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Abstract The CO2-rich spring water (CSW) occur-

ring naturally in three provinces, Kangwon (KW),

Chungbuk (CB), and Gyeongbuk (GB) of South Korea

was classified based on its hydrochemical properties

using compositional data analysis. Additionally, the

geochemical evolution pathways of various CSW

were simulated via equilibrium phase modeling

(EPM) incorporated in the PHREEQC code. Most of

the CSW in the study areas grouped into the Ca–HCO3

water type, but some samples from the KW area were

classified as Na–HCO3 water. Interaction with anor-

thite is likely to be more important than interaction

with carbonate minerals for the hydrochemical prop-

erties of the CSW in the three areas, indicating that the

CSW originated from interactions among magmatic

CO2, deep groundwater, and bedrock-forming miner-

als. Based on the simulation results of PHREEQC

EPM, the formation temperatures of the CSW within

each area were estimated as 77.8 and 150 �C for the

Ca–HCO3 and Na–HCO3 types of CSW, respectively,

in the KW area; 138.9 �C for the CB CSW; and

93.0 �C for the GB CSW. Additionally, the mixing

ratios between simulated carbonate water and shallow

groundwater were adjusted to 1:9–9:1 for the CSW of

the GB area and the Ca–HCO3-type CSW of the KW

area, indicating that these CSWs were more affected

by carbonate water than by shallow groundwater. On

the other hand, mixing ratios of 1:9–5:5 and 1:9–3:7

were found for the Na–HCO3-type CSW of the KW

area and for the CSW of the CB area, respectively,

suggesting a relatively small contribution of carbonate

water to these CSWs. This study proposes a system-

atic, but relatively simple, methodology to simulate

the formation of carbonate water in deep environments

and the geochemical evolution of CSW.Moreover, the

proposed methodology could be applied to predict the

behavior of CO2 after its geological storage and to

estimate the stability and security of geologically

stored CO2.
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Introduction

Remarkable technological and industrial growth has

been achieved through the use of fossil fuels; however,

this has also led to the emission of large quantities of

greenhouse gases such as carbon dioxide (CO2) into

the atmosphere, resulting in environmental disasters

such as acid rain and global warming. Carbon dioxide

geological storage (CGS) has been considered as one

effective technology for mitigation of the detrimental

effects of CO2. However, because CGS technology

injects CO2 into deep subsurface environments, a

range of minerals such as silicates and carbonates can

be dissolved and/or precipitated as a result of changes

in groundwater properties. Such water–rock interac-

tions might occur over a long time span; however, our

knowledge of these processes is limited due to the

relatively recent adoption of CGS technology (Khar-

aka et al. 2006; Gaus 2010). For this reason, natural

analogue studies using CO2-rich spring water (CSW)

have been conducted to advance our knowledge of

CGS-driven geochemical processes over geological

timescales (Watson et al. 2004; Moore et al. 2005;

Pearce 2006; Pauwels et al. 2007; Flaathen et al. 2009;

Lu et al. 2011; Choi et al. 2012, 2014; Chopping and

Kaszuba 2012).

There have been a number of studies using naturally

occurring CSW that have investigated relatively long-

term geochemical processes in deep groundwaters

after CO2 injection (Balashov et al. 2013, 2015). CSW

is most frequently observed in South Korea in the

Kangwon (KW), Chungbuk (CB), and Gyeongbuk

(GB) districts. The main geology where CSW occurs

is granite and banded gneiss for the KW area, granite

and alluvial deposits for the CB province, and

sedimentary deposits for the GB region (Bong and

Chung 2000; Lee et al. 2003; Yun et al. 2003; Noh

et al. 2004; Hwang et al. 2013). Previous studies have

compared the properties of CSW between areas and

investigated the origin and evolutionary pathway of

CSW using isotope studies (Koh et al.

1999, 2000, 2008; Choi et al. 2000, 2002, 2005,

2009; Jeong and Lee 2000; Kim et al. 2000, 2001,

2008; Yun and Kim 2000; Jeong 2002, 2004; Jeong

et al. 2001, 2005, 2011; Chae et al. 2013). Although

the isotope composition of specific elements has been

used to investigate the origin and evolutionary path-

ways of CSW, such approaches are not appropriate for

characterizing water–rock interactions resulting from

the carbonate water produced in deep subsurface

environments on CSW occurring on the surface.

Instead, a number of studies have attempted to

understand the water–rock interactions using geo-

chemical modeling. Choi et al. (2014) studied the

geochemical pathways of two types (Na–HCO3 and

Ca–HCO3) of CSW in the GW district using geo-

chemical (reaction path) modeling, including mixing

and ion-exchange reactions. Additionally, there have

been many attempts to calculate the saturation indices

of minerals within carbonate aquifers using equilib-

rium reaction modeling (Zanini et al. 2000; Kharito-

nova et al. 2010; Akin et al. 2015; Jin et al. 2015;

Nyirenda et al. 2015).

There are two types of approaches for using

multivariate statistical analyses with hydrogeochem-

ical data. One is to use traditional statistical tech-

niques, and the other is to use compositional data

analysis. Despite being commonplace, traditional

techniques cannot treat the data as compositional data

and implicitly invoke spurious correlations caused by

scaling because they employ amalgamation, which

does not preserve distances within an already

restricted sample space (called the simplex) (Egozcue

and Pawlowsky-Glahn 2005; Bacon-Shone 2006;

Pawlowsky-Glahn and Egozcue 2006; Owen et al.

2016). This occurs because hydrochemical data are

compositional by nature; in particular, they are

quantitative data in which each component is a

proportion of a given total (Owen et al. 2016).

Compositional data refer to data in which the relevant

information is contained in the ratios between the

values of the variables. Aitchison (1986) introduced

log ratio approaches, such as additive log ratios (alt)

and centered log ratios (clr), to treat compositional

data in percentages, proportions, concentrations, etc.

(Filzmoser et al. 2016). More recently, the isomeric

log ratio (ilr) approach was developed, which ulti-

mately led to recognition that compositions can be

represented in orthogonal (Cartesian) coordinates in

the simplex (Egozcue and Pawlowsky-Glahn 2005;

Owen et al. 2016). Collectively, these methods are

called compositional data analysis. Recently, there

have been several applications of compositional data

analyses in the fields of geochemistry and hydrogeo-

chemistry (Blake et al. 2016; Buccianti and Zuo 2016;

Tolosana-Delgado and McKinley 2016). Fačevicová

et al. (2016) reported a statistical characterization of

the Devonian–Carboniferous boundary, in which
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results obtained by a log ratio method were compared

with those obtained from a classical point of view,

without any prior transformation. The paper proposed

that using a combination of the two approaches brings

more insights than using either of any of the two

methods separately. Furthermore, Owen et al. (2016)

applied compositional data analysis techniques to

describe the variability of major ions within and

between coal seam gas-bearing (or coal bed methane-

bearing) groundwater. Using the compositional data

analysis, they described fundamental compositional

similarities/differences between coal seam gas and

groundwater, provided a robust and descriptive means

of comparing water types, and assessed hydrochem-

ical variability within and between large and highly

variable datasets with respect to the hydrochemical

evolution of coal seam gas or groundwater associated

with high gas concentrations.

Equilibrium phase modeling (EPM) can be used to

target the solid, liquid, and gas phases and has been

actively used to compute a variety of aqueous

chemical reactions in equilibrium. In particular,

EPM has recently been used in numerous CGS and

natural analogue studies of carbonate water and CSW.

Springer et al. (2012) conducted a study using EPM to

simulate the dissolution of CO2 according to the

temperature and pressure of the saline aquifer in which

a CGS project had been implemented. In addition,

Bollengier et al. (2013) performed an EPM study to

estimate phase changes of water and CO2 at a specific

temperature and pressure and to evaluate the stability

of CO2 hydrates in deep sea environments. EPM was

used to investigate chemical equilibrium reactions

taking place in the groundwater of karst regions

(White 1997) and to observe the phase changes of

carbon in deep groundwater aquifers when magmatic

CO2 moved up from the upper mantle (Manning et al.

2013). EPM has also been used in numerous labora-

tory studies to simulate diverse carbonate water and

groundwater environments (Evans and Derry 2002;

Garcia-Rios et al. 2014; Martos-Rosillo and Moral

2015; Raju et al. 2015). However, EPM is not likely to

be reliable when it is applied to a wide study area or

large datasets. To overcome such drawbacks, multi-

variate statistical analysis can be used in conjunction

with EPM when geochemical modeling is applied in

groundwater studies (Sharif et al. 2008; Belkhiri et al.

2010; Ryzhenko and Cherkasova 2012; Tallini et al.

2014; Ledesma-Ruiz et al. 2015; Sanchez et al. 2015;

Rafighdoust et al. 2016).

Even though there have been a number of studies of

CSW in South Korea, most have been limited to a local

area. The lack of an overall understanding of CSW on

a national scale motivated this study. The objectives of

this study were therefore: (1) to compare the hydro-

chemical properties of CSW occurring in three typical

districts in South Korea and (2) to determine the

evolutionary pathways of carbonate water and CSW.

To achieve these objectives, compositional data

analyses and geochemical modeling were utilized. In

particular, past geochemical processes in CSW were

described by EPM to interpret the carbonate water–

rock interactions arising in subsurface environments

and relate them to the occurrence of surface CSW.

Geology of the study area

The typical areas where CSW occurs in South Korea

are in the KW, CB, and GB provinces. The geology of

these areas and the location of CSW sampling sites are

given in Fig. 1. The KW province is located in

northeastern South Korea and predominantly consists

of Precambrian metamorphic rocks, including por-

phyroblastic, banded, and leucocratic gneisses,

together with Jurassic biotite granites and sedimentary

rocks (Yun and Kim 2000; Choi et al. 2014). The

dominant mineral composition in this area is quartz

(33.4%), albite (24.5%), K-feldspar (21.5%), anorthite

(11.3%), biotite (3.8%), and hematite (2.8%), with

minor components of magnetite, muscovite, and

pargasite (Choi et al. 2014). The main geology of the

KW area, where CSWs of Na–HCO3 type frequently

occur, has been reported to be Cretaceous Bulguksa

granite, which has a mineralogy of albite (35.4%),

quartz (30.1%), K-feldspar (26.7%), anorthite (2.2%),

magnetite (1.2%), ferrosilite (0.1%), and enstatite

(0.1%) (Min and Kim 1996). The CB province, located

in central South Korea, mainly consists of Precam-

brian gneisses and Jurassic granites extending to the

KW province, with minor components of Paleozoic

metamorphic sedimentary rocks (Jeong et al. 2001;

Koh et al. 2008). The main mineral composition of the

CB area is quartz (27.4%), plagioclase (38.0%),

K-feldspar (26.3%), biotite (6.2%), and muscovite

(1.6%), with some calcite and pargasite (Koh et al.

2008). The GB province is located in eastern South
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Fig. 1 Geological map of the study area with the locations of CO2-rich spring water (CSW). aKangwon (KW) area, bChungbuk (CB)
area and c Gyeongbuk (GB) area
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Korea. The main geology of the GB area is Jurassic

sedimentary and Cretaceous granitic rocks (Yun and

Kim 2000). Lee and Lee (1991) conducted petrolog-

ical research on the granite of the GB area and reported

that the main mineralogy of this area was quartz

(27.9%), plagioclase (44.5%), biotite (12.9%), K-feld-

spar (11.4%), epidote (1.8%), ripidolite (0.6%), and

pargasite (0.3%). In addition, Jeong and Jeong (1999)

studied the sedimentary rocks conformably or uncon-

formably covering granitic rocks within the GB area

and reported that the mineralogy of the sedimentary

rocks was quartz (33.4%), plagioclase (22.8%),

K-feldspar (5.2%), muscovite (0.6%), and carbonate

minerals including calcite and dolomite (36.9%).

Methodology

Data collection and processing

For this study, we investigated a number of previous

studies of CSW undertaken within the three districts

and collected CSW hydrochemical data from 54 sites.

The data were classified into three groups: (1) on-site

measurements such as pH, temperature, electrical

conductivity (EC), and total dissolved solid (TDS), (2)

major constituents such as cations (Na, Ca, K, andMg)

and anions (Cl, HCO3, SO4, and NO3), and (3) minor

elements (Al, Fe, and Si). Data collection was

restricted because the analytical items were different

between studies, and for this reason, the use of

dissolved oxygen (DO) and oxidation–reduction

potential (ORP) data was excluded in this study. It

was possible to acquire analytical data on major ion

constituents from most previous studies, whereas data

on minor elements differed significantly between

studies, and only three elements (Al, Fe, and Si)

commonly analyzed in previous studies were collected

and used. In terms of EC and TDS, when only one item

was acquired from the literature, the other was

calculated using a first-order equation

(y = ax ? b) because the relationship between them

is commonly assumed to be linear. The data acquired

from the literature are summarized in Tables 1 and 2.

The CSW hydrochemical data were also characterized

by Piper diagrams, ternary principal components plots,

and relationships between molar ratios of major

constituents and TDS/HCO3.

Compositional data analyses

To statistically interpret the CSW data collected from

the literature, a total of 12 parameters (pH, Na, Ca, K,

Mg, HCO3, Cl, SO4, NO3, Al, Fe, and Si) were used for

the statistical analyses. pH values were converted to

hydrogen (H?) ion concentrations in mg/L to match

the unit with that of the other variables.

Compositional data have several weaknesses for

direct application of conventional multivariate statis-

tical analysis, e.g., spurious correlation (Pearson

1896). For this reason, compositional data analyses

were conducted using R package (v. 3.3.2), CodaPack

(v. 2.02.04), and IBM� SPSS (v. 22) programs. In this

work, two log ratios were applied when analyzing the

dataset: (1) D-dimensional centered log ratio (clr)

coordinates [log x1

x1���xpð Þ1=D ; . . .; log
xp

x1���xDð Þ1=D] of D-di-

mensional original data (x1, …, xD) and (2) the

(D - 1)-dimensional isomeric log ratio (ilr)

coordinates

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r1s1

r1 þ s1

r
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Q
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where Bi is the ith sequential binary partition and ri and

si are the number of parts coded in Bi as ? and -,

respectively (Wickham 2009; Owen et al. 2016).

Sequential binary partitions define D - 1 orthonormal

coordinates (ilr coordinates), called balances, which

can be modeled by standard statistical methods

(Egozcue et al. 2003). The clr transformation produces

D coordinates, which are useful for constructing

biplots to describe variability (Egozcue et al. 2003;

Pawlowsky-Glahn and Egozcue 2006). However, the

clr-transformed coordinates are constrained to a

subspace of real space and are represented on a

hyperplane in D-dimensional real space because they

ultimately sum to zero; consequently, the covariance

and correlation matrices are singular (Egozcue et al.

2003; Pawlowsky-Glahn and Egozcue 2006). There-

fore, care should be needed during the interpretation of

clr-transformed data because the clr-coordinates rep-

resent the proportion in the numerator concerning the
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geometric mean of all the parts in the composition

(Owen et al. 2016). We used the information derived

from the biplot to develop meaningful sequential

binary partitions for ilr transformation. Finally, a

hierarchical cluster analysis (HCA) based on Eucli-

dean square distance and Ward linkage was applied to

the ilr coordinates. This method of performing an

HCA means that the clustered groups represent

compositional similarities in the simplex, rather than

simply similarities in individual ion concentrations.

Before applying the procedures described above, the

data below the detection limit (typically NO3 and Al)

were imputed using the log ratio data augmentation

function (lrDA) in the R package zCompositions,

which is a function based on the log ratio Markov

chain Monte Carlo data augmentation (DA) algorithm

Table 1 Physical and chemical data of CO2-rich spring water (CSW) used in this study

Sample ID Temp. (�C) pH EC (lS/cm) TDS (mg/l) Sample ID Temp.(�C) pH EC (lS/cm) TDS (mg/l)

KW-1a 18.5 6.2 4533* 1773 CB-9c 15.0 5.8 670.0 294.4*

KW-2a 18.2 6.2 6756* 2625 CB-10c 16.4 5.6 663.0 291.7*

KW-3a 11.2 6.6 4000* 1569 CB-11c 21.2 5.4 354.0 172.2*

KW-4a 9.80 6.7 4987* 1947 CB-12c 16.6 5.0 138.0 88.60*

KW-5a 1.50 5.7 1422* 581.0 CB-13c 14.2 5.0 146.0 91.70*

KW-6a 17.6 5.9 2824* 1118 CB-14c 15.2 4.9 128.0 84.80*

KW-7a 13.5 6.5 2429* 967.0 CB-15c 14.5 4.8 101.0 74.30*

KW-8a 14.4 6.0 3726* 1464 CB-16c 25.9 6.4 1857 753.5*

KW-9a 13.3 5.5 999.9* 419.0 CB-17c 27.5 6.8 2820 1126*

KW-10a 10.7 5.9 1581* 642.0 CB-18c 25.4 6.7 2950 1176*

KW-11a 7.30 6.3 5107* 1993 CB-19c 24.3 6.5 1856 753.1*

KW-12a 7.40 6.3 2450* 975.0 CB-20c 30.7 6.8 2790 1114*

KW-13a 4.70 5.5 2513* 999.0

KW-14a 14.1 5.8 2082* 834.0 GB-1d 25.8 6.4 1705 694.7*

KW-15a 12.4 5.5 2884* 1141 GB-2d 13.4 5.3 422.0 198.5*

KW-16b 6.30 6.0 2911* 1151 GB-3d 11.5 5.3 559.0 251.5*

KW-17b 3.70 6.0 1569* 1413 GB-4d 3.90 5.2 1391 573.3*

KW-18b 6.0 1959* 1763 GB-5d 11.3 5.4 988.0 417.4*

KW-19b 6.30 6.1 3063* 1209 GB-6d 8.20 5.2 625.0 277.0*

KW-20b 5.00 6.3 2828* 1119 GB-7d 12.9 5.8 1520 623.2*

GB-8d 10.1 5.7 1156 482.4*

CB-1c 13.6 6.0 1674 682.7* GB-9d 7.90 5.6 1452 596.9*

CB-2c 13.6 5.9 436.0 203.9* GB-10d 8.60 5.8 908.0 386.5*

CB-3c 15.5 5.3 491.0 225.2* GB-11d 10.8 5.6 1442 593.0*

CB-4c 18.5 5.8 1265 524.5* GB-12d 14.0 5.9 2280 917.1*

CB-5c 16.2 5.5 563.0 253.0* GB-13d 11.2 6.4 1736 706.7*

CB-6c 15.0 5.4 489.0 224.4* GB-14d 16.7 6.2 1045 439.5*

CB-7c 16.1 5.4 556.0 250.3*

CB-8c 17.7 5.6 390.0 186.1*

*Calculated value
aChoi et al. (2005)
bYun and Kim (2000)
cJeong et al. (2001)
dJeong (2002)
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Table 2 Elemental concentrations of CO2-rich spring water (CSW) used in this study (unit: mg/L)

Na Ca K Mg HCO3 Cl NO3 SO4 Fe Al Si

KW-1a 419.0 44.60 25.0 2.10 1159 8.30 0.07* 13.8 5.20 0.30 87.7

KW-2a 544.0 57.10 32.1 2.60 1861 2.50 0.08* 22.4 2.10 0.10 93.1

KW-3a 408.1 12.90 5.70 0.30 1052 4.40 0.07* 3.70 3.30 0.10 73.7

KW-4a 488.4 46.30 7.60 4.00 1334 8.10 0.06* 6.10 1.20 0.10 48.1

KW-5a 64.60 58.30 2.80 5.90 386.0 10.8 0.03* 14.1 5.40 0.40 28.7

KW-6a 113.0 152.0 3.80 21.3 750.0 20.9 0.08* 13.2 1.60 0.10 38.1

KW-7a 89.70 134.2 2.40 11.9 656.0 11.2 0.09* 7.90 5.70 3e-4* 37.5

KW-8a 32.30 293.8 4.20 25.7 988.0 2.90 0.08* 21.1 16.3 1e-3* 76.1

KW-9a 6.600 72.50 0.50 9.70 249.0 3.30 0.10* 13.6 6.60 0.50 54.0

KW-10a 15.00 109.7 2.70 11.9 411.0 2.60 0.10* 10.5 14.3 0.50 60.8

KW-11a 49.10 348.7 2.40 45.9 1434 5.90 0.08* 12.3 16.3 0.10 73.4

KW-12a 32.60 178.3 2.50 16.2 702.0 2.70 0.10* 3.90 8.80 4e-4* 24.9

KW-13a 15.00 138.0 1.20 37.4 735.0 5.80 0.09* 8.60 17.1 0.10 38.7

KW-14a 15.20 93.00 2.90 46.1 610.0 2.10 0.09* 7.60 25.5 1e-3* 30.2

KW-15a 35.90 198.1 3.30 20.9 808.0 2.90 0.05* 8.20 12.4 4e-3* 48.4

KW-16b 18.60 130.0 11.2 74.0 863.3 4.40 0.08* 2.30 17.1 0.02 28.3

KW-17b 29.20 269.0 4.10 21.4 1013 4.10 0.09* 23.1 16.9 0.04 30.7

KW-18b 400.0 41.90 37.0 0.28* 1204 9.20 0.09* 22.9 4.80 1.14 36.9

KW-19b 37.50 226.0 3.70 8.40 870.8 4.30 0.06* 6.50 23.8 0.62 22.3

KW-20b 20.40 229.0 7.40 8.20 808.0 3.50 0.07* 5.60 8.90 0.08 26.8

CB-1c 73.10 293.0 2.80 19.5 1221 4.60 0.10 8.70 13.2 0.10 34.5

CB-2c 43.50 39.70 3.10 8.80 241.0 15.0 0.10 21.6 2.51 0.06 9.40

CB-3c 28.70 59.20 2.30 10.1 220.0 16.9 10.7 17.9 0.01 0.04 16.2

CB-4c 37.00 200.0 1.60 34.5 818.0 28.3 5.20 11.8 0.02 0.11 25.2

CB-5c 29.40 72.90 2.10 10.5 238.0 31.1 38.8 18.2 0.00 0.04 18.4

CB-6c 28.90 59.60 1.90 10.2 216.0 27.2 12.0 19.7 0.04 0.03 16.6

CB-7c 24.10 74.20 1.70 11.4 239.0 22.5 57.1 4.70 0.01* 0.03 24.9

CB-8c 13.50 47.60 1.70 11.6 156.0 29.4 10.8 7.60 0.02 0.01 17.3

CB-9c 34.00 87.90 1.90 14.0 351.0 21.9 23.5 13.7 0.15 0.05 19.2

CB-10c 37.90 81.20 2.30 15.2 337.0 29.2 10.1 12.9 0.35 0.04 17.0

CB-11c 21.40 39.60 1.50 6.90 131.0 17.5 24.4 11.4 0.01 0.05 13.3

CB-12c 10.00 9.800 2.20 3.10 31.40 18.9 18.5 0.60 0.12 0.05 18.4

CB-13c 11.20 11.10 2.60 2.90 50.00 10.3 6.80 1.50 0.03 0.05 23.5

CB-14c 10.30 10.30 2.30 2.60 49.10 3.80 4.80 0.70 0.02 0.07 20.2

CB-15c 9.600 5.100 1.40 1.60 27.20 6.00 8.50 1.80 0.04 0.05 13.6

CB-16c 111.7 310.0 2.30 22.6 1214 21.5 0.06* 13.4 7.15 0.11 46.2

CB-17c 283.3 480.0 10.6 41.6 2147 21.3 0.06* 18.3 2.30 0.09 44.4

CB-18c 280.0 330.0 20.3 38.9 2024 31.3 0.40 21.9 2.29 0.08 45.0

CB-19c 124.2 330.0 4.40 36.6 1249 13.2 0.04 6.20 9.67 0.15 38.0

CB-20c 305.9 517.0 11.3 45.6 2358 22.2 0.03 19.2 7.02 0.14 43.8

GB-1d 91.90 376.0 2.70 40.2 1579 14.1 0.09* 12.3 0.01 0.02* 132

GB-2d 17.30 27.80 8.40 22.9 255.0 1.30 6.60 7.10 0.05 0.01* 80.2

GB-3d 31.70 59.00 7.20 28.8 381.0 2.60 0.09* 13.1 0.03 0.02* 77.0

GB-4d 48.90 361.0 16.8 12.2 1246 5.10 0.09* 15.4 0.02 0.02* 79.6

GB-5d 44.60 191.0 3.90 31.1 849.0 8.00 0.09* 15.0 0.02 0.02* 80.7
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(Palarea-Albaladejo and Martı́n-Fernández 2015).

This algorithm provides a method of estimating values

below the detection limit while preserving the relative

structure of the data.

Geochemical modeling

Geochemical modeling was performed using

PHREEQC (Parkhurst and Appelo 1999, 2013) with

the Lawrence Livermore Laboratory (LLNL) data-

base. Biotite, which is not included in the LLNL

database, was added by the command PHASES, and

its solubility constant (log K) of- 12.55 and enthalpy

(DH) of 22 kJ/mol were used (Palandri and Kharaka

2004). Plagioclase was replaced by albite and anor-

thite (Choi et al. 2014; Gaus et al. 2005). To simulate

the evolution of carbonate water, we formulated a

hypothesis that the carbonate water originated from

interactions between magmatic CO2, deep groundwa-

ter, and bedrock-forming minerals, and then the

carbonate water moved up to the shallow groundwater

aquifer along various geological structures (faults and

fractures), finally resulting in the generation of CSW

through a diverse range of processes including mixing,

dilution, and water–rock interactions (Fig. 2). Based

on this hypothesis, the evolutionary pathway of

carbonate water in the deep environment as well as

the formation of CSW was simulated by EPM in the

PHREEQC code. EPM is considered to be a powerful

tool for estimating aqueous phase concentrations of

many elements using their saturation indices, which

are included in the LLNL database. To simulate the

primary stage for the generation of carbonate water in

the deep bedrock aquifer, the deep groundwater was

assumed to be meteoric water that has permeated into

the deep bedrock aquifer under high CO2 conditions

(Koh et al. 2000; Yun and Kim 2000; Choi et al. 2014).

As the meteoric water moved into the deep environ-

ment, water–rock interactions might be enhanced due

to the increase in the residence time and geothermal

gradient. As a result, the meteoric water would change

to groundwater with high ionic concentration. Choi

et al. (2005) conducted a study to estimate the

temperature at which the carbonate water was formed

and reported a range of 100–251 �C. In the present

study, the temperature for the generation of carbonate

water was assumed to be 150 �C. The redox potential

was also an important parameter in the simulation,

with 70 mV (pe = - 0.833) assumed here based on

the result provided by Koh et al. (2000). Another key

parameter influencing the formation of carbonate

water is the partial pressure of CO2 (PCO2
) originating

from magmatic gases. Schaller et al. (2012) reported

the PCO2
values of lavas erupted from numerous

volcanoes with a maximum value of

4500 ± 1200 ppm; therefore, a CO2 concentration

of 4500 ppm (0.102 mol/kg of water) was used in this

study. All the simulations were conducted with the

assumptions of a pressure of 1 atm and water density

and mass of 1 g/cm3 and 1 kg, respectively. A full set

Table 2 continued

Na Ca K Mg HCO3 Cl NO3 SO4 Fe Al Si

GB-6d 25.00 113.0 2.00 30.6 572.0 4.80 0.09* 22.7 0.01 0.01* 69.3

GB-7d 89.50 279.0 4.10 68.4 1407 7.50 0.09* 11.2 0.01 0.01* 70.6

GB-8d 13.20 235.0 24.6 56.3 1053 6.50 0.10* 14.8 0.01 0.01* 87.5

GB-9d 81.60 286.0 2.60 56.3 1354 6.70 0.10* 17.1 0.01 0.01* 52.6

GB-10d 10.90 241.0 0.80 14.8 779.0 6.40 0.10* 15.0 0.01* 0.01* 47.3

GB-11d 36.00 355.0 16.8 37.6 1358 8.80 0.09* 8.00 0.02 0.01* 76.4

GB-12d 97.00 521.0 4.70 87.1 2263 8.60 0.09* 14.0 0.01 0.01* 90.1

GB-13d 86.00 400.0 4.50 54.0 1624 8.30 0.09* 31.5 0.01* 0.01* 53.1

GB-14d 41.80 146.3 2.70 31.0 663.0 21.3 0.08* 38.4 0.00 0.03 40.2

*Imputated value
aChoi et al. (2005)
bYun and Kim (2000)
cJeong et al. (2001)
dJeong (2002)
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of simulation parameters for each area is given in

Table 3. The simulation of CSW formation was

conducted by stepwise sequences. First, the evolution

of carbonate water was simulated via interactions of

magmatic CO2 with deep groundwater and the

bedrock-forming minerals listed in Table 3. Second,

the formation of CSW was simulated by mixing

between the modeled carbonate water and shallow

groundwater with interactions with the minerals

included in weathered rocks (Table 3). The mixing

ratios were adjusted in nine steps from 1:9 to 9:1.

Third, the simulations of each mixing ratio were

iterated 25 times with the change of temperature

ranging from the average measured value of each

CSW (16.8, 16.6, and 14.0 �C for the KW, CB, and

GB areas, respectively) to 150 �C. Accordingly, 225

runs were undertaken for the simulations of each area.

Finally, by comparing the hydrochemical properties

between the simulated and real CSWs, the most

relevant mixing ratio and temperature were obtained.

Results and discussion

Water chemistry of CSW

The hydrochemical data of CSW used in this study are

given in Tables 1 and 2. Based on the concentrations

of the major ionic species, the hydrochemical facies of

CSW in each area were analyzed using Piper plots

(Fig. 3). Most CSWs were of the Ca–HCO3 type, but

Na–HCO3-type CSWs were observed in five sites in

the KW province. The Na–HCO3 type CSWs have a

higher Na, K, and Si content than the Ca–HCO3 type

CSWs, whereas the Ca–HCO3-type CSWs have higher

Ca, Mg, and Fe concentrations (Table 2). This indi-

cates that the Na–HCO3-type CSWs have undergone

more severe silicate weathering processes than the

Ca–HCO3-type CSWs (Choi et al. 2014). Despite their

convenience, traditional Piper plots make meaningful

interpretations about hydrochemical evolution diffi-

cult because of a messy arrangement of overlapping

data (Owen et al. 2016). To compensate for this

drawback of conventional Piper plots (Fig. 3), ternary

principal components plots were prepared using

CodaPack (Fig. 4). Figure 4 condenses the composi-

tional variability into a descriptive tool for identifying

the water types of CSW for each area based on the

relationships between the relative proportions of

major constituents (Owen et al. 2016). Overall, the

CSW was much more affected by PC1 than by PC2.

More specifically, 87% of the CSW seemed to be

influenced dominantly by the behavior of Ca and Mg

(PC1), while 13% of the CSWwas characterized by Ca

and Na ? K (PC2) (Fig. 4a). On the other hand, 85%

of the CSW appeared to be affected by Ca and HCO3

(PC1) and 15% was characterized by HCO3 and Cl

(PC2), as shown in Fig. 4b. Using the relative

proportions of K–Si–Fe shown in Fig. 4c, the relative

effects of K-feldspar (Si–K, PC1) and biotite (Si–Fe,

PC2) were interpreted. Most (95%) of the CSW tended

to be influenced by PC1, while only 5% of the CSW

was more likely affected by PC2. Finally, it was

confirmed that 87 and 13% of the CSW were

Fig. 2 Conceptual diagram showing the geochemical evolution

of CO2-rich spring water (CSW). DGW deep groundwater, MC

magmatic CO2, BRFM bedrock-forming mineral, SCW simu-

lated carbonate water, SGW shallow groundwater, and WRFM

weathered rock-forming mineral
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Fig. 3 Piper diagram

showing the hydrochemical

facies of CO2-rich spring

water (CSW) in each study

area

Fig. 4 Ternary principal components plot. a Mg–Ca–Na ? K, b Ca–Cl–HCO3, c K–Si–Fe and d Ca–Mg–HCO3
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characterized as Ca–HCO3 and Mg–HCO3 types,

respectively (Fig. 4d).

To delineate the effect of water–rock interactions

on the hydrochemical properties of the CSW, the

relationship between molar ratios of major elements

and TDS and HCO3 is presented in Fig. 5. First, the

relative effects of albite and anorthite were elucidated

using the molar ratio of Na and Ca (Fig. 5a). The lower

ratios indicated that most of the CSW seemed to be

affected by anorthite, except for five samples from the

KW area of Na–HCO3 type. Comparing the relative

effects of albite and K-feldspar using the molar ratio of

K and Na (Fig. 5b), the CSW was more influenced by

albite than by K-feldspar, except for one sample in the

GB area. A significantly lower ratio of Si/Al was

observed in most of the CSW (Fig. 5c), indicating that

dissolution of primary minerals was dominant in most

of the CSW. To examine the source of Fe, the molar

ratios of Fe/SO4 were investigated (Fig. 5d). Most of

the CSW from the KW area exhibited a relatively high

molar ratio of Fe/SO4, indicating that these CSWs

were predominantly affected by primary minerals

bearing Fe or secondary minerals such as hematite,

rather than pyrite. As shown in Fig. 4d, the effect of

Ca was more dominant than that of Mg (Fig. 5e).

Lastly, the relatively low ratios of Ca/HCO3 (Fig. 5f)

indicate that the CSW likely originated from mag-

matic evolution rather than the interactions with

carbonate minerals.

Results of compositional data analyses

The CSW within each area was classified statistically

and interpreted using R, CodaPack, and SPSS pro-

grams. First, the R package zCompositions was used

for imputation of values below the detection limit of

compositional data based on the methodology pro-

posed by Palarea-Albaladejo and Martı́n-Fernández

(2015). The results of the imputation are given in

Table 2. After the imputation, principal component

analyses (PCA) were conducted using the CodaPack

program. The clr biplots obtained from the PCA are

presented in Fig. 6. The PCA results show that

constituents such as Si, SO4, Mg, Cl, and H were

distributed in the first component (PC1) with positive

values, whereas others such as K, Na, HCO3, Ca, Fe,

and Al had negative values on PC1. Additionally, the

constituents with positive PC1 values were dominant

in the CB and GB areas, but those with negative PC1

values appeared in the KW and in part of the CB area.

Furthermore, the CSW of the CB area appeared to

have positive PC1 and negative PC2 values, the CSW

samples in the GB area dominantly had positive PC1

and PC2 components, and the CSW of the KW area

tended to have negative PC1 and PC2 values. The

reason why the density of the clr biplot was different

between areas can be explained easily by the data

shown in Table 2. It was confirmed that the con-

stituents having the largest Euclidean distance from

the center were Fe, NO3, and Mg (Fig. 6): their

concentrations were much higher than those of other

constituents. A hierarchical cluster analysis (HCA)

was applied to classify the CSW according to area.

Prior to the HCA, the ilrs of proportions of major ions

derived from an intuitive sequential binary partition

(SBP) were used to characterize the hydrochemical

variability within and between the areas. There are two

methods for developing a SBP: by experience and by

PCA (Pawlowsky-Glahn and Egozcue 2011). In this

study, the SBP was derived using the Euclidean

distance of PCA (Table 4). Figure 7 presents an ilr

dendrogram acquired from the SBP of CodaPack and

explains the different behaviors of constituents in each

area. In the CB area, a significant difference was not

observed between the two groups of constituents (K,

Na, and HCO3 vs. Ca, Al, and Fe). However, the K,

Na, and HCO3 group was more dominant than that of

Ca, Al, and Fe in the GB area, and vice versa in the

KW area. Additionally, the effects of Mg, H, and NO3

were more dominant than those of Si, Cl, and SO4 in

the CB area, but the tendency was the opposite in the

GB and KW areas. Overall, the CSW of the GB area

was more affected by Si, Cl, SO4, Mg, H, and NO3

than by K, Na, HCO3, Ca, Al, and Fe, but the opposite

was true in the KW area. However, no significant

difference was observed in the CB area. Using the ilr

coordinates derived from the SBP, a HCA was

conducted using SPSS (Fig. 8). The CSW was clas-

sified into five groups. The first cluster (C1) is

characterized by having a lower concentration of Fe

and a higher concentration of NO3, indicating that it

was likely produced in a relatively shallow aquifer that

had a relatively high recharge rate or was vulnerable to

pollution. The second cluster (C2) tended to have

lower concentrations of Fe and NO3 and may have

formed in a shallow environment with a relatively low

recharge. The CSW of the third cluster (C3) was

characterized by higher Fe concentration and lower Al
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Fig. 5 Schematic diagrams showing the relationships between

molar ratios of major elements and TDS/HCO3 of CO2-rich

spring water (CSW) in each study area. a Molar ratio (Na/Ca)

versus TDS. bMolar ratio (K/Na) versus TDS. cMolar ratio (Si/

Al) versus TDS. d Molar ratio (Fe/SO4) versus TDS. e Molar

ratio (Ca/Mg) versus HCO3. f Molar ratio (Ca/HCO3) versus

HCO3

123

Environ Geochem Health (2019) 41:357–380 369



content, indicating that it was influenced by Fe-

bearing minerals, such as hematite. The fourth cluster

(C4) was Na–HCO3 type CSW. Finally, the CSW of

the fifth cluster (C5) was likely affected by Fe-bearing

silicate minerals, such as biotite, because of the

relatively high concentrations of Fe and Al. Based

on the HCA results, the proportions of CSW samples

in each cluster are listed in Table 5. C1 encompassed

13 and 1 CSW samples from the CB and GB areas,

respectively. Most of the CSW samples in the GB area

appeared to belong to C2. Clusters C3 and C4 included

only 5 CSW samples from the KW area. Finally, C5

Fig. 6 A centered-log ratio (clr) biplot of data set for each study area. Cum.Prop.Exp = cumulative proportion of explained variance

Table 4 Sequential binary

partition (SBP) of a 11-part

composition

(x1, x2, …, x11) for

describing isometric log

ratio (ilr) coordinates for the

hierarchical cluster analysis

(HCA)

Balance NO3 H Mg SO4 Cl Si Fe Al Ca HCO3 Na K

X1 ? ? ? ? ? ? - - - - - -

X2 ? ? ? - - -

X3 ? ? -

X4 ? -

X5 ? ?

X6 ? -

X7 ? ? ? - - -

X8 ? ? -

X9 ? -

X10 ? ? -

X11 ? -
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was composed of 10 and 7 CSW samples from the KW

and CB areas, respectively, which seemed to have

been affected by biotite in the granite and metamor-

phic rocks that are distributed in those two areas.

Consequently, the HCA conducted via calculation of

clr and ilr revealed the structural variability of th CSW

in each area, and the characteristics of water–rock

interactions, external effects, and formation environ-

ments could be inferred from the HCA results.

Simulation of the geochemical evolution of CSW

using equilibrium phase modeling

The geochemical evolution of CSW was simulated

using EPM incorporated in the PHREEQC code, and

the results are presented in Figs. 9, 10 and 11. As

mentioned in ‘‘Geochemical modeling,’’ the evolution

of CSWwas simulated by a stepwise method. The first

step was to simulate the formation of carbonate water

in the deep environment as a result of the interaction

between deep groundwater–magmatic–rock-forming

minerals (Fig. 2), and the CSWwas then generated via

the geochemical processes of mixing between the

simulated carbonate water and shallow groundwaters,

and water–rock interaction. Accordingly, EPM was

conducted to simulate the evolutionary stage of CSW

just before it occurs on the surface. The simulated

CSW is hereafter referred to as SCSW, to distinguish

simulated results from field CSW data. The model

lines on each graph shown in Figs. 9, 10, and 11 were

obtained by connecting the lines acquired by simula-

tion with different mixing ratios between the simu-

lated carbonate water and shallow groundwater. For

the simulation of each mixing ratio, the temperature

was changed from 150 �C for simulation of deep

carbonate water to the average values of each CSW

(e.g., 16.8, 16.6, and 14.0 �C for the KW, CB, and GB

areas). In this way, the final properties of the SCSW

were similar to those of the real CSW. In the case of

the KW area, two kinds of CSW (Ca–HCO3 and Na–

HCO3 types) occurred and the simulations were

conducted twice to compute each type of CSW. In

the simulation for the Ca–HCO3-type CSW, the best fit

was obtained at a temperature of 77.8 �C. On the other
hand, the best simulation results were obtained at

150 �C for the Na–HCO3-type CSW. In the cases of

the CB and GB areas, the best results were acquired at

temperatures of 138.9 and 93.0 �C, respectively. A
larger amount of albite was simulated to be dissolved

at higher temperature, resulting in an increase in Na

concentration. However, Ca concentration increased

at lower temperature due to the dissolution of anor-

thite. By contrast, the concentrations of K, Mg, and Si

were not likely to be affected by temperature. Hence,

the relative proportion of Ca and Na can be used as an

Fig. 7 Balance dendrogram showing distinctions in the isometric log ratio (ilr) as defined in Table 4

123

Environ Geochem Health (2019) 41:357–380 371



Fig. 8 Dendrogram

showing the hierarchical

cluster analysis (HCA) of

CO2-rich spring water

(CSW)
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indicator to infer the depth of CSW formation because

temperature can be directly linked to depth.

The simulation results indicate that the depth of

carbonate water formation increased with increasing

temperature. However, as the carbonate water moved

up along the various geological structures, it mixed

with shallow groundwater and the temperature grad-

ually changed. In addition to the temperature drop,

water–rock interactions have taken place continu-

ously. As a result, the water quality changed signif-

icantly and then approached equilibrium with

increasing residence time. However, according to

Koh and Chae (2008), the residence time of the CSW

occurring within the study area was relatively short

(15–50 years), indicating that the chemistry of the

CSW might not have established a state of equilib-

rium. However, our simulations were conducted using

the EPM of the PHREEQC code, and a state of

equilibrium was assumed. For this reason, the water

chemistry of the SCSW tended to deviate from that of

the real CSW, as confirmed by the simulation results

shown in Figs. 9, 10 and 11. The equilibrium state and

formation temperature of each CSW could be esti-

mated using the concentration ratio between Na, K,

andMg (Giggenbach 1988). A discrimination diagram

is shown in Fig. 12, obtained by the method suggested

by Giggenbach (1988). The Na–HCO3-type CSW of

five sites within the KW area appeared to be equili-

brated, but the other CSWs did not approach equilib-

rium. Additionally, based on the formation

temperature shown in the discrimination diagram

(Fig. 12), it can be speculated that the Na–HCO3-type

CSW was formed at a relatively higher temperature

range (100–230 �C). This indicates that the formation

environment was deep and also that the residence time

of this CSW was longer. As a result, the possibility of

approaching the equilibrium state increased. Based on

the simulation results (Figs. 9, 10, 11), the concentra-

tions of K andMg appeared to be different between the

SCSW and the real CSW, which might be attributed to

the difference in the degree of equilibrium state.

When the geochemical evolution of CSW was

investigated by modeling, the mixing ratios between

simulated carbonate water and shallow groundwater

were adjusted. In the case of the Ca–HCO3-type CSWs

occurring in the KW and GB areas, the simulation

results were obtained by changing the mixing ratio

between simulated carbonate water and shallow

groundwater from 1:9 to 9:1. Mixing ratios of

1:9–5:5 were simulated for the Na–HCO3-type CSW

of the KW area, while mixing ratios of 1:9–3:7 were

used for the simulation of the CB area, resulting in a

relatively smaller contribution of carbonate water. The

results indicate that the CSW in this area was formed

by the small amount of carbonate water in the deep

environment or the large amount of shallow ground-

water. These simulation results could be related to the

results of the compositional data analyses. As shown

in Table 5 and Fig. 8, the CSW was categorized into

five groups. As mentioned in ‘‘Results of composi-

tional data analyses,’’ the CSW belonging to C1 was

characterized as having a lower concentration of Fe

and a higher concentration of NO3, which indicates

that these CSWs were produced in a relatively shallow

aquifer with a high recharge. This is supported by the

simulation results showing mixing ratios of 1:9–3:7,

indicating a greater effect of shallow groundwater. On

the other hand, the results of the compositional data

analyses indicate that C2 which contained most of the

CSW in the GB area was generated in a shallower

aquifer with a lower recharge. This is supported by the

simulation results in which mixing ratios of 1:9–9:1

were relevant, suggesting that the CSW of the GB area

was affected more by carbonate water than by shallow

groundwater.

This study proposed a schematic, but relatively

simple methodology to simulate the formation of

carbonate water in a deep environment and the

geochemical evolution of CSW. By estimating the

temperature of the groundwater system in each area,

the depth of carbonate water formation may be

calculated, because the formation temperature of

carbonate waters can be speculated from the results

of the study. Additionally, it was demonstrated that the

behavior of various minerals can be evaluated via a

simulation of the mixing of carbonate water with

shallow groundwater, together with an interpretation

of water–rock interactions.

Table 5 HCA results showing the CSW distribution of each

area in five clusters

Area C1 C2 C3 C4 C5

KW – – 5 5 10

CB 13 – – – 7

GB 1 13 – – –
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Conclusions

There are three typical areas of naturally outflowing

CSW in South Korea. This study was initiated to

compare the hydrochemical properties of CSWs

between areas and to classify them on the basis of

any similarity in their chemistry. Only 5 CSW samples

of the KW area were classified as Na–HCO3 type

water; the other samples were Ca–HCO3 water type.

Using the ternary principal components plot, the

relative effects between major constituents on the

properties of the CSW were delineated. Additionally,

the CSW within the study area was classified to five

groups via HCA analyses. The CSW of C1 was

characterized as being formed in a shallower aquifer

with a high recharge; most of the CSW in the CB area

Fig. 9 Simulation results for geochemical evolution of CO2-rich spring water (CSW) in Kangwon (KW) area
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belonged to this group. Group C2, encompassing the

CSW of the GB area, was speculated to have formed in

a shallower environment with a lower recharge. The

C3 group of CSW seemed to be greatly affected by Fe-

bearing minerals, and only five samples of the KW

area were included in this group. The CSW of the C4

group was Na–HCO3-type water and included only

five samples from the KW area. Finally, group C5 was

characterized as being affected by Fe-bearing silicate

minerals, such as the biotite in granite and metamor-

phic rocks. This group was composed of 10 and 7

CSW samples from the KW and CB areas,

respectively.

In addition to multivariate statistical analyses, we

simulated the geochemical evolution of CSW using

EPM. The simulation was conducted using stepwise

Fig. 10 Simulation results for geochemical evolution of CO2-rich spring water (CSW) in Chungbuk (CB) area
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approaches. First, we simulated the carbonate water

originating from a deep environment through interac-

tions among magmatic CO2, deep groundwater, and

bedrock-forming minerals. Next, the geochemical

evolution of CSW was estimated via the simulation

of geochemical processes, including mixing between

carbonate water and shallow groundwater and water–

rock interactions taking place in a shallow environ-

ment. To acquire the best simulation results, modeling

conditions, such as the mixing ratios between the

simulated carbonate water and shallow groundwater,

temperature, and rock-forming minerals, were

adjusted according to the area of concern. Generally,

the chemistry of simulated CSW was similar to that of

real CSW. However, the simulated composition of

some elements, such as K and Mg, was somewhat

different from the real values, which might be

attributed to the difference in the degree of

Fig. 11 Simulation results for geochemical evolution of CO2-rich spring water (CSW) in Gyeongbuk (GB) area
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equilibrium state between simulated and real systems.

Based on the simulation results, the Na–HCO3-type

CSW was interpreted to be formed at a higher

temperature range than the Ca–HCO3 type CSW,

indicating that the formation environment of Na–

HCO3 type CSW was deeper. Furthermore, the

simulation results suggest that the relative contribu-

tion of carbonate water in producing CSW could be

estimated according to the areas of concern. Addi-

tionally, the simulation results on the mixing ratios

between carbonate water and shallow groundwater

and CSW formation temperature were intimately

related to the HCA results, particularly for groups

C1 and C2.

The significant contributions of the present study

were (1) the methodology proposed could be effec-

tively applied to studies investigating CSW distributed

over extensive areas, (2) CSW chemistry could be

simulated using equilibrium phase modeling and the

formation temperature and depth of CSW could be

estimated through modeling, with adjustment of the

diverse range of temperatures of the system, and (3)

the chief factors affecting the geochemical evolution

of CSW from carbonate water originating in deep

environments could be determined through modeling.

Consequently, the methodology used in this study

could be applied to predict the behavior of CO2 after

its geological storage, as well as to evaluate the

stability and security of geologically stored CO2.
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