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a b s t r a c t

Water-rock interaction and groundwater mixing are important phenomena in understanding hydrogeo-
logical systems and the stability of rock slopes especially those consisting largely of moderately water-
soluble minerals like calcite. In this study, the hydrogeological and geochemical evolutions of groundwa-
ter in a limestone quarry composed of three strata: limestone layer (covering), interbedded layer under
the covering layer, and slaty greenstone layer (basement) were investigated. Water-rock interaction in
the open-pit limestone quarry was evaluated using PHREEQC, while hierarchical cluster analysis (HCA)
and principal component analysis (PCA) were used to classify and identify water sources responsible
for possible groundwater mixing within rock layers. In addition, Geochemist’s Workbench was applied
to estimate the mixing fractions to clarify sensitive zones that may affect rock slope stability. The results
showed that the changes in Ca2+ and HCO3

� concentrations of several groundwater samples along the
interbedded layer could be attributed to mixing groundwater from the limestone layer and that from
slaty greenstone layer. Based on the HCA and PCA results, groundwaters were classified into several types
depending on their origin: (1) groundwater from the limestone layer (LO), (2) mixed groundwater flowing
along the interbedded layer (e.g., groundwater samples L-7, L-11, S-3 and S-4), and (3) groundwater orig-
inating from the slaty greenstone layer (SO). The mixing fractions of 41% LO: 59% SO, 64% LO: 36% SO, 43%
LO: 57% SO and 25% LO: 75% SO on the normal days corresponded to groundwaters L-7, L-11, S-3 and S-4,
respectively, while the mixing fractions of groundwaters L-7 and L-11 (61% LO: 39% SO and 93% LO: 7% SO,
respectively) on rainy days became the majority of groundwater originating from the limestone layer.
These indicate that groundwater along the interbedded layer significantly affected the stability of rock
slopes by enlarging multi-breaking zones in the layer through calcite dissolution and inducing high water
pressure, tension cracks and potential sliding plane along this layer particularly during intense rainfall
episodes.
� 2018 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In limestone quarries, groundwater chemistry is mainly domi-
nated by the dissolution of calcite, the major mineral component

of limestones, because it is moderately soluble in water [1]. The
density, permeability and porosity of limestones primarily depend
on the degree of consolidation and development of permeable
zones after deposition. Prolonged dissolution may result in
enlargement of pore space, which ultimately leads to the develop-
ment of karst terrain, sinkholes, caves or various features, indicat-
ing that the effects of carbonate dissolution on water compositions
are quite conspicuous. Consequently, understanding water-rock
interaction is critical in evaluating changes in chemical composi-
tions of groundwater along flow paths [2]. Domenico [3] and
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Toth [4] also note that groundwater evolves chemically by
interacting with aquifer minerals and internal mixing among
different groundwaters along flow paths. Moreover, variations of
groundwater properties may help distinguish groundwater sources
and aid in the identification of different geological formations.

The chemical composition of a newly formed groundwater is
initially dependent on rainwater [5]. As rainwater percolates
through soil or sediments, the chemical composition changes,
especially when fairly soluble carbonate minerals like calcite and
dolomite exist in the flow path. For example, the saturation index
with respect to calcite is one of the important parameters used to
evaluate groundwater flow in many limestone aquifer systems [6].
Because there are many variables involved in the evolution of
groundwater, multivariate statistical analyses, in particular the
hierarchical cluster analysis (HCA) and principal component anal-
ysis (PCA), are often employed to classify, interpret and quantify
data on groundwater geochemistry. Love et al. [7], for example,
applied PCA to distinguish signatures of uncontaminated ground-
water with those impacted by agricultural activities, mining activ-
ities and sewage pollution. Similarly, Farnham et al. [8] and
Mahlknecht et al. [9] used PCA to discuss geochemical evolution,
mineralization and groundwater contamination in the Ash
Meadows-Death Valley of Nevada and central Mexico, USA, respec-
tively. The HCA has also been used to interpret hydrochemical data
based on factor scores by Kim et al. [10] and Reghunath et al. [11].

Existence of groundwater in mine sites potentially causes slope
stability problems [12]. In Japan, for example, there have been sev-
eral rock slope failures in the limestone quarries partly attributed
to groundwater [13]. In recent years, the flow and potentiometric
level of groundwater are two of the most important factors affect-
ing the stability of rock slopes [14,15]. In the study area, Kondo
et al. [16] and Ozawa et al. [17] revealed that the rock slope was
observed to be deformed in response to elevated groundwater
levels after intense rainfall events, so groundwater in each geolog-
ical formation has been monitored and often extracted to lower
groundwater levels. Their monitored results of crack growths,
however, revealed that lowering groundwater at some levels was
somehow insufficient to prevent the continued deformation of
rock slopes because other factors that were not considered in these
previous studies also affect slope stability. One important parame-
ter related to the instability is the dramatic change in water-rock
interaction due to variations in groundwater flow and groundwa-
ter mixing in flow paths within the three rock strata. Unfortu-
nately, there are very few papers that examine the stability of
rock slope in limestone quarries from the point of view of
geochemistry.

The objectives of this study are to elucidate the contributions of
water-rock interaction to slope stability in a limestone quarry, to
classify groundwater samples and their sources, and finally, to esti-
mate possible mixing of groundwaters between rock layers and
predict possible sensitive zones affecting rock slopes by using geo-
chemical models and statistical analyses.

2. Materials and methods

2.1. Site description

The open-pit limestone quarry in this study is located in the
mountainous region of Chichibu city in Saitama prefecture, Japan
(Fig. 1). The quarry mainly consists of three rock strata: (1) lime-
stone as a covering rock layer, (2) an interbedded layer of lime-
stone and slaty greenstone underlying the covering rock, and (3)
slaty greenstone as basement rock (Fig. 2a). In the covering layer,
limestone is mostly grayish to white, microcrystalline and com-
pact. The limestone deposit in this area was formed in the Triassic

period [18], covering the northern half of the mountain, extending
5 km east-westward with thicknesses between 500 and 700 m, and
lies with a strike of N70�E and dip of 45��80� north. In the
interbedded layer, limestone and slaty greenstone are either
interbedded or sometimes mixed in thicknesses of several cen-
timeters to several meters. Limestone and slaty greenstone are
both cryptocrystalline while the interbedded layer is characterized
by multi-breaking zones. In the basement layer, slaty greenstone
has a dark green to red purple color and was formed by alteration
of basaltic rocks. Even though the basement slaty greenstone is
solid, portions of it immediately below the interbedded layer have
cracks, joints and weak faces because of structural movements and
groundwater flow [19].

2.2. Sample collection and analysis procedure

To survey the geological and hydrological conditions inside the
quarry, some underground tunnels were excavated. Several bore-
holes in each tunnel were also drilled upward to drain and monitor
groundwater levels. The cross sectional and plan views of the lime-
stone quarry with sampling points are illustrated in Fig. 2a and b.
Eleven groundwater sampling campaigns were conducted from
December 2014 to November 2016. Thirteen groundwater samples
in the limestone layer (L-1–L-11, LP-1 and LP-10) and four in the
slaty greenstone layer (S-1–S-4) were collected in each sampling
campaign. In total, 160 groundwater samples (121 from the lime-
stone layer and 39 from the slaty greenstone layer) were collected
in and around the study area.

Geochemical properties of groundwater were monitored and
analyzed periodically. Temperature, pH, oxidation-reduction
potential (ORP) and electrical conductivity (EC) of groundwater
samples were measured in situ. Their flow rates were also
measured by the volumetric method. The groundwater samples
were divided into two parts on site in preparation for the chemical

Fig. 1. Location of the limestone open-pit quarry in Chichibu city, Saitama.
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analyses. The first one was unfiltered and stored in 250 mL bottles
with no air bubble, tightly capping and sealing with plastic tape to
avoid degassing or air contact while the second one was filtered
through 0.45 lm Millex� membrane filters (Merck Millipore, USA)
and stored in 100 mL bottles. The alkalinity was measured by titra-
tion with 0.01 M sulfuric acid in the laboratory immediately after
receiving the samples from the quarry. Concentrations of dissolved
ions and trace elements were measured using ion chromatographs
(ICS-90 and ICS-1000, Dionex Corporation, USA) and an inductively-
coupled plasma atomic emission spectrometer (ICP-AES, ICPE-
9000, Shimadzu Corporation, Japan), respectively. Ion chro-
matographs and ICP-AES both have margins of error about 2–3%.

2.3. Water-rock interaction

The geochemical evolution of groundwater in the study area is
mainly related to changes of Ca2+ and HCO3

� concentrations due to
calcite dissolution (CaCO3+CO2(g)+H2O � Ca2+ + 2HCO3

�) as
reported in the previous studies by Eang et al. [20], so the relation-
ship between these two ions was closely monitored. The calculated
saturation indices of calcite (SIcalcite) by PHREEQC were used to
understand water-rock interaction and possible mixing of ground-
water in the flow paths.

2.4. Multivariate statistical analysis

In hydrogeochemical studies, multivariate statistical analysis is
a quantitative and independent approach of groundwater classifi-
cation (such as grouping groundwater samples and making corre-
lations among the chemical parameters and the samples) and
groundwater source identification [21]. In this paper, two multi-
variate methods, HCA and PCA, were applied using OriginLab (Ori-
ginLab Corp., USA) with the representative dataset of 17 samples
from December 2014 to November 2016. The representative data-
set here referred to the dataset of each sample from eleven ground-
water sampling campaigns by mixing with equal proportion in
volume (e.g., L-1 from eleven time collections were mixed alto-
gether with equal proportion in volume by Smart Mix function of
Geochemist’s Workbench to produce the representative L-1 and
the same methods for other samples). This representative dataset
roughly accounted for the average values, but they may shift a little
from the average ones due to the effect of various pH values. By
doing so, the dataset became more appropriate especially aiming
for mixing of groundwater collected from different periods.

HCA is a data classification technique. Although there are
various clustering techniques, HCA is one of the most common

methods in earth science and often applied in the classification
of hydrogeochemical data [22,23]. In this study, HCA was carried
out with 8 parameters (Na+, Mg2+, K+, Ca2+, Cl�, SO4

2�, NO3
� and

HCO3
�) and the Euclidean distance was utilized as the distance

measure or similarity measurement between sampling sites. The
sampling sites with the greater similarity are grouped first, and
then the steps are repeated until all observations have been classi-
fied. Finally, samples were grouped and assigned into the specific
clusters under the fixed phenon line. To avoid misclassifications
arising from the different orders of magnitude of variables or from
the effect of parameters with the highest variances on the calcula-
tion of Euclidean distance [24,25], the variance of each variable
was standardized as reported by Davis and Sampson [26], and
meq/L unit was used to categorize different behaviors of ground-
water in the rock layers.

PCA is a data transformation technique and also one of the most
widely used multivariate statistical methods in natural sciences,
which was developed by Hotelling [27] from the original work of
Pearson. The principal components were computed using the stan-
dardized data. The general objective of this technique is to simplify
data structure by reducing dimension of the data. In this paper,
PCA was applied with 11 parameters of temperature, pH, EC and
eight ions. The original parameters would be rearranged into sev-
eral new uncorrelated comprehensive components (or factors)
without losing significant information [28,29]. The calculated com-
ponents were rotated with the Varimax rotation method, thus cre-
ating the loadings of closely related variables in each strengthened
component. By the orthogonal projection of the variables on each
of the components, the variable loadings were determined. The
selected components were based on both the significance (Eigen-
value >1) of the component and the cumulative percentage of
explained variance. Finally, the significant step was to interpret
each factor in association with the studied issue; however, the
main target of this application was aimed to distinguish ground-
water samples and to propose the mixing model.

2.5. Groundwater mixing estimation using Flash Diagram

By considering the geochemical data and the results of HCA and
PCA, the conceptual model of groundwater mixing was con-
structed. Using the Flash Diagram function in Geochemist’s Work-
bench� version 11 (GWB, Aqueous Solution LLC), mixing fractions
of the groundwater formed by mixing between two different
groundwaters were estimated. Most of the geochemical data (e.g.,
pH, temperature, concentrations of Ca2+, HCO3

�, Na+, Mg2+, K+, Cl�,
SO4

2�, NO3
� and Si) were employed as the input parameters. In this

Fig. 2. Cross sectional view of the limestone quarry (a) and plan view of sampling points of groundwater (b).
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study, the concentrations of Ca2+ and HCO3
� were key indicators

because calcite dissolution within groundwater flow paths played
an important role, whereas the concentrations of other ions were
very low, almost constant and apparently independent of the geo-
logical formation of the study area. Mixing fractions versus Ca2+

concentrations were considered in the plot from Flash Diagram (see
more descriptions in Section 3.5). The mixing fractions of mixed
groundwater were derived from the plot relying on the Ca2+ con-
centrations. Based on groundwater flow paths and mixing condi-
tions, sensitive zones affecting the stability of rock slopes were
ultimately identified.

3. Results and discussion

3.1. Preliminary results of rock properties

The mineral and chemical compositions of representative rock
samples such limestones in the covering and interbedded layers,
and slaty greenstones in the interbedded and basement layers
were analyzed by X-ray powder diffraction (XRD) and X-ray fluo-
rescence (XRF), respectively. From the XRD results, limestones in
the covering and interbedded layers consist of calcite as their
major mineral component. Slaty greenstone in the interbedded
layer consists of quartz, albite, calcite, chlorite and hematite while
that in the basement layer consists of quartz, albite, chlorite and
hematite. From the XRF results, limestones in the covering and
interbedded layers contain substantial amounts of CaO with
54.6% and 52.9% (by weight), respectively. Meanwhile, the slaty
greenstones contain 38.5% to 39.7% (by weight) of SiO2 as the main
chemical component. Details of the chemical and mineralogical
composition of the different strata have been previously described
by Eang et al. [20].

3.2. In situ measurements of groundwater

The results of in situ measurements of groundwater are pre-
sented in Fig. 3. The flow rates of groundwater in the covering layer
ranged from 0.01 to 298 L/min and had larger fluctuations than

that of the basement rock ranging from 0.02 to 69.9 L/min
(Fig. 3a) because the hydraulic conductivity of the former (4.1 �
10�6 m/s) was about two orders of magnitude higher than that
of the latter (4.2 � 10�8 m/s) (Note: samples LP-1, LP-10 and S-3
were not included in the figure because they were pumped period-
ically or the flow rates were not measurable). In Fig. 3b, tempera-
tures of groundwater ranged from 6 to 17.9 �C in the limestone
layer and were somewhat higher than those in the slaty greenstone
layer (8.8–10.5 �C). In Fig. 3c, pH values of groundwater in the
limestone layer ranged from 7.7 to 8.4 and were lower than those
of groundwater in the slaty greenstone layer (7.8–8.6), which could
be attributed to higher partial pressure of CO2(g) in the limestone
layer [20]. In Fig. 3d, EC values of groundwater in the limestone
layer ranged from 15.9 to 26.5 mS/m and were higher than those
of groundwater in the slaty greenstone layer (11.1–16.9 mS/m),
suggesting that higher total dissolved solids in the limestone layer
were because of the dissolution of calcite. In Fig. 3e, ORP values of
groundwater ranged from 0.075 to 0.25 V in the limestone layer
and from 0.10 to 0.21 V in the slaty greenstone layer, indicating
that there were no significant differences between the two layers.
Also, the groundwater samples were under oxidizing conditions
(ORP > 0).

3.3. Water rock-interaction

The relationship between Ca2+ and HCO3
� concentrations is illus-

trated in Fig. 4. The concentrations in meq/L were used in this
paper. The Ca2+ and HCO3

� concentrations of groundwater in the
limestone layer were generally higher than those in the slaty
greenstone layer. This is to be expected because the limestone
has higher calcite content than the slaty greenstone. In addition,
the Ca2+ and HCO3

� concentrations of samples L-7 and L-11 were
relatively lower than the other samples from the limestone layer,
whereas the Ca2+ and HCO3

� concentrations of samples S-3 and S-
4 were fairly higher than those of samples S-1 and S-2 in the slaty
greenstone layer. Therefore, groundwaters from L-7, L-11, S-3 and
S-4 may have originated from the mixing of groundwaters from the
limestone and slaty greenstone layers because these sampling

Fig. 3. Flow rate (a), temperature (b), pH (c), EC (d) and ORP (e) of all groundwater samples collected from December 2014 to November 2016.
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points were located near the interbedded layer, which is the
boundary layer.

The distribution of SIcalcite of groundwater samples is plotted in
Fig. 5. The SIcalcite of groundwater in the limestone layer was mostly
larger than zero and also greater than the SIcalcite of groundwater in
the slaty greenstone layer. The SIcalcite decreased in July 2015,
which suggests that the recharge of rainwater corresponds to
young groundwater in term of residence time [30]. This means that
the groundwater mixed with rainwater may not have sufficient
time to equilibrate with calcite owing to the faster flow rate. Mer-
kel and Planer-Friedrich pointed out that a SI range of 0 ± 0.05 was
supposed to be in equilibrium due to inherent uncertainties in cal-
culation of SIs such as the accuracy of chemical analysis, mineral
equilibrium constant and the method of calculating ion activities
[31]. This means that most of the groundwater samples from the
limestone layer were supersaturated or in equilibrium with calcite
except those collected in July 2015. The groundwater samples in
the slaty greenstone layer were dominantly in equilibrium or

undersaturated with calcite. From Batoit et al. [32] and Wigley
and Plummer [33], mixing of two groundwaters with different
compositions can lead to undersaturation of calcite in the resulting
groundwater leading to the renewed dissolution of calcite in car-
bonate aquifers, even if the two original groundwaters are in equi-
librium before mixing. Also, the general compositions of mixed
groundwater would lie somewhere between the compositions of
the original groundwaters. Therefore, the change in quality of
groundwater samples L-7, L-11, S-3 and S-4 was most likely caused
by mixing groundwater from the limestone covering layer and
slaty greenstone basement layer. On the rainy days, the mixing
was also affected by rainwater infiltrating through the limestone
covering layer.

3.4. Multivariate statistical analysis

3.4.1. Hierarchical cluster analysis
As part of HCA results, the descriptive statistics are given in

Table 1 to summarize the characteristics and variation between
clustering variables, whereas the procedure of cluster stages, sta-
tistically grouping from the smallest to the highest distances, is
presented in Table 2.

To quantify the similarity of the samples, HCA was then per-
formed based on the concentrations of major ions in groundwater,
and the dendrogram of HCA is presented in Fig. 6. The phenon line
determined the number of clusters by mainly considering the sig-
nificant variation of Ca2+–HCO3

� distributions. As a result, the phe-
non line was defined as the distance of 0.6, by which all samples
were classified into three statistically significant clusters (which
represented the similarity of the individual samples). Cluster I
was composed of the groundwater samples mainly located in the
limestone layer with larger similarity (e.g., higher concentrations
of Ca2+ and HCO3

�) and stable quality. These groundwaters were
regarded as an original groundwater from the covering layer. Most
samples in Cluster II were located along the interbedded layer,
where the groundwaters were possibly mixed between groundwa-
ters from the limestone and slaty greenstone layers (and/or infil-
trated rainwater during the rainy days). However, groundwater
sample S-4 was not in this cluster because it was not dramatically
mixed with groundwater from the limestone layer. Cluster III
basically consisted of groundwaters from the basement slaty
greenstone layer. Groundwaters from S-1 and S-2 had similar
and stable quality, for example, lower concentrations of Ca2+

and HCO3
�. In consequence, these two groundwaters were

assumed to be the original groundwater from the basement slaty
greenstone layer.

3.4.2. Principal component analysis
As part of PCA results, the symmetrical correlation matrix was

computed as shown in Table 3. The result shows that EC, Ca2+

and HCO3
� were in positively high correlations with each other

(with correlation coefficients >0.9) due to calcite dissolution and

Fig. 4. Relationship between Ca2+ and HCO3
� concentrations of all groundwater

samples ( : circled area indicates the groundwater samples that may have
originated from mixing of groundwaters from the limestone and slaty greenstone
layers).

Fig. 5. SIcalcite of all groundwater samples ( : dashed rectangle indicates the
saturated condition of calcite mineral; : circled area indicates the rainy days).

Table 1
Descriptive statistics of the concentrations (meq/L) of eight ions.

Parameters N Mean SD Sum Min Median Max

Na+ 17 0.067 0.026 1.147 0.031 0.075 0.119
Mg2+ 17 0.131 0.094 2.235 0.031 0.087 0.310
K+ 17 0.006 0.002 0.109 0.003 0.006 0.011
Ca2+ 17 1.911 0.454 32.49 1.048 2.021 2.446
Cl� 17 0.029 0.007 0.489 0.019 0.028 0.050
SO4

2� 17 0.184 0.100 3.120 0.068 0.169 0.382
NO3

� 17 0.037 0.032 0.631 0.013 0.021 0.097
HCO3

� 17 1.653 0.320 28.10 0.978 1.720 2.003

Note: SD: standard deviation and N: number of representative samples.
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next followed by Mg2+ and Na+ (with a correlation coefficient of
0.86), which may result from the dissolved ionic compounds of
Mg and Na-bearing minerals. On the other hand, EC, Ca2+ and HCO3

�

were in negatively strong correlations with pH (with correlation
coefficients <�0.9), simply explained that the solubility of CaCO3

increased with a decrease in pH (e.g., the lower pH induced the
higher dissolution of CaCO3).

The rotated factor loadings of principal components on vari-
ables and the biplot from PCA are illustrated in Table 4 and
Fig. 7, respectively. Three major principal components (PC1, PC2,
and PC3) affecting the quality of groundwater are identified, which
accounted for 85.4% as the cumulative variance of the original data
structure (Table 4). The data shown in bold in Table 4 indicate the
relatively significant loading and contribution to the responding
components. PC1, which explained 53.6% of the total variance,

had strong loadings on pH, EC, Ca2+, NO3
� and HCO3

�. The pH and
NO3

� both had the negative coefficients to this factor and they were
positively correlated with each other, whereas the EC and the
major ions (Ca2+ and HCO3

�) had the positive coefficients governed
by water-rock interaction in the flow path. PC2 accounted for 19.2%
of the total variance, which was positively correlated with Na+,
Mg2+, K+ and SO4

2�, representing the major ions except Ca2+ and
HCO3

� and probably indicating the impact of Na, Mg and K-
bearing minerals in association with SO4 into groundwater as well.
Lastly, 12.6% of the total variance was explained by PC3. Tempera-
ture and Cl� contributed to PC3. Since PC1 and PC2 governed the
majority of the loadings, PC1 and PC2 were considered in the biplot
(combination of loadings and scores) from PCA (Fig. 7). The plots
show the characteristics of the components and help to clearly
understand the relative importance of variables in components.
Essentially, the samples in Cluster I were plotted along the positive
side of PC1, indicating that their geochemistry was mainly con-
trolled by calcite dissolution. These samples statistically corre-
sponded to the original groundwater in the covering limestone
layer. The samples in Cluster II were plotted in negative and posi-
tive directions of PC1 and PC2, respectively, and interpreted as the
mixed groundwater between the groundwater from the limestone
layer and groundwater from the slaty greenstone layer, and/or
rainwater infiltrating through the limestone layer. The samples in
Cluster III were plotted in negative directions of PC1 and PC2.
However, groundwater sample S-4 was slightly shifted to the
upper zone close to Cluster II, indicating that this groundwater
was somewhat mixed between the groundwater from the covering
limestone and basement slaty greenstone layers, while groundwa-
ters from S-1 and S-2 statistically regarded as the original ground-
water in the basement layer.

Table 2
Cluster stages of statistical grouping.

Stage Distance Cluster 1 Cluster 2 Number of clusters New cluster Next stage

1 0.045 14 15 16 14 13
2 0.048 3 8 15 3 9
3 0.056 5 6 14 5 8
4 0.057 1 2 13 1 7
5 0.127 10 12 12 10 8
6 0.133 7 16 11 7 12
7 0.145 1 4 10 1 9
8 0.170 5 10 9 5 14
9 0.202 1 3 8 1 10
10 0.230 1 13 7 1 11
11 0.239 1 9 6 1 14
12 0.330 7 11 5 7 15
13 0.360 14 17 4 14 15
14 0.457 1 5 3 1 16
15 0.692 7 14 2 7 16
16 1.004 1 7 1 1

Fig. 6. Dendrogram from the HCA for all groundwater samples.

Table 3
Correlation matrix of temperature (�C), pH, EC (mS/m) and concentrations (meq/L) of eight ions.

Parameters Temp. pH EC Na+ Mg2+ K+ Ca2+ Cl� SO4
2� NO3

� HCO3
�

Temp. 1.000
pH �0.346 1.000
EC 0.447 �0.944 1.000
Na+ 0.075 0.182 �0.256 1.000
Mg2+ �0.200 0.511 �0.589 0.863 1.000
K+ 0.080 �0.058 �0.020 0.546 0.467 1.000
Ca2+ 0.409 �0.902 0.971 �0.460 �0.758 �0.156 1.000
Cl� 0.203 0.370 �0.242 0.043 0.027 �0.158 �0.205 1.000
SO4

2� 0.547 �0.702 0.771 0.179 �0.223 0.011 0.667 �0.054 1.000
NO3

� �0.278 0.754 �0.762 0.457 0.640 �0.118 �0.789 0.320 �0.400 1.00
HCO3

� 0.324 �0.926 0.966 �0.391 �0.635 �0.015 0.964 �0.345 0.596 �0.83 1

Notes: Values in bold numbers indicate very significant correlations; Temp.: temperature.
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3.5. Groundwater mixing estimation using Flash Diagram

Based on all the above results and/or the previous findings sug-
gested by Eang et al. [20], conceptual models of mixing are con-
structed into two cases as follows:

(1) Case of normal days–all sampling periods except July 2015
(Fig. 8a and b):

Conceptual model of groundwater mixing for the case of normal
days is presented in Fig. 8a. Groundwaters from L-7, L-11, S-3 and
S-4 were assumed to be mixtures of original groundwater from the
limestone (LO) and slaty greenstone layers (SO). Note that every
sample was in general from ten time collections for the case of nor-
mal days (i.e., all sampling periods except July 2015). Thus, the rep-
resentative of individual samples was basically carried out in the
concept of mixing (e.g., L-1 samples from ten time collections were
mixed together with an equal proportion in volume by GWB’s
Smart Mix function to produce the representative L-1 and the same
methods for other samples, see the detailed explanation in Sec-
tion 2.4). LO was obtained by mixing equal proportions in terms
of volume of samples L-1–L-6, L-8–L-10, LP-1 and LP-10 (by GWB’s
Smart Mix function) on the normal days, while SO was obtained by
mixing equal proportions in volume of samples S-1 and S-2, fol-
lowing the same method as LO in this case.

Results of mixing estimation using Flash Diagram for the case of
normal days are shown in Fig. 8b. The red-dashed line represents
the mixing fraction results (after the original groundwater from
the limestone layer (LO) was flashed into the original groundwater
from the slaty greenstone layer (SO)), whereas the lowest end of
red-dashed line indicates Ca2+ concentration of SO and its top end
indicates Ca2+ concentration of LO. Based on Ca2+ concentrations,
the mixing fractions of 41% LO: 59% SO and 64% LO: 36% SO corre-
sponded to the representative Ca2+ concentration of L-7 and L-11,
respectively, whereas the mixing fractions of 43% LO: 57% SO and
25% LO: 75% SO corresponded to the representative Ca2+ concentra-
tion of S-3 and S-4, respectively.

(2) Case of rainy days–sampling period on July 2015 (Fig. 9a
and b):

Conceptual model of groundwater mixing for the case of rainy
days is provided in Fig. 9a. Groundwaters from L-7, L-11, S-3 and
S-4 were the mixture of original groundwaters from the limestone
(LO) and slaty greenstone layers (SO) that were affected by rainwa-
ter (RW). LO was obtained by mixing with equal proportions in vol-
ume of samples L-1–L-6, L-8–L-10, LP-1 and LP-10 (by GWB’s
Smart Mix function) on the rainy days, while SO was obtained by
mixing equal proportions in volume of samples S-1 and S-2, fol-
lowing the same method as LO for the rainy days.

Results of mixing estimation using Flash Diagram for the case of
rainy days are illustrated in Fig. 9b. Based on Ca2+ concentrations,
the mixing fractions of 61% LO: 39% SO and 93% LO: 7% SO corre-
sponded to the Ca2+ concentration of L-7 and L-11 on the rainy
day, respectively, whereas the mixing fractions of 35% LO: 65% SO
and 21% LO: 79% SO corresponded to the Ca2+ concentration of S-3
and S-4, respectively. These indicate that the mixing fractions of
groundwater in the limestone layer in L-7 and L-11 were greater
than those of S-3 and S-4 during rainy days, while the mixing frac-
tions of S-3 and S-4 almost remained stable.

3.6. Overall evaluation of rock slopes

The mixing fractions of groundwater samples L-7 and L-11
significantly varied between normal and rainy days and the
groundwater flowing through the limestone layer became domi-
nant on the rainy days, whereas the mixing fractions of groundwa-
ter samples S-3 and S-4 were almost stable. According to Fitts [34]
and Whitaker and Smart [35], groundwater integrated in the
multi-breaking zones of the interbedded layer erodes limestone
by dissolution and widens those breaking zones notably on the
rainy days while calcite is likely to dissolve more in the undersat-
urated condition. These phenomena induce gradual crack growths
and higher groundwater levels during the intense rainfall. Based on
Appelo and Postma [1], the dominant flowmode of groundwater in

Table 4
Rotated factor loadings of principal components on variables.

Parameters Coefficients of
PC1

Coefficients of
PC2

Coefficients of
PC3

Temp. 0.178 0.246 0.529
pH �0.380 �0.164 0.104
EC 0.399 0.125 0.034
Na+ �0.184 0.587 0.057
Mg2+ �0.305 0.418 �0.085
K+ �0.045 0.507 �0.283
Ca2+ 0.407 �0.026 0.046
Cl� �0.114 �0.095 0.690
SO4

2� 0.278 0.332 0.291
NO3

� �0.349 0.014 0.202
HCO3

� 0.398 0.039 �0.118
Eigenvalue 5.90 2.11 1.38
Explained

variance
53.63% 19.19% 12.56%

Cumulative 53.63% 72.82% 85.38%

Note: Values in bold numbers indicate the relatively significant loading and con-
tribution to the responding components.

Fig. 7. Biplot from the PCA for all groundwater samples.

Fig. 8. Conceptual model of groundwater mixing for normal days (LO and SO:
original groundwater from the limestone and slaty greenstone layers, respectively)
(a) and results of mixing estimation using Flash Diagram for the normal days (b).
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this study is a conduit flow as suggested by the measured flow
rates. It happens along larger fissures and openings formed from
dissolution of carbonate rock. Apparently, changes in groundwater
level and flow along the interbedded layer may promote pore-
water pressure, tension cracks and potential sliding surface, which
ultimately lead to a sliding failure along the interbedded layer. Due
to the large differences in hydraulic conductivities between the
two layers (4.1 � 10�6/4.2 � 10�8 � 100, equal to the considerable
ratio reported by Dong et al. [36]), groundwater mixed with rain-
water may easily infiltrate and percolate through more permeable
limestone covering layer but not through the slaty greenstone
layer. In other words, the slaty greenstone layer with a lower per-
meability could act as a kind of groundwater barrier and lift the
limestone covering layer up. The resultant higher hydraulic head
in the limestone covering layer could increase groundwater flow
and induce higher dissolution of limestone. The higher groundwa-
ter flow and more rapid dissolution of limestone grains will affect
the bonds between particles and would often reduce the rock
strength by more than 25% [37]. Regarding the various interpreta-
tions, the mixed groundwaters especially L-7 and L-11 along the
interbedded layer were identified as sensitive zones affecting the
stability of rock slope (Fig. 10).

4. Conclusions

By using the monitoring groundwater geochemistry from a
limestone quarry and analyses of the data by PHREEQC, HCA, PCA
and GWB, the findings of this study are summarized as follows:

(1) Water-rock interaction within the quarry was distinguished
by individual layers, all of which were geochemically
evolved as a function of calcite dissolution.

(2) The groundwater samples were classified into the original
groundwater from the limestone layer, the mixed ground-
water along the interbedded layer, and the original ground-
water from the slaty greenstone layer. On rainy days, mixing
fractions changed dramatically with the bulk of the mixture
originating from groundwater flowing through the lime-
stone layer.

(3) The groundwater along the interbedded layer may induce
rock slope failure due to a higher mixed fraction in the
interbedded layer.

(4) The above results suggest the necessity of continuous mon-
itoring of groundwater.
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