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Soil and epikarst play an important role in the hydrological cycle in karst regions. This paper focuses
on investigating the seasonal recharge and mean residence time (MRT) of soil water and epikarst
water in a small karst catchment of southwest China. The deuterium contents in precipitation, creek,
soil baseflow (direct recharge of the saturated soil water to the stream), epikarst spring, and soil
waters were monitored weekly for two years, and MRT was calculated by an exponential model (EM)
and a dispersion model (DM). The obvious seasonal variation of deuterium in rainfall was buffered

in epikarst water, indicating sufficient water mixing. Soil baseflow contained less rainy-season
rainwater than epikarst spring discharge, reflecting the retarded effect of soil thickness on rainwater
recharge. MRTs of all water bodies were 41-71 weeks, and soils in the depression extended those of
shallow groundwater. This demonstrated that the deep soil layer played an important role in karst
hydrological processes in the study catchment. The creek was recharged mostly by rainfall through
epikarst, indicating its crucial role in water circulation. These results showed epikarst had a strong
water-holding capacity and also delayed water contact time with dolomite.

Seasonal recharge and mean residence time (MRT) are important for a well-developed understanding of
water movement and storage in subsurface systems'™. Seasonal recharge reflects the relative importance
of rainy-season versus dry-season precipitation and provides fundamental information to a catchment’s
water balance at annual scales. MRT is the average time water spends in a subsurface system before it
emerges as surface flow. Knowledge of MRT is essential for evaluating the connectivity of a subsurface
water system and for examining a catchment’s response to land-use or environment changes®”’.

Karst landscapes are found in carbonate bedrock sites which exhibit highly heterogeneous hydrolog-
ical processes due to uneven distribution of dissolving rock, and they are characterized by sinkholes,
sinking streams, closed depressions, subterranean drainage and caves®!2. Circulation and storage of
groundwater in karst aquifers are obviously different from those in non-karst areas. Pockets of saturated
soils occur atop karst (epikarst), and cracks and fissures in bedrock result in karst conduits'>!%. Epikarst
is a perched saturated zone above the groundwater table, and it stores part of the infiltrated rainwater
and controls the water circulation dynamics>"®. The shallow and discontinuous soils and fissured epikarst
comprise a double-porosity media. This makes water percolation and movement complex and difficult
to be deciphered in karst regions.

Traditional hydrogeological investigation tools used in porous environments are not appropriate to
identify the role of the epikarst in the complicated karst aquifers'®. This circumstance results from the
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fact that the traditional methods cannot be used to track water infiltration and percolation under condi-
tions of complex flow processes in an unsaturated zone!”!. Recently, natural tracers, such as oxygen-18
and deuterium concentrations in seasonal dynamics of soil water, stream, and spring water at the catch-
ment scale, have become the method of choice for investigating hydrological processes*'°-2!. This method
is based upon the distinct seasonal changes of deuterium and oxygen-18 concentrations presented in
rainfall and traced in output water’>-*%. Information about seasonal recharge and MRT under differ-
ent subsurface systems can be explained more easily by use of stable isotopic methods than by use of
other physical techniques. The seasonal recharge can be evaluated by long-term stable isotopic methods.
Moreover, deuterium and oxygen-18 concentrations are nearly only affected by hydrologic flow paths
and evaporation. Consequently, the different average annual deuterium and oxygen-18 values between
rainfall and subsurface water could be seen as the seasonal recharge bias'>%.

Besides seasonal recharge of groundwater, stable isotopes also can be used to reveal more complex
hydrological issues. For example, these techniques have been used in recent research of MRT of ground-
water to evaluate the storage and flux of subsurface water. The attenuation of precipitation signals by the
study catchment has been used to evaluate the MRT for subsurface water using sinusoidal relationships
between input and output waters and other lumped mathematical models that describe flow-path dis-
tributions®’. Based on different flow paths, exponential model (EM) and dispersion model (DM) are
applicable for unconfined and confined aquifers, respectively?. Previous studies have shown that, in the
shallow soil area, DM approximates the MRT of tracers with high accuracy in fissured-porous aquifers,
which are more similar to karst areas®?”*. The exchange between immobile water in the micropores
and mobile water in the fissures and fractures gives a steady-state condition to use DM>'*. Furthermore,
the DM also can describe the realistic water exit time distribution””. Differently, EM is assumed to fit
when there is no water exchange among different flow lines but well mixed in the outlet, and it has the
exponential distribution of transit times®. If new water fraction has small effect on the output water
resource, the EM perhaps has the good fit®”. However, EM did not adapt for the soil water where there
was frequent exchange between mobile and immobile water. Consequently, MRT calculated with EM
might have a bias which did not meet the real flow patterns.

The hydrological functions of soil and epikarst probably have been underestimated because of poor
understanding of hydrologic relationships to their structures and thickness®**?!. Many previous stud-
ies had showed that catchment topography and aquifer structures controlled groundwater movement
in sites with shallow soils*>*. Maloszewski et al.® reported that a karstic aquifer was characterized by
two interconnected parallel flow systems: (a) a fissured-porous aquifer, and (b) karstic channels in the
limestone. Moreover, they distinguished the fast and slow flow systems correspondingly’. However, this
situation might be different in the experimental site with dolomite. Relatively deep soil cover and poor
connectivity of aquifers existed in dolomitic karst areas, because there were different dissolution pat-
terns in carbonate rocks of these types®. On the one hand, Soulsby et al.** claimed that the influence of
catchment topography on MRT was largely mediated by its influence on soil cover and distribution in
mountain catchment of Scotland. Moreover, the soil hydrology in a mountain forest catchment had a
strong influence on MRT?%. On the other hand, the longer vertical flow-path length for outlet water in
mountainous regions might cause longer MRT relative to epikarst spring locations. This has been sub-
stantiated by McGuire et al.® in that flow paths from unsaturated soil to groundwater are shorter than
vertical recharge. Assano et al.*® also suggested that the length of vertical infiltration in an unsaturated
zone controlled MRTs of soil water and transient groundwater. However, the influence of soil cover and
thickness on MRT, seasonal recharge and water movement in epikarst was usually neglected in karst
studies. Either only focusing on epikarst water movement or soil water movement would lead to mis-
takes. What's more, epikarst contacts between rock and soil typically consist of an unconsolidated layer
of rock mixed with soil** and the hydrologic connection between footslopes and depression is continuous
by means of lateral flow producing smaller responses to rainfall*®. Consequently, the understanding of
hydrological functions of both epikarst and the soil zone is urgent for knowing water movement in karst
catchment.

The overall objectives of this paper are to evaluate the seasonal recharge and MRT of creek, soil base-
flow (a flux of water going directly from the saturated soil to the stream), soil water and epikarst spring
for better understanding the hydrological functions of soils and epikarst, based on seasonal variation
of stable isotopes in a small karst catchment of southwest China. Moreover, the relationship among the
above-mentioned water bodies is also discussed for investigating the influences of soil cover and thick-
ness on water movement in underlying epikarst.

Results

Rainfall amount and deuterium content. The total rainfall from May to October covered by about
70% of those during the study period (Fig. 1a). The 6D (deuterium content) values in rainfall manifested
strong seasonal variation and presented the characteristics of a sinusoidal wave with two sinusoidal
cycles of 58%o peak-to-peak variation during the sampling period. Although there was obvious seasonal
variation for 6D over a year, no clear relationship between event-based precipitation amount and 6D
was found. When rainfall amount was high, however, more depleted values of stable isotopes tended to
be obtained.
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Figure 1. Seasonal variation of deuterium contents in rainfall (a), EC (b), MC (c), epikarst spring (d) and
soil baseflow (e) and EM and DM fits in experimental site from April 10, 2011 to April 9, 2013.

Dry season 22 18 3 6 3 2 0 54

Rainy season 21 4 6 4 4 9 6 54

Table 1. The distribution of the different weekly amount of rainfall between rainy and dry seasons from
April, 2011 to April, 2013.

Table 1 presents the number of weeks for different rainfall amounts during dry and rainy seasons from
April 2011 to April 2013. The weeks with 0-10 mm rainfall were similar during dry and rainy seasons.
However, the weeks with >50mm rainfall during rainy season were more than those during dry season.
This implied that rainy-season water had more opportunities to produce bypass flow in shallow soils and
to recharge the deep soil layer as well as the underlying epikarst zone.
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Number of | Average soil Standard
Slope position plots depth (cm) | deviation (cm)
Upslope 38 20.8 9.8
Midslope 38 252 10.9
Downslope 38 36.9 20.0
Depression 37 63.8 35.0

Table 2. The distribution of soil depth in different slope positions in the study area.
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Figure 2. Water response of EC and epikarst spring to rainfall event on April 5 (a, ¢) and March 29 (b, d),
2012, respectively.

Soil distribution. The distribution of soils was the premise for understanding water storage in soil
zone. The results (Table 2) showed that the average soil depth and its standard deviation increased grad-
ually with the increase of slope elevation. This indicated that the depression had deeper soil cover but
higher uneven distribution than the slopes. The major soil texture was sandy soil in the top slopes, but
clay loam soil in the depression and footslopes. The tendency of the above-mentioned soil distribution
demonstrated that the water storage and hydrological function of soil at slopes were weaker than those in
the depression. That is to say, the soil in the depression and footslopes, where soil thickness was deeper,
played more important role in the water regulation relative to upslope soil zone.

Water response of creek and epikarst spring to rainfall. Water responses of the end of the creek
(EC) and the epikarst spring to two typical rainfall events (rainfall amount were 50.1 and 123.8 mm,
respectively) were different (Fig. 2). However, the changes of discharge between the EC and the epi-
karst spring were similar. The discharge increased rapidly with the first three hours and then decreased
approximately 21 hours later. However, the portions of new water in the EC and the epikarst spring were
different which were influenced by rainfall amount, and they were higher in the EC. During low rainfall
events, the portions of new water in the EC and epikarst spring were all lower than 40% and 10%, respec-
tively, even during the period with the highest discharge. However, during the high rainfall event, the
portion of new water in the EC ranged from 25% to 100% and it was distinctly higher than that during
the lowest rainfall event. Yet, epikarst spring also had lower than 30% new water most of the times. This
is consistent with the supposition that the rainfall with high amounts tends to produce surface runoff,
and fast flow channels are rare in the subsurface system of the study area.

Seasonal recharges of different water bodies. In comparing with the change in rainfall isotopic
content, the seasonal variations in deuterium contents of the middle of the creek (MC), EC, soil baseflow,
and epikarst spring were sufficiently buffered as shown in Fig. 1. This indicated that each kind of water
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Rainfall — —31.65 96.79 —11.39 —50.91 29.53
EC —42.34 10.59 —42.91 —42.01 21.69
MC —42.49 12.32 —42.87 —42.48 21.31
Soil baseflow — —42.03 9.97 —41.41 —42.29 22.47
Epikarst spring — —44.11 8.43 —45.20 —43.22 17.21
SS-1 20 -30.79 60.19 50.91
40 —37.25 40.64 34.56

60 —45.98 26.73 12.47

80 —46.56 28.97 11.01

100 —46.79 27.5 10.42

SS-3 20 —26.59 91.22 61.54
40 —34.17 51.17 42.36

60 —46.48 26.92 11.21

80 —47.76 21.15 7.97

100 —46.99 19.48 9.92

SD-1 20 —25.82 69.19 63.49
40 —34.87 23.61 40.59

60 —40.98 15.82 2513

80 —43.89 8.07 17.76

100 —40.56 8.74 26.19

SD-3 20 —29.55 55.27 54.05
40 —33.56 43.34 43.90

60 —44.31 3523 16.70

80 —43.24 31.54 19.41

Table 3. The average deuterium content, CV and recharge portion of entire year during dry-season in
rainfall and different water bodies from April 10, 2011 to April 9, 2013. 6D, éDg,, and éD,,;,, meant average
values of annual, dry-season and rainy-season. ‘meant weathered sandy soil layer at 60-80cm depths in the
SD-3.

body sampled had small response to rainfall events, and the water was mixed sufficiently in the epikarst
zone and deep soil zone.

Table 3 shows the average annual weighted 6D values in the MC, EC, soil baseflow, and epikarst spring
were close to those in rainfall during the rainy season. This demonstrated that major recharge of these
water bodies occurred during the rainy season. Similar weighted 6D values were found in the EC, MC
and soil baseflow but they were more enriched than those in the epikarst spring. This suggested that the
epikarst spring was recharged more by rainy-season rainwater than the other water bodies. Moreover,
seasonal variation of 6D in rainfall was strongly buffered in the creek, soil baseflow, epikarst spring and
deep soil layer. This indicated that epikarst and soils controlled the rainfall recharge dynamics. The aver-
age annual weighted 6D values of soil waters became depleted along with increase in soil depth. Deep
soil waters (60-100cm) in the depression had more enriched average weighted 6D values than those at
footslopes.

The recharge portion in the EC, MC, soil baseflow and epikarst spring was lower than the contribu-
tion of dry-season rainfall. This indicated that the recharge rate of rainy-season rainfall was higher than
that of dry-season rainfall. The recharge portion in the epikarst spring was lower than those in the EC,
MC and soil baseflow. In addition, soil waters had decreased recharge portion with increase in depth.
Their recharge portions varied from 34.56% to 63.49% at 20 and 40cm depths, but were lower than
26.19% at 60, 80 and 100 cm depths. These revealed that a large number of rainy-season rainfall did not
recharge the shallow soil layers (0-40 cm) but produced bypass flow.

The highest coefficient of variation (CV) of 6D (96.79%) was found in precipitation. The CV in 6D
of soil water decreased with increase in depth from 91.22% to 8.07% but it was sharply decreased in the
SD-1 at 60 to 100 cm depth. The EC, MC, soil baseflow and epikarst spring had similar small CVs to the
SD-1 at 60-100 cm depths, which were much lower than the others. This indicated that water mixed well
in deep soil in the depression and epikarst zone. However, CV of 6D in the SD-3 was special because of
the existence of sandy soil, and fast infiltration might cause the less mixing.
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EC — 71 0.06 0.4701 45 0.3919
MC 70 0.05 0.6431 41 0.5363
Soil baseflow — 64 0.05 0.4093 47 0.4131
Epikarst spring — 56 0.09 0.4550 41 0.5599

SS-1 20 10 2.00 0.8454

40 10 1.50 1.7860

60 24 0.03 2.7765

80 28 0.01 3.0080

100 31 0.02 2.3959

SS-3 20 3 135 1.1120

40 9 2.40 1.7678

60 9 0.01 3.5505

80 9 0.04 3.6722

100 12 0.01 4.1931

SD-1 20 6 1.20 1.3770

40 18 0.50 1.2942

60 57 0.12 1.0327

80 58 0.08 0.9067

100 60 0.11 0.6451

SD-3" 20 10 2.50 1.1958

40 11 2.50 1.9297

60 10 0.01 4.3131

80 9 0.01 3.9500

Table 4. The MRT of different water bodies calculated by DM and EM, respectively from April 10, 2011 to
April 9, 2013. "meant weathered sandy soil layer at 60-80cm depths in the SD-3.

MRTs of different water bodies. The MRTs of water in the MC, EC, soil baseflow, epikarst spring
and soil zone, which were calculated by DM and EM (except soil waters), are illustrated in Table 4 and
Fig. 1. The relative lower SIGMAs were found in the EC, MC, soil baseflow and epikarst spring, and the
higher SIGMAs were obtained in soil waters. Based on the fitting lines of DM and EM in Fig. 1, DM
was found to be more appropriate than EM in epikarst spring. Conversely, both EM and DM had good
fit in the EC, MC and soil baseflow. The MRTs calculated by EM were shorter than those calculated by
DM. This resulted from that the MRT of soil water calculated by EM was invalid due to the existence
of frequent water exchange in soils. Based on DM, EC and MC had similar MRTs of 71 and 70 weeks,
respectively, and they were longer than those of soil baseflow (64 weeks) and epikarst spring (56 weeks).
Moreover, soil baseflow had longer MRT than epikarst spring. The MRT of soil waters ranged between
3 to 60 weeks and increased with increase in soil depth except the SD-3. There were weathered sandy
soil layers at depths of 60 and 80 cm in the SD-3, which made water movement more unusual than the
other sites.

Discussion

Epikarst water movement. In karst regions, the epikarst acts as a temporary storage and distribu-
tion system for water infiltrating into karst systems®!>. The MRT had some negative relationship with
size and quantity of conduits in aquifer®’. In limestone or rock catchment, the MRT of spring water
largely depended on the size and quantity of conduits and ranged commonly from few weeks to several
months>'?3%%. However, in our study area (dolomite), the MRT of spring calculated with DM was 56
weeks (more than one year), which was similar to the results reported by other studies>*'°. The long
MRT of water in the epikarst and EC indicates this dolomite karst aquifer had less conduits and fractures
to allow fast flow™ than those in typical limestone karst aquifers. Micropores and fissures water, which
was characterized by long MRTs>*, tended to be the major part of epikarst water storage in dolomite
aquifers. Moreover, water mixing was sufficient due to diffusion exchange between mobile and immobile
zones. Perrin et al.? found that if recharge exceeded a given threshold of epikarst, excess infiltrated water
bypassed the soil and epikarst and reached the saturated zone as fresh flow with high CV and short MRT.
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The apparent threshold of epikarst in this study was high enough to prevent bypass flow and maintain
slow flow. In addition, the quick and short response of outlet flow to rainfall commonly accompanied
with the existence of conduits. However, such response was longer than anticipation. These supports our
hypothesis that dolomitic epikarst would not have rapid hydrological processes, and rainwater infiltrated
quickly into epikarst with bare or shallow soil cover but stayed for a long time rather than flowed out. The
great numbers of pores and small fissures, which were characterized by slow flow, might be the reason’.
The interaction among waters from different flows increased the MRT of fast water. Consequently, this
type of epikarst has a large water storage capacity and contributes to delay the hydrological processes in
the dolomitic karst groundwater system.

The MRT was influenced by multiple factors such as gradient, landscape organization, contributing
area and flow-path length®?-3*. Similar to the argument reported by Soulsby et al.** the contributing area
is less influential than that previously considered. One of the reasons in this study was that the landscape
organization controlled the MRT of catchment. Another reason was that the depression mixed water well
due to the deep soil. Dewalle et al.?? and O’Driscoll et al.? found that annual average hydraulic diffusivity
for water movement in the soil had positive relationship with soil depth. Well mixing water caused even
distribution of MRT in the depression.

Model fitting. The fit of models reflected the water movement pattern of subsurface system to a
certain degree>***. The DM seemed to be much closer to the reality in the study area. This was because
the EM assumed that there is no exchange of tracer between the flow lines. However, water movement
in soils was difficult to satisfy this premise, unless the new water fraction contributed little on the out-
put water resources®’. Obviously, the soil in the slope was impossible, but soil in the depression was
exception.

The low slope gradient, clay texture and deep soil thickness made the depression be a good water
mixing reservoir. This was likely why the EM fit lines of creek, outlet and soil baseflow, which contained
water from the depression, were better than that of the epikarst spring. However, this situation could not
resolve the model error of EM for MRT of soil water. The slope epikarst water converged easily and dom-
inated the water resources in the depression, because the recharge area and thickness of epikarst were
larger than those of soils in the study area. These results were similar to the condition of no soil cover
on the epikarst!'>". Consequently, the MRTs calculated by EM were shorter than those calculated by DM.

The impact of soil in the depression. Similar to previous studies, the major recharge of the creek
and shallow groundwater occurred during the rainy season'?. This was because most of the rainfall came
from the rainy season and karst slopes had fast infiltration rate and rare overland flow'**. However, there
was a difference of recharge portion among creek, soil baseflow and epikarst spring. Compared with the
soil baseflow, dry-season rainfall occupied a smaller recharge portion in epikarst spring. This is attrib-
uted to the difference between the soil baseflow and epikarst spring in that the former contained more
deep soil water from the depression. The soil zone in the depression either intercepted input rainwater
from the rainy season or increased the input rainwater from dry season. The former is the more likely
reason. On the one hand, high infiltration rates and rare overland flow on the karst slopes in this study
area were found and implied that such shallow soils facilitated the recharge of underlying epikarst for
an entire hydrological year®. On the other hand, relative to the dry season, rainfall was more frequent
during the rainy season. This made excess-infiltration runoff more common during rainy season. The
hydraulic conductivity value for sand is several times greater than that for clay loam, indicating that
the depression was the major place to intercept excess infiltrated rainy-season rainfall*!. Also, the slope
position had important influence. The depression which had lower slope gradient than upslopes, tended
to yield runoff much easier**2

Soils in the depression play an important role in water mixing due to the presence of capillary water
storage’. Moreover, deep soil layer had higher water storage capacity than shallow soil layer because
of fewer large apertures and more micropores!”*#2. This meant that the soil water storage had a pos-
itive relationship with soil thickness under the condition of similar soil texture. Soil in the depres-
sion decreased the recharge of underlying epikarst water and increased the overland flow at the yearly
scale. In the combination of long MRT of the EC, it was found that the conduit water (fast water)
was few. Consequently, the linear mixing model could be accepted in the study area, because rainwater
mainly infiltrated into slow reservoir®®. For example, Herrmann et al.'? and Zarei et al.* also found that
two-component hydrograph separation model got a good result of distinguishing old water and new
water of the stream in karst basin.

The soil in the depression extended the MRT of subsurface water compared to upslope soil. This is
because the topography and soil distribution in the depression was similar to riparian. Although there
were no previous studies of this site, similarly free-draining riparian zone soils had an ability to dampen
tracers more effectively®. Soulsby and Tetzlaff* also found that MRT was more closely correlated with
riparian soil cover — even quite simply defined as that within 50m of the river channel - than total
cover of responsive soils. This relationship is consistent with the importance of the topography and soil
distribution of catchment, particularly in relation to the connectivity between more responsive soils and
the river channel network.
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Conclusions

The seasonal recharge and mean residence time (MRT) of water in the end of creek (EC), the middle of
creek (MC), soil baseflow, epikarst spring and soils were revealed by their seasonal variations of deute-
rium contents. The major recharge of subsurface and surface water occurred during the rainy season, and
recharge rate of rainy-season rainwater was higher than that of dry-season rainwater. Deep soil (>60cm)
in the depression had higher water-holding capacity than shallow soil at the footslopes. The creek was
recharged not by direct rainfall but by rainfall through the epikarst zone. This reflected that karst catch-
ment had high infiltration rate. The MRT of all water bodies calculated with DM was longer than one
year. This indicated that epikarst had poor connectivity and good water-holding capacity, and it could
maintain the continuous recharge to major surface water. Furthermore, this also reflected the key role of
epikarst in water circulation in the karst catchment. Soil baseflow had longer MRT than epikarst spring.
This demonstrated that deep soil in the depression made input water stay in subsurface system for longer
time and intercepted part of the rainy-season rainfall. Comparatively speaking, the contributing area had
little impact on MRT than soil thickness in the small karst catchment. The results of this paper should
improve our understanding of karst hydrological processes at catchment scales.

Materials and methods

Site descriptions. The study was conducted at the Huanjiang Observation and Research Station
for Karst Ecosystems under the Chinese Academy of Sciences (24°43'-24°44'N, 108°18'-108°19'E) in
Huanjiang County of northwest Guangxi, southwest China (Fig. 3). The experimental site is a typical
peak-cluster depression area covering 1.01km?, and it is relatively closed area. About 60% of slope land
has a slope gradient greater than 25° and the elevation ranges from 272 to 647 m above sea level. This
region experiences a subtropical mountainous monsoon climate. The average annual rainfall is 1389.1 mm
with 71% falling in the wet season from May to October. This period is defined as the rainy season. The
average annual temperature is 18.5°C. The soil depth in the depression and on the hillslope varies from
20 to 160cm and from 0 to 50cm, respectively. On most parts of the top hillslope, there is little soil
cover but exposed bedrock. The shallow and discontinuous soils have been developed from dolomite
and contain significant amounts of rock fragments. Soils are well-drained, gravelly and calcareous, and
have a clay to clay loam texture (25-50% silt and 30-60% clay) with stable infiltration rate varying from
0.43 to 4.25mm/min*. Soil organic matter content is relatively high ranging from 2.2% to 10.1%, and
pH varies between 7.1 and 8.0. The cover of exposed bedrock range from 15% to 30%, and some rock
outcrops covered mostly by deep-rooted trees are large (2-10m in height).

The study area is located at a wide and gradual edge of syncline from northwest to southeast. The
exposed stratum is gray dolomite. There are gray and black limestones and yellow sandstone underneath
the dolomite. The gray dolomite is widely distributed in the area and characterized by good water-holding
capacity. There is one continuous and two discontinuous epikarst springs locating at the bottom of the
dolomite hillslope. A surface water reservoir lies on yellow sandstone in the northeast of the study area.
The yellow sandstone is considered to be a relatively impermeable layer and water losses from the small
catchment were limited. The groundwater table changed seasonally and was often below 1-3m depth in
the depression*.

All residents have moved away and the cultivated lands have been abandoned since 1985. The vege-
tation consists of grassland and sparse shrubland. However, there are patches of zonal dense scrub and
forest lands with a high cover of exposed bedrock, especially in the southwestern parts. Overland flow is
low and the corresponding runoff coefficient is often less than 5% on the hillslopes under various land
use types.

Water sampling. Rainfall and water samples from creek, soil baseflow and one epikarst spring (Fig. 3)
were sequentially collected weekly within the study site from April 10, 2011 to April 9, 2013. The number
of water samples from each water body was 99. In order to estimate the influence of contributing areas,
two sampling sites were chosen in the creek. One located at the end of the creek (EC, outlet of the catch-
ment), and one in the middle of the creek (MC). Soil baseflow was collected with a zero-tension PVC
tube at the soil-bedrock interface (about 100-120 cm depth) near the EC in the depression. In order to
avoid the impact of creek and depression, epikarst spring was chosen in the upper area of catchment. The
precipitation sampling devices in the present study are similar to those used by IAEA and consist of a
150-mm-diameter funnel connected to a 0.5L brown bottle?”. An air outlet tube was welded at the lower
part of the funnel. In order to avoid evaporation of water samples, paraffin was used at every joint. The
weekly rainfall amount was obtained from a meteorological station of the study site. The water sampling
sites are illustrated in Fig. 3. Weekly water samples were preserved at 4°C to prevent evaporation.

Soil waters were sampled at 5 different depths from 20 to 100cm in 4 sampling sites and collected
weekly between April 10, 2011 and February 28, 2013. Two sites (SS-1 and SS-3) located in the slopes
and the others (SD-1 and SD-3) in the depression. They formed two sampling lines, and one (SS-3 and
SD-3) was near the epikarst spring (Fig. 3). This design was good for evaluating impact of slope position
on soil water movement. Soil water was sampled by using tension lysimeters (produced by Institute of
Geographic Sciences and Nature Resources Research, CAS) which consist of suction lysimeters, ceramic
porous cup, sampling bottle, tubes and pressure monitor*®. A small hand pump was connected to the
device and about an 80-Kpa vacuum was provided within the bottle.
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Figure 3. Schematic map of sampling sites (a) and vertical cross-section of the geohydrologic background
(b) in small karst catchment of Huanjiang County of northwest Guangxi, China. Schematic map of sampling
sites (a) was generated by software ArcGis and ArcView, and the positions of sampling sites were located

by GPS. Geohydrologic background (b) was drawn by using plot software CAD based on data of field
investigation.

In order to confirm high rainfall is more easily intercepted by soils in the depression than those on
slopes and the corresponding surface runoff varies, the rainfall-runoff responses of the EC and epikarst
spring were recorded hourly after two different typical rainfall events in 2012: April 5 (low rainfall)
and March 29 (high rainfall). The discharges of the EC and epikarst spring were measured by PS 1000
automatic water level monitoring probe (Greenspan) and they were transformed to discharge by weir.

Deuterium and oxygen-18 analysis. Deuterium and oxygen-18 values of water samples were ana-
lyzed by the DLT-100 liquid water isotope analyzer (Los Gatos Research (LGR), Inc., model 908-0008), a
liquid water isotope analyzer, at the Key Laboratory of Agro-ecological Processes in Subtropical Regions
belonged to the Institute of Subtropical Agriculture under the Chinese Academy of Science. Results were
reported in § notation relative to V-SMOW as
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5sample = (Rsample/RStandard - 1) x 1000 (1)
where Ry, and Ry,durq are the ratio D/H or 0'¥/0'¢ of measured sample and standard sample, respec-
tively. The standard deviation for repeated measurements was £1%o for 6D and +0.2%o for §'20.

Water recharge portion analysis. Water recharge portion is defined as recharge contribution of
dry-season rainwater to different water bodies on year scale. It is calculated by two end-member model**.
On a year scale, rainwaters from dry and rainy seasons are identified as two unique original water
resources to surface and subsurface water in the study area. The relationship between input and output
can be represented by as

Cout = Pcdry—season + (1_P) Crainy—season (2)

where Cous Cary-season @0 Crainy-season are 6D or §%0 value of water bodies, dry-season rainfall and
rainy-season rainfall, respectively. P is recharge portion for year scale. The C,,, is average weighted values
with discharge during the stable discharge period. Because discharge of epikarst spring varies little under
the baseflow condition, the C,, of epikarst spring is equal to unweighted value. Cyy_scason and C
are average weighted values with rainfall amount during dry and rainy seasons, respectively.

Additionally, the two end-member model also can be used to calculate the percentage of new water
in storm-event. The relationship between input and output can be represented by as

new water + (1 - P) Cold water (3)

where Cqyp Chew water a1d Cig water are weighted 6D or 6'80 value of output water, new water and old water,
respectively. P is percentage of new water. The weighted 6D or §'30 value of new water and old water is
replaced by that of rainfall and baseflow water, respectively.

rainy-season

Cou = PC

out

Mean water residence time analysis. Two lumped parameter mathematical models, i.e., DM and
EM (version 3.1), were used to determine MRT of soil water at different depths and positions based
on long-term isotope data?. A functional relationship between input and output can be represented as

Cou(t) = EC;, (t,) g(T) exp (—\T)dt, (4)

where C,, and C,, are weighted 6D and 6'30 values of different water bodies and rainfall, respectively;
g(T) is system response function, which specifies residence time distribution of water within the system;
t, is the time of entry; and T =t-t, is the MRT of water, which can be calculated from system response
function through calibrating models. Based on sufficient data of C,, and C,,, the g(T) can be calculated.

In the DM, the following uni-dimensional solution in the flux mode to the dispersion equation for a
semi-infinite medium was used as the response function

g (t) = (4nPpt/T) "t Texp[—(1 — t/T)*(T/4Ppt)] (5)

where Py, is the apparent dispersion parameter, which mainly depends on the distribution of travel
times. The higher values reflect more inhomogeneity and greater width of transit time distributions.
Consequently, the T can be obtained finally.

In the EM approximation, the flow lines are assumed to have the exponential distribution of transit
times, i.e. the shortest line has the theoretical transit time close to zero, and the longest line has the
transit time close to infinity. It is assumed that there is no exchange of tracer between the flow lines, and
then the following response function is obtained:

g(t) =T 'exp(—t/T) (6)

The accuracy of fit of simulations to the experimental data was computed using SIGMA function
SIGMA = ¥ (S; — M;)*/n (7)

where S; and M; are simulated isotope values and measured isotope values, respectively; and n is the
number of samples. The lower SIGMA value means a better fit.

In humid area, where evaporation is weak, the deuterium and oxygen-18 contents have strong linear
correlations'®?. The isotopic enrichment due to fractionation processes is little during the evaporation.
The results obtained from oxygen-18 and deuterium values met this situation and they were similar
in our study area. However, in karst regions, Meifiner ef al>® found that oxygen-18 content is greatly
affected by the soil carbonate while deuterium content is not. Obviously, this uncertainty needs to be
avoided in our study area. Indeed, many previous studies only chose deuterium as stable isotope?”*>1.
Consequently, the results obtained by the analyses of deuterium contents were introduced in this paper.
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Soil depth survey. In order to get a better understanding of the role soil cover has in water circula-
tion in the catchment and the interaction between soil water and epikarst water, the distribution of soil
depth was investigated. In total, there were 151 soil plots, each with a dimension of 80 m x 80 m. For
the purpose of equal distribution of soil plots in the study area, soil plots were designed by ArcGis. Soil
depths were obtained by using surveying rod.

References

1.

2.

11.
12.
13.

14.
. Hartmann, A, Lange, J., Weiler, M., Arbel, Y. & Greenbaum, N. A new approach to model the spatial and temporal variability

16.
17.
18.

19.

20.

21.
22
23.
24,
25.
26.
27.
28.

29.

34.
35.
36.

37.

Lee, K. S, Kim, J. M., Lee, D. R., Kim,Y. & Lee, D. Analysis of water movement through an unsaturated soil zone in Jeju Island,
Korea using stable oxygen and hydrogen isotopes. J. Hydrol. 345, 199-211 (2007).

O’Driscoll, M. A., DeWalle, D. R., McGuire, K. J. & Gburek, W. . Seasonal 'O variations and groundwater recharge for three
landscape types in central Pennsylvania, USA. J. Hydrol. 303, 108-124 (2005).

. Perrin, J., Jeannin, P. Y. & Zwahlen, E Epikarst storage in a karst aquifer: a conceptual model based on isotopic data, Milandre

test site, Switzerland. J. Hydrol. 279, 106-124 (2003).

. Soulsby, C. & Tetzlaff, D. Towards simple approaches for mean residence time estimation in ungauged basins using tracers and

soil distributions. J. Hydrol. 363, 60-74 (2008).

. Maloszewski, P, Stichler, W., Zuber, A. & Rank, D. Identifying the flow systems in a karstic-fissured-porous aquifer, the

Schneealpe, Austria, by modelling of environmental 0 and *H isotopes. J. Hydrol. 256, 48-59 (2002).

. McGuire, K., DeWalle, D. & Gburek, W. Evaluation of mean residence time in subsurface waters using oxygen-18 fluctuations

during drought conditions in the mid-Appalachians. J. Hydrol. 261, 132-149 (2002).

. Vitvar, T,, Burns, D. A., Lawrence, G. B., McDonnell, J. J. & Wolock, D. M. Estimation of baseflow residence times in watersheds

from the runoff hydrograph recession: method and application in the Neversink watershed, Catskill Mountains, New York.
Hydrol. Process. 16, 1871-1877 (2002).

. Aquilina, L., Ladouche, B. & Dorfliger, N. Water storage and transfer in the epikarst of karstic systems during high flow periods.

J. Hydrol. 327, 472-485 (2006).

. Bonacci, O., Pipan, T. & Culver, D. C. A framework for karst ecohydrology. Environ. Geol. 56, 891-900 (2009).
. Field, M. S. A lexicon of cave and karst terminology with special reference to environmental karst hydrology. 214 (US EPA,

Washington DC, 2002).

Ford, D. Carbonate karst in Encyclopedia of cave and karst science (ed. Gunn, J.) 184-186 (Fitzroy Dearborn, New York, , 2004).
Yuan, D. X. On the karst ecosystem. Acta. Geol. Sin. 75, 336-338 (2001).

Chen, H. S, Liu, J. W,, Wang, K. L. & Zhang, W. Spatial distribution of rock fragments on steep hillslopes in karst region of
northwest Guangxi, China. Catena. 84, 21-28 (2011).

Kendall, C. & McDonnell, J. J. Isotope tracers in catchment hydrology. 245-247 (Elsevier Science, Amsterdam, 1999).

of recharge to karst aquifers. Hydrol. Earth Syst. Sci. 16, 2219-2231 (2012).

Smart, C. Artificial tracer techniques for the determination of the structure of conduit aquifers. Ground Water. 26, 445-453
(1988).

Gazis, C. & Feng, X. A stable isotope study of soil water: evidence for mixing and preferential flow paths. Geoderma. 119, 97-111
(2004).

Robertson, J. A. & Gazis, C. A. An oxygen isotope study of seasonal trends in soil water fluxes at two sites along a climate
gradient in Washington State (USA). J. Hydrol. 328, 375-387 (2006).

Herrmann, A., Koll, J., Maloszewski, P., Rauert, W. & Stichler, W. Water balance studies in a small catchment area of paleozoic
rock using environmental isotope tracer techniques. Conjunctive Water Use (Proceedings of the Budapest Symposium, July 1986).
IAHS Publ. no. 156, 111-124 (1986).

Hu, K., Chen, H. S., Nie, Y. P, Yang, J. & Wang, K. L. Characteristics of Seasonal Variation of Deuterium and Oxygen-18 Isotope
Composition of Precipitation in Karst Peak-cluster Depression Area, Northwest Guangxi of China. Transactions of the Chinese
Society of Agricultural Engineering (China) 5, 53-62 (2013).

Tetzlaff, D., Soulsby, C., Hrachowitz, M. & Speed, M. Relative influence of upland and lowland headwaters on the isotope
hydrology and transit times of larger catchments. J. Hydrol. 400, 438-447 (2011).

DeWalle, D. R., Edwards, P. J., Swistock, B. R., Drimmie, R. J. & Aravena, R. Seasonal isotope hydrology of three Appalachian
forest catchments. Hydrol. Process. 11, 1895-1906 (1997).

Fenicia, F. et al. Assessing the impact of mixing assumptions on the estimation of stream water mean residence time. Hydrol.
Process. 24, 1730-1741 (2010).

Schwarz, K., Barth, J. A., Postigo-Rebollo, C. & Grathwohl, P. Mixing and transport of water in a karst catchment: a case study
from precipitation via seepage to the spring. Hydrol. Earth. Syst. Sci. 13, 285-292 (2009).

Sharma, M. L., Bari, M. & Byrne, J. Dynamics of seasonal recharge beneath a semiarid vegetation on the Gnangara Mound,
Western Australia. Hydrol. Process. 5, 383-398 (1991).

Maloszewski, P. Lumped-parameter models as a tool for determining the hydrological parameters of some groundwater systems
based on isotope data. IAHS Publ. 262, 271-276 (2000).

Maloszewski, P., Rauert, W., Stichler, W. & Herrmann, A. Application of flow models in an alpine catchment area using tritium
and deuterium data. J. Hydrol. 66, 319-330 (1983).

Maloszewski, P, Stichler, W. & Zuber, A. Interpretation of environmental tracers in groundwater systems with stagnant water
zones. Isotopes Environ. Health Stud. 40, 21-33 (2004).

Maloszewski, P. & Zuber, A. Determining the turnover time of groundwater systems with the aid of environmental tracers: 1.
Models and their applicability. J. Hydrol. 57, 207-231 (1982).

. Pipan, T. & Culver, D. Forty years of epikarst: what biology have we learned? Int. J. Speleol. 42, 215-223 (2013).

. Williams, P. W. The role of the epikarst in karst and cave hydrogeology: a review. Int. J. Speleol. 37, 1-10 (2008).

. McGuire, K. J. et al. The role of topography on catchment-scale water residence time. Water Resour. Res. 41, W05002 (2005).

. Tetzlaff, D. et al. How does landscape structure influence catchment transit time across different geomorphic provinces? Hydrol.

Process. 23, 945-953 (2009).

Soulsby, C., Tetzlaff, D., Rodgers, P,, Dunn, S. & Waldron, S. Runoff processes, stream water residence times and controlling
landscape characteristics in a mesoscale catchment: An initial evaluation. J. Hydrol. 325, 197-221 (2006).

Asano, Y., Uchida, T. & Ohte, N. Residence times and flow paths of water in steep unchannelled catchments, Tanakami, Japan.
J. Hydrol. 261, 173-192 (2002).

Detty, J. M. & McGuire, K. J. Topographic controls on shallow groundwater dynamics: implications of hydrologic connectivity
between hillslopes and riparian zones in a till mantled catchment. Hydrol. Process 24, 2222-2236 (2010).

Bottrell, S. H. & Atkinson, T. C. Tracer study and storage in the unsaturated zone of a Kkarstic limestone aquifer in Tracer
hydrology. (eds. Hotzl, H. et al.) 207-211 (Balkema, 1992).

SCIENTIFIC REPORTS | 5:10215 | DOI: 10.1038/srep10215 11



www.nature.com/scientificreports/

38. Maloszewski, P. & Zuber, A. Principles and practice of calibration and validation of mathematical models for the interpretation
of environmental tracer data in aquifers. Adv. Water Res. 16, 173-190 (1993).

39. Chen, H. S, Liu, J. W,, Zhang, W. & Wang, K. L. Soil hydraulic properties on the steep karst hillslopes in northwest Guangxi,
China. Environ. Earth Sci. 66, 371-379 (2012).

40. Rawls, W. J., Brakensiek, D. L. & Saxton, K. E. Estimation of soil water properties. Trans. ASAE. 25, 1316-1320 (1982).

41. Calvo-Cases, A., Boix-Fayos, C. & Imeson, A. C. Runoff generation, sediment movement and soil water behaviour on calcareous
(limestone) slopes of some Mediterranean environments in southeast Spain. Geomorphology 50, 269-291 (2003).

42. Cantén, Y. et al. A review of runoff generation and soil erosion across scales in semiarid south-eastern Spain. J. Arid. Environ.
75, 1254-1261 (2011).

43. Kiraly, L. Karstification and groundwater flow. Speleogenesis Evol. Karst Aquifers 1 (3): 1-26 (2003).

44. Zarei, H., Akhondali, A. M., Mohammadzadeh, H., Radmanesh, F. & Laudon, H. Runoff generation processes during the wet-up
phase in a semi-arid basin in Iran. Hydrol.Earth Syst. Sci. Discuss. 11 (4): 3787-3810 (2014).

45. Laudon, H., Sjoblom, V., Buffam, L, Seibert, J. & Morth, M. The role of catchment scale and landscape characteristics for runoft
generation of boreal streams. J. Hydrol. 344, 198-209 (2007).

46. Yang, J., Chen, H. S., Nie, Y. P. & Wang, K. L. Variation of Precipitation Characteristics and Shallow Groundwater Depth in the
Typical Karst Peak-cluster Depression Areas. J. Soil Water Conserv. (China). 26, 239-243 (2012).

47. Schotterer, U., KFrohlich, K. & Oldfield, E. Global Network for Isotopes in Precipitation: To Joel Gat and Hans Oeschger (GNIP)
[Z]. IAEA (1996).

48. Wang, S. Q. et al. Shallow groundwater dynamics and origin of salinity at two sites in salinated and water-deficient region of
North China Plain, China. Environ. Earth Sci. 66, 729-739 (2012).

49. Meifiner, M., Kohler, M., Schwendenmann, L., Holscher, Dirk. & Dyckmans, J. Soil water uptake by trees using water stable
isotopes (§°H and §'®0)— a method test regarding soil moisture, texture and carbonate. Plant Soil. 376, 327-335 (2014).

50. Sprenger, M., Volkmann, T. H. M., Blume, T. & Weiler, M. Estimating flow and transport parameters in the unsaturated zone
with pore water stable isotopes. Hydrol. Earth Syst. Sci. Discuss. 11 (10): 11203-11245 (2014).

51. Stumpp, C., Maloszewski, P, Stichler, W. & Maciejewski, S. Quantification of the heterogeneity of the unsaturated zone based on
environmental deuterium observed in lysimeter experiments. Hydrol. Sci. J. 52 (4): 748-762 (2007).

52. Long, A. J. & Valder, J. E Multivariate analyses with end-member mixing to characterize groundwater flow: Wind Cave and
associated aquifers. J. Hydrol. 409, 315-327 (2011).

Acknowledgements

This research was supported by the National Key Basic Research Program of China (2015CB452703), the
Action Plan for the Development of Western China of Chinese Academy of Sciences (KZCX2-XB3-10),
and the National Natural Science Foundation of China (51379205 and 41171187). The authors wish to
thank Dr. Ken Mix (Texas State University) for his help in improving the language of this article.

Author Contributions
H.K. and C.-H.S. designed the study, collected and analyzed the data, and wrote the manuscript. N.-Y.P.
and W.-K.L. discussed the experimental design and manuscript writing.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Hu, K. ef al. Seasonal recharge and mean residence times of soil and epikarst
water in a small karst catchment of southwest China. Sci. Rep. 5, 10215; doi: 10.1038/srep10215 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

oM jmages or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:10215 | DOI: 10.1038/srep10215 12


http://creativecommons.org/licenses/by/4.0/

	Seasonal recharge and mean residence times of soil and epikarst water in a small karst catchment of southwest China
	Introduction
	Results
	Rainfall amount and deuterium content
	Soil distribution
	Water response of creek and epikarst spring to rainfall
	Seasonal recharges of different water bodies
	MRTs of different water bodies

	Discussion
	Epikarst water movement
	Model fitting
	The impact of soil in the depression

	Conclusions
	Materials and methods
	Site descriptions
	Water sampling
	Deuterium and oxygen-18 analysis
	Water recharge portion analysis
	Mean water residence time analysis
	Soil depth survey

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Seasonal recharge and mean residence times of soil and epikarst water in a small karst catchment of southwest China
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10215
            
         
          
             
                Ke Hu
                Hongsong Chen
                Yunpeng Nie
                Kelin Wang
            
         
          doi:10.1038/srep10215
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep10215
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep10215
            
         
      
       
          
          
          
             
                doi:10.1038/srep10215
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10215
            
         
          
          
      
       
       
          True
      
   




