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Abstract

d18O and dD values in meteoric groundwaters reflect those in their source precipitation, which normally displays seasonal
ranges of several to many permil. Normally there are substantial reductions in the groundwater isotopic ranges due to mixing
in any vegetation, soil cover and the aquifer itself, plus the distortions that can be introduced by evaporation. Nevertheless, in
carbonate karst regions (and others) many spring waters are found to preserve significant proportions of these seasonal sig-
nals. They are of current interest because they may also be detected in calcite speleothems precipitated from groundwater in
caves, in calcretes and calcareous nodules in soils, etc. thus permitting detailed paleoclimate reconstructions.

This paper presents some baseline data on reduction of isotope seasonal signals in groundwater that are pertinent to such
speleothem studies. They are from artificial tank experiments at Shawan Karst Test Site, Guizhou, China. The climate is
humid subtropical with mean annual precipitation of 1340 mm, >80% falling between May and October. The concrete tanks
measure 20 � 5 m, 3 m deep each, point-drained at one end to simulate a spring. They are filled with 2.5 m of local limestone
quarry gravel, creating carbonate aquifers with primary porosities � 50%. A first tank is left bare, simulating the rocky deser-
tification found in parts of the region. The other tanks are topped with 0.5 m of local, clay-rich residual soil, one left bare, the
other three sown with rainy season corn, permanent grass and permanent shrubs respectively. Measurements cover the three
climatic years, November 2015-November 2018. > 90% of the rainfall events were sampled, and the drains every ten days.

d18O and dD in the rainfall displayed strong and regular sinusoidal oscillations with the successive seasons. In the bare rock
tank these were reduced (damped) by 56~74% in the different years, with phase (time) lags of 127~134 days at the drain. In the
soil-topped tanks damping ranged from 61% to 93% and the time lags from 164 to 202 days: differences between them are not
statistically significant but all do differ significantly from the bare rock. In all cases, the responses of the two isotopes were
similar in direction and magnitude. The 0.5 m soil cover had the most important effect. The bare rock aquifer conserved
the most information. Losses were similar in the four soil-topped tanks, responding to stronger evaporation and obstruction
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of flow in the soil. These findings are briefly compared to seasonal isotope variations reported in speleothem drip waters in
limestone caves in China and elsewhere in the world.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Since the 1950s and 1960s, stable oxygen and hydrogen
isotope ratios (d18O and dD) have been widely used as
important tools in studies of the hydrological cycle because,
being the components of water molecules, they are optimal
natural tracers (Dansgaard, 1953; Craig, 1961; Kendall and
McDonnell, 2012; Mueller et al., 2014; Jones et al., 2016;
Zhao et al., 2018). 18O/16O ratios in calcite speleothems,
now a commonly used proxy for studying past climate
change, are dominated primarily by the isotopic composi-
tion of the feed water, which is normally groundwater in
the unsaturated (vadose) zone. Up to now, most studies
have focused on d18O speleothem records over long time
scales, achieving many breakthroughs in paleoclimate study
(McDermott et al., 2001; Yadava et al., 2004; Wang et al.,
2005; Sinha et al., 2019), while less attention has been paid
to the short time scales that may also contain much signif-
icant high-resolution information (Fairchild et al., 2006;
Fairchild and Baker, 2012). As the development of analyt-
ical techniques has progressed, speleothem isotopic data at
short time scales, e.g. annual or seasonal, can be now
obtained (Kolodny et al., 2003; Treble et al., 2005;
Frappier et al., 2007). Unlocking the information preserved
in them is likely to be a focus of much future research.
However, many speleothems will also register unique local
variations caused by the biophysical environment on the
open surface above them, in the soil and in any epikarst
present (Serefiddin et al., 2004; Soubiès et al., 2005; Belli
et al., 2013). To better understand variations in speleothem
records at these more subtle and shorter time scales requires
quantitative investigation of the local factors affecting oxy-
gen and hydrogen isotopic fractionation of the infiltrating
water.

When precipitation infiltrates through the complex
sequence of vegetation-litter-soil-epikarst (if present)-
bedrock to recharge a groundwater aquifer, it is commonly
accompanied by damping and time lag of seasonal varia-
tions in d18O and dD. In a pioneer transect of speleothem
drip sites in many caves between Texas (Lat. 35oN) and
upstate New York (45oN) Yonge et al. (1985) found a close
match with the global Craig-Dansgaard Line and little or
no seasonal isotopic variation. In China, Luo et al. (2014)
reported minor seasonal variation of d18O in two drips in
Guizhou. Duan et al. (2016) studied the d18O of 34 drips
from eight caves in eight provinces, finding that only 18%
of drips had seasonal variation. In contrast, Beddows
et al. (2016) reported d18O damped an average 73% over
three sampling years at nine drip sites in shallow caves at
different elevations on the humid west coast of British
Columbia. To promote the study of d18O speleothem
records over short time scales, therefore, several successive
years of data from controlled (i.e. experimental) sites that
display well-preserved seasonality are desirable. Further,
determining the time lags is essential to establish the correct
correlations between given rainfall inputs and their ground-
water outputs at drips or springs. It is often difficult to cal-
culate these lag times, but they may be estimated by phase
shifts in the isotopes or by the amplitude of groundwater
isotopic seasonality compared to that in the precipitation
(A/A0) (Maloszewski et al., 1983; Reddy et al., 2006;
Beddows et al., 2016; Kirchner, 2016). The former is gener-
ally less precise, while the latter involves many assumptions
(e.g. about evaporation): thus, studies of lag times in spe-
leothems may be improved by controlled experiments in
model karst groundwaters.

Previous studies have found that the damping of the sea-
sonal isotopic variations in precipitation is chiefly deter-
mined by the hydrodynamic conditions, length of the flow
path, and isotopic composition of any previous water avail-
able for mixing in the aquifer (Eichinger et al., 1984; Clark
and Fritz, 1997; Bradley et al., 2010; Luo et al., 2014). In
isotopic studies of soil water generally, the deeper the soil,
the greater is the damping (Eichinger et al., 1984; Tang
and Feng, 2001; Comas-Bru and McDermott, 2015). From
isotopic theory, the composition of any prior water in an
aquifer is affected chiefly by its evaporation history and
water–rock interactions (Clark and Fritz, 1997;
Wackerbarth et al., 2012; Beddows et al., 2016). For exam-
ple, Markowska et al. (2016) found that some drip waters
that had experienced evaporation were enriched up to 3‰
d18O compared to the precipitation. Generally, the damp-
ing of seasonal isotopic variations in precipitation will be
influenced by a complex of factors in the overlying vegeta-
tion, soil and in the karst aquifer. Many studies have shown
that the type of land cover is a dominant control of the
hydrodynamic conditions and amounts of evaporation
(e.g. Zhang et al., 2001; Raymond et al., 2008; Zhao
et al., 2018). Raymond et al. (2008) found that the percent-
age of cropland cover greatly influenced the discharge of
precipitation. Similarly, Zeng et al (2016) reported that
catchments with dense vegetation will reduce the recharge
coefficient of precipitation. Zhao et al. (2018) have shown
the evaporation losses of shrub lands were higher than in
evergreen forests. Given the complexity of the vegetation,
soil, bedrocks, and of delimiting catchments in natural
karst watersheds, there have been few systematic studies
of the effects of single land cover types (vegetation plus soil)
on seasonal patterns of d18O and dD in the groundwaters
beneath them. We have established the Shawan Karst Test
Site, Guizhou, China, to model five types of watersheds and
aquifers. They are of identical size, with identical bedrocks
and boundaries but different land covers - a bare rock sur-
face, bare soil surface, cropped surface, grassland, and
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shrubbery; see the details in Section 2. In previous studies at
the Test Site, we have shown that the strengths of evapora-
tion and groundwater discharge are highly affected by the
type of land cover (Hu et al., 2018). In this study we chiefly
discuss the effects of differing land cover on reduction of
isotope seasonal signals of rainfall, revealing their impacts
on the conservation of precipitation isotopic variation in
the groundwaters at seasonal and annual timescales.

2. THE STUDY SITE

The Shawan Karst Test Site is located within the Puding
Comprehensive Karst Research and Experimental Station
(26�140-26�150N, 105�420-105�430E, 1200 m), Guizhou Pro-
vince, Southwest China (Fig. 1a). This area experiences a
typical humid subtropical monsoonal climate. From the
China Meteorological Data Network, for the 30 years per-
iod 1981–2010, Puding had a mean annual air temperature
of 15.2 �C, mean annual precipitation of 1341 mm, and
mean annual relative humidity of 78%. Precipitation is con-
centrated in the rainy season, May to October, when more
Fig. 1. (a) The location of Puding Comprehensive Karst Research and E
Guizhou Province, Southwest China. (b) The Shawan Test Site consists
covers: bare rock (coarse gravel), bare soil, cropped land (corn), grassland
station at the study site is within 100 m of the Shawan Test Site. (d) The s
than 80% of the annual total falls, accompanied by higher
temperatures than in the dry season (Zhao et al., 2010;
Yang et al., 2012). There is a meteorological station
installed at the Puding Station (Fig. 1c) that is within
100 m of the Shawan Test Site and provides daily precipita-
tion, air temperature, relative humidity data, etc.

As noted, the test site is built to simulate natural water-
sheds, with identical hydrogeological conditions (bedrocks
and watershed boundaries) but different land covers. It con-
sists of five adjoining concrete tanks (Fig. 1b), each 20 m in
length, 5 m wide and 3 m deep. In order to create an imper-
vious boundary, each tank is coated with epoxy resin and
covered with HDPE film that is stable and generally will
not react with groundwater. All tanks are filled with
2.5 m of dolomitic limestone gravel from the local Guanling
Formation (Middle Triassic), to serve as a granular (or ‘ma-
trix’) aquifer that has karstic water chemistry. The lime-
stone was from a local quarry and machine-ground into
angular clasts with grain sizes ranging 0.5 cm to 6 cm.
Porosity is about 0.5 (Zhu et al., 2015). There is no soil
and vegetation cover in the first tank – just bare rock
xperimental Station (26�140-26�150N, 105�420-105�430E, 1200 m) in
of five concrete tanks that simulate watersheds with different land
(alfalfa), and shrubland (Roxburgh roses). (c) The meteorological

imulated spring and device for measuring water levels in each tank.



Table 1
Chemical compositions of rock and soil samples from the Shawan Test Site. (From Zeng et al., 2017).

Chemicals Al2O3 BaO CaO Cr2O3 TFe2O3 K2O MgO MnO Na2O P2O5 SiO2 SrO TiO2 LOI a. Total

(%)

Rock 0.51 0.02 46.15 <0.01 0.31 0.22 7.40 <0.01 0.03 0.01 1.42 0.08 0.04 44.03 100.19
Soil 22.04 0.02 0.64 0.02 9.70 0.85 1.60 0.32 0.10 0.24 49.31 0.01 1.48 12.68 99.01

a. LOI: Loss On Ignition at 1,000 �C.
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(gravel surface) to simulate karst areas with an extreme
degree of rocky desertification. The other four tanks are
covered by 0.5 m of clay-rich residual soil from a local field
underlain by the same Guanling dolomitic limestone: see
Table 1 and Zeng et al. (2017) for details of the chemical
composition of the rock and soil materials. The second tank
has only soil and no vegetation, simulating bare soil condi-
tions. The remaining three tanks are planted with corn,
alfalfa and Roxburgh roses respectively, to simulate regu-
larly cropped land, perennial grasslands and shrub lands.
The corn is only present during its growing season from
May to August. The alfalfa and Roxburgh roses were sown
in January 2014 and left undisturbed. More details can be
found in Zeng and Liu (2013), Chen et al. (2017) and
Zeng et al. (2017). A drainage outlet with an internal diam-
eter of about 2 mm in each tank simulates a permanent
karst spring issuing from a matrix aquifer, and an adjoining
piezometer measures groundwater water levels (Fig. 1d).
Each tank thus functions as a small but complete watershed
with a primary aquifer of coarse dolomitic limestone gravel,
a controlled boundary and single kind of land cover (vege-
tation and soil). They are independent groundwater systems
that are recharged only by the natural rainfall, by infiltra-
tion through vegetation, soil and bedrock, and discharged
at the artificial springs.

3. METHODS

3.1. Sampling and analysis

Daily meteorological data were recorded from Novem-
ber 2015 to November 2018 at the study site. Based on
IAEA/GNIP guidelines for precipitation sampling, a total
of 274 rainfall samples, encompassing more than 90% of
the precipitation events that occurred during the three
years, were collected by standard gauges for the isotopic
measurements. The rainwater was removed from the collec-
tors and passed through 0.45 lm Millipore filters into 20 ml
high-density polyethylene bottles soon after each rainfall
event, in order to prevent evaporation. To obtain high res-
olution data on the groundwater isotopic and hydrological
responses, each simulated spring was sampled on the same
day at ten day intervals. Groundwater discharges and water
levels were also measured during the sampling. Discharge
data were determined by volumetric cylinder and stop-
watch. As with the rainfall, groundwater samples were
passed through 0.45 lm Millipore filters into 20 ml
high-density polyethylene bottles. Finally, all samples
were sealed with Parafilm and stored in a refrigerator
at � 4 �C.
The precipitation and groundwater samples were ana-
lyzed for d18O and dD at the State Key Laboratory of Envi-
ronmental Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences, with a Los Gatos Research
DLT-100 liquid isotope water analyzer, using the methods
described in Lis et al. (2008). Before testing, samples were
taken out of the refrigerator at least two hours in advance
to bring their temperature into equilibrium with room tem-
perature. The standard deviation (1r) of measurement was
± 0.1‰ for d18O and ± 0.5‰ for dD. All standards and
measured values are reported against Vienna-Standard
Mean Ocean Water (V-SMOW).

3.2. Statistical analysis

3.2.1. Phase lag time estimation

The seasonal variations of d18O and dD in the precipita-
tion at Puding can be approximated as simple sine curves,
which are expected to be dampened and shifted during
the processes of infiltration and recharge of the aquifer.
As long as the sinusoidal variations of d18O and dD in
the groundwater are not completely damped, the amplitude
differences and phase shifts between precipitation and
groundwater can be used to estimate the lag time, i.e.
groundwater mean residence time (MRT) between the pre-
cipitation event and discharge at the spring (Clark and
Fritz, 1997). The seasonal variations in d18O and dD tend
to follow the sine function:

d ¼ IþAsin½ð2pt=bÞ þ c� ð1Þ
where d is the isotopic composition of precipitation and

groundwater (d18O and dD), I is the sine offset on the d axis
which can roughly represent the annual mean d, A is the
seasonal amplitude of the sine function (the difference
between the maximum and minimum values of the sine
curve divided by 2), b is the period of the sinusoidal cycle
which is taken to be 365 days, t is time in days, and c is
the phase lag in radians (Maloszewski et al., 1983;
Stewart and McDonnell, 1991; Reddy et al., 2006). These
parameters can be determined by sinusoidal regression
analysis. To avoid extra calculation, we constrained the
range of c from �2p to 2p.

Given the impact of evaporation on the seasonal ampli-
tudes of d18O and dD in the watersheds, in this study we use
the phase lag to calculate groundwater lag time instead of
using the seasonal amplitude. We assign t0 as the time of
the sine peak. According to the fitted c results in Eq. (1),
the value of n can be determined by Eqs. (2) and (3). Note
that the variable n is a dimensionless constant, which is
used to coordinate peak value of sinusoidal cycle.
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�2p < c < p=2 n ¼ 0 ð2Þ
p=2 < c < 2p n ¼ 1 ð3Þ

When the value of n is determined, the peak value of p/2
or 5p/2 can be determined and the t0 of precipitation and
groundwater reaching their sine peaks obtained (Eq. (4)).
Thus, the phase lag time between precipitation and ground-
water (4t) can be calculated through Eq. (5). It should be
noted that this method assumes that the phase lag between
precipitation and groundwater does not exceed one sinu-
soidal cycle; i.e. the calculated result is less than one year
in duration (Beddows et al., 2016).

ð2pt0=bÞ þ c ¼ p=2þ 2np; ð4Þ
Dt ¼ t0ðgroundwaterÞ � t0ðprecipitationÞ ð5Þ
3.2.2. Statistical testing

Given that the groundwater in the five simulated water-
sheds all derives from the same precipitation events, we set
up the null hypotheses that d18O and dD of the groundwa-
ter in them are not significantly different from one another
and from that of the precipitation. To assess whether there
are statistically significant differences of mean and variance
between them, Student’s t-test and F-test were applied
respectively.

4. RESULTS

4.1. Hydrometeorological data

The basic meteorological and hydrological data - air
temperature, precipitation, groundwater levels, groundwa-
ter discharges, above and in the different tanks from
November 2015 to November 2018 are plotted in Fig. 2.
All of them display clear seasonal variations. Air tempera-
ture and precipitation are higher in the rainy season than in
the dry, precipitation being sharply concentrated in a char-
acteristic subtropical monsoon regime (Fig. 2a). It is seen
that both the five water levels and discharges had similar
seasonal patterns of variation with respect to precipitation
inputs (Fig. 2b and Fig. 2c). There were no obvious lags
between rainfall and water level and discharge responses
in the tanks, indicating similar synchronous responses to
rainfall in these simple granular aquifers. However, there
were clear magnitude differences in the water levels and vol-
umes of discharge beneath the different land covers.

The air temperature, precipitation, water level and dis-
charge data are also given in Table 2. There is little differ-
ence between the annual mean temperatures of the three
hydrological years, which were 16.3 ℃, 16.8 ℃ and 16.0
℃, respectively. In contrast, there were substantial differ-
ences in the annual amounts of rainfall, 978 mm,
1191 mm and 1443 mm respectively, which permit us to
make some comparisons. The groundwater annual mean
water level and discharge of the five model watersheds vary
in the three hydrological years in response to the inter-
annual differences of the rainfall. For water levels, the order
was generally bare rock surface > bare soil surface > shrub
land > cropped land > grassland; for discharge, it was
always in the order - bare rock surface > bare soil sur-
face > cropped land > shrub land > grassland (Fig. 2b,
Fig. 2c and Table 2).

4.2. the stable isotopic compositions of the precipitation and

groundwaters

The temporal variations in d18O and dD of the precipi-
tation and groundwater in the five simulated watersheds,
November 2015 to November 2018, are shown in Fig. 3.
All of them can be viewed as sine curve functions. Stable
isotopes in the precipitation were depleted in the rainy sea-
son and enriched in the dry season, which is consistent with
findings from the Global Network of Isotopes in Precipita-
tion (GNIP) (Rozanski et al., 1993) and the Chinese Net-
work of Isotopes in Precipitation (CHNIP) (Liu et al.,
2014). In contrast, the d18O and dD of the groundwaters
(as measured at the springs) were enriched in the rainy sea-
son and depleted in the dry season, which indicates that the
discharge of groundwater lags behind the precipitation.
This observation is consistent with that of Comas-Bru
and McDermott (2015), who observed such a ‘‘switch in
seasonal patterns” in the top 60 cm of soil waters. In addi-
tion, we see that the five tanks exhibited similar behavior
except for the bare rock, which had larger fluctuations
and shorter phase lag times. The d18O and dD of all
groundwaters under the five different land covers displayed
obvious inter-annual variations over the three hydrological
years. In contrast, the precipitation records display a strik-
ingly uniform cyclicity.

The stable isotope statistics of the precipitation and
groundwater during the three years are presented in Table 2.
The d18O and dD of precipitation are represented by their
annual amount-weighted values, which quantitatively
determine the differing isotopic inputs to the aquifers. The
annual amount-weighted values of precipitation during
the three years were �8.3‰, �10.4‰ and �7.7‰ for
d18O, and �54.2‰, �72.0‰ and �49.5‰ for dD (Table 2).
The arithmetic annual means of groundwater under differ-
ent land covers over the three years were, in the bare rock
tank d18O �9.1‰, �9.0‰ and �8.9‰, and dD �62.6‰,
�60.8‰ and �60.2‰; bare soil tank d18O �9.0‰, �8.5‰
and �8.5‰, and dD �64.9‰, �62.6‰ and �62.5‰;
cropped land tank d18O �9.1‰, �8.6‰ and �8.8‰, and
dD �65.1‰, �62.7‰ and �64.4‰. In the grassland and
shrub land, these annual means were �9.2‰, �8.9‰ and
�8.9‰ for d18O and �63.1‰, �61.2‰ and �61.8‰ for
dD, and �9.1‰, �8.4‰ and �8.6‰ for d18O and
�65.0‰, �60.5‰ and �62.4‰ for dD, respectively
(Table 2).

Student’s t-test and F-tests with 0.05 confidence levels
were conducted for d18O and dD in the precipitation and
groundwaters over the three years. Student’s t-test clearly
differentiates the precipitation from all groundwaters for
both isotopes. Groundwaters under the five simulated
watersheds did not statistically differ from one another
except for bare rock v bare soil, bare soil v grassland, and
grassland v shrub land in the case of d18O, bare rock v
cropped land and bare soil v cropped land in the case of
dD. F-tests also showed that precipitation differed signifi-
cantly from groundwater, and that the groundwater passing



Fig. 2. Seasonal variations in main daily air temperature (T), daily precipitation (P) (a), water levels (H) (b) and discharges of groundwater
(Q) (c) at the Shawan study site. ‘‘DS” and ‘‘RS” denote dry and rainy seasons, respectively.
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through the bare rock tank was significantly different statis-
tically from the other four types of groundwater in both
d18O and dD. d18O also differed significantly in the bare soil
v cropped land and cropped land v grassland pairs.

4.3. the fitted seasonality characteristics of precipitation and

groundwater

In Fig. 3, we observe sinusoidal variations in d18O and
dD in the precipitation and groundwater records between
November 2015 and November 2018. The sine function
form of the precipitation d18O and dD during the three years
is displayed in Fig. 4. It is smooth, with little distortion and
unremarkable annual differences caused by the big differ-
ences in the actual amounts of rain that fell in these succes-
sive wet seasons. However, from Fig. 3, there are obvious
annual differences in groundwater d18O and dD, all of which
except the bare rock showed little seasonal variation during
the months between September 2016 and August 2017, an
effective span of one hydrologic year. As a consequence of
these behavior, if the groundwater isotopic data for the
entire period were to be fitted with one single function, the
accuracy of fit would be significantly reduced: thus, in
Fig. 5 we fit the three climatic years of groundwater data
separately, with 0.05 confidence level. The fitted results for
precipitation and groundwater are presented in Table 3,
which includes the fitted annual mean of d18O and dD, fitted
sine amplitudes of d18O and dD (A), fitted periods of the
cycle (b), the phase lags (c), statistical significance value
(p) and correlation coefficient (R2) to the sine curves.

From Table 3, all fitted sine curves are significant
(P < 0.05), especially the two years, November 2015-
October 2016 and November 2017-October 2018
(P < 0.0001). As noted, there was remarkably little seasonal
variation in groundwater d18O and dD between September
2016 and August 2017; as a consequence, its correlation
coefficients are relatively poor, 0.33 to 0.47 for d18O, 0.34
to 0.42 for dD. The correlation coefficients in the other
two years are strong, from 0.68 to 0.94 for d18O, 0.79 to
0.93 for dD. This is higher than in the precipitation (0.59
for d18O and 0.64 for dD), because the precipitation values
derive from individual rainstorms in this study. In addition,



Table 2
The annual mean data for air temperature, precipitation, water levels and discharge of groundwaters, and stable isotopic compositions of precipitation and groundwaters in the simulated
watersheds, from November 2015 to October 2018.

Period Water type Air temperature
(�C)

P (mm/a) Water level(cm) Discharge (L/min) d18O (‰) dD (‰)

Meana STDEVb Meana STDEVb Meana STDEVb Rangec Meana STDEVb Rangec

2015/11–2016/10 Precipitation 16.3 978 �8.3 4.3 23.0 �54.2 37.5 187.5
Bare rock 125.0 25.4 0.20 0.08 �9.1 1.1 3.2 �62.6 9.0 26.7
Bare soil 62.7 15.7 0.15 0.07 �9.0 0.4 1.5 �64.9 2.9 10.3
Cropped 58.3 14.7 0.13 0.06 �9.1 0.6 2.0 �65.1 4.3 12.2
Grassland 49.2 11.8 0.07 0.06 �9.2 0.5 1.6 �63.1 3.9 11.6
Shrubland 58.0 15.6 0.11 0.06 �9.1 0.5 1.7 �65.0 3.8 11.5

2016/11–2017/10 Precipitation 16.8 1191 �10.4 4.4 18.9 �72.0 38.9 161.7
Bare rock 100.4 24.7 0.20 0.09 �9.0 1.0 3.6 �60.8 8.8 29.6
Bare soil 64.5 26.2 0.12 0.09 �8.5 0.6 2.1 �62.6 4.3 16.1
Cropped 58.8 23.2 0.11 0.10 �8.6 0.5 1.8 �62.7 3.6 14.3
Grassland 48.7 16.5 0.06 0.06 �8.9 0.6 1.7 �61.2 4.3 12.4
Shrubland 62.5 27.9 0.09 0.07 �8.4 0.4 1.3 �60.5 3.3 11.9

2017/11–2018/10 Precipitation 16.0 1443 �7.7 4.0 16.4 �49.5 34.5 133.4
Bare rock 115.4 39.7 0.19 0.05 �8.9 1.7 5.1 �60.2 13.6 40.8
Bare soil 71.0 30.2 0.16 0.07 �8.5 1.2 3.2 �62.5 10.3 28.2
Cropped 63.8 26.9 0.16 0.08 �8.8 1.5 4.0 �64.4 12.0 31.8
Grassland 57.9 13.4 0.12 0.07 �8.9 1.2 3.1 �61.8 9.8 24.9
Shrubland 83.3 31.1 0.14 0.06 �8.6 1.2 3.0 �62.4 10.6 25.8

2015/11–2018/10 Precipitation 16.4 1204 �8.7 4.3 23.0 �58.1 37.2 187.5
Bare rock 113.1 32.1 0.20 0.08 �9.0 1.3 5.1 �61.4 10.3 40.8
Bare soil 66.8 25.2 0.14 0.08 �8.7 0.8 3.4 �63.5 6.2 29.2
Cropped 60.4 22.5 0.13 0.08 �8.9 0.9 4.0 �64.1 7.2 31.8
Grassland 52.0 14.8 0.08 0.07 �9.0 0.8 3.2 �62.3 6.3 24.9
Shrubland 68.6 28.2 0.11 0.07 �8.8 0.8 3.1 �62.8 6.6 25.8

a The mean d18O and dD of precipitation are expressed by the annual amount-weighted values of d18O and dD, and other means are based on arithmetic averages.
b STDEV the standard deviation.
c The difference between the maximum value and the minimum value.
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Fig. 3. Seasonal variations in d18O and dD of the precipitation and groundwater in the five simulated watersheds. (a) and (b) are d18O of the
precipitation and groundwater respectively. (c) and (d) are dD of the precipitation and groundwater respectively. ‘‘DS” and ‘‘RS” denote dry
season and rainy season, respectively.

Fig. 4. The best-fit sine curves (with 0.05 confidence level) of d18O and dD in the precipitation for the full period between November 2015 and
November 2018. (a) and (b) are d18O and dD in precipitation respectively. Detailed fitted results are summarized in Table 3.
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Fig. 5. The best-fit sine curves (with 0.05 confidence levels) of d18O and dD in groundwater under the different land covers, November 2015 -
October 2018. Detailed fitted results are summarized in Table 3.
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note that the fitted periods of cycle b for the second fitted
year, from 225 days to 283 days for d18O and from 222 days
to 282 days for dD, were substantially shorter than
365 days, i.e. a typical sinusoidal cycle. The amplitude
ratios (A/A0) of groundwaters to the precipitation were cal-
culated from the fitted sine amplitudes (Table 3). Based on
the periods of the cycles and the phase lags of the fitted
results, the lag times of groundwater discharge behind the
precipitation input under the different land covers were esti-
mated with Eq. (5) and are also given in Table 3.



Table 3
Summary of results of fitting sine functions to seasonal variations in d18O and dD in the precipitation and groundwaters (with 0.05 confidence level), and the amplitude ratios (A/A0) and the
calculated phase lag times between groundwater and precipitation (4t) were also given.

d18O fitted results dD fitted results

Period Water
type

I
(‰)

A ± SE b
(days)

c ± SE
(rad)

R2 p A/A0
a ± SE

(%)
4tb ± SE
(Days)

I (‰) A ± SE b
(days)

c ± SE
(rad)

R2 p A/A0
a ± SE

(%)
4tb ± SE
(Days)

2015/11–2016/10 Bare rock �9.0 1.43 ± 0.07 369 3.62 ± 0.09 0.92 �0.0001 28.6 ± 1.5 133 ± 9 �61.4 11.68 ± 0.59 367 3.66 ± 0.10 0.91 �0.0001 26.0 ± 1.2 134 ± 10
Bare soil �8.9 0.48 ± 0.05 380 3.00 ± 0.18 0.68 �0.0001 9.6 ± 0.5 178 ± 22 �64.6 3.64 ± 0.32 380 3.03 ± 0.14 0.79 �0.0001 8.1 ± 0.4 180 ± 17
Cropped �9.0 0.85 ± 0.05 380 2.68 ± 0.10 0.86 �0.0001 17.1 ± 0.9 197 ± 15 �64.6 6.02 ± 0.37 380 2.67 ± 0.10 0.87 �0.0001 13.4 ± 0.6 202 ± 15
Grassland �9.1 0.73 ± 0.06 359 2.45 ± 0.11 0.82 �0.0001 14.6 ± 0.7 193 ± 14 �63.2 5.56 ± 0.41 349 2.39 ± 0.11 0.83 �0.0001 12.4 ± 0.6 193 ± 13
Shrubland �9.1 0.70 ± 0.05 380 3.02 ± 0.12 0.83 �0.0001 14.1 ± 0.7 176 ± 15 �64.4 5.12 ± 0.33 380 3.10 ± 0.11 0.87 �0.0001 11.4 ± 0.5 176 ± 13

2016/11–2017/10 Bare rock �8.6 1.36 ± 0.11 283 3.34 ± 0.16 0.83 �0.0001 27.3 ± 1.4 88 ± 11 �57.9 11.63 ± 0.88 282 3.34 ± 0.15 0.85 �0.0001 25.9 ± 1.2 91 ± 11
Bare soil �8.3 0.41 ± 0.10 260 2.88 ± 0.45 0.33 0.0080 8.3 ± 0.5 90 ± 28 �61.2 3.38 ± 0.86 264 2.81 ± 0.43 0.34 0.0059 7.5 ± 0.4 101 ± 27
Cropped �8.5 0.45 ± 0.09 253 2.35 ± 0.35 0.47 0.0002 9.0 ± 0.5 106 ± 22 �62.2 3.33 ± 0.75 250 2.11 ± 0.42 0.40 0.0013 7.4 ± 0.4 117 ± 26
Grassland �8.8 0.52 ± 0.12 225 �4.51 ± 0.45 0.40 0.0021 10.4 ± 0.6 102 ± 23 �60.5 4.07 ± 0.95 222 �4.52 ± 0.44 0.41 0.0019 9.1 ± 0.5 104 ± 22
Shrubland �8.3 0.36 ± 0.07 250 2.58 ± 0.31 0.47 0.0002 7.3 ± 0.4 94 ± 19 �59.9 3.10 ± 0.66 250 2.55 ± 0.36 0.42 0.0007 6.9 ± 0.3 100 ± 22

2017/11–2018/10 Bare rock �8.5 2.17 ± 0.17 380 3.84 ± 0.18 0.87 �0.0001 43.5 ± 2.3 127 ± 16 �57.2 17.56 ± 1.29 380 3.85 ± 0.17 0.88 �0.0001 39.1 ± 1.9 131 ± 16
Bare soil �8.3 1.44 ± 0.10 420 3.72 ± 0.17 0.89 �0.0001 28.5 ± 1.5 169 ± 23 �60.6 12.59 ± 0.93 420 3.74 ± 0.17 0.88 �0.0001 28.0 ± 1.3 164 ± 17
Cropped �8.4 1.92 ± 0.10 429 3.56 ± 0.11 0.94 �0.0001 38.5 ± 2.0 178 ± 14 �61.2 15.22 ± 0.79 426 3.55 ± 0.11 0.93 �0.0001 33.9 ± 1.6 180 ± 13
Grassland �8.7 1.41 ± 0.10 429 3.59 ± 0.15 0.89 �0.0001 28.3 ± 1.5 176 ± 18 �59.8 12.17 ± 0.84 425 3.56 ± 0.14 0.90 �0.0001 27.1 ± 1.3 179 ± 17
Shrubland �8.3 1.56 ± 0.10 380 3.17 ± 0.11 0.91 �0.0001 31.3 ± 1.6 168 ± 12 �59.8 13.91 ± 0.84 380 3.17 ± 0.11 0.91 �0.0001 30.9 ± 1.5 172 ± 12

2015/11–2018/10 Precipitation �6.2 4.98 ± 0.25 361 5.84 ± 0.08 0.59 �0.0001 �35.5 44.96 ± 2.08 362 5.92 ± 0.07 0.64 �0.0001

Note: Seasonal variations in d18O and dD follow the sine function form below:
d = I + Asin[(2pt/b) + c] (1)
where d is the isotopic composition, I is the sine offset on the d axis, A is the seasonal amplitude of the sine function, b is the period of the sinusoidal cycle, t is time in days, and c is the phase lag in
radians.
a The amplitude ratios of groundwater to precipitation.
b The phase lag times between groundwater and precipitation under the different land covers, calculated by Eq. (5). ‘‘SE” denotes standard error. ‘‘R2” and ‘‘p” denote correlation coefficient and

statistical significance value respectively.
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5. DISCUSSION

5.1. Stable isotopes in precipitation determined by monsoon

activities

The stable oxygen and hydrogen isotopic composition of
precipitation are controlled by various factors, including
vapor sources, temperature, rain-out effects, etc. Previous
studies have shown a strong correlation between rainfall
isotopic values and temperature at the global scale
(Dansgaard, 1964; Yurtsever and Gat, 1981, etc), but such
correlation does not appear in every region. For example,
there is no clear correlation between rainfall isotopic values
and the temperatures in the tropics and mid-latitudes of the
Northern Hemisphere, but some inverse correlation with
the quantities of rainfall (Lawrence et al., 1982; White
and Gedzelman, 1984). Given that the Puding experimental
site in southwest China lies just within that area, in Fig. 6
we show the quantitative relationships between rainfall
Fig. 6. The correlations (0.05 confidence level) between d18O and dD i
timescales: (a) and (b) are d18O and dD respectively v rainfall amounts a
rainfall amounts aggregated to the monthly scale.
and d18O and dD, at the individual event scale (Fig. 6a,
b) and at the monthly scale by aggregating the event data
(Fig. 6c, d). There are negative linear correlations between
d18O, dD and the amounts of rainfall at both timescales
but, although these relationships are statistically significant
(p < 0.0001), their R2 correlation coefficients are low (from
0.14 to 0.33), indicating that factors other than simply rain-
fall amounts are at play.

In southwest China, the stable isotope composition of
precipitation is chiefly controlled by conditions in the win-
ter monsoon and summer monsoon, with heavier and
lighter isotopic compositions respectively (Zhang et al.,
2007; Chen and Li, 2018; Zhao et al., 2018). As shown in
Fig. 2a and Fig. 7, and consistent with other studies from
nearby regions, d18O, d-excess, temperature and precipita-
tion in our study all exhibit annual cycles, with relatively
low d18O and d-excess values but high temperature, amount
and frequency of precipitation during the rainy season. In
detail, from early April to July, as the summer monsoon
n the precipitation and the amounts of precipitation, at different
t the event-based scale. (c) and (d) are d18O and dD respectively v



Fig. 7. The temporal variations in daily rainfall amount, d-excess and d18O of precipitation at the study site.
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becomes established, there are decreases of d18O and d-
excess, indicating that the percentage of water vapor from
oceanic sources is gradually increasing until it dominates:
d-excess can be an important indicator of moisture sources.
From July to late October, low and relatively consistent d-
excess values indicate dominance by oceanic vapor sources
that result in lower, although fluctuating, d18O values even
as the amount of rainfall during this period typically
decreases. From November, when the summer monsoon
retreats, d18O and d-excess both increase as the amount
and frequency of precipitation fall to the annual minima.
Such varying monsoon- related changes of vapor sources
create and pace the cycles of d18O, d-excess, and precipita-
tion, and thus explain the poor correlation between d18O
and rainfall amounts at different timescales, as presented
here and in previous studies in this transitional region
(Zhang et al., 2007).

5.2. Temporal variation of groundwater stable isotope values

in the simulated watersheds

5.2.1. Amplitude of groundwater d18O and dD cycles

determined by the land covers

From the fitted sine curve amplitudes of the precipita-
tion and the groundwaters given in Table 3, the amplitudes
in groundwaters in the bare rock tank were reduced to
27% ~ 44% for d18O and 26% ~ 39% for dD of the ranges
measured in the original meteoric precipitation. The ampli-
tudes in the other four tanks were reduced to 7% ~ 39%
(d18O) and 7% ~ 34% (dD) of the original over the full per-
iod of investigation, i.e. the amount of damping of the d18O
signal ranged from 56~73% and of dD from 61~74 in the
bare rock tank, and from 61~93 (d18O) and 66~93 (dD) in
other four tanks. The inter-year differences of amplitude
ratios that existed in all of the groundwaters over the three
fitted years will be discussed in Section 5.3. In sum, the sea-
sonal variations of d18O and dD in the precipitation were
substantially damped in all recharged groundwaters. The
amplitude ratios (damping effects, i.e. 1- amplitude ratio)
of d18O and dD in the four soil and vegetated tanks are
close to each other, but are statistically significantly differ-
ent from those of the bare rock tank, a finding that is sup-
ported by the conclusions of the F-tests.

It is significant to note that the amplitude ratios of d18O
and dD in the bare rock land differ from those in the four
soil-topped lands that are closely similar to each other.
Why do the d18O and dD amplitude ratios display such dif-
ferences? As mentioned above, when precipitation
recharges groundwater through the complex sequence of
vegetation-litter-soil–bedrock aquifer, it will mix with any
pre-existing water along the seepage paths, which reduces
the seasonal variations of oxygen and hydrogen isotope
ratios. The degree of damping is determined chiefly by
evaporation, the hydrodynamic conditions such as velocity
of flow and the isotopic composition of the pre-existing
water (Eichinger et al., 1984; Clark and Fritz, 1997;
Bradley et al., 2010; Luo et al., 2014).

In our study, all simulated watersheds are of the same
size and have identical boundary conditions, which implies
that their groundwater discharges may be used as an impor-
tant indicators of their hydrodynamic vigor. From the data
in Fig. 2c and Table 2, the three-year mean annual dis-
charges were 0.20 L/min in the bare rock tank, 0.14 L/
min for bare soil tank, 0.13 L/min for cropped land,
0.11 L/min for shrub land and 0.08 L/min for grassland,
placing the vigor of their groundwater circulation in that
order. Based on a previous study of the Shawan Karst Test
Site (Hu et al. 2018), these five watersheds suffered evapora-
tion losses (the ratio of evaporation to precipitation) in the
order: bare soil > cropped land > shrub land > grass-
land > bare rock, the mean annual evaporation losses being
36.2% for bare soil, 17.7% for cropped land, 16.6% for
shrub land, 9.0% for grassland and only 5.9% for bare rock.
The synchronous behavior of d18O and dD in the ground-
waters indicate that there is negligible influence by any
water–rock isotopic interactions in these tank experiments
(Fig. 5 and Table 3).

Given the identical isotopic inputs of precipitation and
negligible influence of water–rock interactions on ground-
waters in our study, the damping of d18O and dD under dif-
ferent land covers is mainly determined by the vigor of the
hydrodynamic conditions (chiefly, rate of infiltration) and
evaporation. The notably lower damping seen in the bare
rock tank is due to most rapid infiltration that results in
lowest evaporation losses, attributable to the absence of soil
and plants to intercept the rain and impede flow beneath it.
The damping effects among the four soil-covered surfaces
are not significantly different from each other statistically,
which can be attributed to a co-dominance of hydrody-
namic conditions and evaporation. For example, the
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amount of damping in the bare soil, where no vegetation
cover results in both highest discharge and greatest evapo-
ration loss in the four lands, is similar to that of grassland
where the densest vegetation cover results in the smallest
discharge but least evaporation. As a consequence it is seen
that these vegetation covers had limited influence in differ-
entiating the damping of the seasonal isotopic variations.
In sum, while the differing vegetation covers created inter-
esting variations, the presence of the uniform 0.5 m soil
cover in these model tanks had the most significant effect
on the dampening of O and H isotopic seasonal variations
recorded in the rainfall.

5.2.2. Phase lag times under the different land covers

The phase lag times (4t) between groundwater and pre-
cipitation in the five simulated watersheds (calculated with
Eq. (5)) are summarized in Table 3. It is seen that the phase
lags of the d18O and dD pairs in each individual experiment
throughout the period of record are very close to each
other, being statistically indistinguishable in fact. The phase
lag times under any given land cover in different years are
also statistically indistinguishable, with the notable excep-
tion of the middle hydrologic year, November 2016 - Octo-
ber 2017. The anomalies there are due to the limited
seasonal variation resulting in some distortion of the fitted
sine functions in that year; as noted above, their cycle b fit-
ted periods were substantially shorter than 365 days and, as
a consequence, their calculated phase lag times are set aside
here as being unrepresentative. The other two fitted years
exhibited the high degree of stability in groundwater flow
behavior that might be expected in such simple model aqui-
fers. Based on their data, the average lags and standard
errors were 131 ± 13 days in the bare rock tank, 171
± 20 days in bare soil, 189 ± 14 days in the cropped land,
185 ± 16 days in grassland and 173 ± 13 days in the shrub
land.

The phase lag times of groundwater being controlled
chiefly by the hydrodynamic conditions in a watershed,
given the identical sizes and basic hydrogeological condi-
tions in the tanks, it is supposed that the phase lags will
be broadly correlated with the individual groundwater dis-
charges. The discharges of the five watersheds are: bare
rock > bare soil > cropped land > shrub land > grassland
(Fig. 2c and Table 2). The bare rock tank consistently has
the largest discharge and shortest lag times. Although there
are differences in discharge between the four soil-mantled
surfaces, their difference in their lag times are not statisti-
cally significant from each other. Such differences may actu-
ally exist but be concealed by the error margins in the time
calculations of the phase shifts: generalizing, however, the
uniform 0.5 m soil cover was the predominant control on
the phase lag times in these four different groundwaters.

The amplitude ratios of the five lands display stronger
statistical differences than those of the phase lag times
(Table 3). Many studies estimate groundwater lag times
from the amplitude ratios by assuming that there are not
significant evaporative effects. In our previous study, we
also derived the groundwater lag times from the amplitude
ratios, the calculated results being 190 days for bare rock,
509 days in the bare soil, 261 days in the cropped land,
381 days in grassland, 349 days in shrubland (Hu et al.,
2018). Due to the influences of evaporation, all lag times
estimated by amplitude ratios are higher than the lag times
calculated through phase lag in this paper, even the bare
rock with its limited evaporative losses. Comparing these
two methods of estimating lag times in groundwaters,
although the former shows better statistical precision, it is
more susceptible to evaporation distorting the calculations.
In addition, the inter-annual differences of the groundwater
amplitude ratios under any given land cover (Table 3)
during these successive hydrological years - caused by the
inter-annual differences of amount-weighted d18O and dD
in precipitation but not reflected in the temporal variations
of d18O and dD in the rains - reminds us that the input of
amount-weighted d18O and dD also needs to be carefully
considered when applying the amplitude ratio method.

5.3. Responses of groundwater isotopic ratios to precipitation

Following the practice of Beddows et al. (2016), in
Fig. 8c and 9c we have shifted the d18O and dD groundwa-
ter discharge records back in time by subtracting the phase
lag periods under the different land covers. The years from
November 2015 to November 2018 are divided into three
dry and three rainy seasons. It is seen that the seasonal
trends of comparative enrichment or depletion of d18O
and dD in the groundwaters closely match those in the pre-
cipitation (Fig. 8a and Fig. 9a), with the exception of the
2016 rainy season that was noted above. Oxygen and
hydrogen are isotopically depleted in the rainy seasons,
enriched in the dry seasons.

d18O and dD groundwater enrichments and depletions
also show some obvious inter-annual variations that are
not so apparent in the precipitation records. The d18O
and dD in all groundwaters were most depleted in Rainy
Season 2 and most enriched in Dry Season 3 (Fig. 8c and
Fig. 9c). According to the seasonal distribution of rainfall
in the different years, summarized in Fig. 8a and Fig. 9a,
we observe that the degree of isotopic depletion in the rainy
seasons is not simply determined by their volumes of rain-
fall, e.g. there was similar depletion in the bare rock tank in
Rainy Season 1 and Rainy Season 3, but their rainfalls were
789 mm and 1180 mm respectively. Given that isotopic
compositions are impacted by evaporation, the dD-d18O
plots were used to assess the influence of this process during
the different seasons. In Fig. 10 it is seen that the groundwa-
ters under the five covers deviate from the Local Meteoric
Water Line (LMWL) to differing extents, indicating differ-
ent degrees of evaporation: however, all of these groundwa-
ters are displaying the same three isotopic responses to the
three slightly differing rainy seasons. The dD-d18O plots
indicate that the inter-annual differences in rainy seasons
were determined by the isotopic input of the precipitation
rather than reactions in the tanks and their different covers.
Based on that, the amount and isotopic compositions of the
individual rainfall events that were sampled (more than
5 mm in the dry season and more than 10 mm in the rainy
season) are shown in Fig. 8a and Fig. 9a, and the amount-
weighted d18O and dD of precipitation in Fig. 8b and
Fig. 9b. The most depleted precipitation in Rainy Season



Fig. 8. The variations in individual rainfall amount, d18O of precipitation and groundwater from November 2015 to November 2018
including three dry seasons and three rainy seasons. (a) Individual rainfall amount and corresponding d18O of precipitation, including only the
data for more than 5 mm in the dry season and more than 10 mm in the rainy season. The totals include all rainfall within the given season.
(b) Amount-weighted d18O in the precipitation. (c) d18O of the groundwaters after subtracting the phase lag times between groundwater and
precipitation.
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2 came from relatively abundant heavy rains that depleted
d18O and dD during that season. In contrast, although there
were many heavy rains in Rainy Season 3 as well, their d18O
and dD were not as depleted as in Rainy Season 2. As a
result, the greater the amounts of depleted d18O and dD
in the rainy seasons in the precipitation, the more depleted
the d18O and dD in the groundwater will be. Accordingly,
the anomaly of little seasonal variation of groundwater
d18O and dD in Rainy Season 1 (2016) was caused by
unusually small quantities of the highly depleted rainfall.
Similarly, the inter-annual differences in groundwaters dur-
ing the dry seasons were also dominated by the isotopic
input from the precipitation, e.g. the isotopically enriched
groupings seen in the discharge of all tanks in Dry Season
3 in Fig. 10 were caused by more rainfall that was isotopi-
cally enrichment (263 mm) than in the other two dry
seasons.

The seasonal and inter-annual variations of d18O and
dD occurring in precipitation can be conserved in ground-
water under different land covers. It is interesting to note
how the conserved signal strengths can vary with the land
cover. As mentioned in Section 5.2.1, strongest conserva-
tion was in the bare rock tank, followed by lesser (and
closely similar) amounts of conservation in the four
soil-covered tanks. In addition, there were significant
inter-annual variations in the amount-weighted d18O and
dD in the precipitation, such that the seasonal input signal
was readily smoothed by the soil when input strength was
limited. This resulted in the groundwaters in the covered
tanks failing to record strong seasonal signals during Rainy



Fig. 9. The variations in individual rainfall amount, dD of precipitation and groundwater from November 2015 to November 2018 including
three dry seasons and three rainy seasons. (a) Individual rainfall amount and corresponding dD of precipitation, including only the data for
more than 5 mm in the dry season and more than 10 mm in the rainy season. (b) Amount-weighted dD in the precipitation. (c) dD of the
groundwaters after subtracting the phase lag times between groundwater and precipitation.
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Season 1 (Figs. 8, 9); such a loss of information would be
difficult to detect in many speleothems, also. This confirms
that, in the field, groundwaters under bare rock (such as
rocky desertification terrains in temperate and tropical
regions, karren fields and felsenmeer in arctic and alpine
terrains) are better able to preserve seasonal d18O and dD
signals in precipitation than terrains that have significant
covers of residual or transported soils. These findings may
have important implications for guiding the choice of car-
bonate samples for well-preserved isotopic seasonality
inherited from precipitation, e.g. drip water or stalagmite
samples in caves for better high-resolution paleoclimate
research in the future.
5.4. Comparisons with groundwaters precipitating calcite

speleothems in natural caves.

The purpose of this contribution is to provide a baseline
set of data for comparative studies of the conservation of
seasonal and inter-annual variations of d18O and dD in
groundwaters flowing through carbonate aquifers. The
Shawan model aquifers are contained in identical limestone
gravels and possess uniform primary porosities. Only their
soil and plant covers are varied. Previous studies have
reported on their water chemical behavior over one or
more hydrological years (Zeng et al., 2017), using the stable
isotope data (dD excess) to estimate evaporation and



Fig. 10. The dD-d18O plots of the precipitation and all tank groundwaters (after subtracting their phase lag times) under dry and rainy
seasons. (Left) dD-d18O plots under different land covers for the three dry seasons between November 2015 and November 2018. (Right) dD-
d18O plots under different land covers for the three rainy seasons between November 2015 and November 2018. The Local Meteoric Water
Line (LMWL) with a 0.05 confidence level from the precipitation data is plotted as a pink dashed line. For comparison the regression line for
the groundwater data (0.05 confidence level) is shown as a gray solid line.
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transpiration losses (Hu et al., 2018). It has also been shown
that their artificial spring waters are aggressive (undersatu-
rated) or supersaturated wrt to calcite and dolomite, at dif-
ferent times; i.e. despite the small dimensions of the model
tanks, the groundwaters would be capable of precipitating
calcite speleothems when the necessary physical and chem-
ical conditions arise (Zeng et al., 2017).

It is interesting to compare these experimental tank
results to equivalent field results for drip waters that are,
in net terms, precipitating calcites in natural caves. There
are many such studies in the modern literature but few of
them have investigated the proportional conservation of
seasonal, etc. d18O and dD signals in the source precipita-
tion. As mentioned above, many speleothem drip waters
typically show little or no seasonal isotopic variations
despite d18O in the meteoric precipitation ranging > 15‰.
For example, seasonal variations of d18O in most published
studies have been found to be < 4‰, e.g. 1.2‰ in Luo et al.
(2014), 2.9‰ in Chen and Li (2018), 3.5‰ in Wu et al.
(2014) from sites in China, 2.2‰ in Beddows et al. (2016)
on the Pacific coast of Canada, totally smoothed in the
Yonge et al. (1985) transect of the USA noted above, in
Genty et al. (2014) in southern France, Duan et al. (2016)
in southern China, etc., compared to 1.3‰ � 5.1‰ in this
present experimental tank study (Table 2). Such reduction
of seasonal variations were attributed to evaporation and
to homogenization that permits mixing of waters of differ-
ent ages during infiltration, which relates to the hydrody-
namic conditions, length of flow paths, etc. In the above
studies that reported seasonal isotopic variations, the time
(phase) lags of d18O and dD in the findings of Luo et al.
(2014), Wu et al. (2014) and Chen and Li (2018), all in
Southwest China, were less than 90 days. The time lags
for the two isotopes in Beddows et al. (2016), were statisti-
cally indistinguishable at 155–165+/-25 days. Compared to
the time lags in our study, i.e. 131 ± 13 to 189 ± 14 days
(determined chiefly by hydraulic gradient pressure through
coarse primary porosity) the shorter time lags in the Chi-
nese studies are attributable to preferential flow through
mature karst solutional fractures or conduits, and the time
lags in the Canadian study to piston flow through incipient
fractures in a young karst terrain where the discharge rates
of nine drips in three widely separated caves displayed little
individual seasonal variation.

The model and natural sites compared above are very
highly contrasted – five adjoining gravel-filled tanks with
differing 0.5 m covers v caves in fracture aquifers with var-
ied tree flow, litter, soil and epikarst cover. It is surprising,
therefore, that the conservation of the d18O and dD sea-
sonal signals could be quite similar in their magnitude. This
underscores the controlling role that types of cover and the
efficacy of evapotranspiration processes in them play in
determining the amount and range of environmental infor-
mation that is carried to recipient speleothems beneath
them. However, given the innumerable, diverse pathways
that can be randomly combined by matrix, fracture and
conduit flow in natural karst aquifers (which are not mod-
elled by our study), types of pathways need to be considered
as well as types of land cover when investigating the sea-
sonal variations of d18O and dD in groundwaters.
6. CONCLUSIONS

We have discussed d18O and dD in the precipitation and
groundwater in five simulated watersheds with different
land covers over the three hydrological years from Novem-
ber 2015 to November 2018 at Puding, SW China, a sub-
tropical monsoon climatic region.

All of the groundwater d18O and dD displayed sinu-
soidal cyclicity driven by the seasonal cyclicity of d18O
and dD in the precipitation. d18O and dD precipitation vari-
ations were substantially damped and lagged in all
recharged groundwaters, with the damping effects ranging
from 56.5 ± 2.3% to 92.7 ± 0.4% for d18O and from 60.9
± 1.9% to 93.1 ± 0.3% for dD under the different land cov-
ers. The average phase lag times between groundwater and
precipitation ranged from 131 ± 13 to 189 ± 14 days. The
differences in damping effects and phase lag times in the
soil-covered lands are not statistically significant from each
other but do differ significantly from the bare rock land,
which reveals the importance of soil cover in damping O
and H isotopic seasonal variations and extending the time
lags in groundwaters.

When we shifted the d18O and dD groundwater dis-
charge records back in time by subtracting the phase lag
periods, it was found that both the seasonal and inter-
annual variations of d18O and dD in precipitation could
be conserved under the different land covers. The inter-
annual variations of comparative enrichment or depletion
in all of the groundwater d18O and dD in different seasons
are not simply controlled by the volumes of rainfall but by
the amount-weighted isotopic input in that precipitation.
Further, the signal strengths of seasonal and inter-
annual d18O and dD variations in the precipitation that
are conserved in groundwaters varies with land cover,
the strongest conservation occurring under bare rock, with
lesser, statistically inseparable, conservation in the four
soil-covered tanks. It should be noted that in climates
where there is only a small range of monthly mean tem-
peratures and of the d18O and dD isotopic signals in the
precipitation, soil cover can readily weaken the strength
of the seasonal and inter-annual signals (as happened in
the November 2016-November 2017 year at Shawan) ren-
dering them difficult to detect in speleothems or other ter-
restrial carbonate precipitates. These findings may help to
guide researchers to choose samples for well-preserved
rainfall isotopic seasonality (e.g. in drip waters or stalag-
mite samples) for better high-resolution paleoclimate find-
ings in the future.
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