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Abstract: The use of shallow geothermal energy systems utilizing groundwater temperature
for the air-conditioning of buildings is increasing worldwide. The impact of these systems on
groundwater quality has become crucial for environmental regulations and system design. For the
long-term operation of geothermal systems, it is important to evaluate their influence on the
geochemical properties of groundwater, including precipitation and dissolution of secondary minerals.
This research was conducted in a real-scale geothermal system, consisting of a groundwater heat
pump (GWHP). Hydrochemical data were obtained from samples collected from an aquifer before
heating, during heating, and before cooling operations of the GWHP. The Langelier Saturation
Index and Ryznar Stability Index were calculated, and the saturation index was simulated with
the PHREEQC program. Evidence from water table variation, temperature change, and 87Sr/86Sr
isotope distribution showed that groundwater flows from a well located on the northwest side of the
geothermal well. The saturation index values showed that the pristine groundwater favors carbonate
dissolution, however, manganese oxides are more sensitive to temperature than carbonate minerals.
In addition, mineral precipitation and dissolution were found to vary with depth and temperature.

Keywords: groundwater temperature; geochemical properties; groundwater heat pump (GWHP);
water table variation; saturation index

1. Introduction

In the last few decades, extensive CO2 gas emissions have been linked to several aspects of global
changes and the scarcity of energy resources by many researchers [1–3]. Environmental problems are
becoming evident at local and global scales. As a response, international agreements such as the Kyoto
Protocol and the Paris Agreement call for the reduction of fossil fuel consumption as well as enforce
developments in renewable energy [4–6]. Alongside solar, wind, and hydro-energy, shallow geothermal
energy is an alternative to fossil fuel that is used for space heating and cooling worldwide [7,8]. With the
advantages of flexible system design for various capacity ranges, site availability, long sustainability,
environmental friendliness, and simple simplicity of installation, the geothermal heat pump market
has experienced dramatic growth since the 1990s [9–12]. The majority of installations occur in North
America, Europe, and China. Recent surveys have shown that the global installation capacity
is approximately 50,258 MWt [13–17]. Geothermal heat pumps have been installed mostly in
North America, Europe, and China, and many other countries have the potential for considerable
uptake [18–23].

A geothermal heat pump, or shallow geothermal system, can be roughly grouped as a ground-
source heat pump (GSHP) of the closed-loop type, or a groundwater heat pump (GWHP) of the
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open-loop type [24,25]. The key factors that determine heat pump performance are the thermophysical
properties of the ground. The type of heat exchanger should be determined by the preference of thermal
resources to be extracted from the ground or groundwater. In the closed-loop type, a circulation
fluid moves inside the system without direct contact with, or dispersion in, the aquifer, and heat
transfer between the circulation fluid in the tube and the surrounding ground is utilized. In the
open-loop type, groundwater is pumped into the system and extracted water is re-injected into the
same or a different aquifer after heat exchange. In a typical aquifer thermal energy storage (ATES),
or GSHP system, the circulated groundwater temperature ranges from 5 and 30 ◦C , and the ambient
aquifer temperature is changed by less than ±10 ◦C [24,26–29]. Recently, high-temperature ATES,
or seasonal thermal energy storage systems, have been designed for reservoirs with subsurface
temperature of up to 100 ◦C [30,31]; however, such systems have not gained popularity thus far.
Regulations for the maximum allowed temperature of re-injected groundwater have been set only in a
few countries [32]. Even in low-temperature GSHP systems, heating and cooling operations lead to
temperature differences between the heat sink and source, and change the temperature of the ambient
aquifer. Although the thermal plume of a heat pump site is limited to a specific area, temperature
changes may adversely affect groundwater quality in many ways [14,33–39].

Re-injected groundwater at a different temperature from that of the aquifer may induce changes
in dissolved O2 and CO2 concentrations, mineral solubility, reaction kinetics, redox processes,
and sorption-desorption of dissolved components [40]. The influence of ATES operation on
groundwater chemistry has been studied using various approaches [34,41–45]. Hydrochemical reactive
transport model simulations could explain the effects of shallow geothermal energy harvesting on
groundwater quality within specific temperature ranges of injected water [46]. Scaling problems such
as CaCO3 deposition have frequently been reported in heat pumps and heat exchangers. Rafferty [47]
classified groundwater quality by developing evaluation tables of indicators associated with calcium
hardness, M-alkalinity, total dissolved solids (TDS), pH, and temperature. Indices of water hardness
such as the Langelier Saturation Index (LSI) and Ryznar Stability Index (RSI) are generally used to
predict the scaling potential within several ranges of water hardness or temperature [36,48,49]. Abesser
et al. [50] developed a web-based map as a screening tool for open-system installation: this map
provides site-specific hydrogeological information and groundwater quality data with the LSI, RSI,
and Larson–Skold Corrosive Index. Park et al. [51] conducted oxygen and hydrogen isotope analyses
of groundwater used in open-loop systems for one year, and provided LSI and RSI values. Strontium
isotope analysis of bedrock minerals and surface waters provides information on the history of
groundwater movement related to hydrological processes [52–55].

A feasibility study of a GWHP site, therefore, calls for integrated approaches [56,57], and the
characterization of the potential groundwater change at a shallow geothermal system requires
comprehensive surveys based on groundwater quality and local hydrogeology. Re-injected
groundwater mediates reactions of mineral dissolution–precipitation; the latter are sensitive to
fluctuations in temperature, pressure, and the concentration of dissolved inorganic carbon. Moreover,
the hydrochemical condition of groundwater and the precipitation of minerals affect the lifespan
of GWHPs. Considering these issues, this study investigates the effect of GWHP operation on
groundwater using hydrochemical monitoring data for one season of heating and cooling operation
at a GWHP site. The main objectives of this study are: (1) to understand changes in hydrochemistry
before and after system operation; (2) to gain perspective on groundwater movement in the local
watershed boundary with isotopic analysis; and, (3) to evaluate the long-term sustainability of the
GWHP system with increasing temperature.

2. Site Description

The studied GWHP system is located inside the Korea Institute of Geoscience and Mineral
Resources (KIGAM) in the Yuseong area, Daejeon city, Republic of Korea (Figure 1A). The mean
annual temperature and precipitation of the research area for the past ten years are 13.2 ◦C and



Water 2020, 12, 1377 3 of 20

1282 mm, respectively (Korea Meteorological Administration, www.kma.go.kr). Both temperature
and precipitation increase sharply in March and April, reaching their maxima in August. The geology
of the study site mainly consists of Mesozoic quartz gabbro and Mesozoic two-mica granite (biotite
and muscovite) rocks, which are intruded by dykes of granophyre, and quartz porphyry (Figure 1B).
The original structure of metamorphic rocks at this site are affected by granite intrusion and the
bedrock is unconformably overlain by Quaternary alluvia [58]. The covering sediment layer with 5 m
thickness consists of reclaimed soil, and the below comprises thin weathered part and fractured biotite
granite bedrock. Figure 1C shows the well locations at the study site. There is a stream flowing from
the northwest to the southeast of the study area. The hybrid borehole heat exchanger (BHE) system,
namely GWHP, is installed in the SP well (Figure 1), which is at approximately 30 m from the stream.

Figure 1. Location (A), geology (B), and sampling sites (C) of the study area.

www.kma.go.kr
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The groundwater level and altitude of each sampling site were measured during the monitoring
campaign, and the results show in Appendix A Table A1. Based on the data in January (before the
heating operation period), the groundwater levels of KD and KH wells located north of the study
area were higher than those of the wells of BS, JJ and SP. It confirms that the trend of groundwater
level decreased from the northeastern hill to the southwestern stream, and the flow direction of the
groundwater is likely to be similar. There is stream water as a permanent stream, thus groundwater is
constantly discharging. The groundwater level of SP well was the lowest among the other wells in
January and June 2019, and was lower than the stream water level. It is considered to be the influence
of the pumping operation of the open-loop type GWHP.

The system comprises one hybrid BHE, one injection well, and one monitoring well, as shown
in Figure 2A. The hybrid BHE has the functions of both open- and closed-loop types. The distance
between the geothermal well (200 mm diameter) and the injection well (150 mm diameter) is 10 m,
and the observation well (150 mm diameter) is located mid-distance between the latter. The geothermal
well consists of an open-loop system with a submersible pump, installed at a depth of approximately
50 m, with a closed-loop U-tube pipe. These wells are filled with groundwater, and the installed casing
depths range from 10–14 m. Surface water intrusion into the borehole is prevented by cement grouting
around the outer casing down to a depth of 8 m (Figure 2B). In the study area, two other vertical
closed-loop type systems have been in operation in different research buildings since 2006 and 2014.
The annual air-conditioning load is estimated to be approximately 42,120 kWh. By assuming the load
as energy demand, we estimate a saving of 3,370 kg of CO2 [7].

Figure 2. Schematic diagram of a GWHP testbed with a hybrid BHE. The hybrid BHE consists of a
BHE including closed and open systems, and the injection well (A). The structure and rock properties
of the observation well are shown in (B).

3. Materials and Methods

3.1. Sampling and Analysis

Sampling was carried out in January (before heating operation), February (during heating
operation), and June (before cooling operation) in 2019. Thirty-two water samples were collected from
five wells and one stream. In situ measurements of temperature, pH, electrical conductivity (EC),
oxidation-reduction potential (Eh), and dissolved oxygen (DO) were taken using a multi-parameter
portable meter (WTW Multi 3620 IDS, Fisher Scientific, Sweden). Laboratory analyses were conducted
to determine silica (SiO2), ions (Ca, K, Mg, Na, Fe, Mn, Sr, F, Cl, Br, HCO3, NO3, and SO4), and isotopes
(18O, 2H and 87Sr/86Sr) values. Alkalinity titration was carried out using 0.02 N hydrochloric acid and
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Rondolino DL50 Titroprocessor (Mettler Toledo, Australia). All water samples were filtered through
a 0.22 µm pore size membrane (Advantec, cellulose acetate), stored in polypropylene bottles, and
refrigerated at 4 °C for chemical analyses.

Cation samples were acidified with concentrated nitric acid to pH < 2. Cations and anions
were analyzed using Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES, OPTIMA
7300DV, Perkin Elmer, USA) and Ion Chromatography (IC, Dionex Aquion, Thermo Scientific, USA),
respectively. The measured ion concentration had a charge balance error of ±10%. Oxygen (18O) and
hydrogen (2H) isotopes of the water samples were analyzed using a cavity ring-down spectrometer
(L2140-i of isotopic H2O, Picarro, USA), and isotope ratio results were compared to the standardized
Standard Mean Ocean Water (V-SMOW). Samples for analysis of strontium isotope ratios (87Sr/86Sr)
were dried in Teflon vessels, dissolved with 8 N HNO3, and analyzed using Thermal Ionization Mass
Spectroscopy (TIMS, TRITON Plus TIMS, Thermo scientific, USA). The strontium isotope ratios were
normalized to 88Sr/86Sr = 8.375209, and the mean 87Sr/86Sr ratio of the NBS987 standard for analysis
was 0.710269 ± 0.000005.

3.2. Hydrothermal Variation Monitoring

As shown in Figure 2A, the submersible pump is located at 50 m depth in the hybrid BHE,
and the pumped groundwater circulates through a plate heat exchanger with a 28,800 kcal/h capacity.
The heat-exchanged groundwater discharges at 30 m depth in the injection well. The performance
monitoring system collects temperature data from the observation and injection wells using Pt100
temperature sensors at depths of 30, 60, 90, 120, and 150 m. The geothermal heat pump operates
automatically according to heating or cooling demands, and the temperature of pumped groundwater
changes according to the air-conditioning load.

4. Results and Discussions

4.1. Temperature Variation of the Aquifer

The subsurface temperature was monitored during one heating and cooling cycle of the GWHP.
The temperature of re-injected water ranged from 13.9–15.9 ◦C in the monitored heating season
(21 January to 11 March 2019), and 14.7–23.0 ◦C in the cooling season (14 July to 4 September 2019).
The temperature ranges and peaks are related to the air-conditioning load, system performance, aquifer
hydrology, etc. In the winter season, the heat exchange rate during peak heating load was between 8.8
and 2.0 kW, and the injection temperature variation was lower than that of the cooling period. Figure 3
shows the temperature variation at the injection and observation wells during the summer season.
The main temperature variation peaks were shown at 30, 60, and 90 m depth, however the temperature
variation trend in the observation well differs from that in the injection well. It is assumed that the
re-injected groundwater moves through a hetorogeneous fractured aquifer with local direction. If the
thermal injection and extraction rates are balanced during seasonal operations, the ground temperature
would change within a narrow range even during long-term operation of the GWHP.

4.2. Field Measurements and Hydrochemical Composition

The results from field measurements and laboratory analyses of water samples during the
monitoring period are presented in Table 1. These analyses achieved < 5% charge balance error.
pH values of the surface water were higher than those of the SP samples, and BS samples showed the
highest pH and lowest EC values. Prior to the heating operation period, the trends of EC, DO, Na+,
and Cl− values changed from decreasing to increasing at a depth of 90 m, while Ca2+ and HCO−3
values increased with depth (Figure 4). A low-permeability layer is inferred to have occurred at a 90 m
depth, causing the DO value to decrease. The relatively low DO values, and the vertical splitting of
EC, Na+, and Cl− values, can be attributed to the long residence time of groundwater.
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Figure 3. Temperature variation with depth at injection (A) and observation (B) wells from 14 July to
2 September 2019.

During the heating operation in February, the hydrochemical properties of groundwater from
the SP well were markedly different from those of surface water. Concentrations of DO, Ca2+, Na+,
and Cl− were almost constant regardless of depth, whereas EC values decreased drastically, with
fluctuations from 60 m to 90 m. The EC trend at a 60 m depth was the opposite to that of other
dissolved components and calculated TDS values (Table 1); however, this is attributed to errors in field
measurements. Moreover, we infer active vertical mixing of groundwater, although horizontal mixing
seldom occurs. The Na+ and Cl− concentrations were much higher in shallow groundwater than
in surface water, suggesting that the shallower groundwater is influenced by anthropogenic inputs,
whereas the deeper groundwater is affected by water-rock interactions (i.e., mineral dissolution).
The hydrochemical characteristics of dissolved components (such as elevated EC, Na+, and Cl−

concentrations) could be attributed to the effects of salt (NaCl) associated with the maintenance of
tennis and basketball courts at the study site: a large amount of salt is scattered on the soil surface to
prevent soil dust and weed growth. Thus, horizontal interactions between groundwater and surface
water did not occur at shallow depth, and the anthropogenic influence extended deeper than 90 m.
Consequently, the dissolved components of groundwater appear to be consistent regardless of depth.

After a break of three months (before cooling operation), Na+ and Cl− concentrations decreased
with depth, however, the EC, Ca2+, and HCO−3 concentrations changed at a depth of 120 m, which was
likely due to the hydrochemical properties of deeper groundwater (green line in Figure 4). Since the
DO decreased with depth, the groundwater condition during this period is believed to have been stable.
The reversal of the trend for all factors except DO at a 120 m depth indicates that the permeability of
this layer was higher than that at a depth of 90 m. Thus, the hydrochemical values of samples deeper
than 120 m may be representative of the regional groundwater flow.
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Table 1. Field-measured values and hydrochemical data of the water samples.

Condition ID
Depth pH EC DO Ca Mg Na K SiO2 Sr Fe Mn HCO3 F Cl Br NO3 SO4

(m) µS/cm mg/L ( mg/L) (µg/L) mg/L

Before
heating

operation
January

2019

SW1 - 7.97 317 12.5 28.8 5.03 18.5 4.90 5.95 224 BDL * BDL 75.9 0.40 17.8 0.98 7.86 36.8
SP1-1 30 6.40 395 9.06 33.6 3.66 30.7 2.24 14.4 314 4.46 2.56 85.5 0.26 73.7 0.19 10.2 11.4
SP1-2 60 6.92 344 4.10 38.6 2.32 21.4 1.24 13.7 183 1.74 2.33 107 0.92 41.2 0.58 8.57 9.44
SP1-3 90 7.64 279 3.72 38.9 1.00 16.5 0.74 12.0 111 3.38 1.29 124 1.09 15.6 0.86 6.79 7.51
SP1-4 120 7.52 359 6.95 50.0 1.62 19.8 1.21 12.0 164 0.83 3.63 132 0.85 28.2 0.68 7.74 10.4
SP1-5 150 7.40 412 7.95 60.7 2.36 21.9 1.85 12.4 220 2.21 15.4 187 0.86 40.2 0.41 7.06 10.5
KH1-1 30 7.19 306 5.91 37.8 2.61 13.9 1.11 10.9 115 BDL BDL 114 0.84 13.9 0.92 1.75 10.1
KH1-2 60 7.23 302 3.61 37.1 2.59 13.6 1.15 10.2 115 BDL BDL 67.9 1.34 29.8 1.98 3.05 22.8
KH1-3 120 7.42 305 2.58 37.9 2.63 13.9 1.13 11.9 118 BDL BDL 114 0.91 14.3 0.90 2.20 10.2
KD1 - 7.65 281 20.4 34.7 2.08 10.0 0.89 11.8 157 BDL BDL 133 0.69 6.07 0.07 5.04 22.0
JJ1-1 30 7.48 359 4.50 39.4 2.79 16.0 1.15 11.7 180 75.6 34.2 115 1.00 21.2 0.05 5.50 7.19
JJ1-2 60 7.34 325 4.53 36.5 2.85 16.4 1.27 10.6 175 191 43.1 141 0.92 21.2 0.04 4.90 6.45
JJ1-3 120 7.22 320 4.00 39.0 2.86 16.3 1.28 11.8 186 202 47.1 141 0.93 21.0 0.05 5.48 7.20
BS1 60 8.10 190 6.59 22.4 0.67 9.72 1.31 8.23 127 39.9 20.0 82.7 0.77 8.99 ND ** 2.39 4.98

Heating
operation
February

2019

SW2 - 8.21 500 12.5 28.1 5.07 18.4 4.88 7.43 223 BDL BDL 97.1 0.17 36.0 0.03 13.4 9.45
SP2-1 60 6.77 355 8.76 30.7 3.30 21.4 1.85 13.2 251 14.9 3.55 42.4 0.23 56.2 0.30 9.64 11.2
SP2-2 90 6.60 352 8.75 35.8 3.71 23.7 1.96 14.9 288 BDL BDL 86.6 0.23 55.5 0.30 9.55 11.1
SP2-3 120 6.46 380 8.97 35.8 3.67 22.7 1.94 14.6 292 BDL BDL 88.2 0.31 55.2 0.31 9.52 11.1

Before
cooling

operation
June
2019

SW3 - 7.63 310 9.32 27.5 4.79 21.3 5.99 6.47 200 BDL BDL 92.6 0.38 34.5 BDL 9.78 14.7
SP3-1 30 6.29 376 3.98 37.2 3.24 29.5 1.80 14.7 260 BDL BDL 75.9 0.43 57.6 0.34 9.73 14.7
SP3-2 60 6.32 369 3.77 38.9 3.02 27.5 1.67 14.6 240 BDL BDL 94.2 0.54 51.6 0.38 9.25 14.4
SP3-3 90 6.52 343 2.64 40.3 2.24 23.7 1.34 13.4 190 BDL BDL 110 0.84 38.0 0.48 8.19 13.5
SP3-4 120 6.80 313 2.39 41.6 1.52 20.1 1.01 12.3 150 BDL BDL 123 1.08 23.4 0.58 7.77 12.5
SP3-5 150 5.44 328 1.79 40.3 1.21 19.3 0.85 11.7 130 310 BDL 118 2.61 16.2 0.60 3.55 18.7
KH3-1 30 7.14 267 5.69 34.2 2.37 14.1 0.98 15.8 110 BDL BDL 97.9 0.84 14.6 0.77 6.71 13.3
KH3-2 60 6.80 285 3.94 33.5 2.47 15.2 1.09 15.1 110 BDL BDL 120 0.41 7.25 0.38 3.32 6.58
KH3-3 120 6.99 269 6.72 36.2 2.34 15.1 1.10 15.7 110 BDL BDL 139 0.17 2.94 0.18 1.11 2.66
KD3 7.81 278 0.30 41.6 2.44 13.6 1.08 12.1 180 BDL BDL 135 0.61 15.9 BDL 0.01 8.20
JJ3-1 30 7.44 331 3.90 41.5 1.87 15.6 1.08 13.2 180 BDL BDL 131 1.13 14.2 BDL 5.28 11.0
JJ3-2 60 7.49 292 4.33 43.4 1.89 16.2 1.08 13.3 180 BDL BDL 139 1.15 14.3 BDL 5.30 11.3
JJ3-3 120 7.51 329 3.13 42.2 1.91 16.6 1.09 13.2 180 BDL BDL 142 1.17 14.3 BDL 5.28 11.3
BS3 60 8.03 213 5.22 29.5 0.86 11.5 0.69 12.7 160 BDL BDL 95.2 1.06 10.5 BDL 3.83 7.87

* BDL means below detection level which is 0.1 for Fe and Mn, and 0.002 for Br ion. ** ND means that not detected in this sample.
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Figure 4. Vertical distributions of EC (A), DO (B), Ca2+ (C), Na+ (D), HCO−3 (E), and Cl−(F) in SP well
and SW samples.

A change in the anion ratio, as shown in the Piper diagram (Figure 5A), reflects operational
variations: In particular, the Cl− ratio among the anion species is the main determinant of the water
type at this site. The cation ratio, however, was almost constant (Figure 5A). The groundwater samples
were plotted continuously along the Cl− axis, and the Cl− ratio of the SP well increased at shallow
depths, between 90 m and 60 m. The KH samples were plotted on the lower left side of the groundwater
facies diagram, identifying the end-member component among the samples at this site.

Using a Ca+Mg vs. SO4+HCO3 diagram, the majority of the samples are on or over the 1:1
equiline, towards the carbonate weathering or reverse ion exchange field (In Figure 5B). This surplus
Ca2+ and Mg2+ may be leached from clay minerals, which is exchanged from the dissolved Na+ ions.
The related equation can be expressed as follows [59–61]:

2Na+ + Ca2+(Mg)-Clay↔ Na+ −Clay + Ca2+ + Mg2+ (1)

This indicates that the reverse ion exchange occurred in the aquifer especially related with the SP
and KH wells. On the other hand, the Ca+Mg vs. SO4+HCO3 compositions of KD, BS, and JJ wells are
plotted below the 1:1 equiline, in which samples reflect the water-rock interaction of bedrock minerals.
As mentioned above, the GWHP testbed is surrounded by tennis and basketball courts, in which
large quantities of salt are frequently sprinkled on the soil surface for management purposes. The
exercise area has been covered with artificial grass since the construction of the GWHP. For this reason,
the majority of the SP samples showed higher NaCl concentrations than the surface water samples,
including the Cl− enrichment shown in Figure 5C. The other samples are distributed below the 1:1
Na-Cl line. Since Cl− has a conservative property in water, this distribution likely represents Na+

released from the weathering of silicate minerals, in reactions such as Equation (2) [62]:
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2NaAlSi3O8 + 2CO2 + 11H2O→ 2Na+ + 2HCO−3 + Al2Si2O5(OH)4 + Mg2+ + 4H4SiO4 (2)

Figure 5. Piper diagram of all samples (A), (Ca+Mg) vs (SO4+HCO3) diagram (B), and Cl vs. Na scatter
diagram (C).

4.3. Source of the Solute and Mixing

The groundwater samples from the study site exhibited continuous hydrochemical properties
in terms of ion concentration (Piper diagram in Figure 5A) and field-measurements (temperature
and water-level fluctuation). These values indicate the main flow path direction in the study area.
The strontium isotope ratio (87Sr/86Sr) was therefore applied as a natural tracer, to interpret the source
of solute and mixing interactions. The strontium isotope ratios of minerals in igneous and metamorphic
rocks have identical values at the moment of genesis [55]; the strontium isotope ratio of groundwater
is controlled by water-rock interaction or mixing of water bodies [63]. The bedrock of the study site is
mostly composed of granitic rocks that retain strontium-bearing minerals with records of geochemical
evolution [55].

In Figure 6A, 87Sr/86Sr vs. 1/Sr plots from SP1-1 to 1-3 indicates exposure to anthropogenic
pollution. In the case of SP1-3 to 1-5, the 87Sr/86Sr ratio maintained almost constant values, implying
mineral effects related to the flow path. The plots on the top right side showing KH samples appear to
correspond to an end-member of the groundwater as also shown in the Piper diagram, because all
plots exhibit a similar trend, with a direction from the KH well to the SP well. Moreover, the water level
of the KH well fluctuated with the operation of the GWHP. SP1-3 to SP1-5 have a heavier 87Sr/86Sr
ratio than that of surface water, however their 87Sr/86Sr value decreased after GWHP operation
due to mixing with shallower groundwater. Cumulative precipitation between the pre-heating and
heating periods was reported to be 1.6 mm, indicating that surface water discharged at a steady rate
(www.kma.go.kr). KD and BS showed only small water level changes with the operation of the GWHP
due to their low connectivity with the aquifer. The 87Sr/86Sr vs. 1/Sr plots show hydrochemical
properties that appear to have been influenced by the hill (recharge area) located between KD and
BS. For these reasons, groundwater appears to flow from KH to SP with a correlation coefficient of
R2 = 0.98 (except for the KD and BS plots), as shown in Figure 6A.

Cheong et al. [64] reported that the granite in Daejeon region is composed of Daebo garnitoid
rocks which are located in central Korea. The whole rock composition of Cheongju granitoid rocks
which are the part of Daebo garnitoid rocks, range from 0.712255 to 0.713151 of 87Sr/86Sr. Based on

www.kma.go.kr
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this report, the 87Sr/86Sr of surface water and groundwater in this study site have higher ratio than the
whole rock granite, which is presumed to be due to the influence of other rocks such as unknown-age
granite or metamorphic rocks such as gneiss.

Figure 6. 87Sr/86Sr vs. 1/Sr distribution in water samples (A), 87Sr/86Sr vs. Ca concentration
diagram (B), and Cl vs. NO3 concentration diagram for water samples (C) before and during heating
operation period.
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The Ca2+ concentrations in the groundwater samples from SP1-1 to SP1-3 were distributed within
a narrow range from 33–39 mg/L, however, the 87Sr/86Sr values of these samples varied (Figure 6B).
The 87Sr/86Sr value of samples SP1-1 to SP1-3 was lower than that of SP1-4, and 1-5; therefore, the
87Sr/86Sr values of SP1-1 to 1-4 do not appear to be affected by the strontium-bearing minerals [65].
Bullen et al. [66] reported a correlation between precipitation and the 87Sr/86Sr value, manifested
through the increase of δ 87Sr values with increasing depth. In central Korea, Jeon and Nakano [67]
reported 87Sr/86Sr values of 0.760 for rainwater and 0.715 for stream water flowing over granitic
bedrock. In contrast, SP1-3, 1-4, and 1-5 appeared to have similar 87Sr/86Sr values (0.716277–0.716350)
as the stream water, which are considered to represent the pristine geochemical conditions of water-rock
interaction [68,69].

In Figure 6C, the NO−3 concentration shows the highest values in SW2 samples (13.4 mg/L),
followed by SP1-1 and SP2 samples. The remaining samples represented NO−3 concentrations < 6 mg/L
(Table 1). Samples of the SP2 group (SP2-1, 2-2, and 2-3) showed almost the same NO−3 concentration,
which is believed to be due to the influence of vertical mixing being stronger than that of denitrification.
The Cl− concentration usually remains constant or increases only slightly during water-rock interaction,
but NO−3 concentration changes due to anthropogenic contamination [70]. Samples from pre-heating
and heating periods showed the same decreasing trend of NO−3 and Cl− concentration, as shown
in Figure 6C. In particular, NO−3 contamination was influenced by anthropogenic inputs from either
surface contaminants, such as animal feces, or shallow groundwater contamination due to mixing
with surface water. Nevertheless, nitrogen isotope analysis should be performed to accurately identify
the NO−3 source.

4.4. Mixing Ratio (Cl, Na, and Sr)

To interpret mixing processes in geothermal fluids, conservative ion (Cl−) and strontium isotope
ratios (87Sr/86Sr) were used to calculate mixing ratios. It is important to identify the actual groundwater
distribution at the field site depending on hybrid GWHP. For the Cl− tracer, the general mass-balance
equations were used to calculate the mixing ratios for each sample:

C1 + C2 = Cw (3)

where C1 and C2 are the concentrations of the first and second end-members, respectively, and Cw

is the concentration in the target groundwater well. For five scenarios, SP1-1 and KH1-2, and SP1-1
and KH1-3 were used as end-members before heating operations, SP2-1 and SP 2-3 were used as
end-members during heating operations, and SP3-1 and KH3-2, and SP3-1 and KH3-3 were used as
end-members before cooling operations. The mixing ratio was determined using the temperature
change data and the Piper diagram. The KH well was selected as one end-member because the heating
operation changed its hydrochemical conditions with respect to the SP well. Based on the previous
discussion, the SP well seems to be influenced by shallower (to 90 m depth) groundwater and deeper
groundwater (to 150 m depth) and the submerged pump of hybrid GWHP located at about 50 m depth.
For this reason, this mixing calculation was carried out at 60 m and 120 m depths to suggest mixed
two types of groundwater condition.

The results of the calculated mixing ratios for each groundwater well are shown in Table 2,
in which the mixing ratios of SP1-2, SP1-4, SP3-2 and SP3-4 samples reflected the mixing between KH
and SP wells because the temperature co-fluctuated in the KH and SP wells. At 120 m, SP1-4 (target site)
had a larger portion of KH1-3 than SP1-1 before heating operation. In addition, before cooling operation,
SP3-4 (target site) also had a high portion of KH3-3 at 120 m similar to the results before heating
operation. These two seasons showed the influence of mixing from the deep groundwater system.
Compared to these results, there was little difference between the Cl− values in groundwater wells
during heating operation, indicating dominant vertical mixing which is attributed to the depth of
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groundwater pumping during heating operation. The mixing ratios are not considered in the results
from during heating operation due to the minimal difference between the values.

To interpret the mixing processes using Cl−, strontium isotope ratio data was also included
because the 87Sr/86Sr is changed by the half-life [55,63] and can infer a pristine hydrochemical condition
without anthropogenic influence following binary mixing model as follows:

(87Sr/86Sr)m · [Sr]m = f ((87Sr/86Sr)1 · [Sr]1) + (1− f )((87Sr/86Sr)2 · [Sr]2) (4)

where (87Sr/86Sr)m is the 87Sr/86Sr ratio in target groundwater well, [Sr]m is the strontium concentration
in target groundwater well, (87Sr/86Sr)1 and (87Sr/86Sr)2 represent the 87Sr/86Sr ratios of the first and
second end-members, respectively, and [Sr]1 and [Sr]2 are the strontium concentrations of the first
and second end-members. The symbol f represents the fraction of the first end-member. Because
the strontium isotope data of the samples were obtained before and during heating operations, these
samples were adapted for the calculations: SP1-1 and KH1-2, and SP1-1 and KH1-3 were used as
end-members before heating operation, and SP2-1 and SP2-3 were used as end-members during
heating operation. The small difference between the SP wells, compared to the values before heating
operation, also indicated active vertical mixing in the SP well during heating operations. Moreover,
before heating operations, the mixing ratios of SP1-1 and SP1-4 exhibited active mixing with the KH
well at 120 m, in accordance with the results from Cl− data. Although the Cl− and strontium isotope
ratios show different range of mixing ratios, the strontium isotope ratios could be a useful support
indicator because of the advantage for mixing processes interpretation from deep source.

Table 2. Calculated mixing ratios using conservative Cl ion and 87Sr/86Sr ratio.

End Member (EM) Mixing Mixing Indicator Mixing Ratio Period
EM 1 EM 2 Target Site EM 1 EM 2

Scenario 1 SP1-1 KH1-2 SP1-2

Before
heating

operation

Shallow GW 73.7 13.9 41.2 Cl (mg/L) 45.7 54.3
mixing at 0.715785 0.716644 0.716070 87Sr/86Sr 34.2 65.860 m 0.314231 0.115052 0.183277 Sr (mg/L)

Scenario 2 SP1-1 KH1-3 SP1-4
Deep GW 73.7 14.3 28.2 Cl (mg/L) 23.4 76.6
mixing at 0.715785 0.716661 0.716288 87Sr/86Sr 23.3 76.7120 m 0.314231 0.117828 0.163594 Sr (mg/L)

Scenario 3 SP2-1 SP2-3 SP2-2 During
heating

operationVertical mixing
56.2 55.2 55.5 Cl (mg/L) 30.0 70.0

0.715884 0.715899 0.715889 87Sr/86Sr 10.2 89.80.251343 0.291917 0.287779 Sr (mg/L)

Scenario 4 SP3-1 KH3-2 SP3-2 Cl (mg/L) 88.1 11.9 Before
cooling

operation

Mixing at 60 m 57.6 7.25 51.6

Scenario 5 SP3-1 KH3-3 SP3-4 Cl (mg/L) 37.4 62.6Mixing at 120 m 57.6 2.94 23.4

4.5. Variation of Saturation Index with Increasing Temperature

In the case of a vertical closed-loop system installed at another research building and in operation
since 2006, temperatures in the groundwater and the circulating fluid appear to be increased by
approximately 2 ◦C in ten years. Depending on the hydrochemical conditions, GWHP operation might
promote scaling or corrosion because calcium carbonate scales are common in low-temperature
environments, and their solubility line changes with variations in pH and temperature [71–73].
Accumulation of scale fragments causes clogging of GWHP systems which may reduce the energy
efficiency and life span of the facility. The Langelier Saturation Index (LSI) and the Ryznar Stability
Index (RSI) are commonly used to evaluate the dissolution or precipitation of carbonate scales. The LSI
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is frequently used to predict whether carbonate scales are precipitated or dissolved within a pH range
of 6.5–9.5 [47,73]. It is calculated as the difference between actual pH and theoretical pH, as follows [47]:

LSI = pH − pHs (5)

where pH is actual pH, and pHs is the theoretical pH under CaCO3 equilibrium conditions. A positive
LSI value indicates calcite precipitation in conditions of oversaturation, and a negative value indicates
dissolution of calcite in conditions of undersaturation. An LSI value of zero represents the carbonate
equilibrium condition in groundwater. The RSI is used in a similar manner, and can be calculated as
follows [73]:

RSI = 2pHs− pH (6)

In general, RSI index < 6 means that the groundwater has scaling potential, RSI between 6 and 7
indicates carbonate equilibrium, and RSI > 7 suggests that the groundwater has corrosive potential [47].
Using the calculated LSI and RSI, the carbonate mineral saturation index of the groundwater of the
study site can be expressed as shown in Figure 7.

Figure 7. LSI and RSI distribution in pristine groundwater samples, determined by pH and HCO3 ion
concentration. Dotted line means the equilibrium condition with the CaCO3 of each index.

The calculated values of both LSI (between −2 and 0) and RSI (between 8 and 10) indicate
favorable conditions for carbonate dissolution. The saturation index (SI) determines the equilibrium
condition between water and minerals according to physical and chemical conditions, such as the
ion concentration, pH, oxidation-reduction potential (Eh), pressure, and temperature. Moreover,
groundwater contains various conjugate acids and bases dissolved from bedrock minerals, such as H+,
OH−, SO2−

4 , and Cl−. For these reasons, computer programs MINTEQA2 [74] and PHREEQC [75]
were used to model thermodynamic properties. The basic formula for calculating SI is as follows:

SI = Log(IAP/Ksp) (7)

where IAP is derived by multiplying the ionic activity values of dissolved ion species, and Ksp is an
equilibrium constant, derived by multiplying the solubility product of water under equilibrium.

Figure 8 shows the results of mineral saturation indices with depth according to temperature
changes based on data collected in January. The correlation between the actual measured values
(red dots in Figure 8) and predicted values was determined using PHREEQC. In addition, as the
concentration of dissolved components varied with depth, the predicted SI values also differed. As the
temperature increase, manganite (MnO(OH)) begins to dissolve at 30 m depth, where the groundwater
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temperature exceeds 30 ◦C . However, hausmannite (Mn3O4) and calcite (CaCO3) begins to precipitate
at temperature above 95 °C and 135 ◦C , respectively. At a 90 m depth, where the groundwater
temperature exceeds 45 ◦C , the SI of Mn hydroxide minerals (hausmannite and manganite) are
reversed, and precipitation is inferred to have become dominant. At a depth of 150 m, manganite begins
to dissolve, but dolomite precipitates at temperatures of >80 ◦C . In this case, calcite scaling is simulated
to have occurred at temperatures >30 ◦C , because at this depth (150 m) the Ca2+ concentration is
considered to be higher than at shallower depths. From the calculated results, the SI of manganese
oxides is the most sensitive to temperature change. It is possible to predict the mineral species which
can be precipitated in the GWHP system from the temperature change in the aquifer. This approach is
based on thermodynamic constants. To make a more realistic prediction of the saturation condition of
various minerals, however, rate constants are also required.



Water 2020, 12, 1377 15 of 20

Figure 8. Saturation index diagram for samples collected at depths of 30 m (A), 90 m (B), and 150 m
(C). This figure shows changes in the saturation degree of target minerals with increasing temperature.
Red plots: actual data, which match the modeling results.

5. Conclusions

The operation of shallow geothermal pump systems, including groundwater pumping and
re-injection, affects the hydrochemical properties of groundwater. As dissolution or precipitation
of secondary minerals may be induced, it is important to monitor hydrochemical variations during
GWHP operation and termination. We conducted hydrochemical monitoring in a GWHP site, with
samples collected before heating (stabilizing), during heating (mixing), and before cooling (stabilizing)
operations. The results of the hydrochemical analysis revealed the low possibility of horizontal mixing
between surface water and the GWHP system, because of the casing depth of the wells and the
low density of fracture connection to the stream. However, the KH well located in the northwest of
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the study area showed water level fluctuations similar to those of the geothermal well. The water
temperature also fluctuated with changes in the operation of the GWHP system.

From the major ion distribution and 87Sr/86Sr values, these two wells were found to be connected
by fracture arrays as a flow path. Evidence from 87Sr/86Sr values and the distribution of major
ions suggests that hydrochemically pristine groundwater may be present at a depth of 90 m, which
corresponds to SP1-3. At this site, the shallow groundwater, i.e., above 90 m depth, is believed to be
affected by anthropogenic pollutants such as NaCl, which is used as a surface management material.
Deep groundwater, i.e., below 90 m depth, is regarded as more advanced groundwater, considering
the long-distance flow affected by water-rock interaction. The groundwater mixing ratio of the study
area reflects the actual groundwater distribution at the field site depending on GWHP operation.
The mixing ratio with depth of the SP well, calculated with two tracers (Cl− and 87Sr/86Sr), indicates
active vertical mixing during the heating operation period. Compared to the values before heating or
cooling operation, the SP well shows that the mixing ratios of SP1-1 and SP1-4 exhibited active mixing
with the KH well at 120 m, thus, demonstrating the usefulness of quantitative interpretation.

The LSI and RSI values represent that the hydrochemical conditions of the study site favor
carbonate dissolution. However, if the groundwater temperature increases above 30 ◦C due to the
operation of the geothermal well, the hydrochemical conditions favor manganite dissolution at a depth
of 30 m (SP1-1). At a depth of 90 m (SP1-3) and a temperature >45 ◦C , conditions favor manganite
and hausmannite dissolution, whereas at a depth of 150 m depth (SP1-5) and a temperature >80 ◦C
, manganite dissolution is expected. In contrast, calcite clogging is expected when the temperature
exceeds 30 ◦C at this depth (150 m), where the Ca ion concentration is believed to be high. Our results
suggest that the hydrochemistry and water temperature are strongly affected by the operation of
geothermal wells. Long-term monitoring of these wells should, therefore, be carried out in the future.
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Appendix A

Table A1. The monitored altitude of study spots and groundwater level of wells in the study area.

Site Altitude (MASL)
Depth to Water (m) Groundwater Level (m)

January 2019 February 2019 June 2019 January 2019 February 2019 June 2019

SP 46 5.52 15.2 5.58 40.48 30.8 40.42
KH 49 6.04 2.58 42.96 46.42
KD 53 2.26 - 50.74 -
JJ 48 5.24 5.64 42.76 42.36
BS 46 3.11 3.43 42.89 42.57
SW 45 0 0 0 45 45
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