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Abstract Scaling in a geothermal piping system can cause serious problems
by reducing flow rates and energy efficiency. In this work, scaling potential of
San Kamphaeng (SK) geothermal energy, Northern Thailand was assessed based
on geochemical model simulation using physical and chemical properties of hot
spring water. Water samples from surface seepage and groundwater wells,
analyzed by ICP-OES and ion chromatograph methods for chemical constituents,
were dominated by Ca-HCOs facies having partial pressure of carbon dioxide of
10267 to 10°%7> atm which is higher than ambient atmospheric CO2 content.
Surface seepage samples have lower temperature (60.9°C) than deep
groundwater (83.1°C) and reservoir (127.1°C, based on silica geothermometry).
Geochemical characteristics of the hot spring water indicated significant difference
in chemical properties between surface seepage and deep, hot groundwater as a
result of mineral precipitation along the flow paths and inside well casing. Scales
were mainly composed of carbonates, silica, Fe-Mn oxides. Geochemical
simulations based on multiple chemical reaction equilibria in PHREEQC were
performed to confirm scale formation from cooling and CO2-degassing processes.
Simulation results showed total cumulative scaling potential (maximum possible
precipitation) from 267-m deep well was estimated as 582.2 mg/L, but only
50.4% of scaling potential actually took place at SK hot springs. In addition,
maximum possible carbon dioxide outflux to atmosphere from degassing process
in SK geothermal field, estimated from the degassing process, was 6,960 ton/year
indicating a continuous source of greenhouse gas that may contribute to climate
change.

Keywords: Degassing, Geochemical modeling, PHREEQC, San Kamphaeng Hot Springs, Scaling

Funding: This research was partially supported by Chiang Mai University; the Centre of Excellence in
Mathematics; the Commission on Higher Education, Thailand, and Science Achievement Scholarship of
Thailand (SAST); Thailand Science Research and Innovation (TSRI, formerly the Thailand Research Fund,
TRF) (Grant number RDG6230005).

Citation: Taweelarp, S., Suntikoon, S., Thaned Rojsiraphisal, T., Ploymaklam,N., and Saenton, S. 2021.
Geochemical modeling of scale formation due to cooling and CO:-degassing in San Kamphaeng
geothermal field, Northern Thailand. CMUJ. Nat. Sci. 20(3): €2021049.

CMUJ. Nat. Sci. 2021. 20(3): €2021049




Chiang Mai University Journal of Natural Sciences: https://cmuj.cmu.ac.th 21

INTRODUCTION

Thailand’s hot springs, have long been studied in detail more than 60 years for
their potential use as alternative energy resources. Some hot springs have been utilized
for a number of purposes such as agricultural product drying, cold storage industry,
recreation and tourism (Raksaskulwong, 2008). The choices of geothermal application,
either directly or through electricity generation, depend on a number of factors such as
geochemical characteristics of fluids, surface temperature, seepage rate, reservoir size
and geologic structures etc. Most geothermal studies in Thailand have focused on the
classification of hot spring potential based on their chemical characteristics, enthalpies
and flow rates (Ramingwong et al., 1979; Ratanasthien et al., 1988; Raksaskulwong,
2003; Singharajwarapan et al., 2012; Wood et al., 2018). Although most geothermal
sites in Thailand have relatively low potential due to either low temperature or flow rate
or both, some high potential sites, such as Fang hot springs, have been developed for
electricity generation (e.g., Wood et al., 2018). San Kamphaeng (SK) hot springs, on
the other hand, have relatively low surface temperature (~40-50 °C) but, due to its
high seepage rate (~70-80 L/s), it has been famously used for recreational purposes.
However, one major setback of geothermal utilization including San Kamphaeng and
Fang hot springs is scaling problem of the piping system that imposes high operational
and maintenance cost. Yet, the scaling problem of SK and Fang sites has not been fully
investigated in detail, especially in terms of geochemical modeling based on water
quality.
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Figure 1. Locations of San Kamphaeng (SK) and other major hot springs in
association with approximate active faults and plutonic rocks in Northern
Thailand (modified from Singharajwarapan et al., 2012; Department of Mineral
Resources, 2019).
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Scaling is a result of mineral precipitation from geothermal fluids that can cause
a reduction in production capacity (Wanakasem and Takabut, 1986). This problem is
commonly encountered at geothermal fields around the world. Scaling occurs when
physical and chemical characteristics of the fluids, which is initially in equilibrium with
reservoir rocks, change as flowing upward the fractures or through well and some
minerals precipitate within the wellbore and surface equipment. Carbonates (such as
calcite) and quartz minerals are common in scales (Boch et al., 2017). The
understanding of scale formation could provide some pre-treatment solution to modify
geothermal extraction system or chemistry of the fluids in order to extend equipment
longevity. Several modeling studies have been conducted to investigate the causes and
extent of scaling problem in geothermal field sites (Arnorsson, 1989; Garcia et al.,
2006; Bozau et al., 2015). However, different sites have dissimilar causes of scale
formation due to the large variation in temperature, pressure and, especially, fluid
chemistry. Some sites encountered more silica than carbonates whereas the others
encounter iron oxides mixed with carbonates, etc. Scale formation is commonly caused
by CO:2 degassing and cooling of hot spring water.

San Kamphaeng geothermal site covers an area of approximately 0.15 km?, is
one of the most famous hot springs in Northern Thailand (see Figure 1). It is located in
the San Kamphaeng district in Chiang Mai province and has long been utilized in various
activities such as in agriculture and especially tourism business. Its geothermal system
is associated with plutonic rocks and Mae Tha fault systems (Raksaskulwong, 2008).
Average surface temperature was reported as 42°C with maximum surface temperature
of 98°C (JICA, 1984). Deep well exploration found fractures at depth of 300-900 m
below ground surface yielding a flowrate of approximately 40 m3/h and temperature of
125°C (Ramingwong et al., 2000). The scaling problems in SK hot springs have been
persistently and repeatedly encountered in wellbores and pipelines (Figure 2). However,
there has not been a fundamental study on how scales are formed and to what extent
they can precipitate in a quantitative manner using and geochemical modeling
approach. It is therefore the main purpose of this work to conduct a geochemical
characterization and geochemical modeling scale formation due to CO2 degassing and
cooling of spring water in order to asses scaling potential of this site and suggest the
mitigation measures.

Figure 2. Examples of scale developed inside a 2-in diameter pipe from SK hot
springs after 1 and 2 years of operation.
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MATERIALS AND METHODS

Water sampling and chemical analyses

Water samples from 7 natural seepages and 3 available geothermal wells
(at depths of 55, 98 and 267 m below ground surface) were collected during Mar-Apr,
2019). Temperature, electrical conductivity, pH, oxidation-reduction potential (ORP or
Eh), and alkalinity were measured on site. For cations, 500-mL polyethylene bottles
were used to collect water sample with an addition of 1.0 mL concentrated HNO3 acid.
For anions, 250 mL of water was collected using polyethylene bottle without acid
fixation. The samples were immediately refrigerated and shipped to Environmental
Research and Training Center (ERTC) analytical laboratory in Pathum Thani, Thailand
for determination of cations (Ca, Mg, Na, K, Li, Si (as SiO2), Fe and Mn) using ICP-OES
technique and anions (SO4, HCOs and Cl) using ion chromatography technique. Internal
consistency of aqueous solution (i.e., electroneutrality of the solution) can be assessed
by calculating percent error (A%) as shown in Eq. (1),

‘ZCatiDn —3 " Anion
os __
A% = ‘ZCation +> " Anion <100

(1)

where > Anion and > Cation were total cationic and anionic concentrations in
milliequivalent per liter (meg/L).

X-ray diffraction analyses of scales

Scale samples were obtained from several abandoned 2-in dia. inner casing pipes
(i.e., from a 260s-m deep wells) after 6, 12, 18 and 24 months of operation as shown
in Figure 2. The crushed scales were semi-quantitatively analyzed for their mineralogical
compositions using X-ray Diffraction (XRD) technique. Types of precipitated minerals
from hot spring water were subsequently used to confirm the geochemical model
simulation results.

Geochemical model simulation of scale formation using PHREEQC

Scale formation are typically caused by either cooling and/or CO2-degassing of
hot spring water. Both processes significantly affect thermodynamic equilibrium of
mineral precipitation reaction in aqueous solution and will be simulated using PHREEQC
computer program (Parkhurst and Appelo, 2013). PHREEQC is a public-domain
geochemical modeling software developed by the United States Geological Survey
(USGS). It has been used for simulating a wide range of geochemical reactions and
processes in natural waters under several geochemical scenarios such as chemical
speciation, saturation indices of minerals (precipitation or dissolution), mixing of
solutions, reaction path modelling, inverse modeling, etc. Calculations are based on
thermodynamic databases which include a wide range of data for mineral phases and
compounds. The program utilized modified Newton-Raphson method to solve system of
non-linear equations derived from hundreds to thousands of chemical equilibrium
equations.

Specifically, PHREEQC program will calculate saturation indices (SI) of possible
solid phases (i.e., precipitated minerals) and assess scaling potential based on chemical
composition and physicochemical properties of hot spring water. If SI > 0, the aqueous
solution is said to be supersaturated and the mineral will likely precipitate. PHREEQC
will iteratively adjust the saturation index to zero (i.e., equilibrium) by triggering
mineral precipitation reaction. The saturation index is defined as
[IAP

Sl=log (2)
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where K is equilibrium constant or solubility product which is dependent of temperature
and pressure as shown in Egs. (3.1) - (3.2).

'”ﬁﬁli%
K. R IT, T
T 2 1 (3.1)
Ke, AV*
K = wr Pl
P (3.2)

where Ti refers to temperature at standard state (25°C), Tz is a temperature of concern,
AH® and AV® are enthalpy of the reaction and molar volume of aqueous solution at
standard state, and R is gas constant (8.314 J mol?! K1). It should be noted that
PHREEQC, if available, may adopt a verified empirical equation (typically in the form of
polynomial and logarithmic functions) to estimate equilibrium constant at other
conditions. The ion-activity product of mineral “i” or IAPi can be calculated from law of
mass action

Maq
IAP. =a][a,™
" (4)

where cm,i is a stoichiometric coefficient of master (aqueous or gas) species m in mineral
species i, Maq is the total number of master species. The term a; or am refers to activity

of species which is related to chemical concentration |]] or gaseous pressure (Pi) as

a; =[] a,=7(P)

or . The parameter i is activity coefficient (or, more precisely, fugacity
coefficient for gaseous species). For aqueous solution, activity coefficient can be
calculated from Davies equation (most suitable for geochemical system) as shown in

Eqg. (5).

\/; —0.3u
1+ Ju

—log~, = —Az’

(5)

where A and zi are constant and an ionic charge of species i, and U is ionic strength of
the aqueous solution which is defined as

(6)

The chemical composition and physicochemical properties of water sample from
267-m deep well will used as initial fluid composition. Mineral precipitation (or scale
formation) will then be simulated based on cooling and CO2-degassing processes since
these two processes will alter physical and chemical properties of the solution along the
flow path.

RESULTS

Chemical properties of hot spring water

Table 1 shows field measurement data of SK hot spring water samples. The hot
spring seepage has surface temperature in the range of 45.1-79.5°C which is
considered as medium to high potential geothermal system. All water samples appear
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colorless, clear and slightly basic with pH range of 7.51-8.49. All of surface seepage
samples have higher (positive) oxidation-reduction potential (ORP or Eh) in the range
of 5 to 72 mV whereas all sample from groundwater wells have negative ORP implying
low oxygen content in deep water. Surface seepage samples have lower electrical
conductivity (511-792 pS/cm) than deeper hot groundwater (1,328-1,411 pS/cm)
(Table 2). The alkalinity of all samples is in the same order of magnitude with the range
of 182-346 mg/L as CaCOs.

Table 1. Physicochemical properties of hot springs water.

No. o wen TCO OR(::;)Eh (pSE/((::m) PH (mg‘}'i‘i's"g?'cos)
1 Seepage 45.1 72 692 7.51 250
2 Seepage 47.3 11 720 7.98 227
3 Seepage 72.3 43 511 7.66 182
4 Seepage 48 5 677 8.12 226
5 Seepage 65.2 12 567 8.03 346
6 Seepage 53.1 34 778 8.45 311
7 Seepage 79.5 45 792 7.87 334
8 Well (55 m) 75.8 -123 1,411 8.20 283
9 Well (98 m) 84.1 -244 1,367  8.13 308
10 Well (267 m) 89.3 -316 1,328 8.49 244

Table 2 shows the results of chemical analyses for major cations (Ca, Mg, Na, K),
major anions (HCOs3, SO4, Cl) and some minor elements (Li, SiO2, Fe, Mn). The total
dissolved solids (TDS) for surface seepage waters (No. 1-7; 493-877 mg/L) are all lower
than the deep, hot groundwater samples (No. 8-10; 1,342-1,668 mg/L) because some
minerals may have already precipitated along the flow paths before discharging at the
ground surface. All other cationic species in surface seepage are of lower concentration
than those of deeper groundwater samples confirming mineral precipitation process
taking place while ascending the surface. Iron and manganese contents are higher than
Thailand’s regulated standards and should be treated prior to consumption.

Table 2. Chemical compositions of hot springs water.

No. S°Pageor c3 Mg Na K Li SiO: Fe Mn HCOs SOs ClI TDS

1 Seepage 48.2 163 183 3.6 121 98.1 1.8 0.7 234 99.3 156 602
2 Seepage 58.6 11.4 19.3 12.89 84 973 1.2 0.3 220 985 122 631
3 Seepage 57.3 124 158 435 9.8 87.0 09 0.5 227 783 16.3 543
4 Seepage 573 12.72 149 6.38 7.1 91.1 1.1 0.8 205 61.3 21.4 493
5 Seepage 80.1 10.48 27.1 856 6.3 845 1.1 0.9 219 112.3 21.1 654
6 Seepage 99.7 12.41 20.2 2.56 2.1 763 1.0 0.8 350 14.8 56.1 756
7 Seepage 96.4 9.47 23.1 9.8 65 89.0 0.8 0.6 361 10.2 284 877
8  Well(55m) 4313 261 101.0 1181 7.0 132 3.4 19 780 689 90.1 1342
9  Well(98m) 31334 264 125.0 1157 8.3 149 4.7 1.8 810 88.2 78.4 1441

10 Well (267 m) 1764 249 973 863 6.7 135 49 2.1 827 103.2 36.8 1668

Note: *All concentrations are reported as mg/L.

Based on chemical compositions shown in Table 2, percent error (A%) of chemical
analysis for each of the samples was calculated using Eq. (1). In, Table 3, the errors of
chemical analyses are all in acceptable range (~5% or less) which ensures validity for
further geochemical modeling and interpretation. Hydrochemical facies for all samples
are Ca-HCOs indicating carbonate-type hot spring water and, as a result, precipitation
of carbonate minerals are expected to dominate in scales. Figure 3 illustrates piper
diagram for all samples showing the chemical evolution of surface seepage from deep,
hot groundwater as a result of mineral precipitation along the flow path to surface and
inside well casing.
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Table 3. Percent error (A%) of chemical analyses, hydrochemical facies and reservoir

temperature.
Reservoir Temperature (°C)
Seepage or P (based on chemical geothermometer)
No. \IIJVegll A%  Facies N Quartz®  Quartz®
(atm) (no steam (max steam Chalcedony(*) Na-K(®» Mg-Li(®»
loss) loss)

1 Seepage 2.61 CaHCOs 1020 137 132 110 283 168
2 Seepage 2.74 Ca-HCOs 10 2% 136 131 109 460 160
3 Seepage  3g9 Ca-HCOs 107'% 131 127 103 322 165
4 Seepage 553 Ca-HCOs 107 2% 133 129 105 384 152
5 Seepage 539 Ca-HCOs 10°2% 129 126 101 340 152
6 Seepage 5 g5 Ca-HCOs 10727 123 121 95 332 113
7 Seepage g5 gy Ca-HCOs 1028 132 128 105 278 157
8  Well(55m) 449 Ca-HCOs 10 155 147 104 586 140
9  Wwell(98m) g7 Ca-HCOs 10 % 162 154 112 529 145

Note: () Fournier (1981)
(2) Kharaka and Mariner (1989)

Table 3 shows equilibrated partial pressure of carbon dioxide (PCOZ) in hot spring

water samples, calculated from carbonate equilibria and thermodynamic equations
(Drever, 1997). All samples show much higher dissolved CO2(g) content than
atmospheric carbon dioxide. Reservoir temperatures were calculated using chemical
geothermometers, based on equations derived by Fournier (1981) and Kharaka
and Mariner (1989) as shown in Table 3. Silica geothermometers show the range of
95-162°C with an average reservoir temperature of 127.1°C whereas Na-K
geothermometer gives significantly larger average reservoir temperature of 403.3°C

Legend

o1

_\ Surface
"/ seepage

v 10

.A 1Deep, hot
“~._.< groundwater

Figure 3. Piper diagram showing slight change in geochemical facies from
deep, hot groundwater to surface seepage.
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Mineralogical contents of scales

Scale samples were crushed and analyzed using X-ray Diffraction (XRD) technique
and their mineralogical contents were mainly consisted of calcite (CaCO3), silica (SiOz2),
dolomite (CaMg(C0s)2), goethite (FEOOH), hematite (Fe203) and some trace amount of
pyrolusite (MnOz). These minerals will subsequently be used to verify geochemical
modeling of scale formation using PHREEQC. The scale-containing core was examined
more in detail and it was found that carbonates will precipitate first forming the outer
rings of well casing scales while oxides of iron and manganese precipitate later (inner
rings). Silica precipitates simultaneously with both carbonates and Fe-Mn oxides.

Geochemical modeling of scale formation due to cooling and CO»-
degassing

The modeling steps for scale formation simulation using PHREEQC is summarized
in Figure 4. The simulation began with (1) computing all possible chemical equilibria
based on aqueous species, (2) calculating carbonate equilibria and determining
equilibrated CO:2 partial pressure, (3) evaluating potential scaling minerals having
positive saturation indices (i.e., supersaturated with respect to aqueous solution), and
(4) re-calculating chemical equilibria by allowing for possible solid phases to precipitate
according to degassing and cooling processes. Processes that were not included in the
simulations are kinetics of precipitation, corrosion reactions in piping systems, organic
carbon and thermophilic microbial reactions in hot spring water, and the effect other
gases such as CH4, N2 and H2S are also assumed negligible.

CO, degassing
re-equilibration with

. . new (i.e., lower)
Chemical Calculation of P
composition and || Calculation of CO, || saturation index (SI) | )
physicochemical [ >based on carbonate[ and determine i Mmer_al,_’tsz;_ales
properties equilibria g potential scale . precipitation
of hot spring water minerals Cooling
re-equilibration with

new (i.e., lower)
temperature

Figure 4. Steps in PHREEQC simulation of scale formation based on
simultaneous CO:-degassing and cooling processes.

An aqueous sample #10 from deep well, at a depth of 267 m and a total of well
head or fluid pressure of ~29 barg, was used as an initial fluid. It should be noted that
some minerals might have already precipitated prior to reaching this depth. PHREEQC
simulation showed that possible scaling minerals (SI > 0) were consisted of calcite,
aragonite, dolomite, goethite, ferrihydrite, pyrolusite, siderite, rhodochrosite,
chalcedony and quartz. However, as the simulation proceeded, only calcite, dolomite,
quartz, goethite and pyrolusite were predicted to precipitate. The major precipitated
minerals were calcite, dolomite and quartz whereas goethite and pyrolusite precipitated
at smaller quantity as shown in Figure 5. Quartz did not significantly precipitate until
the temperature dropped below 65°C whereas other minerals precipitated immediately
as pressure and temperature dropped. Maximum possible precipitation (or maximum
cumulative scaling potential) for each of these minerals are listed in Table 4. Total
cumulative scaling potential of 267-m deep hot spring water was estimated to be at
maximum possible of 582.2 mg/L.

Scale thickness (d) inside a 2-in diameter casing of a 267-m deep production well
was calculated and compared with field observations. Such calculation assumed an
average extraction rate of ~1 m3/h being operated for 6 hours a day. Figure 6 showed
scale thickness data as a function of time compared to model calculation at various
actual precipitation rates (i.e., 30, 40, 50.4 and 58% of maximum scaling potential).
Non-linear least-square regression analysis indicated the best match occurred when
50.4% precipitation rate was used. This indicates only ~50% of scaling potential
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actually precipitates. This could be attributed to inequilbrium or rate-limited
precipitation and/or complete degassing CO: did not actually take place.

Po. (atm)
P, atm . co, ;
1035 10° co, (@tm) 102 1017 10 35 1?-3 192 107
" } T
Temperature (°C) Temperature (°C)
40 50 60 70 80 90 40 50 60 0 80 90
400 : : : : 10 ‘ ‘ ‘ ‘
Major precipitates (scales) — Minor precipitates (scales)
- =
- =
B j=2
£ E 8
% 300 [ s
5 g
o S 6f
o a
2 200f =
g Calcite Tg 41
3 N 2
® Dolomite 2 4
= E= Pyrolusite
8 100 8 Vit
E E ?f
3 3
(8] )
o . " ) o . . . . ; s
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Total well head pressure (barg) Total well head pressure (barg)
" T T T T T . r T T T T T .
0 45 90 135 180 225 270 0 45 90 135 180 225 270
Depth (m, bgs) Depth (m, bgs)

Figure 5. Geochemical simulation results showing cumulative scaling potential
of major and minor minerals as a result of cooling and CO:-degassing
processes based on hot spring water from 267-m deep well.

Table 4. Maximum scaling potential from cooling and CO2-degassing processes as hot
spring water ascends the surface from 267-m deep well.

Minerals Maximum precipitation or scaling potential (mg/L)
Calcite (CaCOs) 336.4
Dolomite (CaMg(CO03)2) 138.3
Quartz (SiO2) 97.2
Goethite (FEOOH) 7.1
Pyrolusite (MnO2) 3.2

Total 582.2

3.0 T T T T T
251 58% Precip.
3
&L 20k ]
T 50.4% Precip.
3 (best-fit)
©
c 15} :
-~
3]
=
® . . 40% Precip.
= 10} Field observation .
5] from scaled casings
0 30% Precip.
0.5 1
0.0 L

0 S 10 15 20 25 30

Operation duration (months)

Figure 6. Scale thickness (d) increased with time of operation: Field
observation data vs. simulation results by assuming 30, 40, 50.4 (best-fit) and
589% precipitation of (maximum) scaling potential.
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DISCUSSION

San Kamphaeng hot spring water was characterized by Ca-HCOs3 hydrochemical
facies with a slightly basic pH range of 7.51-8.45 and moderate alkalinity of 182-346
mg/L as CaCOs. Such calcium-dominated conditions resulted in a potential precipitation
of carbonate minerals. Deep groundwater samples showed higher EC and TDS which
indicated tendency to precipitate as they flow upward to ground surface. This
observation was confirmed by the lower ranges of EC and TDS observed in surface
seepage samples compared to deep groundwater because the loss of ions in aqueous
solution was only due to precipitation.

Surface seepage samples had positive ORP whereas all deep groundwater samples
were more reduced with negative values of ORP which implied the influence of
atmospheric oxygen dissolution as hot spring ascended ground surface. This could result
in a precipitation of Fe-Mn oxides along the flow path or well casing as groundwater due
to the oxidation of Fe(II) and Mn(II) ions. The precipitation of Fe"Mn oxide minerals was
confirmed by in XRD analysis scales and the decrease in Fe and Mn concentration in
surface seepage water. Drever (1997) suggested that, at higher ORP, most of the mobile
Fe?* and Mn?* ions in groundwater can be oxidized forming solid precipitates such as
Mn(1V) and Fe(III) solids such as MnO2, FeOOH, Fe(OH)3 and Fe20s.

With high CO:2 content in both surface seepage and deep groundwater, degassing
of CO2 to atmosphere was expected. All hot springs samples had 1-2 orders of
magnitude higher CO: content (10274- 107175 atm) than ambient atmospheric CO>

(Peo, » 10 %% atm) indicating that CO2-degassing could spontaneously take place causing

a higher pH of the solution and, as a result, carbonate minerals would likely precipitate.
This observation was confirmed by a decrease in calcium, magnesium and bicarbonate
ion contents in surface seepage compared to deep groundwater.

Reservoir temperature were calculated from chemical geothermometers
suggested by Fournier (1981) and Kharaka and Mariner (1989). Silica and Mg-Li
geothermometers gave similar ranges while Na-K geothermometer yielded significantly
higher reservoir temperature. Ramingwong et al. (1979), Ratanastien et al. (1988) and
Ramingwong et al. (2000) suggested that silica geothermometer was most suitable in
predicting reservoir temperature because SK hot spring was closely related to the
presence of plutonic (mainly, silicates) rocks. The surface seepage temperature was
approximately 20°C lower than groundwater at 260 m deep. Therefore, the cooling of
hot water while ascending upward was expected and, as a result, several minerals with
exothermic precipitation (enthalpy of precipitation DH® < 0) could precipitate. The cooling
of hot groundwater could be due to natural convection and mixing of recharge water.
Taweelarp (2019) used calibrated, regional groundwater flow model to estimate natural
groundwater recharge from precipitation of the San Kamphaeng area and found that
10-year average recharge was approximately 94.7 mm/y (approximately 5% of yearly
precipitation of Chiang Mai basin). This amount of recharge did not only provide supply
for geothermal circulation but, at the same time, it also cooled down shallow hot spring
and caused more precipitation from aqueous solution to occur underground prior to
ascending surface as a seepage.

Although the hydrochemical facies of surface seepage and deep groundwater were
similar (Ca-HCOs type; Table 3), the use of Piper diagram revealed that there was a
slight shift in chemical characteristics as shown in Figure 3 as a result of mineral
precipitation. Such scale formation from cooling and CO2-degassing processes was
further investigated quantitatively using geochemical model, PHREEQC. The maximum
possible precipitation or scaling potential was calculated to be 582.2 mg/L as shown in
Figure 5 and Table 4. This calculation was based on the assumptions where complete
CO2-degassing commenced and mineral-water equilibria were attained at all times.
However, when scale thickness (d) calculation was simulated and compared with actual
scales from well casing, only 50.4% of scaling potential actually took place. This finding
implied that, as aqueous solution ascended to surface seepage, mineral precipitation
reaction was rate-limited and CO2-degassing was not completed (i.e., inequilibrium
condition) as can be seen from p,, in surface seepage water samples No. 1-7 which was
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still greater than atmospheric CO2 content of 10-3.5 atm. This finding with regards to
rate-limited or inequilibrium condition agreed with the studies by Arnérsson (1989) and
Boch et al. (2017). Nevertheless, if complete CO2-degassing process took place, carbon
dioxide outflux to atmosphere of San Kamphaeng geothermal site, calculated from
degassing process, would be as high as 6,960 ton/year based on a total seepage rate
of ~40 m3/h. The predicted SK hot spring’s CO2 emission rate was comparably small
accounting for approximately 0.01% of the total CO2 emission in Thailand (Achiraya
et al., 2019).

CONCLUSION

Surface seepages and hot groundwaters of San Kamphaeng geothermal site were
collected and analyzed for their physical properties and chemical constituents. All samples
showed Ca-HCOs3 hydrochemical facies with high CO:z partial pressure and dissolve ions.
Water chemistry from 267-m deep well was used to evaluate scaling potential where the
maximum mineral precipitation was 582.2 mg/L due to cooling and CO2-degassing
processes. Calcite, dolomite and quartz were among major precipitates while Fe-Mn
oxides were minor. Time-dependent scale thickness was modeled and compared to field
observation and it was found that only 50.4% of potential scaling minerals actually
precipitated suggesting incomplete degassing process and rate-limited precipitation.
The scaling formation typically results in frequent casing and piping replacement which
is costly. It is recommended that preventive measures must be implemented to mitigate
scale formation such as slowing down the depressurizing/degassing process,
re-introducing CO:2 or adding pH reducing agents. Reinjection of low temperature surface
water into the geothermal system for increasing a recharge, is also not advisable without
scaling prevention strategy.
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