted average chloride
concentration in precipitation for a remote monitoring
station, Jiwozi, in the vicinity ofXi’an, south part of the LPC
(EANET, 2009), is 1.7mg l�1. The data represent the
monthly monitoring data from 2001 to 2007. The value
agrees well with the average chloride concentrations of
precipitation from 23 precipitation samples (1.7mg l�1)
measured by Xu et al. (2009) in Lanzhou and from 34
precipitation samples (1.8mg l�1) measured by Bai andWang
(2008) in Xi’an from February 2007 to January 2008. In the
northernQilianmountains (Feng et al., 2004), theBadain Jaran
Desert (Gates et al., 2008; Ma and Edmunds, 2006), the
Tengger Desert (Edmunds et al., 2006; Ma et al., 2009),
Shiyang River Basin (Ma et al., 2012) and the southern
Qinlingmountains (BuHM, unpublished), the rainfall chloride
concentration available mainly ranges from 1.4 to 2.5mg l�1.
Generally, high chloride concentration corresponds to light

rainfall in theNorth-westernChina (Yin et al., 2011a;Ma et al.,
2012), where more than 60–70% of the annual precipitation
falls in the summer monsoon. During the period, the chloride
concentration in precipitation mainly ranges from 0.88 to
4mg l�1 in the Ordos Basin (Yin et al., 2010). The weighted
average chloride concentration in precipitation is 2.24mg l�1

in the Hailiutu River Basin with precipitation of 380mm
year�1 in theOrdos Basin (Yin et al., 2011a). Thewet chloride
input (Clp� P) ranges from 637 to 983mgm�2 year�1 (Yin
et al., 2010; Deng et al., 2011) in the Ordos Basin for seven
sites except for three where the only occasional chloride value
in precipitation cannot be used to present the average value.
In arid area, a part component of chloride input can be

also derived from dry deposition and dust (Dettinger, 1989;
Abuduwaili et al., 2008). In the Basin and Range Province
groundwater recharge study, the average chloride content in
bulk precipitation from eight sites is 0.6mg l�1, whereas the
wet precipitation content from 66 sites is 0.4mg l�1

(Dettinger, 1989). This means dry deposition may contrib-
ute as much as 33% of the total influx of chloride. In a
Douglas-fir site on the western slopes of the Washington
Cascades and the Great Smokey Mountain National Park,
North Carolina, the dry deposition is 13–18% of the total
influx of chloride (Johnson and Lindberg, 1992), and in the
Hutuo Basin in the North China Plain, it is estimated to be
10% (Liu et al., 2009). However, because of the errors and
uncertainties during the bulk precipitation collecting,
samples from bulk precipitation collectors may not
Copyright © 2012 John Wiley & Sons, Ltd.
represent the net influx of chloride input, and simply
collected bulk samples may overestimate atmosphere input
of chloride to recharge (Dettinger, 1989). Therefore,
recharge estimates presented by Dettinger (1989) were
based on the average concentration from wet precipitation
concentration (0.4mg l�1). For low rates of flux, errors
introduced by the uncertainty of the effective chloride
concentration and/or precipitation may have to be tolerated,
as other tracers also suffer uncertainties at low flux (Tyler
et al., 1996). Goni et al. (2001) also commented that the dry
aerosol flux deposition can be negligible, which is
acceptable provided that the long-term dry aerosol flux is
near a steady state. This is a reasonable assumption in the
semiarid LPC.An example can demonstrate the assumption.
The excellent tritium peak method shows that groundwater
recharge rates in the two loess-covered regions –Wudan in
Inner Mongolia (precipitation of 360mmyear�1) and
Pingding in Shanxi (precipitation of 550mmyear�1) – are
47 and 68mmyear�1, respectively (Lin andWei, 2001; Lin
and Wei, 2006). The total chloride input to soil can be
obtained using the inverse CMB. As the chloride content in
soil moisture in the unsaturated zone is 9.3 and 19.5mg l�1,
the total chloride input is 437 and 1326mgm�2 year�1,
corresponding to 1.2 and 2.4mg l�1 of chloride content in
bulk precipitation (including dry deposition), respectively.
The chloride content in bulk precipitation covers the range
of chloride content in wet precipitation in the LPC.
The CMB method needs constant rate of chloride

deposition to the surface. Although this will certainly vary,
it is unlikely to vary greatly for the following reasons (Tyler
et al., 1996). (i) As the chloride content in precipitation is
most strongly controlled by the proximity to its ocean
source, the wet deposition flux should be linearly
proportional to the precipitation, assuming that the source
of the precipitation has remained constant. This is suitable to
the LPC as the climate pattern has not been changed during a
short period of chloride accumulation in the unsaturated
zone (decades to hundreds of years). (ii) Correlations
between major climatic variation and chloride age found by
Fouty (1989) and Phillips (1994) support the assumption of
consistency in chloride deposition. In addition, the remote
station in Jiwozi, as well as in Hequan (the study area), is
located in an area withminimum influence of local emission
contamination and emission sources (such as residential,
power plant, factory, toll road, and harbour and train road
sources). The weighted chloride content (1.7mg l�1) in
Jiwozi is very similar to that in the urban sites, e.g. in
Lanzhou (1.7mg l�1) and in Xi’an (1.8mg l�1). In the
North-western China, the intensity of human activities is
weaker than that in the south China, and their influences
are neglected during the period of recharge estimation in
this study.
A value of 1.7mg l�1 is adopted because of the lack of

observation in the study area; the annual atmospheric
chloride deposition from the atmosphere is thus expected to
be 765mgm�2 year�1 (450mmyear�1� 1.7mg l�1) for
Guyuan and is within the ranges in the north Ordos Basin
(Yin et al., 2010) and in Wudan and Pingding (Lin and
Wei, 2001).
Hydrol. Process. 27, 1238–1252 (2013)
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Feasibility of the CMB. In this loess material, the
geological sources of Cl can be excluded. Feth (1981)
commented that where groundwater contains less than
10mg l�1 chloride, atmospheric sources are probably
the major source. In the study area, chloride contents in
groundwater range from 7.9 to 9.9mg l�1 (Table II). In the
type site of LPC, chloride contents in groundwater are
commonly less than 10mg l�1 (LPISST, 1990; Huang,
2010). There are no rock salt sources in the unsaturated zone
with respect to the present chloride. In well-drained soil, this
appears to be a reasonable approximation (Allison and
Hughes 1978). The chloride input flux has excluded the
chemical fertilizers used in the area, in which there is no
detected chloride. The possible manure fertilizer to the
cultivated land in the study area is limited within an error of
~5–10% for atmospheric deposition and then is ignored. In a
homogeneous unsaturated zone, soil water moves down
mainly by piston flow (Zimmermann et al., 1967). The
loess, including the palaeosol is unconsolidated, and the
homogeneous porosity suggests that no significant prefer-
ential flow occurs in the loess deposition area, except near
the cliffs and the gullies. The obvious 1963 tritium peak in
the unsaturated zone in the loess-covered regions (Zhang
et al., 1990; Lin and Wei, 2006; Baran et al., 2007)
confirmed the existence of piston flow in loess. The
breakthrough curves obtained for chloride, nitrate and
tritiated water from six undisturbed columns of loess
showed that homogeneous infiltration seems to be a rather
intrinsic characteristic of loess (El Etreiby and Laudelout,
1988). In loess-covered areas, the CMB thus has signifi-
cance as a recharge estimator (O’Brien et al., 1996; O’Geen
et al., 2005; Huang and Pang, 2011; Gates et al., 2011).

Rates of recharge. Profile G1-2 is taken as the initial
condition of the area. The gravimetric moisture contents of
>18% above 0.75–1.00m show the effects of seasonal
rainfall events before sampling. From a depth of
0.75–2.00m, the moisture contents range from 9.7 to
12.2% (Figure 3). The chloride is concentrated, and
moisture is depleted by evapotranspiration and remains in
Figure 3. Soil chloride concentration and moisture content profile for
G1-2 of natural grassland in Hequan, Guyuan

Copyright © 2012 John Wiley & Sons, Ltd.
the root zone until it is flushed downward below the root
zone (commonly below 2m; Allison and Hughes, 1978;
Vörösmarty et al., 1989) by infiltrating precipitation. Below
the root zone, the moisture represents potential recharging
pore water with relatively uniform chloride distribution
(5.5 to 11.2mg l�1; Figure 3).
The average weighted chloride concentration below the

root zone for G1-2 (natural ecosystem) is 8.1mg l�1 to a
depth of 7m. The groundwater recharge rate beneath the
natural ecosystem is 765 / 8.1 = 94mmyear�1 by using
Equation 1, accounting for 21% of the annual precipitation.
The average chloride content in soil moisture below the root
zone to 14.25m for baseline profile G1 (Huang and Pang,
2011) is 7.7mg l�1, similar to profile G1-2. The similar
distributions of chloride and soil moisture content are
remarkably convergent and indicate the recharge beneath
the natural ecosystem is in the order of 94–100mmyear�1.
This recharge rate beneath the natural ecosystem is 2–3

orders of magnitude more than in the other semiarid areas
with similar annual rainfall, e.g. <0.1mmyear�1 under
mallee in the western Murray Basin (Allison et al., 1990),
almost zero under shortgrass prairie in the southern High
Plains, Texas, south-western USA (Scanlon et al., 2007b),
<0.33mmyear�1 under dry forests in central Argentina
(Santoni et al., 2010) and 2mmyear�1 under natural bush in
South-west Niger (Leduc et al., 2001; Favreau et al., 2009).
The large difference of the recharge rate beneath the natural
ecosystem is related to different vegetation with different
root type (deep or shallow rooted) and temperature
(Table III). Compared with other case study areas with an
annual mean temperature of 15–30 �C, the LPC is a
relatively cold semiarid area with an annual mean
temperature of 6–9 �C.
The average chloride concentration in unsaturated zone

moisture of 7.7 to 8.1mg l�1 is similar to that in ground-
waters, which ranges from 7.9 to 9.9mg l�1 (Table II),
indicating that diffuse recharge is likely to be the
predominant source of recharge.

Residence time of infiltrating water. The regional
groundwater depth ranges from 25 to 100m (30–120m is
typical for the LPC as a whole; Figure 1). For profiles G1
and G1-2, the average volumetric water content is estimated
to be ~24% (gravimetric water content 17%� the soil dry
bulk density 1.4). The recharging time beneath the natural
ecosystem can be determined by a simple calculation
(25–100)m * 0.24 / [(0.094–0.1)m year�1] = 60–255 years.
The shallow groundwaters and the spring around the
sampling site are all tritium free (Table II), suggesting that
the groundwaters were recharged before 1950s and that they
are older than 60 years. Tian et al. (2007) and Huang (2010)
also pointed out that the groundwater ages in many loess
plains (e.g. Xifeng, Luochuan, Fuping and Weinan) in the
LPC are older than 50 years based on tritium results. This is
consistent with the piston flow model and the CMB results,
with no evidence of by-pass flow (Edmunds and Walton,
1980). On the condition of deep unsaturated zone (deep
water table), the variation of the recharge rate tends to be
small, and the annual recharge rate may be treated as
Hydrol. Process. 27, 1238–1252 (2013)
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constant (Wu et al., 1996). A study on the Luochuan Loess
Plain (LPISST, 1990; Qu, 1991) with a water table depth
ranging from 30 to 80m shows that the recharge from
precipitation to shallow loess groundwater is continuous.
Thus, the unsaturated zone represents well the long-term
average rate of recharge, smoothing out short-term climatic
events. However, these results suggest that the period of
1–3 years suggested by LPISST (1990) and Yan (1986)
required for a water molecule of the precipitation to reach
water table seems to be significantly underestimated.

Recharge mechanisms. The stable isotopic composition
for soil moisture from profile G1 from the surface to a depth
of 9m is relatively enriched (d18O>�8.5%, d2H> 63%),
but below 9m, the isotopic composition is close to or
depleted compared with the ranges of the groundwaters
(from �10.0 to �9.4% for d18O and from �70.1 to
�67.8% for d2H; Figure 4). The slope of the regression line
for profile G1 is 7.5 (R2 = 0.97), greater than the evaporation
slope of commonly 4–6 for open water and even to 2–3
for soil evaporation (Barnes and Allison, 1988), and the
regression line is sub-parallel to the global meteoric water
line (GMWL; Craig, 1961). This also suggests that a certain
amount of the water is removed via evaporation (there is no
fractionation for stable isotopes during transpiration). The
phenomenon is commonly observed in dry climates (e.g.
Tyler et al., 1996; Chapman et al., 2003; Huang and Pang,
2010) and attributed to similar amounts of evaporation to
precipitation from different rainfall events having different
isotopic compositions. Under relatively low recharge rates
and vertical moisture movement, diffusional redistribution
in stable isotopes (Allison, 1988) will attenuate the seasonal
or yearly variations in isotopes above the water table (Clark
and Fritz, 1997) and indicate that shallow groundwaters
closely represent the mean annual recharging precipitation.
In temperate areas, stable isotopes are normally depleted

in winter and enriched in summer (Clark and Fritz, 1997).
However, in the LPC, the summer rainfall is controlled by
the east-Asian monsoon (Wei and Lin, 1994; Araguás-
Araguás et al., 1998) and has significant characteristics:
stable isotopes from precipitation are depleted from July to
September (Figure 5). In this setting, the temperature effect
is masked by the amount effect.
Stable isotopic compositions for shallow groundwaters

from the study area (elevation= 1800–1900m, a.s.l.), the
Ansai terrace (1100–1200m; Gates et al., 2011), the
Chibagou hilly region (898–1302m); (Liu et al., 2011)
and typical loess plains, e.g. Changwu (~1200m; Wang,
2007), Xifeng (~1420m), Luochuan (~1150m; Huang,
2010) and Xi’an (400–1200m; Qin and Tao, 2001) are all
close to the GMWL and are depleted in heavy isotopes
(Figure 6), compared with the weighted average of �6.6%
for precipitation from Yinchuan (1112m) in the northern
LPC, �7.1% from Xi’an (400m) in the south (IAEA and
WMO, 2009) and �7.8% in the Ordos Basin (Yang et al.,
2009). It is difficult to find the traditional ‘isotopic altitude
and latitude effect’ for precipitation (Yang et al., 2009) and
in groundwater. According to the only basin-scale study in
the LPC, an ‘altitude effect’ for precipitation does not
Hydrol. Process. 27, 1238–1252 (2013)



Figure 5. Monthly precipitation, temperature and d18O composition from Xi’an station [data from IAEA and WMO (2009)]

Figure 4. Stable isotopic compositions of soil moisture (G1 and G2-2) and groundwaters from Hequan, Guyuan

Figure 6. Stable isotopic composition for shallow groundwaters and
springs from the LPC [data are from Gates et al. (2011) for Ansai, Liu
et al. (2011) for Chibagou, Wang (2007) for Changwu, Huang (2010) for
Xifeng and Luochuan, Qin and Tao (2001) for Xi’an and IAEA and WMO
(2009) for precipitation from Xi’an]. The size of the blue circle stands for
the relative amount of precipitation. The aforementioned locations can be

found in Figure 1
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occur during the summer monsoon (Liu et al., 2011). This
suggests that in the semiarid LPC, groundwater is recharged
by seasonal large rainfall with rapid infiltration and not much
evaporation. Depleted in heavy isotopes in groundwater
Copyright © 2012 John Wiley & Sons, Ltd.
relative to mean precipitation was also found in other arid
areas, e.g. southern Africa (Vogel and Urk, 1975) and the
southernGreat Basin, USA (Tyler et al., 1996), and attributed
to selective infiltration of rainfall from intense, large-volume,
isotopically light rainfall events. Stable isotopic compositions
for groundwaters from the six sites are close to precipitation
from July to September in Xi’an (Figure 6), implying that the
moisture, which could pass through the root zone and become
potential recharge and eventually recharge aquifer, is
associated with the monsoon (July to September).
The evidence that (i) Cl concentration in the soil

profile (7.7–8.1mg l�1) is similar to that in groundwaters
(7.9–9.9mg l�1), (ii) stable isotopic composition in
groundwaters is limited to the range of that in soil
moisture and (iii) groundwater ages of more than 60 years
(as obtained from tritium) are consistent with that obtained
by piston–CMB method (60–255 years) all suggest that
the vertical piston flow is the main mechanism for soil
water movement and recharge, at least in this study area.
Changes in groundwater recharge following
land-use change

Profiles G2-1 and G2-2 represent a 100-year-old winter
wheat field, and profile G3 represents a 30-year-old
Hydrol. Process. 27, 1238–1252 (2013)
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alfalfa field converted from a winter wheat field. The
conversions from G1 (G1-2) to G2-1 (G2-2) and then to
G3 provide a long-term land-use change setting through
which to study these effects on groundwater recharge.
The only factor affecting groundwater recharge in this

small area with the same soil texture (Malan Loess) and
topography (flat terrace) is assumed to be evapotranspir-
ation. Chloride concentration profiles monitor the changes
in evapotranspiration. Increased chloride concentration
implies decreased groundwater recharge (Equation 1) and
vice versa.
Moisture content andCl concentration in the root zone are

sensitive to seasonal precipitation and evapotranspiration.
For groundwater recharge estimation, depths below 2m
were chosen to study the moisture content and Cl
concentration distributions under varying land-use settings.
Table I lists the weighted average chloride content and the
moisture content and illustrates impacts from the natural
ecosystem (G1 and G1-2) to winter wheat (G2-1 and G2-2)
and then to alfalfa (G3), where chloride is progressively
concentrated. Figure 7 also shows the moisture content and
Cl concentration distributions for the five profiles.
Profiles G2-1 and G2-2 beneath winter wheat were

converted from a natural ecosystem 100 years ago. The
weighted average chloride concentrations below the root
zone are 13.9 and 15.4mg l�1 for G2-1 (11.25m) and G2-2
(18.25m), respectively, and 7.7 and 8.1mg l�1 for G1
(14.25m) and G1-2 (7m), respectively. On the basis of the
CMB method, the potential groundwater recharge has
decreased from 94–100 to 50–55mmyear�1 as a result of
this land-use change. The recharge rate beneath winter
wheat of 50–55mmyear�1 or 11–13% of the mean annual
precipitation is similar to ratios reported for other sites in the
LPC, e.g. 12 and 13% (using 1963 tritium peak displace-
ment; Lin and Wei, 2006), 11–18% (using the CMB
method;Gates, et al., 2011) and 2.9–23% in theOrdosBasin
(Yin et al., 2010).
Figure 7. Soil Cl and moisture content distributio

Copyright © 2012 John Wiley & Sons, Ltd.
The soil moisture has been significantly depleted
and Cl concentrated (89.1mg l�1) below 2m beneath
the 30-year-old alfalfa (G3). Here, a new steady-state
condition has not been reached, and the CMB cannot be
used to estimate the potential groundwater recharge;
however, it is predicted that the plantation of alfalfa has
been preventing deep drainage because the upper soil are
heavily depleted in moisture content. Results from soil
water balance within the uppermost 1m (Zhao et al.,
2004) show that the net change in soil water is negative
in every month of the growing season beneath the alfalfa
field. A study on an alfalfa field following yearly
sampling (Li and Huang, 2008) also shows soil moisture
is being depleted year after year.
The Cl concentration in groundwaters beneath the new

land use in Hequan, Guyuan, is similar to that in soil
moisture of original natural vegetation (profiles G1 and
G1-2); this is because it takes (25–100) m * 0.22 /
[(0.05–0.055) m year�1] = 100–440 years for the soil
moisture beneath winter wheat to reach the water table.
Thus, most groundwaters in the area with deep
water table have not yet been influenced by the new land
use, i.e. winter wheat and alfalfa. Long travel times for
soil moisture in the unsaturated zone following the
changed land use implies that the impacts of lowered
groundwater recharge rates on water table can be lagged
in time. The time lag is related to the soil moisture
content, the recharge rate and the depth of the unsaturated
zone. Similar lag effects between the increase in deep
drainage and the increase in aquifer recharge have been
reported for Australia by Cook et al. (1989; 2001) and
Jolly et al. (1989).
The stable isotopic compositions of soilmoisture between

G1 and G2-2 are very similar (Figure 4), despite the
groundwater recharge being largely different (100 and
50mmyear�1). Kinzelbach (2002) pointed out that the
stable isotopes method for estimating groundwater recharge
n under different land uses in Hequan, Guyuan

Hydrol. Process. 27, 1238–1252 (2013)
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is not always applicable, because no evaporation signal is
seen if recharge happens in extreme events without much
evaporation and because evapotranspiration by plants does
not produce a shift away from the meteoric water line. An
isotopic study in the north LPC (Ansai; Gates et al., 2011)
shows that stable isotopes in the soil moisture
(from cultivated land and shrub plantation) are enriched
and follow a low slope (s= 3.5), in contrast with shallow
groundwater (springs), which showed only slight
evaporation pore water (Figure 8a). They suggested that
focused infiltration through gullies and other topographic
lows is likely to be the primary recharge mechanism in
the northern dissected areas. However, in the Xifeng
loess plain, where there is no surface runoff and the water
table is higher than the gullies, the vertical infiltration of
rainfall is the only recharge source (Qu, 1991). A 14.5m
depth stable isotopic profile beneath winter wheat field
(~90% land use; Huang, 2010) shows that stable isotopes
in the soil moisture are also enriched compared with
those in springs (Figure 8b). The average chloride content
beneath winter wheat is 27.3mg l�1, which is higher than
that in tritium-free springs (3.1–8.4mg l�1) in Xifeng
(Huang, 2010). The most reasonable explanation based
on available data in the situation is that the groundwater
Figure 8. Stable isotopic composition for soil moistures and springs from
(a) Ansai and (b) the Xifeng loess plain [modified from Gates et al. (2011)

and Huang (2010)]

Copyright © 2012 John Wiley & Sons, Ltd.
was formed under natural baseline land use without much
evapotranspiration and that the upper moisture formed in
current land use have not reached water table. The stable
isotopic profiles therefore cannot be used as a quantitative
tool for groundwater recharge estimation but helps to
identify groundwater recharge processes and origin.
Change in water quality following land-use change

Under circumstances of decreased groundwater
recharge following the reported land-use change, the
salinity would be expected to increase in the upper
unsaturated zone by increased evapotranspiration and
then more slowly displace the previous soil water/
solutes into groundwater by a decreased drainage rate.
Until the moisture with increased solute concentration
beneath the changed land use can reach the water table,
the former groundwater quality remains.
The soil moisture velocity for profile G2-2 is estimated to

be 0.20myear�1 (a depth of 18.25m and a chloride
accumulation age of ~92 years). This is very similar to a
tritium peak movement velocity of 0.20–0.21myear�1 for
loess areas in France (Baran et al., 2007) but a little less than
0.25–0.30myear�1 for the other Chinese loess profiles
(Zhang et al., 1990; Lin and Wei, 2006). Because the land
development started ~100 years ago, below a depth of
~20m, the moisture and the solutes should remain at the
initial land-use setting (natural grassland, e.g. profiles G1
and G1-2). Figure 9 describes the conceptual model of
groundwater quality evolution under decreased ground-
water recharge based on the present results.
In the study area, the differences in recharge rate and

water quality between the natural ecosystem (G1 with a
recharge rate of 100mmyear�1) and winter wheat (G2-2
with a recharge rate of 50mmyear�1) may be given as an
example of the magnitudes of change. Assuming that the
groundwater depth is 25–100m, the average volumetric
water content in the natural ecosystem is 0.24 and 0.22 in
winter wheat under both steady states; the time required to
reach groundwater beneath winter wheat and to change
groundwater quality is 110–440 years. The following
parameters may then be used to estimate the groundwater
quality evolution for the conversion from natural ecosystem
to winter wheat: the chloride concentration of soil moisture
entering the aquifer Cin = 15.4mg l�1, the new aquifer
recharge rate q=50mmyear�1, the initial chloride concen-
tration of shallow groundwater Co = 7.7mg l�1 in the
aquifer and the amount of water in the aquifer (porosity,
n= 0.40; thickness of the aquiferH=30m). With the use of
the assumptions from Equation (2) and the results from
Equation (3), we found that after 820 years following land-
use conversion, the chloride concentration in groundwater
would only reach 15mg l�1 (Figure 10). Thus, the present
groundwater quality remains close to the initial land-use
setting. The phenomenon of time lag was also found by
Peck and Hurle (1973) who showed that the time estimated
for chloride equilibrium to be re-established from a forest to
a farmland in a small catchment in Australia ranged from 30
to 400 years.
Hydrol. Process. 27, 1238–1252 (2013)



Figure 9. The conceptual model showing groundwater quality evolution under decreased groundwater recharge as a result of increased
evapotranspiration following land-use change

Figure 10. Groundwater quality (chloride concentration) evolution under
the conversion from natural grassland to winter wheat in Guyuan
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Although the chloride concentration of groundwater
would eventually double and total dissolved solids (TDS) be
still less than 0.8 g l�1, it should be noticed that the soil
moisture containing over-fertilized nitrate and other con-
taminants would also reach water table and deteriorate
groundwater quality. The time lag for groundwater quality
change due to buffer of the relatively thick unsaturated zone
should be paid attention to for water quality management.
In contrast, plantation of shrubs (Gates et al., 2011),

apple orchards (Huang and Pang, 2011) and alfalfa may
decrease potential recharge remarkably and lead to higher
solute concentration. This compares with very large
chloride inventories in dry lands due to high evapotrans-
piration (e.g. vegetation of shortgrass prairie and
eucalyptus mallee) during the predominantly (semi)arid
climate of the last 10 000–30 000 years (e.g. Herczeg
et al., 2001; Scanlon et al., 2009), even during the last
glacial interval (up to 120 000 BP; Tyler et al., 1996). If
those land uses (alfalfa, shrub or orchard) change to
rain-fed crops (winter wheat) sometime in the future,
then increased groundwater recharge would occur, and
the groundwater quality would degrade significantly
Copyright © 2012 John Wiley & Sons, Ltd.
because of the progressive displacement of brackish or saline
water, which is happening in the southern USA (Scanlon
et al., 2009) and Australia (Leaney et al., 2003) today.
CONCLUSIONS

Groundwater recharge rates and mechanisms in a loess-
terrace agriculture region in the semiarid LPC have been
examined using multiple tracers, and the impacts of a long-
term land-use change on groundwater recharge and water
quality have been studied using soil chloride profiles.

1. The groundwater recharge beneath the natural ecosystem
(uncultivated shallow-rooted grassland) is 94–100mm
year�1 based on the CMB method. It takes decades/
hundreds of years for annual precipitation to pass through
the thick unsaturated zone, as confirmed by the absence
of tritium at the water table. This recharge rate is 2–3
orders of magnitudemore than in the other semiarid areas
with similar annual rainfall but with deep-rooted
vegetation and relatively high temperature.

2. Although stable isotopes cannot be used to measure
recharge rates, they can trace the recharge process with
information on the water molecules themselves. Ground-
water recharge in the study area mainly occurs from July
to September almost exclusively by means of vertical
infiltration.

3. Comparison of soil chloride profiles before and after
land-use change is a useful tool to measure impacts on
groundwater resources, especially in (semi)arid areas
such as the LPC.

4. The case study of a loess-terrace agriculture region in the
LPC shows that the conversion from natural ecosystem to
winter wheat 100 years ago has decreased groundwater
recharge by 42–50% and that the conversion from winter
wheat to alfalfa has decreased to almost zero, consistent
withmoisturemonitoring made by Zhao et al. (2004) and
Li and Huang (2008).
Hydrol. Process. 27, 1238–1252 (2013)
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5. In the circumstances of decreased groundwater
recharge following land-use change, solutes would
firstly build up at the upper unsaturated zone and then
be displaced into groundwater with a decreased
drainage rate. There is a time lag between the increase
in solute concentration in soil moisture and that in
groundwater. Groundwater quality would change when
and if the soil water/solutes following the new land use
reach water table.

6. The new steady state would nevertheless lead to lowered
recharge rates, which need to be taken into account in
considering the availability of the regional groundwater
resources.
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