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Dueto the significance of karst groundwater for water supply in arid and semi-arid regions, the character-
istics of the karst groundwater flow system in the Liulin spring area, North China, are analysed through
isotopic tracing (82H, §180, §13C and ®H) and dating approaches (**C). The results show that the pri-
mary recharge source of karst groundwater is precipitation. Evaporation during dropping and infiltration
of rainfall resultsin acertain offset in the values of §2H and §180 in groundwater samples from the global
meteoric water line (GMWL) and the local meteoric water line (LMWL). The altitudes of the recharge
region calculated by §180 range from 1280 to 2020 m above sea level, which is consistent with the alti-
tudes of the recharge area. The Liulin spring groups could be regarded as the mixing of groundwater with
long and short flow paths at aratio of 4:1. In the upgradient of the Liulin spring, the groundwater repre-
sents modern groundwater features and its HCO3 is mainly derived from dissolution of soil CO,, while
in the downgradient of the Liulin spring, the 14C age of dissolved inorganic carbon (DIC) in groundwater
shows an apparent increase and HCOj3 is mainly derived from the dissolution of carbonate rocks. The
mean flow rate calculated by #C ages of DIC between 1S10 and 1S12 is 1.23 m/year.

Keywords: age dating; carbon-13; carbon-14; hydrogen-2; hydrogen-3; hydrogeochemistry; isotope
geology; karst groundwater; Liulin spring area; oxygen-18; water supply

1. Introduction

Water resource shortages are the primary constraint for the local economic development and the
improvement of living conditions for the residentsin the Liulin spring area. Due to the lack of an
adequate surface water supply, karst groundwater is the major water supply source in this area.
Thus, research on the groundwater flow system that controlswater quantity and quality iscrucial.

Environmental isotope methods are used as the most conclusive tool available to deal with the
complicated hydrogeological problems in the karst region [1-5]. Deuterium (2H), tritium (CH),
oxygen-18 (*20), carbon-13 (*3C) and carbon-14 (}*C) are the most frequently used environ-
mental isotopes. As they are not influenced by water—rock interactions at room temperature, 2H
and 180 are usually used to determine the recharge source and residence time of groundwater, as
well as the altitude and location of recharge regions [4-15]. Generally, *C is used for analysing
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biogeochemical processes and DIC cycles in the groundwater [16-22]. The radioactive isotopes
3H and 4C, which are formed in the lower stratosphere/upper troposphere under natural condi-
tions and have spontaneous radioactive decay, are used to explore runoff conditions and calculate
the residence time of the groundwater flow [12,23].

Previous research on i sotopic features of the groundwater flow system inthe Liulin spring area
is limited. Yang et al. [24] established the meteoric water line of the Ordos basin and studied
the isotopic features of shallow groundwater. By means of isotopic methods, Lin and Wang
[25] divided the karst groundwater system of the Liulin spring area into two subsystems, the
shallow subsystem and the deep subsystem; Ma et a. [26] explored the source of thermal karst
groundwater in the Taiyuan basin near the Liulin spring area. More often, isotopic methods were
used to supplement and verify the conventional hydrogeochemical data. Systematic study of
the isotopic features is important in an area with complex hydrogeological condition and lower
degree of research, such asthe Liulin spring area.

The characteristics of karst groundwater flow system of the Liulin spring area are analysed by
using environmental isotope tracing and dating methods. The recharge source and mean altitude
of recharge regions of groundwater are determined by §°H and §%0; the mixing and runoff
features of the karst groundwater are analysed by *H and the residence time and DIC cycles are
determined by #C and §°C.

2. Liulin spring area

2.1. Physical geography

The Liulin spring area, which covers 6080.54 km?, lies between the western Shanxi Loess
Plateau and the Lvliang Ranges. The study areais subject to continental monsoon climate with a
mean annual temperature of 9.2 °C, mean relative air humidity of 54 ~ 62%, rainfall of 508 mm
and evaporation of 1186 mm [27]. Therainfall in July, August and September takes up approx-
imately 66 % of the annual precipitation. The Sanchuan river and its tributaries, including the
Beichuan river, the Dongchuan river and the Nanchuan river, are the major surface water sources
(Figure 1). The surface elevation ranges from 800 m above sealevel (adl) in the West to 2800 m
ad inthe East. The Liulin spring, consisting of Zhaidong springs group, Shangginglong springs
group, Longmenhui springs group, Yangjiagang springs group and Liujiageda springs group,
occursin the valley of the Sanchuan river between Zhaidong village and Shangginglong village
in Liulin County (Figure 1). Their elevations vary from ~ 792 to 803 m adl, and the total mean
annual dischargeis 2.37 m%/s.

2.2. Geology and hydrogeology

Precambrian metamorphic rock outcroppings can be found in the northern, eastern and southern
regions, while Cambrian—Ordovician carbonate strata outcrop mostly in the south-eastern and
central regions (Figure 1). Carboniferous-Triassic clastic rocks mainly distribute in the west and
central regions. Tertiary and Quaternary deposits overlie various ages of the bedrock. From ageo-
tectonic point of view, the spring area belongs to the east limb of the Ordos syncline basin with
a 2-8°dip angle, within which secondary folds and fractures develop (Figure 2). The geologic
structure dominates the directions of the groundwater flow.

The northern and eastern boundaries of spring area are composed of drainage divides in
metamorphic rock mountains, whereas the southern and south-eastern boundaries consist of sub-
surface divides in the exposed areas of carbonate rocks. In the west, carbonate rocks inclined
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Figure 1. Simplified geological map of the Liulin karst water system with an enlarged view of the locations of springs.
1. Precambrian metamorphic rocks; 2. Cambrian and Ordovician carbonate rocks; 3. Carboniferous-Triassic clastic
rocks; 4. Neogene-Quaternary rickle; 5. fault; 6. fold; 7. boundary of spring area; 8. river; 9. spring; 10. city; 11. cross
hatching A-A’.

towards the syncline core of the Ordos Basin are overlaid by hundreds of metres of thick-bedded
clastic rocks (Figure 2) where karst groundwater has no discharge path [27]. Hence the karst
groundwater is stagnant in this region. This boundary was defined as the lines where the burial
depth of Ordovician carbonate rocks reaches to 1000 m. Cambrian and Ordovician marine car-
bonate rocks constitute the main aquifer, in which the middle series of the Ordovician rocks
consisting of limestone, dolomite and some gypsum is the main source for water supply.

The karst groundwater system is mainly recharged by precipitation in exposed areas of car-
bonate rocks (Figure 2), next to the leakage of river water from the Shanchuan river. In the
centre of the spring area, carbonate rocks are covered by a thick interbed of sandstone and
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Figure 2. Hydrogeological cross section of the Liulin spring area. The cross hatching A-A’ is shown in Figure 1.
1. Karst groundwater table; 2. flow directions of groundwater; 3. recharge of precipitation; 4. recharge of surface water;

5. spring.

mudstone, which prevent the precipitation from recharging the aquifer, and thisregion is defined
as the flow-through area. Karst groundwater flows from the North, East and South towards the
Liulin spring. Spring discharge in the Sanchuan river valley and well exploitation are two major
discharge waysin the groundwater system.

3. Sampling and analysis

Ten karst groundwater samples were collected from the wells and springs in Ordovician carbon-
ate rocks aquifer along the main groundwater flow path (Figure 3) in May 2011. The values of
82H, 8180, BH, §13C and *C were analysed for each sample at the I nstitute of Hydrogeology and
Environmental Geology, Chinese Academy of Geological Sciences. Furthermore, three groups
of isotopic data sampled by the Geological Survey Institute of Shanxi Province in June 2002
were used for supplementary and comparative purposes [28]. The isotopic measurement results
and details of the sampling sites are presented in Table 1.

Water temperature and pH values were measured in situ. The concentration of HCO; was
measured on the sampling day via the Gran titration method [29]. The isotopic composition of
oxygen (8*80) was measured using a MAT 253 mass spectrometer with a precision of o < 0.1%o
after equilibration with reference CO, at 25 °C for 24 h. The measurement of §°H was per-
formed on a MAT253 mass spectrometer via the chromium reduction method with a precision
of o < 2%o. Using the phosphoric acid method, §3C of the DIC was measured by the MAT253
mass spectrometer with aprecision of o < 0.1%o. Tritium (°H) and radioactive carbon (}*C) con-
tents were determined by the electrolytic enrichment method and the benzene synthesis method,
respectively. Both of them were measured via an ultra-low-background liquid scintillation spec-
trometer (1220 Quantulus) with a detection limit of 0.6 TU for *H and 0.2 % pMC (percentage
of modern carbon) for 14C.

The measurements of §2H, §'80 and §13C were reported in the standard §-notation in per mille
(%o) [30,31]:

@

where Risthe heavy-to-light isotoperatio (e.g. 120/%0) of the sample and R isthe isotope ratio
of the reference material. §°H and §'80 are reported relative to the Vienna standard mean ocean
water, while C is reported relative to the Vienna Pee Dee Belemnite. 2H is denoted by tritium
units (TU) and 1C isgivenin pMC.
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Figure 3. Map of study area showing the sampling sites. 1. Boundary of spring area; 2. river system; 3. sampling sites
in June 2002; 4. sampling sitesin May 2011, 5. flow directions of karst groundwater; 6. springs; 7. county boundary; 8.
city.

4, Resultsand discussion

4.1. Recharge source and altitude of the karst groundwater system
4.1.1. Recharge source

For lack of isotopic composition data of precipitation in the study area, 20 groups of §%0 and
82H values measured at Taiyuan Station (37.78 ° N, 112.55 ° E, 778 m asl) in the Global Network
of Isotopesin Precipitation between 1986 and 1988 are used to fit the LMWL [32]. Thisstation is
130 km away from Lishi County and its climate is similar to that of the study area. The weighted
annual mean valuesfor §80 and §2H are — 7.24 and — 51.2%o, respectively. The weighted mean
value of d-excess (d = §°H-8 x §'80) is 6.78%o, lower than that of the GMWL (d = 10 %o)
[33,34], indicating that the humidity of the vapour source region is higher than the global mean
value. The established LMWL is

8°H = 6.42(£0.36) x 580 — 4.66(+2.95)(n = 20, R? = 0.945) 2
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Table 1. Isotopic composition of karst groundwater in the Liulin spring area.
Sampling Altitude ~ Temperature TDS? §°H  s'80 SH s8¢ Recharge

No. Area time Location Type (m) (°C) pH  (mg/L) (%0)  (%o) (TU) (%0) d-excess®  altitude® (m)
1S01 Recharge area May 2011  Wucheng Well 1339 11 7.7 280 —72 —105 267+19 —-93 12.0 1830
1S02 Recharge area May 2011  Youfangping  Well 1203 12 7.8 320 —70 —99 208+16 -104 9.2 1640
1S03 Flow-througharea  May 2011  Tianjiahui Well 988 17 7.9 330 —-71 —-99 113+15 -96 8.2 1640
1S04 Flow-througharea May 2011  Shang’'an Well 962 12 7.6 396 —72 —10.0 36+12 —-109 8.0 1670
1S05 Flow-througharea  May 2011 Jinluo Well 960 15 75 416 —73 —-95 38+13 —-100 3.0 1510
1S06 Flow-througharea  June2002  Xize Well 1055 21 7.7 / —70 —95 154+26 —-96 6.0 1510
1S07 Discharge area May 2011  Shangginglong Spring 800 16 7.6 402 —-70 -93 71+£14 —-96 4.4 1440
1S08 Discharge area May 2011  Yangjiagang  Spring 808 13 7.6 970 —69 -—88 90+14 -—-99 14 1280
1S09 Discharge area June2002  Liujiageta Spring 801 20 75 / —-69 —-98 85+25 —-9.0 9.4 1600
1S10 Stagnant area May 2011  Baijiayan Well 849 23 7.2 1780 —-74 —-97 18+12 —-90 3.6 1570
IS11  Stagnant area June2002  Wubu Well 636 18 7.1 / —71 —10.7 20+232 —-54 14.6 1890
IS12 Stagnant area May 2011  Henggou-2 Well 668 35 6.8 7100 —81 —10.8 <10 —6.0 5.4 1930
I1S13  Stagnant area May 2011  Henggou-1 Well 673 33 6.9 8930 -83 —111 <10 —-53 5.8 2020

Note: /, not detected.
aTotal dissolved solids.
bd-excess = §D-8x520.

°Recharge area dtitude is cal culated by §0.

‘le 1 Buez ‘H
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Figure 4. Relations between 5§2H and 5180 values in the Liulin spring area. The solid line represents the regression
line of groundwater samples.

Compared to the GMWL (8°H = 8 x §'80 + 10), the lower slope of the LMWL is attributed
to non-equilibrium fractionation caused by evaporation during the dropping of the rainfall
through arelatively dry air column. The more intensive the evaporation effect is, the lower the
slope will be [1], especially for small rainfall events. The §°H values of the karst groundwater
range from — 83to — 69 %o with amean value of — 73 %o, while the 180 val ues range between
—11.1 and — 8.8%0 with amean value of — 10.0 %.. The values of these two isotopesin ground-
water are lower than those in precipitation, which may be caused by the higher recharge atitude
of groundwater than the elevation of the Taiyuan Station.

The mean §2H values of the groundwater in the recharge area, flow-through area and spring
discharge area are — 71, —71.5 and — 69.5%, respectively, while the mean 580 values are
—10.2, —9.8and — 9.3 %o, respectively. Thevalues of §°H are almost identical after considering
the analytical uncertainty (42 %o), while the §80 values show an increasing trend aong the
groundwater flow path. The variations in the §2H and §'80 values may be caused by the various
altitudes of the recharge area and recharge source (such as surface water or precipitation). The
mean d-excess values have a decreasing trend from recharge area to discharge area with values
of 10.6, 5.6 and 5.4 %o, respectively. The mean values of §°H and 5§80 decreaseto — 77 %o and
—10.4 %o in the stagnant area, while the mean value of d-excess rises to 7.4 %.. This suggests
that the karst groundwater may come from a higher recharge altitude or form under cold climate
conditions [1].

The relationship between §2H and 620 values of water samples is shown in Figure 4. Gener-
aly speaking, these samples plot mostly below, but not far from, the LMWL and GMWL with
two exceptions (1S01 and 1S11), indicating that precipitation is the primary recharge source of
karst groundwater. Samples |S01-1S04 are close to the LMWL and GMWL, while 1S05-1S13
show a certain offset from LMWL and GMWL. This indicates that §°H and §'80 values may be
affected by some other factors during runoff processes, such as mixing with groundwater from a
relatively lower altitude area or |eakage of the Sanchuan river.

The dlope of the regression line (fitting by samples 1S01~ 1S11) is lower than that of the
LMWL and GMWL, indicating that evaporation effect occurs during rainfall infiltration into
thicker unsaturated zones in the recharge area [1,35]. Furthermore, mixing with surface water is
not ignorable.
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It should be noted that the §°H and 580 values of 1S12 and 1S13, located in the stagnant
area, show alarge offset from the LMWL and GMWL and even from the other samples, which
suggests that recharge and runoff conditions in the stagnant area are different from that in other
regions. Moreover, mean temperature and total dissolved solids (TDS) of 1S12 and 1S13 reach up
to 34 °C and 8015 mg/L, far higher than those of samples|S01-S11, which shows the long-term
water—ock interactions. Considering that water—rock reaction has no effect on §°H and §80
values at low temperature (< 90 °C) [36], we speculate that the groundwater with significantly
depleted 8°H and 620 valuesis recharged in acold period (such as the last glacial period).

4.1.2. Altitude of recharge region

The values of §°H and 820 in precipitation decrease with the increase in atitude, known as
the altitude effect. This effect, which could be conserved during recharge and flow-through pro-
cesses, could be used to calculate the altitude of the recharge region of groundwater and surface
water by using Equation (3) [1,2,9,23,34,36-38]. 6180 values show an apparent negative corre-
lation with the altitude of the sampling sites, especially in the upgradient of the Liulin spring
where the Pearson correlation coefficient (R) reaches up to — 0.731. It isimportant to note that
the calculated attitude for a given sample denotes the mean atitude of its recharge region as
groundwater usually represents a mixed signal recharged from various elevations [2].

85— dp

H
K

+h, ©)

where H is the altitude of the recharge region; 85 and §p denote the 810 values in samples and
precipitation, respectively, in Taiyuan Station and §p is — 7.24 %o here; K represents the atitude
gradient of the 8180 value (— 0.31 %0/100 m) [38] and h is the altitude of the meteorological
station. The calculated recharge elevations rounded to 10 m are shown in Table 1.

The calculated altitude of Wucheng sample (1S01), pertaining to a relatively independent
hydrogeological unit in the study area, is 1830 m adl, equivalent to the altitude of the exposed
region of carbonate rocksin thisunit (~ 750 to 1850 m asl). The calculated recharge altitudes of
the samples in recharge area, the flow-through area, the discharge area and the stagnant area are
1640, 1510-1670, 1280-1600 and 1570-2020 m, respectively, consistent with the elevation of
the recharge area. Considering the atitude of the recharge area near the Liulin spring (~ 1000 m
ad) and in the south-east region (~ 1500-2100 m agl), the Liulin springs, with a mean recharge
altitude of 1440 m adl, could be regarded as the mixture of groundwater recharged from the
nearby and south-east regions.

4.2. Runoff features of karst groundwater flow
4.2.1. Characteristics of 3H contents

Tritium (®H) has a half-life of 12.43 yr (years). For spontaneous radioactive decay and insus-
ceptibility to the water—rock interaction, 2H, in the form of HTO in the hydrological cycle, is
considered an ideal tracer to trace groundwater flow [1].

The higher the *H contents in groundwater are, the better the runoff conditions in the aquifer
would be, and vice versa. If °H is detectable in one sample, the groundwater belongs to recent
water recharged in the last 50 years, and must actively take part in the hydrological cycle. In
general, the *H contents in the samples vary from 26.7 + 1.9 TU in Wucheng to lessthan 1 TU
(i.e. the detection limit) in Henggou with a mean value of 8.62 + 1.72 TU, showing a slightly
decreasing trend along the flow path. In the recharge area, the *H content in groundwater, falling
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between 20.8 and 26.7 TU, iscloseto that in precipitation (about 27 TU) [27,28], indicating good
flow conditions and a frequent exchange rate among precipitation, surface water and groundwa-
ter. In the stagnant area, the H contents decrease quickly, and are even less than the detection
limit near the west boundary. The 2H contents of spring samples range from 7.1 to 9.0 TU with
amean value of 8.2 TU, and are higher than that in some of the upgradient samples in the flow-
through area, such as the 1S03 and 1S04. This phenomenon may be caused by mixing between
nearby and long-distance recharged groundwater [28]. This mixing effect mainly takes place in
the region adjacent to the Liulin spring, and the travel time between the mixing region and dis-
chargeisfinite. Mixing ratios for various end-members could be approximately calculated using
the isotopi c mass balance equation [36]. Assuming that the concentration and amount of acertain
isotope in groundwater are C and N, respectively, we obtain

CaNa + CbNb = CN: (4)
and
Na+ Np =N, ©)

where C,, N, and Cy,, N}, represent values of concentration and amount of a and b end-member,
respectively; Na/Ny is the mixing ratio. Substituting Equation (5) into Equation (4), we obtain
the following equation:

R ©
Np C—-GCy
For 3H, we obtain
3Hb _ 3Hm
Pap = mi, (7)

where Py is the mixing ratio of a and b end-members; 3Hp, 3H, and *Hp, are the H contents
of precipitation groundwater with long flow path (the mean value of 1S04 and 1S05, i.e. 3.7 TU),
and spring samples (amean value of 8.2 TU). Substituting the aforementioned valuesin Equation
(4), we obtain a value of 4.18 for Pyp,. Thus, the mixing ratio of karst groundwater with long
flow path and short flow path in spring water is approximately 4:1. It must be emphasised that
the calculated ratio is just an approximate value for neglecting the impact of travel time on *H
contents.

4.2.2. Characteristics of 13C contents

The 13C isotope can be agood tracer of open and closed system evolution of DIC in groundwater
[1]. The value of §'3C is mainly dominated by dissolution of soil CO, and carbonate minerals.
For large differences in §'3C between the soil CO, and carbonate minerals, we are allowed
to qualitatively evaluate the main source of HCOj3 using Equations (8)—11). Considering that
HCOj3 is the primary component of DIC as the pH value ranges from 6.8 to 7.9, the value of
813Chcos in samplesis approximated by §13Cp,c (i.e. the measured valuesin Table 1).

CO, + H,0 & HyCO;s )

H,CO3 & HCO; +H* C)

CaCOs; + H" & Ca* + HCO3 (10)
CaMg(CO3); + 2H" & Ca®" + Mg?" + 2HCO; (11)

The §3C value of soil CO, isin the order of — 25 4 1 %o due to the prevalence of Cs plants
in the study area [39]. Carbon isotope fractionation only correlates with water temperature and
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could be calculated according to Mook et al. [40].

—9483
Eg/b = (39 —6p = T + 23.89%o, (12)
or Vogel et al. [41]
—373
Ea/g = (Sa — 69 = ? + 0.19%0. (13)
From (12) and (13), we obtain:
—9866
Eab = 8a— Op = — + 24.12%o. 14

Rubinson and Clayton [42] and Emirch et al. [43] give

—4232

Egp = s — bp = + 15.10%o, (15)

where ¢ = fractionation, g = gaseous CO,, a= dissolved CO,, b = dissolved HCOj,
s = solidcalciteand T =t °C + 273.15K.

When water temperature is close to 12 °C (1S02), 49 = 8a=8g = — 1.12 %o, €a/p1 = Sa—
8y = —10.48 %o and egpp = 85I = 0.25 %o. Here, §p; denotes the $13C value of HCO3
stemming from soil CO,, and 8y, is the §13C value of HCOj from carbonate rocks. Assuming
8g = —25%0 (s0il CO,) and §s = O (marine carbonate rocks), we can obtain §p1 = — 15.64 %o,
Sp2 = —0.25 %o. Thus, the variation in §*3C value for HCO; (§**Ciycos) could be due to the
mixing of two recharge sources as stated earlier.

The 6%3Chcos value of the karst groundwater could be considered as the mean value of 8
and dpp (— 7.70 %o) when the mixing ratio of the HCO3 from soil CO, and marine carbonate
rocksis ~ 1:1. When the §*3Cycos value of the HCO;3 islessthan — 7.70%o, the dissolution of
soil CO, can be regarded as a major source for HCOj3 . If this value is greater than — 7.70%o,
the HCO;3 is mainly derived from the dissolution of carbonate rocks. In the upgradient of the
Liulin spring, aimost al §*3Cyicos values are lessthan — 7.70%o, which suggests that the HCO;
ismainly from the dissolution of soil CO,. In the downgradient of the Liulin spring, these values
are greater than — 7.70%., indicating that the HCO;3 is mainly from the dissolution of carbonate
rocks.

4.2.3. Residence time of karst groundwater

The 4C isotope is used to calculate the groundwater ages of DIC worldwide [44]. The radio-
carbon age (for Libby half-life, 5570 yr) in years BP (i.e. before 1950 AD) is calculated by
[2,49]

t = 19035Ig (2) , (16)

where t is the **C age of DIC in karst groundwater; Aq and A denote the initial activity (100
pMC) and measured activity in water samples, respectively. The 4C age of DIC calculated using
Equation (16) (also called apparent C ages) needs to be revised because Ay could be diluted
by the superimposed influence of hydrochemical reactions, physical processes and geohydraulic
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Table 2. Calculated and corrected 24C ages of karst groundwater.

Results

Apparent 14C ages Corrected 1C ages of

No. Samplingsites  AC (pMC) of DIC (k yr) DIC (yr)
1ISO1  Wucheng 74.44 + 1.27 244 + 0.14 Modern
1S02  Youfangping 88.86 + 1.99 0.98 + 0.19 Modern
1S03  Tianjiahui 65.38 + 1.32 351 + 0.17 Modern
1S04 Shang'an 49.44 + 1.36 582 + 0.23 Modern
1S05 Jinluo 5131 + 1.14 552 + 0.19 Modern
1507 Shangginglong 53.70 + 1.20 5.10 + 0.20 Modern
1S08  Yangjiagang 52.80 + 1.40 5.30 £+ 0.30 Modern
1S10 Baijiayan 26.80 + 1.00 10.90 + 0.30 2440

1S12 Henggou 2# 10.10 &+ 0.70 19.00 + 0.60 7155

IS13  Henggou 1* 9.60 + 0.80 19.40 + 0.70 6549

Note: pMC, % modern carbon; DIC, dissolved inorganic carbon.
mixing [46]. Thus, Equation (16) is transformed into [2]
t = 1903519 (F x %) , (17)

where F denotes the correction coefficient (also called the dilution factor) and depends on the 14C
correction model applied. The karst groundwater system could be regarded as a closed system
with respect to soil CO, due to the large depth of the groundwater level (more than 100 m in
most of the study area). Therefore, the Pearson model [47] may be employed to calculate F
value neglecting isotopic fractionation upon precipitation and dissolution of carbonate [48]

513
F_ Cch,
-25

(18)

where §13Cp,¢ denotes the §13C values of DIC in groundwater. The calculated results are shown
in Table 2. More commonly, the Pearson model can highly overestimate groundwater age, but is
still an improvement over uncorrected ages [1].

The apparent *4C age of DIC in groundwater increases from 0.98 + 0.19 k yr in the recharge
area to 19.40 &+ 0.70 k yr in the stagnant area. After revision by the Pearson model, samples
located in the upgradient of the Liulin spring (including the Liulin spring) represent the modern
groundwater features, indicating a positive flow condition. The detectable tritium contents in
1S01-1S09 al so reflect the modern groundwater features. The C age of DIC shows aremarkable
increase in the downgradient of the Liulin spring and reaches ~ 7 k yr in Henggou, indicating a
poor flow condition. The mean flow rate resulting from *4C ages of DIC between 1510 and 1S12
(about 5.8 km) is 1.23 m/year. The depleted §°H and §'80 values in the stagnant area could also
reflect the characteristics of old groundwater.

5. Conclusions

The use of environmental isotope techniques in studying the Liulin spring area has provided
valuable information about the characteristics of this karst groundwater flow system. The major
conclusions of this study are asfollows:

(1) The groundwater mainly originates from precipitation. Remarkable evaporation occurs
during dropping and infiltration of rainfall, and results in a certain offset of groundwater
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(4)
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samples from GMWL and LMWL. The karst groundwater, showing remarkably depleted
8?H and 880 values in the stagnant area, may be recharged in a cold period.

The mean recharged elevation of groundwater samples, ranging from 1280 to 2020 m adl,
is consistent with the altitude of the recharge area. The calculated recharged atitude for the
Liulin spring indicates a mixing between nearby and long-distance groundwater.

The 3H contents of groundwater show a generally decreasing trend along the flow path and
are used to calculate the mixing effect occurring in spring waters. The mixing ratio between
nearby and long-distance recharge groundwater is 1:4.

In the upgradient of the Liulin spring, HCO3 of groundwater is mainly derived from the
dissolution of soil CO,, while that in the downgradient of the Liulin spring is derived from
the dissolution of carbonate rocks.

The samples located in the upgradient of the Liulin spring show modern groundwater fea-
tures. The *4C age of DIC increases remarkably in the downgradient of the Liulin spring
with amean flow rate of 1.23 m/year between 1S10 and 1S12.
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