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Abstract
The effectiveness of using a groundwater geochemistry approach in karst hydrogeologic research is highlighted. In particular, 
this approach is useful for preliminary investigations, such as for the study described here on the Dong Van karst aquifer 
system in Northern Vietnam. Analyses of different groundwater chemistry parameters complement each other, to clarify 
hydrochemical processes that are occurring in the karst system. The results of this study show that major ion composition 
can be used to clarify water chemistry signatures, as well as to identify the mixing processes and water–rock interactions in 
aquifers. Meanwhile, trace element concentrations and rare earth element patterns can be used as potential natural tracers 
when some processes are not revealed through conventional hydrochemical methods. These natural tracers can also be used 
to identify contaminant sources and/or contaminant transport pathways in karst aquifers. Viewed holistically, the groundwater 
geochemistry approach provides scientific information to establish a basic hydrogeological conceptual model and to estimate 
the water balance, which has implications for water resources protection and management in karstic systems.
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Introduction

Groundwater from karst aquifers is the major freshwater 
source for drinking-water supply and agricultural irrigation 
in many countries and regions throughout the world. The 
number of karst water consumers is estimated at 678 mil-
lion, or 9.2% of the world’s population (Stevanovic 2019), 
while the population living in karst areas is estimated at 1.3 
billion people (Goldscheider et al. 2020). As pointed out by 
Do 2001, in Vietnam, limestone accounts for nearly 18% 
(about 60,000 km2) of the total area, mostly in the northern 
provinces, while an updated result by Goldscheider et al. 

2020 shows that carbonate rocks cover an area of 90,000 
km2 (occupying 27.2% of the total area). The Dong Van 
karst plateau (DVKP), located in Ha Giang province, is one 
of the most prominent karst regions in northern Vietnam, 
and belongs to the extended part of the South China karst 
belt (Yunnan karst plateau; Fig. 1a). The Na De spring sys-
tem (the source of the Nhiem River) is the largest spring in 
the area, which could be the local base level for karst ero-
sion in the DVKP (Tran et al. 2022) and is probably among 
the largest karst springs in Southeast Asia (Fig. 1c). There 
is no regular discharge monitoring at this spring. During a 
one-time measurement during the rainy season, a discharge 
of 44 m3/s was observed (Ender, Institute of Applied Geo-
sciences (AGW), Karlsruhe Institute of Technology (KIT), 
unpublished data from a field trip report for Dong Van Karst 
Plateau, 2014), but much higher discharge values, probably 
several hundred m3/s, are expected to occur during extreme 
high-flow events. There is no specific research on the karst 
hydrogeological system associated with this major spring. 
Therefore, research on the hydrogeological characteristics of 
the Na De spring system and its surrounding area is critical 
for sustainable groundwater resources management, protec-
tion, and exploitation on the Dong Van karst plateau.
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Fig. 1   Map of the investigation area; a Location of Dong Van karst plateau 
in Vietnam and South China karst belt (based on the World Karst Aquifer 
Map, Goldscheider et al. 2020); b Map of sampling sites on top of a geo-

logical map of the study area (after Hoang 1976; updated by KaWaTech 
project); c Map of distribution of individual springs belonging to the Na De 
spring system superposed on a satellite image (Source: Google Earth)
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Groundwater geochemistry has emerged as an effec-
tive tool that can elucidate water sources, hydrochemi-
cal processes, and groundwater dynamics, and to identify 
contamination input sources in karst aquifers (Lambrakis 
et al. 2004; Holland and Witthüser 2009; Goldscheider and 
Drew 2014). The use of major ions to identify the pro-
cesses controlling groundwater chemistry has become a 
common method aided by conventional geochemical dis-
plays such as Gibbs diagrams and ion-ratio graphs (Gibbs 
1970; White 1988; Goldscheider 2015 and Gao et al. 2019). 
Previous studies by Güler et al. 2002 and Heikinien et al. 
2002 applied multivariate statistical methods—e.g. prin-
cipal component analysis (PCA) and hierarchical cluster 
analysis (HCA)—to compare and partition water samples 
into homogeneous groups based on water physicochemical 
parameters, providing information on the physicochemical 
processes controlling water chemistry, as well as provid-
ing insight into underground flow connectivity. In recent 
years, many studies have shown that trace elements can 
be used as potential natural tracers of groundwater origin 
when some processes are not revealed through conventional 
hydrochemical methods such as signatures of major ions 
and/or stable isotopes. As indicated already (Lee et al. 
2003; Möller et al. 2004; Han and Liu 2007; Zhou et al. 
2012), the rare-earth elements (REE) abundance and pat-
terns can be exploited effectively as fingerprints of host 
aquifers or bedrock as well as indicating paleo-hydrological 
conditions. Gill et al. 2018 and Cholet et al. 2019 used 
temporal variability of REE concentrations and patterns 
to evaluate possible links between different water sources 
and to quantify mixing contributions. In the same aspect, a 
study by Benischke 2021 provided an up-to-date and com-
prehensive overview of tracers for karst system analysis, 
whereas Sivelle et al. 2022 pointed out the use of excess air 
as representing trace gases for karst connectivity studies. In 
addition, Schilling et al. 2023 demonstrated the enormous 
potential of combining vanadium, eDNA, and helium as 
tracers of fault-facilitated fast groundwater flow paths.

The main aim of this work is to evaluate the effective-
ness of the groundwater geochemistry approach for karst 
hydrogeological research, with a particular focus on using 
trace and rare earth elements as natural tracers. The work 
uses these methods to contribute to a better understand-
ing of the Dong Van karst aquifer system. The specific 
objectives of this study are to: (1) use major ion chemistry 
to identify and characterize different water types, mixing 
processes, and water-rock interactions in the aquifers; (2) 
test the use of trace and rare earth elements as natural 
tracers for characterizing underground flow connectivity 
and identifying contaminant transport processes; and (3) 
establish a conceptual model of the karst aquifer system 
and produce a water balance of the study region to provide 
scientific information for water resources management.

Study site

Geological and hydrogeological settings

The study area is situated in the Dong Van Karst Plateau 
UNESCO Global Geopark, covering an area of about 620 
km2, which is composed mainly of carbonate rocks (more 
than 60%). According to previous and recently updated 
geological maps, the strata range mainly from Paleozoic 
to Mesozoic, with local outcrops of Triassic gabbro and 
diabase along deep faults (Fig. 1b). Carbonate rock forma-
tions, including Bac Son (C-P bs), Dong Dang (P2 đđ) and 
Hong Ngai (T1 hn), are widely distributed in the central 
part of karst plateau. The Devonian formations including 
Mia Le (D1 ml), Si Phai (D1–2 sp) and Toc Tat (D3 tt) occur 
in narrow bands, located along the north and northeast. 
In addition, Triassic formations, including Song Hien (T1 
sh) and Yen Binh (T2a yb), are distributed in the south 
and SW of this area. Tectonically, the investigated area is 
dissected by many fault systems (Fig. 1b), but the main 
system trends NW–SE. There are also sub-latitude and 
sub-meridian fault systems that trend in a NE–SW direc-
tion that were formed during a Neotectonic period.

The cave system developed a strong relationship to the 
tectonic and geomorphologic development processes in 
this area (Tran et al. 2004, 2013, 2022). There are some 
stream caves such as Na Luong cave, Ma Le cave sys-
tem, Tia Sang cave and Hang Rong cave, that are impor-
tant water sources for domestic use and irrigation that 
have been explored by Belgian experts from University 
of Leuven’s caving club (SPEKUL) and Vietnam Insti-
tute of Geosciences and Mineral Resources (VIGMR) 
speleologists.

The Bac Son Formation (Fm.) is composed of homo-
geneous, massive, partly dolomitized limestone, totaling 
700–1,000 m in thickness, and is considered to be one of 
the most hydrologically important karst aquifers in this 
area, after the Dong Dang Fm. and Hong Ngai Fm. karst 
aquifers. The fractured Si Phai Fm. aquifer is also present 
(Ender et al. 2018; Nguyen et al. 2013).

According to published geologic data, Na De spring is 
located along the boundary between the limestone of Bac 
Son Fm. (C-Pbs) and terrigenous sediments of Song Hien 
Fm. (T1sh; Hoang 1976). A study based on cave survey data 
by Tran et al. 2022 indicates that the Na De spring could be 
the local base level for karst erosion in the Dong Van karst 
plateau, which probably drains large parts of this area.

Climatic features

Northern Vietnam’s climate is generally of the subtropical 
monsoon type (Pham 1985); however, the Dong Van karst 
plateau belongs to the high-elevation region with strongly 
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dissected terrain, and thus the climate is characterized as a 
temperate zone (Tran 2010) and is divided into two seasons: 
rainy season (May to October) and dry season (November to 
April). According to the data collected at the climate station 
Dong Van District in the period 2015–2020, operated by 
Vietnam National Centre for Hydro-Meteorological Fore-
casting (NCHMF), the annual average precipitation is 1,537 
mm, with the highest rainfall in June (302 mm average) and 
lowest in February (12 mm). The annual average tempera-
ture is 18.4 °C, with the highest reaching 23.6 °C in June 
and the lowest 11.7 °C in December.

Materials and methods

Sampling campaigns and sampling sites

Two sampling campaigns were organized between the dry 
(March) and rainy (June/July) seasons, 2020. A total of 40 
water samples were collected from springs (Na De spring 
system and Southwest springs), in caves (Na Luong cave, 
Hang Rong cave), the recharge stream (surface flow) of Tia 
Sang cave (TSC), and hanging pools in the mining area. 
(Fig. 1b).

The Na De spring system (NDSS) is situated in Na De 
Valley in the south of DVKP. This system includes 16 
springs, of which 4 springs appear continuously (BM1, 
BM2, BM6, BM7.3) and 12 springs only flow during the 
rainy season. (Figs. 1c and 2a). In this spring system, BM1 is 
the largest spring and forms the upstream end of the Nhiem 
River (Fig. 2c).

Located in the Na De Valley, Na Luong Cave (NLC) is 
a river cave developed horizontally in the carbonate rocks 
of the Bac Son Fm. (C-Pbs) at an elevation of 238 m above 
sea level (asl) (Figs. 1c and 2b). Elsewhere, Hang Rong 
cave (HRC) has developed in the Hong Ngai Fm. (T1hn), 
which consists of layers of argillaceous limestone, sili-
ceous limestone, and medium- to thick-bedded limestone 
(Figs. 1b and 2d).

Southwest springs (SW springs) are springs draining 
in the southwest area of DVKP. This group includes five 
springs namely DA7, DA9, DA11, DA12, and DA13 
that appear along the NW–SE fault zone, which is also 
the boundary between the carbonate rocks of the Bac 
Son Fm. (C-P bs) and the terrigenous deposits of the 
Yen Binh Fm. (T2a yb), Ma Le Fm. (D1 ml), as well as 
the shale and siliceous limestone of the Si Phai Fm. 
(D1–2 sp) (Fig. 1b).

The mining area is located northwest of the Na De spring 
system. Based on survey data, the mined ores are mainly zinc-
wolframite (Zn–W), which occur in the soil layers that are 
derived by in-situ weathering or weathering plus gravitational 

movement or accumulation overlying the carbonate rock ero-
sion surface of the Bac Son Fm. (C-Pbs) and Dong Dang Fm. 
(P2đđ), or in the intermontane karst valleys and karst sink-
holes. (Figs. 1b and 2e,f).

Measurements and analysis

A portable multi-parameter device (Multi 3430 IDS, WTW, 
Weilheim, Germany) was used to measure the pH (IDS SenTix 
980). The probe was calibrated on a regular basis with standard 
buffer solutions. Electrical conductivity (EC) and temperature 
(T) were measured with a TetraCon 325 sensor.

Water samples for major ion analysis were filtered with cel-
lulose acetate membrane filters (0.45 μm, 25 mm, Sartorius 
AG, Göttingen, Germany). Cation samples were collected in 
conical centrifuge tubes (SuperClear™ 15 ml, Labcon North 
America, Petaluma, California, USA), while anion samples 
were taken using high density polyethylene bottles (30 ml, 
Rixius AG, Mannheim Germany). Samples for cation analyses 
were stabilized with nitric acid, and all samples were stored in 
a refrigerator before being transported to Germany for analysis.

Samples were analyzed in the laboratory of the Hydro-
geology Division (Institute of Applied Geosciences (AWG), 
Karlsruhe Institute of Technology (KIT), Germany), in 
which the major cations (Ca2+, Mg2+, K+ and Na+), 18 
heavy metal elements (Li, Be, Al, V, Cr, Mn, Fe, Co, Ni, 
Cu, Zn, Ga, As, Rb, Sr, Cd, Sn, Sb, Cs, Ba, Tl, Pb, Bi and U) 
and 14 rare earth elements (REE) were measured by induc-
tively coupled plasma mass spectrometry (ICP-MS) (Agilent 
7800 Quadrupole ICP-MS, Agilent Technologies, Inc., Santa 
Clara, USA). The anions SO4

2−, NO3
− and Cl− were meas-

ured with ion chromatography (Dionex ICS-1100/Dionex 
ICS-2100, Thermo Fisher Scientific Inc., Waltham, Mas-
sachusetts (MA), USA). An alkalinity test (code 111109, 
Merck Millipore, Billerica, MA, USA) was used for the 
direct determination of HCO3

− and CO3
2− in the field. 

Since the pH values were generally <8.2, CO3
2− was mainly 

negligible and total alkalinity could be considered equal to 
HCO3

−. The calculation of the charge-balance error was car-
ried out with PHREEQC (Parkhurst and Appelo 1999). All 
analyses with a charge balance error >10% were discarded.

Methods

Presentation of hydrochemical data

Gibbs diagrams were used to identify the major processes 
controlling natural groundwater chemistry (Gibbs 1970). A 
semi-logarithmic plot of the weight ratio of cations [Na+/
(Na++Ca2+)] or anions [Cl−/(Cl−+HCO3

−)] versus total 
dissolved solids (TDS) provides information on the mech-
anisms controlling water chemistry, such as rock weather-
ing, atmospheric precipitation, and evapotranspiration. All 
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ionic concentrations are expressed in milliequivalents per 
liter (meq/L). In this study, Gibbs diagrams were estab-
lished using Origin software (Origin 2020b).

Multivariate statistical analysis

Hierarchical cluster analysis (HCA) is a statistical technique 
that is proving to be a powerful grouping mechanism for 

determining whether samples can be grouped into distinct 
hydrochemical groups that may be significant in the geologic 
context (Güler et al. 2002; Heikinien et al. 2002; Lambra-
kis et al. 2004; Holland and Witthüser 2009). In this study, 
clustering is performed using normalized datasets (over 
two sampling campaigns), and the results are presented in 
dendrograms using Origin software. Ward’s method (Ward 
1963) was used to analyze the distances among linkages for 

Fig. 2   Photos showing different sampling areas in the study area: 
a Na De Valley, located on the boundary between the Bac Son 
Fm. (C-Pbs) and Song Hien Fm. (T1sh) (Photo: David Lagrou); 
b Discharge area of the underground stream at the entrance of 
Na Luong cave (NLC) during the rainy season (Photo: Diep Anh 
Tran); c BM1 spring, the main spring of Na De spring system 

during the dry season (Photo: Diep Anh Tran); d Sampling point 
in the Hang Rong cave (HRC) (Photo: Diep Anh Tran); e A part 
of the mining area, located northwest of the Na De spring system 
(Photo: Diep Anh Tran); f The hanging pool stores wastewater, 
which is reused for the ore extraction process in the mining area 
(Photo: Diep Anh Tran)
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the entire group of observations and the squared Euclid-
ean distances were used to determine the distance between 
observations. The data were standardized by calculating their 
standard scores (z-scores) as follows in Eq. (1):

where zi = standard score of the sample i, xi = value of sam-
ple, x = mean, s = standard deviation. Standardization scales 
the log-transformed or raw data to a range of approximately ±3 
standard deviations (SD), centered about a mean of zero. There-
fore, each variable has equal weight in the statistical analyses.

In this study, 17 variables (physical-chemical parameters) 
were chosen for multivariate statistical analysis, because 
they met a primary selection criterion of being representa-
tive of water–rock interactions and human inputs: physico-
chemical parameters (T, pH, EC, TDS), major ions (Na+, 
K+, Ca2+, Mg2+, Cl–, SO4

2–, HCO3
–, and NO3

–), and selected 
trace elements (As, Fe, Zn, Al, and Sr).

Normalization and calculation of REE patterns

Rare earth elements (REE) including the lanthanide group 
and yttrium can be separated into three subgroups according 
to their atomic weight: light REE (LREE, La–Sm), medium 
REE (MREE, Eu–Tb), and heavy REE (HREE, Dy–Lu). REE 
data are typically presented as distribution patterns with the 
individual REE, listed in the order of their atomic number, as 
categories on the x-axis and with the corresponding concentra-
tions as normalized logarithmic values on the y-axis. For all 
water samples in this study, REE is normalized to the PAAS 
standard (Post Archean Australian Shales), which is a proxy for 
average upper continental crust (Taylor and McLennan 1985).

A comprehensive illustration of REE patterns can be identi-
fied with a quantitative expression of anomalies that are posi-
tive or negative peaks in the REE distribution patterns. Com-
monly occurring anomalies are cerium (Ce) anomalies and 
europium (Eu) anomalies, which are quantified by Ce/Ce* and 
Eu/Eu* ratios where Ce* and Eu* are interpolated values based 
on the measured concentrations of the neighbor elements of Ce 
and Eu, respectively, that include lanthanum (La), neodymium 
(Nd), samarium (Sm), and gadolinium (Gd). These ratios are 
calculated by the following formulas (McLennan 1989):

where the subscript n stands for normalized values. Anoma-
lies with Ce/Ce* and Eu/Eu* ratios >1 indicate “positive 

(1)zi =
xi − x

s

(2)Ce∕Ce∗ =
3Cen

2Lan + Ndn

(3)Eu∕Eu∗ =
Eun

√

Smn × Gdn

anomalies”. Anomalies with Ce/Ce* and Eu/Eu* ratios <1 
are called “negative anomalies”. In addition, the Prn/Ybn 
ratio is used as a general descriptor of the slope of the REE 
pattern, with the ratio Prn/Ybn > 1 indicating LREE enrich-
ment, and Prn/Ybn < 1 indicating HREE enrichment (neither 
Pr nor Yb behaves anomalously, thus are suitable representa-
tive elements).

The occurrence of positive or negative Ce anomalies is 
typical for oxidizing conditions where Ce is present as Ce4+ 
and is, therefore, less soluble than the other REE (McLennan 
1989). By contrast, the Eu anomaly is strongly lithology-
dependent (Tricca et al. 1999; Möller et al. 2004; Han and 
Liu 2007); thus, water originating from any aquifer will have 
Eu anomalies similar to the host rock of that aquifer. In this 
study, the analysis data of limestones and shale samples in 
the Lung Cam Permian–Triassic boundary section located in 
the Dong Van karst plateau from a previous study by Trinh 
et al. 2007 was used to understand the relationship between 
the groundwater and exposed lithology.

Results

Physicochemical characteristics

The physicochemical analyses of major parameters of all 
water samples show significant spatial and temporal differ-
ences (Table 1).

 In the NDSS group and the caves group, the values of 
EC, TDS, Ca2+, and HCO3

– are high and do not show sig-
nificant variation between dry and wet seasons. The water 
in the SW springs group is characterized by low Ca2+, and 
HCO3

– content. Table 1 also shows that the concentrations 
of major parameters in water samples collected at hanging 
pools in the mining area vary widely depending on the sea-
son and location of each sampling site.

The concentrations of SO4
2– and NO3

– ions show large 
differences among the sampling areas. The abnormally high 
value of NO3

– found in BM2 (15.3 mg/L) is thought to be 
related to fertilizer pollution due to agricultural activities. 
Whereas the highest SO4

2– value of 9.4 mg/L in the HRC 
during the dry season is probably related to the alkaline lake 
structure and evaporation; the oxidation of metal sulfides 
(e.g., FeS2, ZnS, Al2S3, PbS, etc.) in the mining area could 
be a possible source of SO4

2–. These values are lower than 
the guideline value set by the World Health Organization for 
drinking water (WHO 2022).

The Gibbs diagrams (Fig. 3a,b) show that most of the water 
samples of the NDSS and the caves groups are located in the 
rock-weathering-dominated field. An exception is a sample 
taken at the recharge stream of Tia Sang Cave, which is in 
the dominant precipitation field in the rainy season. Although 
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they are part of the SW springs group, two springs (DA7 and 
DA13) fall in the rock-weathering-dominated zone. The DA13 
water sample is in the dominant precipitation field in the rainy 
season. Also in this group are three springs (DA9, DA11, and 
DA12) that are in the precipitation-dominated field. In addi-
tion, Fig. 3 also shows that the DA5 sample, which is part of 
the mining area, falls in the rock-weathering-dominated field, 
and sample DA6 is located on the boundary between the pre-
cipitation and the rock-weathering-dominated zone. It can be 
seen that the water source for ore extraction is mainly rainwa-
ter in the rainy season, while in the dry season, water may be 
obtained from other water caves near this area. Water is stored 
in the hanging pools and reused for the ore-extraction process.

Water–rock interaction

The interaction of water with its host environment, as well 
as atmospheric and human inputs, play an important role in 
forming the chemical compositions of groundwater. The ratios 
between the major-ion-equivalent concentrations further indi-
cate the sources and the main hydrogeochemical processes 
that control groundwater chemistry (Gibbs 1970; Elango and 
Kannan, 2007; Goldscheider 2015; Gao et al. 2019).

As mentioned by Hunkeler and Mudry 2014, the disso-
lution of carbonate and gypsum can provide Ca2+, Mg2+, 
SO4

2− and HCO3
− in a groundwater system. If gypsum 

is the major source of hydrogeochemical reactions, the 
equivalent ratio of (Ca2+/SO4

2−) should be equal to 1. Con-
versely, if the weathering of carbonates (calcite and dolo-
mite) is the major hydrogeochemical reaction, the ratios of 
HCO3

−/(Ca2++Mg2+) should be around 1.

Figure 4a indicates that most samples have SO4
2−/Ca2+ ratios 

close to 0, while Fig. 4b shows that the HCO3
−/(Ca2++Mg2+) 

ratios are distributed around a 1:1 dissolution line, except for 
samples from the mining area that have higher SO4

2− contents. 
This means that the dissolution of calcite and dolomite is the 
major process influencing the water chemistry in all sampling 
areas, whereas the dissolution of gypsum or the oxidation of 
metal sulfides occurs in the mining area.

The (Mg2+/Ca2+) index is a useful parameter that can reflect 
the relative proportion of calcite and dolomite in carbonate rock 
through which the water sample circulated (White 1988; Vu 
et al. 2016). A ratio of equivalent concentrations (Mg2+/Ca2+) 
= 1 represents the dissolution of dolomite. In contrast, a ratio 
(Mg2+/Ca2+) = 0 represents the dissolution of pure calcite. A 
ratio of (Mg2+/Ca2+) = 0.5 indicates the equilibrium of water 
with both calcite and dolomite. As shown in Fig. 4c, most of the 
water samples collected at the Na De spring system, in caves, 
and in the mining area have Mg2+/Ca2+ ratios below 0.5, sug-
gesting dominant calcite in carbonate rocks of the areas. Mean-
while, most of the SW springs and TSC also have Mg2+/Ca2+ 
ratios less than 0.5 and Ca2+ content lower than 1.2 meq/L, 
which means that dissolution of calcite dominates in the hydro-
chemical reactions in these springs, but in low concentration. In 
addition, in this group, sample DA12 is located above the line 
(Mg2+/Ca2+) = 1, suggesting that this spring flows through an 
aquifer that is affected by the dissolution of dolomite.

A study by Ender et al. (2018) indicates that the relation 
between (Ca2+/Mg2+) and Ca2+ can be used to illustrate the 
hydrochemical processes in different aquifers in the area of 
Dong Van. Accordingly, the Bac Son Fm. is characterized by 
high Ca2+ concentration and the (Ca2+/Mg2+) index ranges 

Fig. 3   Gibbs diagrams, used to explain the predominant processes of water hydrochemistry in the study area: a for cations; b for anions
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from ~5 to 25, meanwhile, the ‘Others’ group includes springs 
of the Song Hien, Yen Binh, and Mia Le Fm., which were 
defined based on their low concentration of Ca2+ and their 
Ca2+/Mg2+ ratios. Figure 4d shows that the samples at NDSS, 
NLC, and HRC are located in the Bac Son Fm. karst aquifer, 
while the SW springs and TSC fall into the ‘Others’ group.

Hierarchical Cluster Analysis

Figure 5 presents the dendrograms for 17 variables in the 
DVKP during both dry and rainy seasons. The nodes rep-
resent the grouped clusters, and the lengths of the branches 

indicate the distances between the groups. On this basis, 
water samples were classified into two clusters in both dry 
and wet seasons. Cluster 1 (CL1) is further subdivided into 
two subclusters SCL1a and SCL1b during the dry season 
(Fig. 5a), while in the rainy season, cluster 2 (CL2) was 
separated into two subgroups SCL2a and SCL2b (Fig. 5b). 
A summary of the physical-chemical data for each cluster is 
presented in Table 2.

The dendrogram for the dry season (Fig. 5a; Table 2) 
shows that cluster 1 combines the samples with signatures 
of calcium bicarbonate water type. In addition, this group 
is also characterized by elevated arsenic and aluminum 

Fig. 4   Plots showing the ratios between the major ions of water samples in the study area: a SO4
2− vs. Ca2+; b (Ca2+ + Mg2+) vs. HCO3

−; c 
Mg2+ vs. Ca2+; d (Ca2+/Mg2+) vs. Ca2+
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concentrations indicating the influence of a combination 
of anthropogenic sources. The subdivision of cluster 1 is 
based on variations in ion sulfate and heavy metal con-
centrations, with SCL1b showing highly elevated sulfate, 
arsenic, iron and aluminum concentrations compared with 
SCL1a. Cluster 2 is a collection of samples character-
ized by low conductivity and little mineralization. These 
springs are typical of shallow groundwater movement, 
possibly in the weathered surface zone with a short resi-
dence time.

The dendrogram in Fig. 5b shows that in the rainy sea-
son cluster 1 is the largest group, with a total of 18 samples 
(Table 2) that display similar physicochemical parameters 
to SCL1a in the dry season due to the influence of the same 
geogenic factors. Cluster 2 is distinguished by low values 
of conductivity, TDS, Ca2+, and HCO3

–, while water tem-
perature and the concentrations of arsenic, iron and alu-
minum were higher than cluster 1. Cluster 2 was separated 
into two subclusters representing variations in values of 
pH, EC, TDS, Ca2+, and HCO3

–, as well as heavy metal 

concentrations, with SCL2b having significantly higher arse-
nic and aluminum concentrations compared with SCL2a.

Presentation and interpretation of REE data

Normalized patterns of REE for the various water samples 
from the dry and wet season sampling campaigns are pre-
sented in Fig. 6, expressed both as raw normalized con-
centrations (parts a and b), and the average REE pattern 
for each sampling area as well as each cave (parts c and d).

In the dry season (March 2020, Fig. 6a), the karst ground-
water samples at NDSS contrast significantly with the SW 
springs with lower ΣREE, and steeper, highly LREE-
depleted REE patterns, as well as more pronounced negative 
Ce anomalies and stronger positive Eu anomalies. Normal-
ized REE patterns at the cave group showed HREE enrich-
ment at NLC, while slight enrichment at TSC and HRC. Ce 
anomalies are slightly negative at HRC and strongly nega-
tive at NLC and TSC, while Eu anomalies were moderately 
positive. In addition, samples taken from hanging pools at 
the mining area showed significant differences in ΣREE. 
Normalized REE patterns show HREE enrichment at DA5 
and moderate HREE enrichment at DA6. Ce anomalies are 
strongly negative, while Eu anomalies are slightly negative 
at DA6 and moderately positive at DA5.

During the wet season (June 2020, Fig. 6b), total REE 
concentrations were significantly higher for the NDSS, 
caves, SW spring samples, and DA5 in the mining area, 
except for DA6, which has a lower ΣREE concentration, 
compared to the dry season. Normalized REE patterns from 
the NDSS group indicate high HREE enrichment, slightly 
positive Eu anomalies, and moderately negative Ce anoma-
lies. The cave samples show high HREE enrichment, slightly 
negative (at NLC) to positive Eu anomalies (at HRC), and 
slightly negative Ce anomalies. Compared to the dry season, 
the SW springs exhibit slightly to highly enriched HREE, 
except that DA11 has flatter REE patterns. The Eu anoma-
lies vary from mildly negative to slightly positive. The Ce 
anomalies are mildly positive at DA9, slightly negative at 
DA7, DA12 and DA13, and sharply negative at DA11. The 
samples at the mining site during the rainy season exhibited 
a fairly similar REE pattern, characterized by high HREE 
enrichment, slight negative Eu anomalies and moderately 
negative Ce anomalies.

A comparison of average REE patterns (Fig.  6c vs. 
Fig. 6d) shows that the mining area samples, HRC, and SW 
springs differ least between dry and rainy seasons, whereas 
NLC patterns differ most. The NDSS samples and TSC 
also show some small differences in the Eu and Ce anoma-
lies. Meanwhile, the average ΣREE comparison indicates 
that the mean total REE concentrations in the rainy season 
at NDSS, SW springs, NLC, and TSC were significantly 
higher than in the dry season, while there was only a slight 

Fig. 5   Dendrograms classify the groundwater samples according to 
physical-chemical composition. a dry season; b rainy season
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increase at HRC. However, these values in the wet season 
were significantly lower than in the dry season in the min-
ing area, mainly due to a sharp decrease in DA6, while they 
increased strongly in DA5. These results indicate that rain-
water replenishment, as well as a longer water–rock interac-
tion time, resulted in higher REE concentrations (Gill et al. 
2018; Berglund et al. 2019). Meanwhile, sample DA6 in the 
mining area suggests that the accumulation of wastewater 
during mining, combined with evaporation in the long term 
and high pH values, significantly increased the concentra-
tion of trace elements in the dry season.

Discussion

Evaluation of clustering results

For all permutations in the analysis of major ions, and tim-
ing for when the data set was expanded to include physical 
parameters and common trace elements, there was a clear 
(statistically significant) separation between samples col-
lected from the Na De spring system (NDSS), the caves, 
the mining area, and the SW springs of the Dong Van karst 
plateau. A reasonable explanation for the similarity of phys-
icochemical parameters between NLC and NDSS is that they 

belong to the same zones of recharge and discharge. Mean-
while, the SW springs and TSC were identified as typical of 
shallow groundwater flowing through the weathered surface 
zone with a short residence time in nonkarst formations.

Although Ca2+, Mg2+, and HCO3
– concentrations do 

not vary much, HRC is distinct from the NDSS based on 
its higher SO4

2– content. Meanwhile, the samples taken at 
the mining site were distinguished from the NDSS by sig-
nificantly higher concentrations of SO4

2– and heavy metals. 
However, the abnormally high arsenic concentrations in the 
mining area and NLC, combined with their location and 
geologic data, indicate potential connectivity between these 
sampling sites when arsenic is thought to be transported by 
groundwater from the mining area to NLC.

There is a large change in clustering patterns during the 
rainy season when the mining area switches to the same branch 
with SW springs and TSC (Fig. 5b). This is explained by the 
fact that in the wet season, most of the samples in Cluster 2 are 
located in the precipitation-dominant field (Fig. 3), with TDS, 
EC, and Ca2+ concentrations lower than cluster 1 (Table 2). 
The mining area samples are still distinguished by their high 
content of heavy metals. It can be seen that these clustering 
results once again confirm the shallow groundwater pattern of 
the SW springs and TSC, and also show that rainwater is the 
main water source for the ore extraction process in the mining 
area.

Table 2   Mean chemical values for seasonal groups distinguished by hierarchical cluster analysis.

Parameter Dry season Rainy season

Complete dataset Cluster 1 Cluster 2 Complete dataset Cluster 1 Cluster 2

Total CL1 SCL1a SCL1b Total
CL2

Total
CL1

Total CL2 SCL2a SCL2b

No. of samples 14 8 5 3 6 26 18 8 6 2
Temperature (°C) 18.2 18.5 20.1 15.8 17.7 22.3 21.0 25.4 25.1 26.2
pH 7.8 8.1 7.9 8.4 7.5 7.4 7.5 7.2 6.9 8.0
EC (μS/cm) 233.6 305.6 318.4 284.3 137.5 247.1 302.5 122.5 104.8 175.5
TDS (mg/L) 180.3 241.2 259.5 210.8 99.1 195.1 240.6 92.5 79.5 131.5
Ca2+ (mg/L) 37.0 52.3 54.9 48.1 16.6 42.1 52.6 18.5 13.7 33.0
Mg2+ (mg/L) 3.2 2.9 3.6 1.6 3.6 2.2 2.3 2.0 2.6 0.1
Na+ (mg/L) 1.9 1.5 1.0 2.3 2.5 1.0 0.8 1.4 1.7 0.5
K+ (mg/L) 0.7 1.1 0.8 1.5 0.3 0.7 0.9 0.3 0.3 0.4
HCO3

– (mg/L) 118.9 155.6 181.8 111.9 70.0 135.3 167.4 63.0 55.5 85.7
SO4

2– (mg/L) 9.7 15.2 3.3 35.0 2.5 2.8 2.7 3.0 1.2 8.4
Cl– (mg/L) 1.6 2.4 1.5 3.9 0.5 1.6 2.0 0.6 0.5 1.0
NO3

– (mg/L) 7.2 10.4 12.8 6.3 3.0 9.3 11.9 3.6 3.9 2.5
As (μg/L) 6.5 10.9 5.0 20.7 0.7 3.5 1.3 8.4 0.4 32.3
Fe (μg/L) 13.1 12.8 4.2 27.1 13.5 8.2 4.9 15.6 17.6 9.7
Zn (μg/L) 10.5 12.3 13.3 10.7 8.1 100.9 96.1 111.8 117.0 96.0
Al (μg/L) 42.9 68.5 9.7 166.7 8.7 32.0 24.6 48.8 28.9 108.4
Sr (μg/L) 66.6 61.2 50.0 79.8 73.8 49.0 50.7 45.3 56.9 10.3
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In summary, the clustering results are meaningful in 
grouping and linking water sources; however, the limited 
number of samples (40) and sampling campaigns (sea-
sonal over a single hydrological cycle) pose mathematical 
issues which can affect cluster structure. Thus, even if 
hierarchical cluster analysis yields statistically significant 
results, these results are not significant unless they can 
be reasonably explained by the conceptual groundwater 

system model and hydrochemical dynamics, as well as 
geologic data.

Using the concentration of trace and rare earth 
elements as a natural tracer

As mentioned by Gill et al. (2018), the consistent contrast 
in REE features establishes a basis for quantifying the 

Fig. 6   REE abundances in waters normalized to the PAAS (Post 
Archean Australian Shales) standard; Taylor and McLennan 1985) 
and divided into the samples collected during the dry season in 
March 2020 (a and c) and wet season in June 2020 (b and d). Pan-
els (a–b) show all measured water data without adjustment, while 
panels (c–d) show the mean concentration of each group as well as 

each cave to emphasize the features in terms of their pattern, slope, 
concentrations, and variations in primary water anomalies (Ce, Eu). 
Water samples were collected from the Na De spring system (NDSS; 
orange-filled squares); from caves (caves; blue-filled circles); in the 
southwest of DVKP (SW springs; green-filled triangles); and at the 
mining area (red-filled inverted triangles)
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contributions of autogenic and allogenic inputs to groundwa-
ter. Therefore, REE patterns can be used as a natural tracer 
to provide additional information about the characteristics 
of aquifer and recharge sources.

The simple comparison of REE systematics exposes 
differences between SW springs and the karst-dominated 
waters (Na De spring system, NLC). Specifically, the 
normalized REE patterns (Fig. 6c,d) show that the karst 
groundwater samples have inherited their REE features 
from the carbonate rocks, including low ΣREE concentra-
tions, strongly negative Ce anomalies, and high enrichment 
in HREEs. By contrast, the SW springs have much higher 
REE concentrations, a much smaller negative Ce anomaly, 
and a flatter overall REE pattern.

Figure 6c shows great similarities in the REE patterns of 
NLC and NDSS in the dry season, while in the rainy season 
(Fig. 6d), the negative Ce anomaly of NLC was significantly 
lower, and the HREE enrichment was higher than NDSS 
(more details in the Appendix Table 4). These results, com-
bined with the ratios of major ion concentrations and spatial 
relationships strongly suggest that NDSS and NLC belong 
to the discharge zone of the same karst catchment, but do 
not preclude the possibility that there is also a connection 
between NLC and nearby flow systems. In addition, the Ce 
anomalies of NDSS and NLC become less negative, cou-
pled with increasing total REE concentrations during the 
rainy season, basically reflecting the mixing with sources 
that were lacking negative Ce anomalies, or that exhibited 
Ce anomalies such as rainwaters and/or water from another 
catchment.

Excluding the total REE, the REE patterns between 
the mining area and the NLC in both seasons show great 
similarities, and there is only a difference in Ce anomaly 
in the rainy season (more details in the Appendix Table 4. 
Whereas, the abnormally high arsenic concentrations in 
the mining area and NCL combined with their location and 
geologic data indicate a connection between these sam-
pling sites in the karst system when arsenic is thought to 
be transported by water flow from the mining area through 
fractures or cave systems in the unsaturated zone to NLC 
(Fig. 7a,c).

From a speleological and geological point of view, the 
HRC sample was taken at the lake (endpoint) of Hang Rong 
Cave, which developed in the Triassic siliceous limestone 
of the Hong Ngai Fm. Thus, the groundwater has the REE 
distribution patterns of the host rock (Cholet et al. 2019); 
however, the REE patterns of HRC are fundamentally dif-
ferent from those of the Permian-Triassic limestone and 
shale samples at the Lung Cam boundary (located in the 
Dong Van karst plateau) analyzed by Trinh et al. 2007. 
In addition, the major ion composition data in the water 
samples from HRC have similar characteristics to those 

from the NDSS, which belongs to the Bac Son karst aqui-
fer (section ‘Water–rock interaction’; Fig. 4d). Moreover, 
there are also similarities between HRC and NDSS in terms 
of REE patterns, except for lower negative Ce anomalies, 
which are thought to be the result of oxidation of Ce3+ to 
Ce4+ and subsequent stabilization of carbonate Ce4+ com-
plexes in alkaline lake water, the same as in the case of 
Lake Van (Möller and Bau 1993) or the Abert and Mono 
lakes (Johannesson et al. 1994). These results would indi-
cate that the HRC has the characteristics of an alkaline 
lake developed in Triassic siliceous limestones (T1hn), but 
mainly associated with the Bac Son (C-Pbs) karst aquifer 
(Fig. 7a,b).

The TSC sample was collected at the drainage into Tia 
Sang Cave, which is located at the boundary between the 
terrigenous sediments of the Song Hien Fm. (T1sh) and 
the limestone of the Bac Son Fm. (C-Pbs). Notwithstand-
ing the significant differences in major ion composition 
and water type (as presented in section ‘Water–rock inter-
action’), there are several commonalities in the REE pat-
terns between TSC and NDSS during the dry and wet 
seasons. In particular, the REE patterns in the dry season 
at both sampling sites show a strong negative Ce anom-
aly, a moderate positive Eu anomaly, and a significant 
HREE enrichment (Fig. 6c), while in the wet season, the 
REE patterns show weaker negative Ce anomalies, lower 
positive Eu anomalies, and flatter REE distribution pat-
terns (Fig. 6d). These results, combined with the geologic 
data, lead one to speculate that TSC could be one of the 
recharge sources of the Na De spring karst catchment. 
(Fig. 7a).

Estimated water balance

Calculation of the water balance is never straightforward 
for a karst aquifer. It requires deep understanding of the 
hydrogeologic processes that took place in that karst sys-
tem and the catchment area of the discharge zone. In this 
section, an estimated water balance is computed based 
on the established hydrogeologic conceptual model to 
provide preliminary ideas about the potential catchment 
area of the Na De discharge zone. The approximate 
water balance is calculated using the following general 
equation:

where Q = annual average discharge of the spring (m3/s); R 
= estimated recharge (mm/year), i.e., the difference between 
precipitation (P in mm/year) and evapotranspiration (ET in 
mm/year); A = recharge area (km2), i.e., the potential catch-
ment area of the Na De discharge zone.

(4)Q = R × A
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According to the available data (Table 3), this calcu-
lation includes precipitation during 2015–2020 at the 
climate station Dong Van District (NCHMF); potential 
evapotranspiration was calculated based on the hourly 
potential evapotranspiration (hPET) dataset for the global 
land surface at 0.1° spatial resolution (Singer et al. 2021) 
over the period 2015–2020 due to the lack of actual evapo-
ration data; the potential catchment area is assumed to be 
the entire area of the Dong Van karst plateau; and the Na 
De spring system discharge is a one-time measurement in 
the wet season—Ender, Institute of Applied Geosciences 
(AGW), Karlsruhe Institute of Technology (KIT), unpub-
lished data from the field trip report for Dong Van Karst 
Plateau, 2014.

The estimated average annual discharge of the spring is 25.6 
m3/s, which is lower than the discharge of the Na De spring 
system, which was recorded at 44 m3/s. This means that the 
Na De discharge zone catchment could be much larger than 
the potential catchment boundary delineated in the Dong Van 
karst plateau.

It can be seen that all elements of this water balance are 
associated with a high degree of uncertainty, particularly the 
potential catchment area (A), and evapotranspiration (ET). 
However, this rough estimation could provide an overview of 
the magnitude and importance of the Na De spring system in 
the Dong Van karst plateau. Hence, detailed studies need to 

be implemented in the future in order to improve knowledge 
of this karst system.

Conclusions

This article highlights the effectiveness of the groundwa-
ter geochemistry approach in karst hydrogeologic research. 
In particular, this approach is very useful for preliminary 
studies in areas like the Dong Van karst aquifer system. 
This study shows that analytical results of different ground-
water parameters (major ions, trace and rare earth ele-
ments) can complement each other to clarify hydrochemi-
cal processes that are occurring in a karst system. This can 
form the basis of a hydrogeologic conceptual model, which 
can inform strategies for the protection and management 
of karst water resources. In addition to these general con-
clusions, this work has led to several specific conclusions 
about the study area.

Multivariate statistical analysis (hierarchical cluster 
analysis) of major ion composition has clarified the water 
chemistry signatures and provided a scientific basis for 
comparing and partitioning water samples into distinct 
hydrochemical groups that may be significant in a geologic 
context. Specifically, the Na De spring system (NDSS) and 
Na Luong Cave (NLC) belong to the same discharge zone 

Fig. 7   Conceptual model of the Dong Van karst aquifer system: 
a Cross-section displaying the distribution and association abil-
ity between sampling areas based on physicochemical parameters 

and trace elements in water; b Profile showing the structure of 
Hang Rong Cave; c Simple conceptual model of Na De karst 
spring system
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of a karst catchment of the Bac Son karst aquifer (C-Pbs), 
whereas the SW springs and Tia Sang cave (TSC) were 
identified as typical of shallow groundwater in nonkarst 
formations.

Trace and rare earth element concentrations and patterns 
can be used as potential natural tracers of groundwater ori-
gin when some processes are not revealed through conven-
tional hydrochemical methods, such as signatures of major 
ions in the case of Dong Van karst aquifer system. Specifi-
cally, it is possible to show a connection between the mining 
area and Na Luong Cave by the abnormally high arsenic 
concentrations, and similarity in the REE pattern, combined 

with location and geologic data. Meanwhile, Hang Rong 
cave has the features of an alkaline lake that developed in 
Triassic siliceous limestones of the Hong Ngai Fm., but is 
mainly associated with the Bac Son karst aquifer due to 
similarity in the REE pattern and major ion composition. 
The commonalities in REE patterns between TSC and the 
NDSS, combined with geologic data, lead to speculation 
that it could be one of the recharge sources of the Na De 
discharge zone.

 An initial water balance, while subject to uncertain-
ties, indicates that the Na De discharge zone catchment 
may extend beyond the boundary of the Dong Van karst 
plateau.

These findings are subject to some limitations due 
to the number of samples and sampling campaigns 
(seasonal over a single hydrological cycle). However, 
these results are very encouraging and deliver a valuable 
base for a better understanding of the Dong Van karst 
aquifer system. Based on that, detailed studies could 
be considered and implemented in the future, such as 
an artificial tracer test and long-term monitoring of 
groundwater.

Appendix

Table 4

Table 3   Elements for calculating the water balance on the Dong Van 
karst plateau

Potential 
catchment 
area

Annual 
average 
precipitation 
(2015–2020)

Annual aver-
age potential 
evapotran-
spiration 
(2015–2020)

Annual aver-
age discharge 
of the spring 
(2015–2020)

The Na 
De spring 
system 
discharge 
measurement

(km2) (mm/year) (mm/year) (m3/s) (m3/s)

620 1,537 231 25.6 44



	 Hydrogeology Journal

1 3

Ta
bl

e 
4  

R
EE

 c
on

ce
nt

ra
tio

n 
(n

g/
L)

 a
nd

 R
EE

 d
ist

rib
ut

io
n 

pa
tte

rn
 p

ar
am

et
er

s o
f w

at
er

 sa
m

pl
es

 in
 D

V
K

P.
 M

ea
n 

va
lu

es
 a

re
 g

iv
en

 in
 it

al
ic

 

Sa
m

pl
e 

se
as

on
Sa

m
pl

e 
ar

ea
Sa

m
pl

e 
po

in
t

La
C

e
Pr

N
d

Sm
Eu

G
d

Tb
D

y
H

o
Er

Tm
Y

b
Lu

∑
R

EE
C

e/
 C

e*
Eu

/ E
u*

Pr
n/ 

Y
b n

D
ry

 se
as

on
N

D
SS

B
M

1
8.

2
3.

4
1.

6
6.

8
1.

1
0.

5
1.

7
0.

3
2.

1
0.

6
1.

5
0.

3
1.

5
0.

3
29

.8
0.

2
1.

6
0.

3
B

M
2

10
.1

6.
8

1.
9

8.
4

1.
9

0.
8

2.
2

0.
4

2.
3

0.
7

1.
8

0.
3

1.
6

0.
3

39
.5

0.
3

1.
9

0.
4

B
M

6
8.

6
6.

7
1.

5
6.

4
1.

9
0.

5
1.

7
0.

2
2.

4
0.

7
1.

8
0.

3
1.

6
0.

3
34

.8
0.

4
1.

3
0.

3

B
M

7.
3

7.
0

4.
0

1.
4

5.
4

1.
2

0.
5

1.
6

0.
3

2.
1

0.
6

1.
8

0.
2

1.
5

0.
2

27
.6

0.
3

1.
6

0.
3

 M
ea

n
8.

5
5.

2
1.

6
6.

7
1.

5
0.

6
1.

8
0.

3
2.

2
0.

6
1.

7
0.

3
1.

5
0.

3
32

.9
0.

3
1.

6
0.

3

C
av

es
N

LC
8.

2
5.

3
1.

6
7.

5
1.

4
0.

5
2.

2
0.

3
3.

0
0.

8
2.

2
0.

3
1.

9
0.

4
35

.7
0.

3
1.

4
0.

3

H
RC

21
.3

34
.2

5.
0

20
.2

4.
6

1.
3

4.
2

0.
7

4.
1

1.
0

2.
2

0.
3

2.
2

0.
4

10
1.

7
0.

7
1.

3
0.

7

TS
C

14
.8

12
.7

3.
9

16
.2

3.
5

1.
3

5.
6

0.
9

4.
1

1.
0

2.
8

0.
5

1.
9

0.
6

69
.7

0.
4

1.
4

0.
6

M
in

in
g 

ar
ea

D
A

5
6.

7
9.

2
1.

7
8.

7
1.

9
0.

7
2.

9
0.

5
4.

1
1.

2
3.

4
0.

4
2.

6
0.

5
44

.5
0.

6
1.

5
0.

2

D
A

6
22

8.
6

21
4.

6
41

.9
19

9.
1

39
.0

9.
3

53
.9

7.
5

52
.4

12
.6

36
.0

4.
8

29
.1

4.
9

93
3.

8
0.

4
1.

0
0.

4

 M
ea

n
11

7.
6

11
1.

9
21

.8
10

3.
9

20
.5

5.
0

28
.4

4.
0

28
.2

6.
9

19
.7

2.
6

15
.8

2.
7

48
9.

1
0.

4
1.

0
0.

4

SW
 sp

rin
gs

D
A

7
27

.1
41

.1
6.

2
27

.0
6.

3
1.

8
7.

6
1.

1
6.

3
1.

3
3.

8
0.

5
3.

1
0.

5
13

3.
7

0.
7

1.
2

0.
6

D
A

9
13

.6
23

.6
2.

8
13

.0
2.

8
0.

8
2.

4
0.

5
2.

8
0.

7
1.

9
0.

2
1.

5
0.

2
66

.8
0.

8
1.

5
0.

6

D
A

11
33

.8
22

.0
7.

3
32

.5
6.

2
1.

8
7.

3
1.

1
6.

5
1.

2
3.

9
0.

5
2.

8
0.

4
12

7.
3

0.
3

1.
3

0.
8

D
A

12
38

.1
44

.0
8.

6
35

.2
6.

4
1.

7
7.

6
1.

0
6.

9
1.

2
3.

2
0.

4
2.

1
0.

3
15

6.
6

0.
5

1.
1

1.
3

D
A

13
23

.4
35

.3
4.

7
20

.7
4.

3
1.

2
3.

8
0.

5
3.

4
0.

6
1.

8
0.

2
1.

5
0.

3
10

1.
8

0.
7

1.
4

1.
0

 M
ea

n
27

.2
33

.2
5.

9
25

.7
5.

2
1.

5
5.

7
0.

8
5.

2
1.

0
2.

9
0.

4
2.

2
0.

3
11

7.
3

0.
6

1.
3

0.
8

W
et

 se
as

on
N

D
SS

B
M

1
18

.1
16

.8
3.

0
17

.5
3.

6
1.

0
6.

5
1.

2
9.

2
2.

0
6.

5
0.

9
5.

2
1.

0
92

.5
0.

4
1.

0
0.

2

B
M

2
14

.7
12

.9
2.

3
12

.8
2.

3
1.

0
5.

0
0.

9
7.

3
1.

7
5.

3
0.

8
4.

2
0.

8
72

.2
0.

4
1.

4
0.

2

B
M

3
16

.0
14

.9
2.

2
16

.0
3.

2
1.

3
5.

8
1.

1
7.

7
1.

7
5.

7
0.

8
4.

3
0.

8
81

.5
0.

4
1.

4
0.

2

B
M

4
17

.1
15

.8
2.

7
16

.0
3.

4
1.

1
6.

5
1.

2
8.

4
2.

0
6.

4
0.

9
4.

6
0.

9
87

.0
0.

4
1.

1
0.

2

B
M

5
15

.9
15

.7
2.

4
15

.3
3.

2
0.

8
6.

1
1.

1
7.

7
1.

9
5.

9
0.

9
4.

7
2.

7
84

.4
0.

4
0.

9
0.

2

B
M

6
17

.8
18

.1
2.

7
15

.7
3.

8
1.

4
6.

2
1.

1
8.

6
1.

9
6.

3
1.

0
4.

8
0.

8
90

.3
0.

5
1.

4
0.

2

B
M

7
19

.3
19

.4
3.

1
18

.3
4.

8
1.

4
7.

0
1.

2
10

.1
2.

2
6.

5
1.

1
4.

7
0.

8
99

.9
0.

5
1.

1
0.

2

B
M

7.
1

17
.3

17
.3

2.
8

17
.3

4.
6

1.
2

5.
6

0.
9

7.
9

1.
9

5.
3

0.
7

4.
5

0.
9

88
.2

0.
4

1.
1

0.
2

B
M

7.
2

17
.2

17
.5

2.
7

17
.1

2.
5

1.
1

6.
2

1.
1

8.
0

2.
0

5.
7

0.
8

4.
4

0.
8

87
.3

0.
5

1.
4

0.
2

B
M

7.
3

19
.4

20
.1

3.
5

20
.2

3.
9

1.
1

7.
1

1.
2

9.
6

2.
2

5.
9

1.
2

5.
2

0.
9

10
1.

4
0.

5
1.

0
0.

2

B
M

8
16

.1
17

.3
2.

5
16

.9
3.

2
1.

1
5.

5
1.

2
7.

6
1.

9
5.

0
0.

7
4.

3
0.

8
83

.9
0.

5
1.

2
0.

2

B
M

8.
1

14
.6

14
.9

2.
6

15
.1

3.
1

1.
0

5.
4

1.
1

7.
2

1.
6

5.
4

0.
8

3.
9

0.
8

77
.5

0.
4

1.
2

0.
2

A
pp

en
di

x



Hydrogeology Journal	

1 3

Ta
bl

e 
4  

(c
on

tin
ue

d)

Sa
m

pl
e 

se
as

on
Sa

m
pl

e 
ar

ea
Sa

m
pl

e 
po

in
t

La
C

e
Pr

N
d

Sm
Eu

G
d

Tb
D

y
H

o
Er

Tm
Y

b
Lu

∑
R

EE
C

e/
 C

e*
Eu

/ E
u*

Pr
n/ 

Y
b n

B
M

8.
2

17
.6

17
.6

2.
9

17
.8

3.
4

1.
2

6.
6

1.
1

8.
7

2.
1

5.
3

0.
7

4.
7

0.
7

90
.4

0.
4

1.
2

0.
2

B
M

8.
3

19
.5

19
.8

3.
3

16
.4

4.
8

1.
2

6.
5

1.
3

8.
4

2.
0

6.
4

1.
0

4.
9

0.
9

96
.4

0.
5

1.
0

0.
2

B
M

9
17

.1
27

.8
2.

8
15

.4
3.

5
1.

3
6.

4
0.

9
7.

0
1.

9
5.

0
0.

7
4.

4
0.

8
95

.1
0.

8
1.

3
0.

2

B
M

10
19

.4
24

.4
3.

5
18

.7
3.

2
1.

0
6.

4
1.

0
7.

7
1.

9
5.

4
0.

8
4.

4
0.

9
98

.8
0.

6
1.

0
0.

2

 M
ea

n
17

.3
18

.1
2.

8
16

.7
3.

5
1.

1
6.

2
1.

1
8.

2
1.

9
5.

8
0.

9
4.

6
0.

9
89

.2
0.

5
1.

1
0.

2

C
av

es
N

LC
13

.2
30

.0
2.

5
15

.3
4.

9
1.

2
8.

7
1.

4
12

.0
3.

0
9.

2
1.

3
6.

4
1.

3
11

0.
4

1.
0

0.
9

0.
1

H
RC

21
.2

34
.3

4.
1

20
.9

4.
1

1.
8

5.
3

1.
2

7.
2

1.
8

4.
9

0.
8

4.
0

0.
7

11
2.

4
0.

7
1.

8
0.

3

TS
C

43
.3

77
.0

10
.8

54
.5

12
.1

3.
2

16
.8

2.
5

15
.1

3.
5

9.
6

1.
5

8.
4

1.
3

25
9.

5
0.

7
1.

0
0.

4

M
in

in
g 

ar
ea

D
A

5
24

.0
36

.4
5.

0
29

.8
9.

0
2.

6
15

.1
2.

6
19

.5
4.

6
13

.4
2.

1
10

.4
2.

1
17

6.
6

0.
6

1.
0

0.
1

D
A

6
42

.6
53

.2
8.

8
43

.4
10

.0
2.

5
16

.8
2.

6
19

.2
4.

4
11

.8
1.

7
9.

0
1.

6
22

7.
5

0.
6

0.
9

0.
3

 M
ea

n
33

.3
44

.8
6.

9
36

.6
9.

5
2.

5
15

.9
2.

6
19

.3
4.

5
12

.6
1.

9
9.

7
1.

8
20

2.
0

0.
6

1.
0

0.
2

SW
 sp

rin
gs

D
A

7
29

.5
45

.9
6.

2
29

.7
6.

9
2.

2
9.

0
1.

7
11

.4
2.

4
7.

6
1.

0
6.

4
1.

0
16

0.
9

0.
7

1.
3

0.
3

D
A

9
51

.0
12

9.
5

11
.8

54
.5

12
.5

2.
8

15
.2

2.
5

15
.6

3.
5

9.
1

1.
3

7.
1

1.
3

31
7.

6
1.

1
1.

0
0.

5

D
A

11
23

5.
7

68
.7

48
.3

19
3.

9
37

.2
8.

8
47

.3
6.

9
40

.4
8.

3
22

.0
2.

8
14

.9
2.

4
73

7.
6

0.
1

1.
0

1.
0

D
A

12
30

.3
52

.1
6.

2
31

.0
6.

3
1.

5
9.

1
1.

5
11

.0
2.

1
6.

7
1.

1
5.

6
0.

7
16

5.
3

0.
8

0.
9

0.
3

D
A

13
42

.1
75

.9
8.

8
42

.2
8.

8
2.

0
10

.5
1.

7
10

.9
2.

4
6.

7
0.

9
5.

6
1.

0
21

9.
4

0.
8

1.
0

0.
5

 M
ea

n
77

.7
74

.4
16

.3
70

.2
14

.3
3.

4
18

.2
2.

9
17

.9
3.

7
10

.4
1.

4
7.

9
1.

3
32

0.
2

0.
4

1.
0

0.
6



	 Hydrogeology Journal

1 3

Acknowledgements  We gratefully acknowledge the Vietnam Institute 
of Geosciences and Mineral Resources (VIGMR, Hanoi) and the Bel-
gian SPEKUL club for their support in providing the geological and 
cave database. Special thanks are given to Dominik Richter, Niclas 
Danielzik, Nguyen Van Dong, Nguyen Cao Cuong, and Nguyen Manh 
Tuan for their help during fieldwork. Also, we want to thank the KIT 
laboratory team (Daniela Blank, Christine Buschhaus and Christine 
Roske-Stegemann) for their support. Finally, we are grateful to Arthur 
N. Palmer, Margaret Palmer and Ty Ferre for their language support, 
as well as the two anonymous reviewers for their valuable comments.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. This work was carried out with the financial support of the 
German Federal Ministry of Education and Research (BMBF) [grant 
number 02WCL1291A and 02WCL1415] and was partly sponsored by 
the Catholic Academic Exchange Service (KAAD) and the Graduate 
School of the Centre for Climate and Environment (GRACE).

Declarations 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

 References

Benischke R (2021) Advances in the methodology and application of 
tracing in karst aquifers. Hydrogeol J 29(1):67–88. https://​doi.​org/​
10.​1007/​s10040-​020-​02278-9

Berglund JL, Toran L, Herman EK (2019) Deducing flow path mixing 
by storm-induced bulk chemistry and REE variations in two karst 
springs: with trends like these who needs anomalies? J Hydrol 
571:349–364. https://​doi.​org/​10.​1016/j.​jhydr​ol.​2019.​01.​050

Cholet C, Steinmann M, Charlier JB, Denimal S (2019) Characterizing 
fluxes of trace metals related to dissolved and suspended matter 
during a storm event: application to a karst aquifer using trace 
metals and rare earth elements as provenance indicators. Hydro-
geol J 27(1):305–319. https://​doi.​org/​10.​1007/​s10040-​018-​1859-2

Do T (2001) Characteristics of karst ecosystems of Vietnam and their 
vulnerability to human impact. Acta Geol Sin (English edn.) 
75(3):325–329. https://​doi.​org/​10.​1111/j.​1755-​6724.​2001.​tb005​
39.x

Elango L, Kannan R (2007) Rock–water interaction and its control on 
chemical composition of groundwater. Devel Environ Sci 5:229–
243. https://​doi.​org/​10.​1016/​S1474-​8177(07)​05011-5

Ender A, Goeppert N, Goldscheider N (2018) Hydrogeological con-
trols of variable microbial water quality in a complex subtropical 
karst system in northern Vietnam. Hydrogeol J 26(7):2297–2314. 
https://​doi.​org/​10.​1007/​s10040-​018-​1783-5

Gao Z, Liu J, Feng J, Wang M, Wu G (2019) Hydrogeochemical charac-
teristics and the suitability of groundwater in the alluvial-diluvial 

plain of Southwest Shandong Province, China. Water 11(8):1577. 
https://​doi.​org/​10.​3390/​w1108​1577

Gibbs RJ (1970) Mechanisms controlling world water chemistry. Sci-
ence 170(3962):1088–1090

Gill LW, Babechuk MG, Kamber BS, McCormack T, Murphy C (2018) 
Use of trace and rare earth elements to quantify autogenic and 
allogenic inputs within a lowland karst network. Appl Geochem 
90:101–114. https://​doi.​org/​10.​1016/j.​apgeo​chem.​2018.​01.​001

Goldscheider N (2015) Overview of methods applied in karst hydro-
geology. In: Stevanović Z (ed) Karst aquifers: characteriza-
tion and engineering, professional practice in earth sciences. 
Springer, Cham, Switzerland, pp 127–145. https://​doi.​org/​10.​
1007/​978-3-​319-​12850-4_4

Goldscheider N, Chen Z, Auler AS, Bakalowicz M, Broda S, Drew 
D, Hartmann J, Jiang G, Moosdorf N, Stevanovíc Z, Veni G 
(2020) Global distribution of carbonate rocks and karst water 
resources. Hydrogeol J 28(5):1661–1677. https://​doi.​org/​10.​1007/​
s10040-​020-​02139-5

Güler C, Thyne GD, McCray JE, Turner AK (2002) Evaluation of 
graphical and multivariate statistical methods for classification 
of water chemistry data. Hydrogeol J 10(4):455–474. https://​doi.​
org/​10.​1007/​s10040-​002-​0196-6

Han G, Liu CQ (2007) Dissolved rare earth elements in river waters 
draining karst terrains in Guizhou Province, China. Aquat Geo-
chem 13(1):95–107. https://​doi.​org/​10.​1007/​s10498-​006-​9009-1

Heikkinen P, Korkka-Niemi K, Lahti M, Salonen VP (2002) Ground-
water and surface water contamination in the area of the Hitura 
nickel mine, Western Finland. Env Geol 42(4):313–329. https://​
doi.​org/​10.​1007/​s00254-​002-​0525-z

Hoang XT (1976) Report on geological mapping and mineral resources 
assessment at 1:200,000 scale of Bao Lac map group (in Vietnam-
ese). Department of Geology and Minerals of Vietnam, Hanoi

Holland M, Witthüser KT (2009) Geochemical characterization of 
karst groundwater in the cradle of humankind world heritage site, 
South Africa. Env Geol 57(3):513–524. https://​doi.​org/​10.​1007/​
s00254-​008-​1320-2

Hunkeler D, Mudry J (2014) Hydrochemical methods. In: Goldscheider 
N, Drew D (eds) Methods in karst hydrogeology, IAH: interna-
tional contribution to hydrogeology, 26. Taylor and Francis, Lon-
don, pp 93–121. https://​doi.​org/​10.​1201/​97814​82266​023

Johannesson KH, Lyons WB, Bird DA (1994) Rare earth element 
concentrations and speciation in alkaline lakes from the western 
USA. Geophys Res Lett 21(9):773–776. https://​doi.​org/​10.​1029/​
94GL0​0005

Lambrakis N, Antonakos A, Panagopoulos G (2004) The use of multi-
component statistical analysis in hydrogeological environmental 
research. Water Res 38(7):1862–1872. https://​doi.​org/​10.​1016/j.​
watres.​2004.​01.​009

Lee SG, Lee DH, Kim Y, Chae BG, Kim WY, Woo NC (2003) Rare 
earth elements as indicators of groundwater environment changes 
in a fractured rock system: evidence from fracture-filling calcite. 
Appl Geochem 18(1):135–143. https://​doi.​org/​10.​1016/​S0883-​
2927(02)​00071-9

McLennan SM (1989) Rare earth elements in sedimentary rocks: influ-
ence of provenance and sedimentary processes. In: Bruce RL, 
McKay GA (eds) Geochemistry and mineralogy of rare earth ele-
ments. Min. Soc. Am., Washington, DC p 169–200. https://​doi.​
org/​10.​1515/​97815​01509​032-​010

Möller P, Bau M (1993) Rare-earth patterns with positive cerium 
anomaly in alkaline waters from Lake Van, Turkey. Earth Planet 
Sci Lett 117(3–4):671–676. https://​doi.​org/​10.​1016/​0012-​
821X(93)​90110-U

Möller P, Dulski P, Savascin Y, Conrad MJCG (2004) Rare earth ele-
ments, yttrium and Pb isotope ratios in thermal spring and well 
waters of West Anatolia, Turkey: a hydrochemical study of their 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10040-020-02278-9
https://doi.org/10.1007/s10040-020-02278-9
https://doi.org/10.1016/j.jhydrol.2019.01.050
https://doi.org/10.1007/s10040-018-1859-2
https://doi.org/10.1111/j.1755-6724.2001.tb00539.x
https://doi.org/10.1111/j.1755-6724.2001.tb00539.x
https://doi.org/10.1016/S1474-8177(07)05011-5
https://doi.org/10.1007/s10040-018-1783-5
https://doi.org/10.3390/w11081577
https://doi.org/10.1016/j.apgeochem.2018.01.001
https://doi.org/10.1007/978-3-319-12850-4_4
https://doi.org/10.1007/978-3-319-12850-4_4
https://doi.org/10.1007/s10040-020-02139-5
https://doi.org/10.1007/s10040-020-02139-5
https://doi.org/10.1007/s10040-002-0196-6
https://doi.org/10.1007/s10040-002-0196-6
https://doi.org/10.1007/s10498-006-9009-1
https://doi.org/10.1007/s00254-002-0525-z
https://doi.org/10.1007/s00254-002-0525-z
https://doi.org/10.1007/s00254-008-1320-2
https://doi.org/10.1007/s00254-008-1320-2
https://doi.org/10.1201/9781482266023
https://doi.org/10.1029/94GL00005
https://doi.org/10.1029/94GL00005
https://doi.org/10.1016/j.watres.2004.01.009
https://doi.org/10.1016/j.watres.2004.01.009
https://doi.org/10.1016/S0883-2927(02)00071-9
https://doi.org/10.1016/S0883-2927(02)00071-9
https://doi.org/10.1515/9781501509032-010
https://doi.org/10.1515/9781501509032-010
https://doi.org/10.1016/0012-821X(93)90110-U
https://doi.org/10.1016/0012-821X(93)90110-U


Hydrogeology Journal	

1 3

origin. Chem Geol 206(1–2):97–118. https://​doi.​org/​10.​1016/j.​
chemg​eo.​2004.​01.​009

Nguyen VL, Nguyen KN, Hoang VH, Tran TQ, Vu NT (2013) Char-
acteristics of groundwater in karstic region in northeastern Viet-
nam. Environ Earth Sci 70(2):501–510. https://​doi.​org/​10.​1007/​
s12665-​012-​1548-8

Parkhurst DL, Appelo CAJ (1999) User’s guide to PHREEQC (ver-
sion 2): a computer program for speciation, batch-reaction, one-
dimensional transport, and inverse geochemical calculations. US 
Geol Surv Water Resour Invest Rep 99-4259, 312 pp

Pham K (1985) The development of karst landscapes in Vietnam. Acta 
Geol Pol 35(3–4):305–319

Schilling OS, Nagaosa K, Schilling TU, Brennwald MS, Sohrin R, 
Tomonaga Y, Kato K (2023) Revisiting Mt Fuji’s groundwa-
ter origins with helium, vanadium and environmental DNA 
tracers. Nature Water 1(1):60–73. https://​doi.​org/​10.​1038/​
s44221-​022-​00001-4

Singer MB, Asfaw DT, Rosolem R, Cuthbert MO, Miralles DG, 
MacLeod D, Quichimbo EA, Michaelides K (2021) Hourly 
potential evapotranspiration at 0.1 resolution for the global land 
surface from 1981-present. Sci Data 8(1):224. https://​doi.​org/​10.​
1038/​s41597-​021-​01003-9

Sivelle V, Pérotin L, Ladouche B, de Montety V, Bailly-Comte V, 
Champollion C, Jourde H (2022) A lumped parameter model 
to evaluate the relevance of excess air as a tracer of exchanged 
flows between transmissive and capacitive compartments of karst 
systems. Frontiers in Water 4. https://​doi.​org/​10.​3389/​frwa.​2022.​
930115

Stevanović Z (2019) Karst waters in potable water supply: a global 
scale overview. Environ Earth Sci 78(23):662. https://​doi.​org/​10.​
1007/​s12665-​019-​8670-9

Taylor SR, McLennan SM (1985) The continental crust: its composition 
and evolution. Blackwell, Oxford, UK

Tran TV (ed) (2010) Investigate and research geological heritages and 
propose building a Geopark in the north of Vietnam (in Vietnam-
ese). Archives in Vietnam Institute of Geosciences and Minerals 
Resources, Hanoi

Tran TV, Lagrou D, Masschelein J, Dusar M, Thai DK, Hoang AV, 
Dinh XQ, Do VT, Ho TC, Doan TA (2004) Karst water manage-
ment in Dong Van and Meo Vac districts, Ha Giang province, 
Vietnam. Contribution of Geological and Speleological Investiga-
tions, Trans-KARST 2004, 265–271 pp

Tran TH, Dang VB, Ngo KC, Dinh HQ, Nguyen MQ (2013) Struc-
tural controls on the occurrence and morphology of karstified 
assemblages in northeastern Vietnam: a regional perspective. 
Environ Earth Sci 70(2):511–520. https://​doi.​org/​10.​1007/​
s12665-​011-​1057-1

Tran DA, Goeppert N, Palmer AN, Goldscheider N (2022) Develop-
ment and structure of karstification of the Dong Van karst plateau 
UNESCO global Geopark, North Vietnam based on cave survey 
data. Int J Earth Sci 111:1573–1592. https://​doi.​org/​10.​1007/​
s00531-​022-​02190-5

Tricca A, Stille P, Steinmann M, Kiefel B, Samuel J, Eikenberg J 
(1999) Rare earth elements and Sr and Nd isotopic compositions 
of dissolved and suspended loads from small river systems in the 
Vosges Mountains (France), the river Rhine and groundwater. 
Chem Geol 160(1–2):139–158. https://​doi.​org/​10.​1016/​S0009-​
2541(99)​00065-0

Trinh HS, Koeberl C, Nguyen LN, Dang TH (2007) The Permian-
Triassic boundary sections in northern Vietnam (Nhi Tao and lung 
cam sections): carbon-isotope excursion and elemental variations 
indicate major anoxic event. Palaeoworld 16(1–3):51–66. https://​
doi.​org/​10.​1016/j.​palwor.​2007.​05.​010

Vu TMN, Vu PT, Vu DH, Nguyen DR, Doan TTT (2016) Hydrogeo-
chemical characterization and groundwater quality of the Dong 
Giao karst aquifer in Tam Diep, Ninh Binh, Vietnam. Acta Carso-
log 45(3):233–242. https://​doi.​org/​10.​3986/​ac.​v45i3.​3588

Ward JH Jr (1963) Hierarchical grouping to optimize an objective func-
tion. J Am Stat Assoc 58:236–244

White WB (1988) Geomorphology and hydrology of karst terrains. 
Oxford University Press, Oxford

World Health Organization (WHO) (2022) Guidelines for drinking-
water quality, 4 edn. https://​www.​who.​int/​publi​catio​ns/i/​item/​
97892​40045​064. Accessed August 2023

Zhou H, Greig A, Tang J, You CF, Yuan D, Tong X, Huang Y (2012) 
Rare earth element patterns in a Chinese stalagmite controlled by 
sources and scavenging from karst groundwater. Geochim Cos-
mochim Acta 83:1–18. https://​doi.​org/​10.​1016/j.​gca.​2011.​12.​027

Publisher’s note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.chemgeo.2004.01.009
https://doi.org/10.1016/j.chemgeo.2004.01.009
https://doi.org/10.1007/s12665-012-1548-8
https://doi.org/10.1007/s12665-012-1548-8
https://doi.org/10.1038/s44221-022-00001-4
https://doi.org/10.1038/s44221-022-00001-4
https://doi.org/10.1038/s41597-021-01003-9
https://doi.org/10.1038/s41597-021-01003-9
https://doi.org/10.3389/frwa.2022.930115
https://doi.org/10.3389/frwa.2022.930115
https://doi.org/10.1007/s12665-019-8670-9
https://doi.org/10.1007/s12665-019-8670-9
https://doi.org/10.1007/s12665-011-1057-1
https://doi.org/10.1007/s12665-011-1057-1
https://doi.org/10.1007/s00531-022-02190-5
https://doi.org/10.1007/s00531-022-02190-5
https://doi.org/10.1016/S0009-2541(99)00065-0
https://doi.org/10.1016/S0009-2541(99)00065-0
https://doi.org/10.1016/j.palwor.2007.05.010
https://doi.org/10.1016/j.palwor.2007.05.010
https://doi.org/10.3986/ac.v45i3.3588
https://www.who.int/publications/i/item/9789240045064
https://www.who.int/publications/i/item/9789240045064
https://doi.org/10.1016/j.gca.2011.12.027

	Use of major ion chemistry and trace and rare earth elements to characterize hydraulic relations, mixing processes and water–rock interaction in the Dong Van karst aquifer system, Northern Vietnam
	Abstract
	Introduction
	Study site
	Geological and hydrogeological settings
	Climatic features

	Materials and methods
	Sampling campaigns and sampling sites
	Measurements and analysis
	Methods
	Presentation of hydrochemical data
	Multivariate statistical analysis
	Normalization and calculation of REE patterns


	Results
	Physicochemical characteristics
	Water–rock interaction
	Hierarchical Cluster Analysis
	Presentation and interpretation of REE data

	Discussion
	Evaluation of clustering results
	Using the concentration of trace and rare earth elements as a natural tracer
	Estimated water balance

	Conclusions
	Appendix
	Acknowledgements 
	References


