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In this study, we focused on the evaluation, comparison of the physiochemical characteristics, and dis-
tribution of cations and anions in groundwater sampled in rural areas of Korea. The on-site measurements of
pH, EC, DO, and ORP (average, minimum, and maximum) respectively ranged as follows: 5.7~8.7, 49~1,224
uS/cm, 0.5~11.8 mg/L, and -53.0~697 mV. The assessments of water quality for agricultural usages were eval-
uated using SAR, sodium (%), RSC, PI, SSP, MH, PS, and Kelly’s ratio (KR) and were classified as SAR
[Excellent (100%)], Sodium [Excellent (2.1%), Good (51.1%), Permissible (39.3%), Doubtful (6.2%), Unsuit-
able (0.7%)], RSC [Good (100%)], PI [Excellent (100%)], SSP [Excellent (0.7%), Good (37.2%), Fair (61.4%),
Poor (0.7%)], MH [Acceptable (96.6%), Non-Acceptable (3.4%)], KR [Permissible (69.7%), (Non-Permissible
(30.3%)], and PS [Excellent to Good (100%)]. In addition, classifications of groundwater based on the Piper
diagram showed that the groundwater was grouped into the Ca?*-(CI'-NO;") and Ca?*-HCO; types, which are
general features of groundwater in Korea. Moreover, the tracking of dominance types (classified as evap-
oration, rock, and precipitation) based on the Gibbs diagram showed that the origins of anions and cations in
the groundwater are of rock dominance.
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1. Introduction

The major inorganic constituents of water origi-
nate when water in the form of precipitation dis-
solves atmospheric gases such as carbon dioxide
and reacts with minerals on the earth’s surface;
this process is called weathering. When ground-
water moves down gradient from its recharge area
to discharge, other minerals are dissolved, some
are possibly precipitated, and other various chem-
ical reactions may occur. Leachate may eventually
enter groundwater or run off as surface water. In
this process, the chemical constituents of ground-
water have been influenced by the mobility of
groundwater and physical factors such as pH, ORP
DO, and temperature. Therefore, studying the phy-
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sical characteristics and chemical moieties of
groundwater have become important divisions of
groundwater research in order to extend under-
standing of groundwater. Thus, in this study, the
appropriateness of groundwater qualities for specific
purposes based on laboratory-scale chemical analy-
ses and classification of groundwater through com-
parison of distribution of cations and anions were
the focus. Finally, we traced the source of ground-
water cations and anions in samples from rural
provinces in Korea. Generally, for the classification
of groundwater qualities, some mathematical equa-
tions are applied for the assessment of water qua-
lity of groundwater for specific purposes. We used
equations for SAR (Sodium Adsorption Ratio), Na

(%), RSC (Residual Sodium Carbonate), PI (Perme-
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ability Index), SSP (Soluble Sodium Percent), MH
(Magnesium Hazard), KR (Kelly’s Ratio), and PS
(Potential soil Salinity) (M. Vasanthavigar (2012)Y,
Abdul Hameed (2010, S. R. Barick (2014)®, Shu-
bhara Singh (2015)%, E. A. Kaka (2011)®, Cha-kra-
borty B. (2012)®, Yinusa A. (2013)”, B. S. Bad-
mus (2014)®, Radhey Shyam (2011)”, Gabriel I.
201D, J. M. Ishaku (2011)'™). A Wilcox diagram
(Wilcox, 1955)'2 based on Na (%) and electrical
conductivity as well as the U.S. Salinity Laboratory
diagram (Richards, 1954) ® based on SAR and
electrical conductivity (EC) were also used to eva-
luate groundwater quality for agricultural usages.
Meanwhile, the Piper diagram method (Piper,
1953)'¥, which reflects various distribution patterns
of ions in groundwater including anions and cations,
was used to track the ionic sources dissolved in
the groundwater; and the Gibbs (1970)'® and D. K.
Chadha (1999)'® diagram methods were applied for
tracking ionic sources in the groundwater. Gibbs
(1970) proposed the Gibbs diagram based on the
correlation between cations and TDS along with
the correlation between anions and TDS to track
the origin of cations and anions in groundwater.
D. K. Chadha (1999) proposed a new form of dia-
gram and showed that newly proposed methods
for the determinations of groundwater corresponded
well with the classification based on the Piper dia-
gram. B. R. Scanlon (1990)'” classified ground-
water using TDS and cation distribution. Origin
tracing of ions in groundwater is also an import-
ant area of research. K. Srinivasamoorthy (2014)
et al.'® studied the type of rocks dissolved in
groundwater in the Tamiladu region of India, and
N. Subba Rao (2002)' studied the origin of certain
chemical species by comparing the physiochemical
factors, such as SiO,, of groundwater in the Gun-
tur region in India. Nosrat (2010)*®, Nandimandalam
Janardhana Raju (2014)*Y, and Krishna Kumar
(2014) et al?? carried out studies to identify the
ion exchange mechanism using the distribution
ratio of cations (Na*, K) to anions (CI, SO,%,
C0O,%, HCOy, NOj). Meanwhile, E. Lakshmanan

(2003) et al?® also carried out studies to identify
whether the origin of ions in groundwater is carb-
onate minerals or silica minerals using the relative
ratio of cations (Ca®*, Mg’*) to anions (HCOj,
8042'). As mentioned earlier in the Introduction,
we evaluatef the quality of groundwater samples in
pre-monsoon and post-monsoon periods from rural
areas of Korea using various evaluation methods
and classified the groundwater using the Piper dia-
gram. Finally, the tracking methods for assuming
the origins of cations and anions dissolved in
groundwater were applied by using the Gibbs dia-
gram and the Chadha diagram.

2. Methods

2.1. Sampling preparation and measurement
of on-site items

Advancements in technologies and resultant ana-
Iytical capabilities of laboratories have been realized
for the handling, preparation, and analysis of gro-
undwater samples. Because of the special properties
of groundwater samples, representative samples from
sampling sites or wells may indicate different things
to different investigations, mainly because of differ-
ing project objectives. Therefore, samples collected
after pumping a significant volume of water from
the well may be considered representatives of gro-
undwater, whereas samples collected using methods
designed to focus on a specific purpose. Therefore,
many investigators have acknowledged the difficulty
of obtaining samples that are truly representative
of subsurface conditions. Because of the importance
for “the least disturbance or change in the chem-
ical and physical properties” of water samples, we
followed the guideline for groundwater sampling
and in situ measurement for on-site items. Sam-
ples were collected during the two different seasons
of PRe-Monsoon (PRM; June) and POst-Monsoon
(POM; July-November) to broadly cover the sea-
sonal variations. A total of 145 (pre-monsoon: 37
samples, post-monsoon: 108 samples) groundwater
samples were collected in one-liter sample bottles
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that had been acid washed, well-rinsed low-density
polyethylene bottles with inside stopper from bore
wells and analyzed following chemical parameter
guidelines. The samples were collected after suffi-
ciently pumping the wells for 15~20 min and sub-
sequently filtered through 0.45 wm membranes.
The analyzed parameters included the activity of
hydrogen ion concentration (pH); electrical conduc-
tivity (EC); total hardness (TH); total dissolved
solids (TDS); cation groups such as calcium (Ca?*),
magnesium (Mg?"), sodium (Na'), and potassium
(K"); and anion groups such as bicarbonate (HCOy),
chloride (CI), nitrate (NO;), and phosphate (PO43').
The pH and EC were measured using pH and EC
meters. All anions and cations were analyzed via
ion chromatography (Dionex). The analytical condi-
tions of anions and cations in the groundwater are
shown in Table 1. Following the guidelines, quality
control and quality assurance procedures, such as
calibration curves, sample blanks, sample preserva-
tion, duplicate samples, standards, and charge bal-
ances of ionic substances, were undertaken at every
step to avoid the effect of miscellaneous factors.

2.2. Chemical analyses

Just as the methods for the sampling of ground-
water are important factors, so, too, is the selection
of appropriate analytical method, which is determ-
ined based on the purpose and objectives of the
investigation. After establishing the purpose and
analytical methods, an investigator must select the
appropriate analytical methods for the parameters
of interest. In this study, the analysis of cations
and anions was carried out using a DX-500 Ion
Chromatography System from Dionex, with an Ion-
pac A CSI12A column for cation analysis and an

Ionpac AS12A column for anion analysis. Pretests
were carried out repeatedly to confirm the value
presented via the standard test method in order to
verify the precision and accuracy of each analysis.
The analytical conditions for cations and anions
using ion chromatography are shown in Table 1.
The alkali hydroxides (OH), carbonates (CO32'),
and bicarbonates (HCO;) were converted to a cal-
cium carbonate (CaCO,) concentration for the alka-
linity determination. Phosphate levels were determ-
ined using the test method for phosphates described
in the Standard Chemical Analysis Guidelines for
Water and Wastes ES 04360.2 in Korea®®, which is
based on the optical absorbance at the 880 nm
wavelength caused by a mixture of an ammonium
molybdate solution and an ascorbic acid solution.

2.3. Evaluation of groundwater for agricult-
ural use

The focus of the application of the classification
equations was considered based on the major fac-
tors of 1) the total concentration of soluble salts,
2) the relative proportion of sodium to the other
cations, 3) the hicarbonate concentration in relation
to the concentration of calcium and magnesium,
and 4) the concentration of specific elements and
compounds. In most irrigation situations, the prim-
ary water quality concern is salinity level, as salts
can affect both the soil structure and crop yield.
However, a number of trace elements may be
found in water, which can limit its use for irriga-
tion. As we mentioned, irrigation water pumped
from wells contain considerable chemical constitu-
ents derived from the natural soil environment and
anthropogenic activities that may influence crop yield
and soil fertilities. The irrigation of rice paddies and

Table 1. Analytical conditions for measuring anions and cations in the groundwater

Anions Cations
Column IonPac AS12A (25 cm length), 4 mm x 250 mm TonPac CS12A, 4 mm x 250 mm
Eluent 3.5mM sodium carbonate + 1.0 mM sodium bicarbonate Methanesulfonic acid 20 mM
Velocity of eluent 1.2 mL/min 1.0 mL/min
Injection volume 50 ulL 50 ulL

Detector

Electrical conductivity detector

Electrical conductivity detector
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farm fields with groundwater always introduces
major nutrients and salts into the root zone. Plant
roots naturally take up the water but absorb very
little salt from the soil solution. Similarly, water
evaporates from the soil surface but salts remain
behind. These processes result in a gradual accu-
mulation of salts in the root zone, which affects
the plants by creating salinity hazard, water defici-
ency, and toxicity. To develop solutions for mitiga-
ting such problems, it is necessary to have logical
and scientific understanding of the quality of irrig-
ation water and its effect on soils and crops. From
this point of view, in this study, we focused on the
properties and suitability of groundwater for irriga-
tion of farm fields and rice paddies, with most of
the sampling sites located in the rural areas of the
middle and southern provinces of Korea. Hence,
major assessment equations for groundwater quality
assurance were applied for key items such as SAR,
Na (%), RSC, PI, SSB. MH, KR, and PS; all equ-
ations applied are shown in Table 2.

24. Classification and estimation of ground-
water origin

The distributions of cations and anions in ground-
water represent the vulnerable physicochemical cha-
racteristics caused by the groundwater’s interaction
with soil or rock while flowing in the aquifer The
aquifer represents the characteristics of water bodies
with different chemical compositions formed through

its flow path from main aquifer to soil layers. Thus,
the elemental compositions of groundwater are called
the hydrochemical facies of groundwater, which are
regarded as an important component for the classi-
fication and evaluation of groundwater. Many calcu-
lation and graphic models have been applied via
Piper and Gibbs diagrams. In this study, we used
the Piper diagram, which is a major method for
classifying groundwater, to classify the samples per
sampling period and per purpose for the ground-
water. In addition, the distribution of anions (CI,
HCO,;) and cations (Na*, Ca®") as well as TDS
were applied to generate the Gibbs diagram in
order to guess the dominance type: evaporation do-
minance, rock dominance, or precipitation dominance.
Besides the Piper and Gibbs diagrams, the Chadha
diagram was applied to compare it with the Piper
diagram and to determine whether it matched well
with the Piper diagram in order to look at the
possibility of replacing the Piper diagram.

2.4.1. Piper diagram

Piper diagrams are a combination of anion and
cation triangles that lie on a common baseline.
Adjacent sides of two triangles are 60° apart. A
diamond shape between them is used to replot the
analyses as circles whose area are proportional to
their TDS. The position of an analysis that is plot-
ted on a Piper diagram can be used to make a
tentative conclusion as to the origin of the water

Table 2. Equations and classifications for evaluating the groundwater

Classifications Reference

Equation
SAR [(Na®) /v [(Ca**+Mg?*) /2]
(1;; [(Nat+K")/(Ca?t +Mg?" +K*"+Na™)] x 100
RSC (HCO, +C0,%) - (Ca*T+Mg?™)

PI [(Na*+v HCO;) / (Ca®"+Mg?*+Nat)] x 100

SSP [(Na*+K™*)/ (K*+Nat+Ca?* +Mg?")] x 100
MH [Mg?*/ (Ca®*+Mg?h)] x 100

KR Nat/ (Ca®t+Mg?")

PS Cl++/50,2

Excellent, Good,
Permissible, Doubtful
Excellent, Good, Permissible,
Doubtful, Unsuitable
Good, Medium, Bad
Excellent, Good, Unsuitable
Excellent, Good, Fair, Poor
Suitable, Unsuitable
Permissible, Non-Permissible
Excellent to Good,
Good to Injurious,
Injurious to Unsatisfactory

Richards (1954)%>

Wilcox (1955)12

Richards (1954)%>
Doneen (1964)%9
Joshi (2009)2”
Paliwal (1972)%®
Kelly (1963)%?

Doneen (1954)°7
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represented by that analysis.

2.4.2. Gibbs diagram

Gibbs diagrams are used to interpret the effect
of the hydrogeochemical processes of precipitation,
rock-water interaction, and evaporation on ground-
water geochemistry. The reaction between ground-
water and aquifer minerals has a significant role in
groundwater quality, which is useful to assume the
genesis of inorganic ions of the groundwater. The
Gibbs ratio is calculated using the following equa-
tions.

Gibbs ratio I (for anions)
= (CI") / (CI'+HCOy) @

Gibbs ratio II (for cations)
= Nat+K*) / Nat+K*++Ca®t) )

2.4.3. Chadha diagram

A Chadha diagram is a somewhat modified vers-
ion of the Piper diagram and the expanded Durov
diagram. The difference in milliequivalent percent-
age between alkaline earth metals (calcium plus
magnesium) and alkali metals (sodium plus potass-
ium), expressed as percentage reacting values, is
plotted on the x-axis, and the difference in millie-
quivalent percentage between weak acidic anions
(carbonate plus bicarbonate) and strong acidic anions
(chloride plus sulfate) is plotted on the y-axis. The
milliequivalent percentage differences between alka-
line earth and alkali metals and between weak aci-
dic anions and strong acidic anions would plot in
one of the four possible subfields of the proposed
diagram.

3. Results and discussion

3.1. Chemical parameters of groundwater

As with all other components of environmental
investigation, it is necessary to monitor the effect-
iveness of decontamination protocols to verify that
the contaminants of concern are removed from all

monitoring equipment being decontaminated so that
any data generated from samples collected for che-
mical analysis during the investigation can be con-
sidered valid and uncompromised. The common
physical parameters measured in the field at the
time of sampling were pH, EC, DO, and Eh; these
parameters provided useful and preliminary inform-
ation of the area. To compare the on-site factors
per usage and variation pattern of sampling periods,
groundwater samples were classified based on their
use as agricultural, living, and drinking water and
as pre-monsoon and post-monsoon based on the
sampling period. Groundwater is generally colorless
and odorless and its taste varies according to vari-
ation of physical factors. The pH of water, a very
important indicator of its quality, is controlled by
the amount of dissolved carbon dioxide, carbonates,
and bicarbonates. Addition of salts to groundwater
may cause a rapid rise in pH, and CaCO; increases
the pH of water, making it alkaline (Magdy H.EI-
sayed, 2012)°Y. pH decreases with increasing sali-
nity. In Korea, the pH values of groundwater sam-
ples are within permissible limits: 5.8~8.5 for liv-
ing water, 6.0~8.5 for agricultural water, and 5.0~
9.0. In this study, all pH values were well suited
for the regulation of pH conditions of the ground-
water for its usages. The EC of groundwater from
the study area ranged from 49 to 1,224 uS/cm,
with a mean value of 294 uS/cm. The spatial vari-
ations of EC in June 2016 and November 2016
are listed in Table 3. The groundwater in all sam-
pling site are not shown the salinity in nature and
this is due to the sampling site as isolated patches
far from the sea. Moreover, there is not much
difference between the EC values of pre-monsoon
2016 and post-monsoon 2016. In particular, the EC
ranges of living water were narrower than any
other water groups, thus we concluded that in the
living water more less inorganic contents were dis-
solved in the living water groups. DO is an impor-
tant factor for defining groundwater quality, but, in
the law for the preservation of groundwater in
Korea, the minimum limit for DO (mg/L) for gro-
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Table 3. pH, EC, DO, and ORP values (Average, Minimum, Maximum) of samples
Usage pH EC (uS/cm) DO (mg/L) ORP (mV)

Ave. Min. Max. Ave. Min. Max. Ave. Min. Max. Ave. Min. Max.
Agricultural 7.0 6.1 7.9 412 123 1224 3.8 0.7 8.9 1875 -9.0 456.0
Jun. Living 6.6 6.5 6.8 432 401 462 0.6 0.5 0.8 1464 82.8 210.0
n=37) Drinking 6.8 5.8 7.8 389 109 811 6.7 0.6 10.8 1945 86.0 280.0
Ave. 6.9 5.8 7.9 407 109 1224 44 0.5 108 187.2 -9.0 456.0
Agricultural 7.0 6.3 8.0 445 209 1108 5.0 1.8 8.1 25126 -26.6 358.6
Jul. Living 7.0 6.9 7.1 414 399 429 1.9 1.9 19 1395 815 1974
(n=28) Drinking 6.9 6.4 8.7 359 117 718 6.7 2.2 94 2324 92.0 381.0
Ave. 7.0 6.3 8.7 412 117 1108 54 1.8 9.4 2145 -26.6 381.0
Agricultural 7.1 5.8 8.2 139 49 321 4.9 0.7 8.6 3285 -131.0 697.0
Sep. Living 7.3 7.3 74 77 67 86 6.8 6.0 75 4350 357.0 513.0
(n=59) Drinking 7.1 6.2 8.0 164 56 292 7.1 29 11.8 261.0 -53.0 653.0
Ave. 7.1 5.8 8.2 151 49 321 6.3 0.7 11.8 292.1 -53.0 697.0
Agricultural 6.6 6.3 7.1 365 337 411 4.1 2.1 6.8 3025 217.0 342.0

Oct. Living - - - - - - - - - - - -
(n=11) Drinking 6.1 5.7 6.6 366 352 379 6.8 28 11.1 2934 102.0 653.0
Ave. 6.3 5.7 7.1 366 337 411 5.8 2.1 111 296.7 102.0 653.0
Agricultural 6.9 6.6 7.4 380 220 659 24 1.8 3.2 383.0 333.0 4240

Nov. Living - - - - - - - - - - - -
(n=10) Drinking 6.8 6.3 7.6 263 103 569 5.5 26 10.1 363.2 331.0 389.0
Ave. 6.8 6.3 7.6 310 103 659 4.3 1.8 10.1 154 132 17.8
Agricultural 7.0 5.8 8.2 330 49 1224 44 0.7 8.9 2544 -26.6 697.0
Usage Living 7.0 6.5 74 307 67 462 3.1 0.5 75 2403 816 513.0
(n=145) Drinking 6.9 5.7 8.7 255 56 811 6.8 0.6 11.8 259.3 -53.0 653.0
Ave. 6.9 5.7 8.7 294 49 1224 55 0.5 11.8 256.1 -53.0 697.0
Seasonal Pre-monsoon 6.9 5.8 7.9 407 109 1224 44 0.5 108 187.2 -9.0 456.0
(n=145) Post-monsoon 7.0 5.7 8.7 250 49 1108 6.0 0.7 11.8 2704 -53.0 697.0

undwater used in agriculture is not stipulated as a
regulatory article. DO (mg/L) in the usage groups
of this study are shown in Table 3. The variation
patterns of groundwater were as follows: 0.7~8.9
mg/LL in agricultural, 0.5~7.5 mg/L in living, and
0.6~11.8 mg/L in drinking waters and seasonal
variations from pre-monsoon to post-monsoon per-
iods were 0.5~10.8 mg/L and 0.7~11.8 mg/L, res-
pectively. Reduction potentials (also known as redox
potentials) are measurement tools for the tendency
of a chemical species for acquiring electrons, thus
being reduced. In aqueous solutions, reduction po-
tential is a measurement of the ability of a sol-
ution to either gain or lose electrons when it is
subjected to change via introduction of a new che-
mical species. Oxidation/reduction (redox) reaction
potential of groundwater (Eh) plays an important

role in the geochemical processes that occur in
groundwater. Redox is defined as the transfer of
the electrons. Redox reactions are enormously im-
portant in aqueous environmental geochemistry. Eh
measurements are useful in identifying the redox
zones; its value decreases with increases in resid-
ence time (Champ et al, 1979)°. Eh values above
300 mV indicate that sulfate is stable in a sampling
area because it means that a rechargeable ground-
water or surface water could be refilled through
the soil layer and subsoil flow. The measurement
results of ORP in mV in the groundwater groups
produced the following patterns: -26.6~697 mV in
agricultural, 81.6~513.0 mV in living, and -53.0~
653.0 mV in drinking waters and seasonal variat-
ions from pre-monsoon to post-monsoon were -9.0
~465.0 mV and -53.0~697.0 mV, respectively. From
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the ORP results (Table 3), it could be inferred that
the ORP of agricultural areas was wider in range
than those of the other samples because inflow of
contaminant sources from agricultural activities and
local pollution affected the groundwater quality in
the agricultural area.

3.2. Major ion chemistry

A wide range of different elements can be dis-
solved in groundwater as a result of interactions
with the atmosphere, surficial environment, soil,
and bedrock. Therefore, groundwater tends to have
much higher concentrations of most constituents
than do surface waters, and deep groundwater that
has been in contact with rock for a long time
tends to have higher concentrations than shallow
or young waters do. In geology and soil chemistry,
the major dissolved components of groundwater inc-

Jong Yeon Hwang et al.

lude cations, such as sodium, magnesium, and pot-
assium, and anions, such as bicarbonate, chloride,
and sulfate; these are generally called the major
ions. These constituents are typically present at
concentrations in the range of a few mg/L to sev-
eral hundred mg/L. Water moving through the gro-
und will react to varying degrees with the surround-
ing minerals, and these rock-water interactions give
the water its intrinsic chemical properties. Except
for the major ions, the silicate minerals that com-
prise most rocks do not react readily with most
groundwater, but carbonate minerals do react quite
readily with water and play an important role in
the evolution of chemical and physical properties
of groundwater. Many of the microscale solutes are
dissolved in groundwater in less than 1 mg/L con-
centrations under natural conditions. The ranges of
concentrations of major ions in the groundwater of

Table 4. Na* Ca?*, K*, and Mg®" values (Average, Minimum, Maximum) of samples (mg/L, n=145)

Cation Na™ Ca™™ K™ Mg“*

Usage Ave. Min. Max. Ave. Min. Max. Ave. Min. Max. Ave. Min. Max
Agricultural 23.1 7.8 1053 374 11.8 1158 2.7 0.0 12.1 7.9 1.7 173
Jun. Living 20.1 180 223 417 396 43.7 3.0 1.2 4.7 11.2 6.3 16.1
n=37) Drinking 19.7 6.3 36.1 375 11.1 1184 7.7 05 377 7.0 2.2 13.8
Ave. 22.0 6.3 1053 376 11.1 1184 4.1 0.0 37.7 7.8 1.7 17.3
Agricultural 29.1 84 1128 484 153 1244 39 0.9 12.1 103 3.1 18.9
Jul. Living 214 189 24.0 477 472 482 3.8 1.8 5.7 124 7.6 17.1
(n=28) Drinking 20.0 54 383 379 120 1214 85 09 381 7.3 3.0 13.8
Ave. 25.3 54 1128 446 12.0 1244 55 0.9 381 9.4 3.0 18.9
Agricultural 23.9 5.1 71.7 36.8 8.7 73.1 3.0 0.5 179 7.2 1.9 17.9
Sep. Living 21.0 141 279 421 39.0 451 1.6 1.0 2.1 11.1 8.7 134
(n=59) Drinking 15.7 53 409 30.1 5.7 108.8 2.1 0.1 33.6 6.1 1.0 25.0
Ave. 18.9 5.1 71.7 33.0 5.7 1088 24 0.1 33.6 6.6 1.0 25.0
Agricultural 173 123 236 352 9.7 54.9 5.3 0.8 12.2 7.3 4.2 113

Oct. Living - - - - - - - - - - - -
(n=11) Drinking 13.2 4.6 234 374 126 1126 7.1 1.1 34.9 5.3 2.5 11.8
Ave. 14.7 4.6 236 36.6 9.7 1126 64 0.8 349 6.0 2.5 11.8
Agricultural 183 125 237 48.0 9.7 1116 55 14 119 9.1 6.7 11.6

Nov. Living - - - - - - - - - - - -
(n=10) Drinking 115 4.5 189 241 133 52.0 7.6 1.2 32.6 4.3 2.6 7.5
Ave. 14.2 4.5 23.7 33.7 9.7 1116 6.7 1.2 32.6 6.2 2.6 11.6
Agricultural 24.1 51 112.8 40.2 8.7 1244 34 0.0 179 8.2 1.7 18.9
Usage Living 209 141 279 438 39.0 482 2.8 1.0 5.7 115 6.3 17.1
(n=145) Drinking 16.3 4.5 409 326 5.7 1214 48 0.1 38.1 6.2 1.0 25.0
Ave. 20.3 45 1128 36.7 52 1244 40 0.0 381 74 1.0 25.0
Seasonal Pre-monsoon  22.0 63 1053 376 11.1 1184 4.1 0.0 377 7.8 1.7 17.3
(n=145) Post-monsoon  20.3 46 1128 36.7 5.7 1244 38 0.1 38.1 74 1.0 25.0
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the study area are given in Table 4 for cations and
Table 5 for anions. The concentrations of dissolved
major cations and anions in the groundwater vary
slightly both regionally and seasonally. The general
order of dominance of cations was Ca?’" > Na® >
K* > Mg*" and for anions HCO,> > CI > COJ*
> S0,2 > PO/ were the dominant ions present
in the groundwater samples. In regards to seasonal
variations of major ions, groundwater quality will
change because of the variation in rainfall recharge,
exploitation of groundwater, variation in land use,
irrigation return flow, geochemical reactions, and
geological formations. These factors play a major
role in the seasonal variation of ionic composition
in groundwater in the study area. The composition
of the infiltrating rainwater depends on the frequency
of rainfall, soil environment, agriculture pattern, and
thickness of vadose zone.

107

Sodium ions were the dominant cation of the
study samples, and their average concentrations
varied from 4.5 to 112.8 mg/L. Sodium, among the
alkali metals, is a predominant chemical constituent
of natural water. Calcium is a common and wides-
pread element that is distributed widely in soils
and rocks. Calcium is the second dominant cation
in the groundwater of this region, with average con-
centrations ranging from 52 to 1244 mg/[L. In gen-
eral, groundwater in hard rock regions has a higher
concentration of calcium. Potassium ranged from
0.0 to 38.1 mg/lL, and magnesium concentration
ranged from 1.0 to 25.0 mg/L, with a mean value of
28 mg/L. The magnesium ion concentrations of the
groundwater samples did not vary much compared
to those of the other ions. In addition, concerning
seasonal variation, all major cationic values of the
post-monsoon period were higher than those of the

Table 5. CI, 5042', C032', HCOy, and PO4Z' values (Average, Minimum, Maximum) of samples (mg/L, n=145)

Anion Cr SO, 7> CO4~ HCO ;- PO ,*

Usage Ave. Min. Max. Ave. Min. Max. Ave. Min. Max. Ave. Min. Max. Ave. Min. Max.
Agricultural  32.0 7.0 160.0 19.9 25 57.2 52.0 24.0 140.4 105.6 48.7 2852 0.0 0.0 0.4

Jun. Living 40.0 34.0 45.0 259 236 28.1 55.8 39.6 72.0 113.3 80.5 146.2 0.0 0.0 0.0
n=37) Drinking 320 5.0 580 169 0.0 37.7 385 15.6 129.6 78.2 31.7 263.1 0.0 0.0 0.0
Ave. 32.0 5.0 160.0 194 0.0 57.2 486 15.6 140.4 98.6 31.7 2852 0.0 0.0 0.4

Agricultural 38.0 6.0 167.0 21.7 1.6 60.8 55.8 18.0 139.0 113.2 36.6 2823 0.1 0.0 0.6

Jul. Living 33.0 32.0 34.0 29.8 25.1 345 56.6 30.6 82.6 1149 62.1 1678 0.0 0.0 0.0
(n=28) Drinking 29.0 5.0 56.0 144 14 339 33.0 10.8 1314 67.1 219 2669 0.0 0.0 0.1
Ave. 340 5.0 167.0 19.7 14 60.8 47.7 10.8 139.0 96.9 219 2823 0.0 0.0 0.6

Agricultural 23.0 80 67.0 195 6.0 45.0 51.7 20.4 106.9 105.1 41.4 2170 0.1 0.0 1.3

Sep. Living 450 17.0 73.0 85 3.0 14.0 30.6 144 468 622 29.2 951 0.0 0.0 0.0
(n=59) Drinking 190 4.0 740 116 3.0 51.0 385 13.2 129.7 78.2 26.8 2634 0.0 0.0 0.0
Ave. 220 4.0 74.0 144 3.0 51.0 43.2 132 129.7 876 26.8 2634 0.0 0.0 13

Agricultural 16.0 8.0 22.0 176 4.9 34.0 535 34.8 76.8 108.7 70.7 156.0 0.0 0.0 0.0

Oct. Living - - - - - - - - - - - - - - -
(n=11) Drinking 220 4.0 49.0 129 0.0 34.0 45.7 11.4 1279 928 23.2 259.7 0.0 0.0 0.0
Ave. 200 4.0 49.0 14.7 0.0 34.0 485 114 1279 985 23.2 259.7 0.0 0.0 0.0

Agricultural 23.0 7.0 47.0 203 6.0 30.0 65.8 36.6 129.6 133.5 74.4 263.3 0.1 0.0 0.4

Nov. Living - - - - - - - - - - - - - - -
n=10) Drinking 170 40 340 100 3.0 180 24.1 84 631 49.0 17.1 1281 0.0 0.0 0.0
Ave. 19.0 40 470 141 3.0 30.0 408 8.4 1296 828 17.1 2633 0.0 0.0 04

Agricultural  29.0 6.0 167.0 20.1 1.6 60.8 53.6 18.0 140.4 108.9 36.6 2852 0.1 0.0 1.3

Usage Living 390 170 73.0 214 3.0 345 47.7 144 826 96.8 29.2 1678 0.0 0.0 0.0
(n=145) Drinking 230 4.0 74.0 128 0.0 510 372 84 1314 755 17.1 2669 0.0 0.0 0.1
Ave. 270 4.0 1670 16.7 0.0 60.8 45.7 84 1404 92.7 17.1 2852 0.0 0.0 1.3

Seasonal Pre-monsoon 32.0 5.0 160.0 19.4 0.0 572 48.6 15.6 1404 98.6 31.7 285.2 0.0 0.0 04
(n=145) Post-monsoon 25.4 4.0 167.0 16.0 0.0 60.8 451 10.8 139.0 91.5 219 2823 0.0 00 13
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pre-monsoon period, so we inferred that many pol-
lutants from surface water sources affected the
groundwater quality of samples from the post-mon-
soon season. Chloride is present in all natural wat-
ers, but usually in relatively small amount, and is
considered a strong acid compared to other ions.
The chloride concentration ranged from 27.0 to
167.0 mg/L on average, with the maximum concen-
tration found in the July samples of the agricultu-
ral area. Sulfate is widely distributed in reduced
form in both metamorphic and sedimentary rock
as a metallic sulfide, but it is not a major consti-
tuent of the Earth’s outer crust. The sulfate con-
centration in the groundwater samples ranged from
0.0 to 60.8 mg/L. It is well known that sulfate
concentration in natural water is less than that of
chloride, which was observed in the groundwater
of this study. Thus, it could be supposed that the
sulfate concentration of the groundwater might be
influenced by agricultural patterns, as synthetic che-
mical fertilizers and manure were used in the farm
fields and rice paddies. The primary source of car-
bonate and bicarbonate ions in groundwater is the
dissolved carbon dioxide in rainwater. Bicarbonate
combines with calcium carbonate and sulfate to
form heat retarding. Pipe-clogging scale in boilers
and in other heat exchange equipment. Bicarbonate
values ranged from 17.1 to 285.2 mg/L, making it
the dominant anion of the study area. It is known
that higher concentrations of bicarbonate might be
influenced by the weathering of silicate rocks and
the infiltration of rainwater through the soil layers.
The concentration of carbonates ranged from 8.4 to
140.4 mg/L, with the maximum concentrations ob-
served in the agricultural samples.

3.3. Evaluation of groundwater for agricul-
tural use

3.3.1. SAR, Na (%), RSC, PI, SSB. MH, KR, and
PI

As mentioned in the Introduction, the main pur-
poses of this study were the classification of gro-
undwater for agricultural usages and the assessment

of groundwater quality by using the interrelation-
ships among the evaluation equations. The suitabi-
lity of groundwater for irrigation is contingent on
the effects of the mineral constituents in the wat-
er on both the plants and soil. Generally, salts can
harm a plant’s growth physically by limiting the
uptake of water through modification of the osmotic
processes or chemically via metabolic reactions, such
as those caused by toxic constituents. Salts in
soils cause changes in soil structure, permeability,
and aeration, which indirectly affect plant growth.
An important factor in the relation of crop growth
to water quality is drainage. If a soil is open and
well-drained, crops may be grown in it with the
application of generous amounts of saline water; on
the other hand, a poorly drained area combined
with application of good quality water may fail to
produce as satisfactory a crop. Therefore, many
hydrochemical parameters of groundwater, such as
EC, sodium (%), SAR, RSC, PI, and MR, are
used for determining its suitability for irrigation.
From applying the equations and classifications for
evaluating groundwater (Table 2), we obtained the
following classifications: SAR [Excellent (100%)], Na
(%) [Excellent (2.1%), Good (51.7%), Permissible
(39.3%), Doubtful (6.2%), Unsuitable (0.7%)], RSC
[Good (100%)], PI [Excellent (100%)], SSP [(Exc-
ellent (0.7%), Good (37.2%), Fair (61.4%), Poor
(0.7%)], MH [Acceptable (96.6%), Non-Acceptable
3.4%)], KR [Permissible (30.3%), Non-Permissible
(69.7%)], and PS [Excellent to Good (100%)], the
results of which are shown in Tables 6 and 7.

3.3.2. Evaluation of groundwater using Wilcox
and U.S. Salinity Laboratory diagrams

EC and Na concentrations are important in cla-
ssifying irrigation water because high saline cont-
ent (high EC) in irrigation water leads to forma-
tion of saline soil. The salinization of rice paddies
is the major cause of production loss and it has
an adverse effect on irrigation systems, including
water quality of stream and lake water because
irrigation water on rice paddies drains to streams
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Table 6. Classifications of groundwater using SAR, Na (%), RSC, and PI

SAR Na (%) RSC PI
Excellent Excellent
10-20 ®) Up to 20 Excellent (E) < 1.25 Good/Safe (G) > 75% E)
Medium/ o
Classifications 10-18 Good (G) 2040 Good (G) 1.25-2.5 Marginal (M) 25-75% Good (G)
. Permissible Bad/Unsuitable Unsuitable
18-26 Fair (F) 40-60 (P) > 25 B) > 25% )
> 26 Poor (P) 60-80 Doubtful (D) - - - -
- - > 80 Unsuitable (U) - - - -
Grads
Usage "C®) @ ®» ® ® G ® O U G o B) & G O
Agriculture 49.0 0.0 0.0 00 0.7 248 214 14 0.7 49.0 0.0 0.0 49.0 0.0 0.0
Living 41 00 00 00 00 34 07 00 00 41 00 0.0 4.1 0.0 0.0
Drinking 469 00 00 0.0 14 234 172 48 0.0 469 0.0 0.0 469 0.0 0.0
Total (%) 100.0 0.0 0.0 00 21 51.7 393 6.2 0.7 100.0 0.0 0.0 100.0 0.0 0.0
? 145 (100%) 145 (100%) 145 (100%) 145 (100%)
Table 7. Classifications of groundwater using SSP, MH, KR, and PS
SSP MH KR PS
Excellent Non-Acceptable Non-Permissible Excellent to Good
< 20 > 50 > 1.0 <5
E) (NA) (NP) E)
Classifications 2040 Good (G) < 50 Acceptable (A) < 1.0 Permissible (P) 5-10 Good t(zGI)n jurious

Injurious to
Unsatisfactory (I)
> 80 Poor (P) - - - N N _

40-80 Fair (F) - - - - > 10

Grade

Usage & G ® @® WA A (NP) ®) ®) G) @

Agriculture 0.0 186 29.7 0.7 2.8 46.2 15.9 33.1 49.0 0.0 0.0

Living 00 28 14 00 00 4.1 0.0 4.1 4.1 0.0 0.0

Drinking 0.7 159 303 00 0.7 46.2 14.5 324 46.9 0.0 0.0

Total (%) 0.7 372 614 0.7 34 96.6 30.3 69.7 100.0 0.0 0.0
145 (100%) 145 (100%) 145 (100%) 145 (100%)

or lakes for the circulation of rice paddy water.  ent sodium is a parameter with which to evaluate
Thus, the introduction of saline water from the  its suitability for agricultural purposes, as sodium
ground to the rice paddy should be monitored re-  combining with carbonate forms alkaline soils and
gularly. Judgement through multi-criteria such as  sodium combining with chloride forms saline soils.
conductivity and SAR would be a proper tool for  Either type of sodium-enriched soil will lead to
maintaining high productivity of rice paddies because  little or no plant growth. In addition to that men-
saline conditions severely lLimit the choice of crops  tioned in section 3.3.1, another method for deter-
and adversely affect crop germination and yields. In  mining groundwater samples was studied by plott-
this respect, it is important that all evaluations re-  ing analytical data relating EC to sodium percent
garding irrigation water quality be linked to the  (Fig. 1(a)), which showed that most of the samples
evaluation of the soils to be irrigated. Most of all, were “Excellent to good.” Based on EC values,
sodium concentration is important in classifying irri-  Richards classified the total concentration of soluble
gation water because sodium reacts with soil, red-  salts in irrigation water into four groups. High-sali-
ucing its permeability. In all natural waters, perc-  nity problems are encountered when irrigation acti-
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U.S. Salinity Laboratory diagram
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Fig. 1. Wilcox diagram (a) and U.S. Salinity Laboratory diagram (b) of the studied groundwater.

vity is in agricultural soils with poor drainage and
when water logging allows the water table to rise
close to the root zone of plants, causing accumula-
tion of sodium salts in the soil solution through

capillary action following surface evaporation. The
sodium or alkali hazard in the use of water for
irrigation is determined by the absolute and relative
concentrations of cations. The relative activity of

Table 8. Classification of groundwater quality based on SAR and conductivity per USSL classifications (after Ayers and
Westcot, 1985°; U.S. Salinity Laboratory, 1954°Y; Wilcox, 1955'%)

Classifications and ranges

Wilcox diagram

Classification Range Quality
100 _ 1000 5 5000
- 23 436782 2 3 4 C1 100-200 Excellent
NG
E _Cl S4
2| s Cc2 250-750 Good
= c2-84 ..
2 |2 Conductivity
s | C3-54
S |cis3 C3 750-2250 Doubtful
g 20- Cc4-54
8 |8|«lE €2-53 C4-C5 > 2250 Unsuitable
=13 |2 L
E ] €383
SN2 [ers - S1 < 10 Excellent
ﬁ: 5 US| o= -
5|, ' T
2z | | _cs2 S2 10-18 Good
g5 C1-s1 ~ C4-S2
] f c2-s1 M~ SAR
— €381 | c4s1 S3 19-26 Doubtful/Fairly
100 200 750 2250
CONDUCTIVITY (16cm-1)
S — 3 1 4
LOW |MEDIUM | HIGH |V HIGH S4-S5 > 26 Unsuitable

SALINITY HAZARD
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sodium ion in the exchange reaction with soil is
expressed in terms of SAR. If high sodium content
and low calcium content are present in waters used
for irrigation purposes, the base-exchange complex
may become saturated with sodium. This can des-
troy the soil structure because of deflocculation
(dispersion of clay particles) processes. The U.S.
Salinity Laboratory diagram uses electrical conduc-
tivity, and SAR classifies groundwater as C.S,, which
is a combination of electrical conductivity (C1-C4)
and SAR (S1-S4) (Table 8). The plotting of the
analytical data on the US Salinity Laboratory diag-
ram, in which the EC is taken as a salinity hazard

and SAR as an alkalinity hazard (Fig. 1(b)), shows
that most pre-monsoon and post-monsoon samples
were classified as C1S1 (Excellent/Excellent) and
C2S1 (Good/Excellent).

3.4. Piper diagram

Water types of the Piper diagram (Fig. 2) were
classified into the following groups: 1) water groups
high in both Ca?*+Mg?* and CI'+SO,%, which
results in an area of permanent hardness; 2) wat-
er groups rich in Ca®*+Mg?" and HCO;, which
indicates a region of water with temporary hardness;
3) water groups primarily composed of alkali car-

Drinking Groundwater

September
October
November

[ 2 2 4 i

Living Groundwater
A

* September

.pi&q:fg?a?a

Na'+K* HCO;

—> NO,+CI

Na+K' HCO, ——> NO,+CI

Agricultural Groundwater

September
October
November

[ 2 2.3-2id

Na'+K* HCO;

Fig. 2. Piper diagram of the studied groundwater per usage purpose.
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bonates (Na*+K* and HCO; +C0,%); and 4) wa-
ter groups considered saline (Na™+K*' and ClI'+
8042’). The dominant types of groundwater are
regarded as a key factor for the conjecture of the
contamination sources from the upper layers of
soils and surface waters including water from
streams, reservoirs, lakes, and the sea. Moreover,
it would be regarded as a major signal for presu-
ming the main source from chemical fertilizers and
manure induced by agricultural activities and by
other productive activities on farm fields. As men-
tioned in the Introduction, water types from the

Piper diagram are regarded as major key factors

June Groundwater

for linking inorganic sources of groundwater to
soil texture, so they could be linked to the Gibb
and Chadha diagrams in section 3.5. For the classi-
fications of the groundwater, samples were classified
for their usages such as drinking, living, or indus-
trial use (Fig. 2) and also divided per their samp-
ling period: pre-monsoon (June) and post-monsoon
(July, September, October) (Fig. 3). The major types
of groundwater samples were divided into Ca’*—
(CI'-NOyg") and Caz+—HC03‘ types, so it would be
known if there was influence from inorganic sour-
ces in the soil upper layers and chemical fertilizers.
However, there were no specific differences of

July Groundwater

< Agricultural L 3 Agricuitural
e e
Mgb
‘0 *
26 Ne 2
.
A o *
i »n 80 2,
Ca"’ — Na'+K* HCOy — NO+CI Ca” «<— Na'+K* HCO; —> NO,+CI'

Na'+K*

HCO,

— NO,+CI

Na+K*  HCO, —— NO;+CI

Fig. 3. Piper diagram of the studied groundwater per seasonal variation, from June to October.
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Gibbs diagram for cations (a)
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Fig. 4. Gibbs diagrams of the studied groundwater for cations (a) and anions (b).

water types of the groundwater between usage

groups nor sampling period groups.

3.5. Estimation of origin of ions using the

Gibbs and Chadha diagrams

Whereas the Piper diagram classifies groundwater
based on the distribution of both cations and ani-

ons, the Gibbs diagram estimates the origin of ions
in groundwater by focusing on the correlation bet-
ween the concentration of cations (Na*, Ca®*), ani-
ons (CI, HCO;), and TDS. The Gibbs diagrams
based on TDS and the concentration of cations
(Fig. 4(a)) and anions (Fig. 4(b)) show that most of
the cations and anions in groundwater have a rock-

Classification groups Notations
56 Fields Water types
40
. 1 Alkaline earth metals exceed alkali metals
. ® 0 0
%gv 20 2 Alkali metals exceed alkaline earth metals
0
U+ 10
Eg m i m 3 Weakly acidic anions exceed strongly acidic anions ‘
e RU o "
< 0 -10 4 Strongly acidic anions exceed weakly acidic anions
2
21
qg,' + 20 5 Alkaline earth metals and weakly acidic anions exceed
= 'E; @ 3 @ ] alkali metals and strongly acidic anions, respectively
2Y " 6 Alkaline earth metals exceed alkali metals and
0 strongly acidic anions exceed weakly acidic anions
50 7 Alkali metals exceed alkaline earth metals and
= (Ca? + Mg¥) - (Na + k) = strongly acidic anions exceed weakly acidic anions
Milliequivalent percentage 3 Alkali metals exceed alkaline earth metals and weakly

acidic anions exceed strongly acidic anions

Fig. 5. Geochemical classifications and hydrochemical parameters of the studied groundwater (D. K. Chadha, 1999).
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dominance origin. This characteristic indicates that
the dissolution of ions in groundwater through the
interaction between groundwater and rock or soil is
more dominant than that of precipitation or any
other sources. Chadha proposed a modified diagram
and classified the origin of ions into eight groups.
In a Chadha diagram, the square or rectangular
field describes the overall ion distribution and cha-
racter of groundwater for the demonstration of geo-
chemical classification and hydrochemical processes
of groundwater. To define the primary character of
groundwater, the rectangular field is divided into
eight subfields, each of which represents a water
type (Fig. 5). The tracing study of ions based on
the Chadha diagram indicated that the alkaline earth
and alkali metals that originate from soil or rock
interactions with weak acidic anions and strong aci-
dic anions in groundwater interacted (Fig. 6). In
the Gibbs and Chadha diagrams, it was supposed
that the dominance type of the groundwater could
be concluded in the Gibbs diagram (hydrochemical)
and the dominance type of components in a speci-
fic range would be defined in the Chadha diagram
(geochemical), hence the combination of the two
diagrams would be a convenient tool for illustrating

the general types of groundwater at laboratory scale.

4. Conclusion

The major goals of this study were classified
into four categories: on-site monitoring of ground-
water quality via instrumental and laboratory exp-
eriments; assessment of groundwater quality for
agricultural usages via SAR, Na (%), RSC, PI, SSP,
MH, PS, and KR; classification of groundwater by
using Piper, Gibbs, and Chadha diagram methods;
and tracking of the origins of anions and cations
by using rock-dominance types. In the monitoring
of ionic properties of groundwater, it was concluded
that the concentrations of cations, such as Ca’*,
Na*, K*, and Mg>*, and anions, such as HCOj,
and CI, were higher in the post-monsoon season
than in the pre-monsoon season, indicating ground-
water quality might be influenced by chemical fer-
tilizers and manure introduced through agricultural
activities. For the assessment of the groundwater
quality, the SAR, Na (%), RSC, PI, SSB, MH, PS,
and KR were calculated by using equations for each
and the results were classified as follows: 100%
excellent for SAR, 51.1% good for Na (%), 100%

Chadha diagram (pre-monsoon)

Chadha diagram (post-monsoon)
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Fig. 6. Seasonal geochemical classifications and hydrochemical parameters of the studied groundwater.
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good for RSC, 100% excellent for PI, 61.4% fair
for SSP, 96.6% acceptable for MH, and 69.7% per-
missible for KR. Most of the groundwater samples
were classified as “excellent to good” or “good to
permissible” using the Wilcox diagram. The evalu-
ation using the U.S. Salinity Laboratory diagram
also showed that most groundwater samples were
grouped as CI1S1 (Excellent/Excellent) or C2S1
(Good/Excellent). In the Piper diagrams, the Ca®*—
(CI-NO;") and Ca?*-HCO, types, which are known
as the general type of groundwater in rural areas
of Korea, were the dominant types for the study’s
groundwater. Moreover, in source-rock deduction in
accordance with the Gibbs and Chadha diagrams,
the chemical components in the groundwater were
affected by the water-rock interactions as follows:
dolomite type weathering, gypsum type weathering,
and alkali and alkaline earth metal type weathering.
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