
Geothermics 111 (2023) 102710

Available online 28 March 2023
0375-6505/© 2023 Elsevier Ltd. All rights reserved.

Role of pH and Eh in geothermal systems: Thermodynamic examples and 
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A B S T R A C T   

The global demand for sustainable and clean renewable energy sources is rapidly increasing to meet growing 
energy demands while curtailing the CO2 emissions from fossil fuels. Harnessing the natural heat or geothermal 
energy of the Earth’s interior can simultaneously address both issues by offering a clean and renewable energy 
source. Enhanced geothermal systems require the movement and cycling of fluid through a porous rock media. 
This process requires understanding the chemistry occurring at the fluid-rock and fluid-metal interfaces both in 
the deep subsurface and surface, where fluid is circulated for energy transfer or storage. In this review paper, we 
evaluate the current state of research on how two key variables, pH and Eh, control the fluid-rock reactions 
controlling mineral scaling and the steel corrosion reactions associated with geothermal systems. These variables 
are frequently used in geochemical modeling to predict chemical reactions in geothermal systems. Prediction of 
the fluid-rock behavior can be utilized to formulate new strategies for extending the lifespan and efficiency of 
heat extraction and utilization and maximizing the safety of geothermal systems.   

1. Introduction and background 

While the use of the Earth’s thermal energy has been exploited since 
antiquity, its first use as a source for the generation of electricity was 
conceived only recently in 1913 at Larderello, Italy (Fridleifsson, 2001; 
Cappetti and Ceppatelli, 2005; Fridleifsson et al., 2008; DiPippo, 2015). 
Despite the longstanding use of geothermal energy and the achievement 
at Larderello, it is instead, carbon-based fuels such as coal or oil domi-
nate as energy sources (Fridleifsson, 2001; Suganthi and Samuel, 2012; 
Rodríguez et al., 2013; Hofmann et al., 2014; Anderson and Rezaie, 
2019). Since electricity is one of the requisites for modern civilizations, 
and carbon fuels are well-established to be the primary cause of 
anthropogenic climate change via the release of greenhouse 
gasses-notably CO2 (Ármannsson and Kristmannsdóttir, 1992; Abas 
et al., 2017; Sharma et al., 2021), use of geothermal energy could prove 
worthwhile. Furthermore, as the world population is predicted to double 
by the end of the 21st century, the energy demand will increase 
dramatically (Fridleifsson, 2001; Gude, 2016). With global societal 
shifts in how electrical energy is derived coupled with the increasing 
demand for the quantity of energy itself, alternative energy sources have 
become more viable (Ármannsson and Kristmannsdóttir, 1992; Fri-
dleifsson, 2001; Suganthi and Samuel, 2012; Stutz et al., 2015; 

Anderson and Rezaie, 2019). The advantages of geothermal energy are 
threefold, (1) it is a clean energy source (Tester et al., 1993; Fridleifsson, 
2001, 2006; Fridleifsson et al., 2008; Majorowicz and Grasby, 2010; 
Bahadori et al., 2013; Rodríguez et al., 2013; Esteves et al., 2019), (2) it 
has the potential to generate tremendous quantities of energy (EPRI, 
1978; Stefansson, 2005; Olasolo et al., 2016), and (3) it may be an 
additional method of water desalination (Tester et al., 1993; Gude, 
2015, 2016). 

An enhanced geothermal system (EGS) utilizes the Earth’s natural 
geothermal gradient to generate energy either as electricity or heat. The 
heat is generated from either radioactive decay (Bahadori et al., 2013) 
or from the heat retained since the planet’s formation (Ghosh, 2011). An 
EGS is a human-altered (enhanced) hydrothermal system. Indeed, Ellis 
(1979) discusses the importance of studying and conducting experi-
ments using geothermal systems to elucidate problems encountered in 
hydrothermal ore deposit research. Hot dry rock(s) (HDR) are those 
whose low permeability prevents the passive flow of pore fluids (Mock 
et al., 1997; Carlin, 2004). Conceptually, an EGS functions by the 
recirculation of fluid from the surface (injection well) to a subsurface 
reservoir (Fig. 1) (Ghosh, 2011; Kazemi and Samadi, 2016; Wu and Li, 
2020). In the case of a commercial EGS designed for generating and 
distributing electricity, the hot fluid is returned to the surface 

* Corresponding author. 
E-mail address: shikha.sharma@mail.wvu.edu (S. Sharma).  

Contents lists available at ScienceDirect 

Geothermics 

journal homepage: www.elsevier.com/locate/geothermics 

https://doi.org/10.1016/j.geothermics.2023.102710 
Received 14 July 2022; Received in revised form 11 October 2022; Accepted 17 March 2023   

mailto:shikha.sharma@mail.wvu.edu
www.sciencedirect.com/science/journal/03756505
https://www.elsevier.com/locate/geothermics
https://doi.org/10.1016/j.geothermics.2023.102710
https://doi.org/10.1016/j.geothermics.2023.102710
https://doi.org/10.1016/j.geothermics.2023.102710


Geothermics 111 (2023) 102710

2

(production well), where its thermal energy is converted into electrical 
energy using a steam-operated turbine (van der Meer et al., 2014; 
DiPippo, 2015). By default, these systems require a fluid temperature 
sufficient to boil water and are typically over 150 oC (Mock et al., 1997; 
Bai et al., 2012). However, electricity can be produced from 100 ◦C 
water (e.g., Majorowicz and Weides, 2012 and references therein). If the 
temperature of the geothermal fluid is lower than the boiling point of 
water (<100 ◦C), or in the absence of ORC, geothermal energy may still 
be utilized for direct heating (i.e., residential homes) (Lund, 1997; Mock 
et al., 1997; Pátzay et al., 1998; Ghosh, 2011; Bai et al., 2012; Hofmann 
et al., 2014). Deep Direct Use (DDU) is a specific form of direct-use 
heating applied to EGS reservoirs typically greater than 2 km in depth 
(e.g., Beckers et al., 2021). 

EGS improves the initial HDR permeability by utilizing a hydraulic 
fracturing technique (Mock et al., 1997; von Jouanne and Brekken, 
2017; Esteves et al., 2019). Increasing the permeability of the subsurface 
reservoir is essential as it leads to higher fluid mass flow rates (Tester 
et al., 2006), thereby increasing the heat delivered to the production 
well. The fracture networks play a crucial role in carrying the fluids from 
the injection well to the recovery well and directly control the heat 
transfer rate and the rate at which energy can be extracted from the 

geothermal reservoir. The fluid-rock interactions in the geothermal 
reservoir play a key role in controlling fracture transmissivity via 
dissolution, precipitation, and scaling reactions. These reactions have a 
direct impact on the reservoir performance and longevity. 

Therefore, it becomes critically important to understand and predict 
the fluid-rock interaction occurring within the reservoir after the fluid is 
introduced in geothermal reservoirs having different depths, mineral-
ogies, and fluid chemistries. Predicting reactions and chemical re-
lationships within the EGS reservoir can increase its lifespan and reduce 
the associated with developing an EGS site (Tester et al., 2006). Besides, 
the loss of transmissivity of fracture networks in the reservoir, scaling, 
and corrosion in the wellbore, and water delivery pipelines on the sur-
face can also severely hinder the efficiency of the geothermal system 
(Nogara and Zarrouk, 2018a, 2018b; Li et al., 2020; Zolfagharroshan 
and Khamehchi, 2020; Bu et al., 2022). This review paper discusses the 
current understanding of how two key geochemical variables, pH and 
Eh, control the fluid-rock reactions in the reservoir, corrosion reactions, 
mineral dissolution, and mineral scaling in geothermal systems. We also 
provide recommendations on how to prevent scaling and corrosion in 
geothermal systems and suggestions for future research directions. 

Fig. 1. Cartoon illustrating a simplified geothermal system 
(not to scale). (A) At the surface, an electrical power plant 
contains an injection well (right side, blue arrow) that pumps 
the working fluid (typically water) into the EGS reservoir (B2). 
The working fluid is vertically constrained within the reservoir 
by overlying (B1) and underlying (B3) rocks. Thermal energy 
from the mantle (C) sufficiently warms overlying HDR units. 
The hot fluid in the EGS reservoir (left side, red arrow) then 
travels back to the surface where steam powers a turbine and is 
transferred to the electrical grid. The geothermal water has 
now lost considerable heat and the cycle repeats as it is once 
again pumped into the EGS reservoir.   
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2. Master variables in geochemical reactions in geothermal 
systems 

While many variables are involved in geochemical reactions in 
geothermal systems, some are fundamental and impart more control 
than others. Compiling and reviewing these master variables can assist 
with predicting the possible geochemical outcomes occurring both at 
reservoir conditions and on the surface (production side). Moreover, 
even if the exact outcome cannot be determined, the number of out-
comes may be reduced, constraining an otherwise unwieldy system. The 
fundamental variables explored herein are pH and Eh (which themselves 
are directly related to temperature and pressure), which are first out-
lined theoretically before their interplay with critically important topics 
including ionic strength (I.S.), kinetics (as dissolution), speciation, 
corrosion, and scaling (as precipitation). 

The reviewed literature and presented analysis examine pH and Eh 
only in an inorganic context. Exploring these variables discretely is 
difficult as they are closely linked and interrelated. For example, it is 
impossible to explain mineral solubility in terms of temperature alone, 
as the ionic activity in the fluid is linked to the dissolution of the 
reservoir rocks-which is controlled by pH. Nonetheless, these variables 
are put forth separately in hopes of outlining how they control the 
chemistry of fluid-rock interaction in EGS. 

2.1. pH 

Aqueous fluids are most often described in terms of pH. However, it 
is worth noting that aqueous fluids could be described in terms of pOH 
since the dissociation of pure water slightly produces not only acid (H+) 
but base (OH-) as well, having an equilibrium value of 10–14 (e.g., Fitts, 
2002). The equilibrium value indicates that pure water will dissociate 
into equal concentrations of acid [H+] and base [OH-], although equi-
librium is temperature-dependent. However, the pH is not static in 
natural systems such as geothermal environments (unless a steady-state 
is reached) because of exchange occurring at the water-rock interface 
where H+ and OH- are released or consumed. 

Water in equilibrium with the atmosphere is naturally acidic to the 
partitioning of gaseous CO2 into the liquid solution, thereby producing 
carbonic acid (H2CO3), as 

CO2(g) + H2O ↔ H2CO3(aq) (1) 

(Fetter, 2001; Fitts, 2002). The classic Bjerrum plot illustrates the 
effect of pH on phase speciation in the CO2–HCO3

- -CO3
2- system. In the 

carbonate-dominant pH region, calcite will precipitate if [CO3
2-] and 

[Ca2+] are sufficiently high. Precipitation will consume alkalinity and 
reduce buffering capacity and lower the pH. The concentration of [H+] 
may drive a reaction towards dissolution or precipitation. Calcite solu-
bility increases in the presence of CO2 (García et al., 2006), while pre-
cipitation is favored at high pH. Conversely, the solubility of amorphous 
silica is inversely proportional to [H+], and precipitation is favored at 
low pH (more soluble at high pH), while quartz solubility is indifferent 
at pH < 8 (Corsi, 1986). 

As both pH and total ion concentration are important factors in 
predicting fluid behavior in subsurface reservoirs (Garrido Schneider 
et al., 2016; Loredo et al., 2017; Varga et al., 2019), and surface oper-
ations involving natural waters (e.g., Rafferty, 1999; Antony et al., 
2011), it becomes necessary to model the solution with respect to these 
variables. Moreover, for minerals that dissolve at low pH, the total 
dissolved solids (TDS) in the solution will increase. The concentration 
(thus TDS) can still change at constant temperature and pH due to the 
water-rock ratios (Seyfried and Mottl, 1982). Data presented by these 
workers indicates an inverse relationship between the water-rock ratio 
and the concentration of Al, Ba, K, Mn, Si, Sr, and Zn in solution (higher 
concentrations result from lower water-rock ratios). Additionally, the 
mixing of relatively dilute meteoric water with water of much higher 

TDS such as saline water or marine water, may shift mineral scaling from 
undersaturated to supersaturated (Arnórsson, 1992). The saturation 
index (Ω) or (SI) is defined as the ratio of the ion activity product (IAP) 
to the fluid solubility (Ksp) and is given as 

SI = Ω =
IAP
Ksp

. (2) 

SI < 1 indicates undersaturation, SI = 1 indicates saturation (at 
equilibrium), and SI > 1 indicates supersaturation (e.g. Andrews et al., 
2004; Chen et al., 2016; Crundwell, 2017; Sim et al., 2018). Some 
workers report SI instead as a log(IAP/Ksp) where 0 indicates saturation 
(e.g., Criaud et al., 1989; Shaver, 1993; Simmons and Christenson, 1994; 
Ungemach 2003; Chidambaram et al., 2011). Additionaly, some workers 
write SI as log(Q/K), replacing IAP for Q (Arnórsson, 1992; Spycher and 
Reed 1992). In whichever case, the IAP is calculated by multiplying the 
activities of the ions produced in the forward direction of an equilibrium 
reaction (Eq. (3)). A generalized mineral equilibrium reaction is 

ab(s) ↔ a+(aq) + b−(aq) (3) 

An activity is computed for both a+ cations and b- anions by con-
verting the measured concentration [xi] in molarity to activity [ai] also 
in molarity, by an activity coefficient γi, where 

[ai] = γi[xi]. (4) 

The γi for each species may be calculated according to various 
models using Eqs. (7)–(9), and (12) below, but first, the I.S. is deter-
mined for the solution. This term differs from total dissolved solids 
(TDS) as it considers both the concentration and charge of each dis-
solved species. I.S. is summed for every ith species in solution using the 
charge of each species (zi) and is given as 

I.S. =
1
2
∑

[xi]z2
i (5) 

Note that the charge of the species is squared, indicating that some 
species will contribute more to the I.S. than others at the same con-
centration (e.g. PO4

3- versus Br-). Both [H+] and [OH-] are present in 
geothermal fluids; their abundance (thus pH, or pOH) directly affects I. 
S., activity, and, ultimately mineral solubility (Ksp). It is important to 
note that solutions are electrically neutral (McQuarrie and Simon, 1997) 
and that 
∑

anion
[xi]z2

i +
∑

cations
[xi]z2

i = 0. (6) 

In the case of an outstanding net positive charge balance, Cl- should 
be used to compensate for the lack of anions because its effect on pH is 
negligible (Marion, 2001). The outstanding positive charge has been 
accommodated by balancing with HCO3

- alone (Dobson et al., 
2021)-however, increasing the concentration of HCO3

- or CO3
2- may 

result in significant changes to pH and is not advised (Marion, 2001). 
Finally, the concentration units above are in molarity (mol/L solvent), 
although in high temperature and pressure geothermal environments, it 
should be given in molality instead (mol/kg solvent). Mass/mass units 
are preferred since geothermal waters often have high temperatures 
which cause the water volume to change, affecting density. For example, 
mass-normalized water at a high temperature will have a lower density 
than the same water at a low temperature. Molality requires that the 
water or solvent density be known. If this value is unknown, Monnin 
(1994) provided a computer program for the density calculation of 
natural water. 

At low I.S. activities are similar or equal to concentration (γi = 1). 
However, geothermal fluids may contain very high TDS, leading to high 
I.S. (Miller, 1980)-particularly in sedimentary facies (Ungemach, 2003). 
Examples include TDS > 250,000 mg/L in the Salton Sea Geothermal 
System (Williams and McKibben, 1989), up to 265,000 mg/L at the Groß 
Schönebeck geothermal site (Regenspurg et al., 2010). Groundwaters 
may have TDS up to ~ 400,000 mg/L in the Appalachian Basin (Rowan 
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et al., 2011) and even above 600,000 mg/L in the Michigan Basin 
(Wilson and Long, 1993). Fluid inclusion data has shown that the 
salinity of hydrothermal fluids may range from ~0 to >40 wt% 
(Roedder, 1979). In either case, the concentration and activities will be 
highly dissimilar because γ <<<1. Geothermal fluids often possess high 
I.S., indicating they are well-suited to activity modeling (Miller, 1980). 
Three activity coefficient models are given below; the Debye-Hückel 
Model (Eq. (7)), Debye-Hückel-Extended Model (Eq. (8)), and the Davies 
Model (Eq. (9)). In order, these are as follows; 

γ = 10logγ = logγ = − Az2
i

̅̅
I

√
, and (7)  

γ = 10logγ = logγ =
− Az2

i

̅̅
I

√
,

1 + Bao
̅̅
I

√ , and (8)  

γ = 10logγ = logγ =
− Az2

i

̅̅
I

√
,

1 +
̅̅
I

√ + 0.3I. (9)  

Where ao is the ionic diameter in Angstroms for the relevant atom or 
molecule (e.g., Slater (1964) and for polyatomic radii; Jenkins and 
Thakur (1979)). Note that I in Eqs. (7)–(9) and (12) is ionic strength (I. 
S.). While values for the coefficients A and B are known up to 100 oC 
(373.15 K), the temperature(s) of geothermal fluids are often greater. It 
is risky to assume that the same linear behavior of A and B will continue 
at temperatures beyond the boiling point of water, and extrapolation is 
not recommended. However, for T < 100 ◦C, A and B values may be 
interpolated from Eqs. (10) and (11), respectively, which are lines of 
best fit from the data in Manov et al. (1943). For A; 

A(T) ≈ 1.003 ∗ 10− 3(K) + 0.2003, and (10)  

B(T) ≈ 1.653 ∗ 10− 4(K) + 0.2788, for B. (11) 

Despite this limited temperature range, T < 100 oC are relevant to 
direct-use geothermal operations (Bloomquist, 2003) and similar to 
reinjection temperatures (Kamila et al., 2021). For very high I.S. values 
(up to 6 M), the Pitzer equations (Pitzer, 1973; Pitzer and Mayorga, 
1973) best determine γ. These equations are extensive and numerous: 
however, their computation may be performed by the computer soft-
ware PHRQPITZ (Plummer et al., 1988) within PHREEQC v3 (Parkhurst 
and Appelo, 2013). Additionally, the Bromley activity model can be 
used for I.S. up to 6 M (Bromley, 1973) and is much simpler to calculate, 
as 

γ = 10logγ = logγ =
− Aγabs(Z+Z− )

̅̅
I

√

1 + ρ
̅̅
I

√ +
(0.06 + 0.6B)abs(Z+Z− )I

(
1 + 1.5

abs(Z+Z− )
I
)2 + BI.

(12) 

This activity model uses the same A value in Eqs. (7)–(9). Z+ and Z- 
correspond to the charges of the cation and anion salt pair, respectively. 
Values of ρ are frequently taken as unity, although for some salts (1–3 (e. 
g., K3PO4) and 3–1 (e.g., AlCl3) salts have ρ of 1.4, while 4–1 salts have ρ 
of 1.6, and B is a characteristic value for the salt (Bromley, 1973). This 
worker notes that B values are temperature-dependent and are adjusted 
using additional values (B1, B2, B3). Unfortunately, these values may not 
be available for the desired salt. 

2.1.1. pH and dissolution kinetics 
Determining the reaction direction (precipitation or dissolution) for 

a water-rock interaction is useful, but must be considered alongside the 
reaction rate. If a geothermal fluid is undersaturated (depleted in ion 
activity) with respect to the components of a solid mineral, then the fluid 
is in disequilibrium, allowing for the dissolution of the mineral. How-
ever, the rate of this reaction may be sufficiently low such that very little 
solid mineral enters the aqueous phase (slight change in IAP with respect 
to the components of that mineral). The relationship between pH and 
the rate of a reaction is well documented by the following modified 

expression (from; Hellmann, 1994; Lasaga et al., 1994; Ganor et al., 
1995) 

k∝an
H+ . (13) 

The exponent n is a number − 1< n <1, indicating that the reaction 
rate (k) may either increase or decrease and is simply the slope of pH (x) 
versus log k (mole/m2s) (y) (Hellmann, 1994; Ganor et al., 1995). The 
value of n is mineral and pH domain (mechanism)-specific (Furrer and 
Stumm, 1986). Since a reaction may occur over many pH orders, there 
are three pH domains or mechanisms that each have their own n and k. 
The three pH ranges are broadly ascribed for the mineral albite by 
Hellmann (1994) to be: acid, pH ≤ 5, neutral pH 5 to 8.6, and base pH ≥
8.6, and for muscovite by Lammers et al. (2017) to be: acid pH 2 to 2.6, 
neutral pH 5.6–7.2, and base pH 7.4 to 9.5. Values of both n and k for 
each mechanism may be found in tables such as in Palandri and Kharaka 
(2004), who also provide a full kinetic equation for all three mechanisms 
for T ∕= 298.15 K, as 

r =
dm
dt

= − A
((

kacid298.15 K exp
(
− Eaacid

R

(
1
T
−

1
298.15 K

)

anacid
H+

)

(1 − Ωp)
q
)

+

(

kneutral298.15 K exp
(
− Eaneutral

R

(
1
T
−

1
298.15 K

))

(1 − Ωp)
q
)

+

(

kbase298.15 K exp
(
− Eabase

R

(
1
T
−

1
298.15 K

)

anbase
H+

)

(1 − Ωp)
q
))

.

(14) 

Lasaga et al. (1994) note that a full, triple-mechanism kinetic rate 
equation is preferable to a single-mechanism kinetic rate equation (e.g., 
Giggenbach (1984)). Often dm/dt is written as R, but we opt for r to 
avoid confusion with the gas constant R (0.001987 kcal/Kmol, or 
0.008314 kJ/Kmol). The (1-Ωp)q term considers the decrease in r as the 
dissolution reaction approaches equilibrium (Lasaga et al., 1994; Lam-
mers et al., 2017), at which r = 0. The values of p and q are empirically 
determined and thus are taken as unity unless otherwise known (Pal-
andri and Kharaka, 2004). As above, the kinetics of fluid-rock in-
teractions are directly related to the ion activity of the solution. Indeed 
as r is a measure of dissolved ion abundance over time, indicatingki-
netics is inseparable from ion activity. For a constant surface area with a 
fluid near equilibrium (Ω≈1) and p = q = 1, Eq. (14) simplifies to 

r =
dm
dt

=

((

kacid298.15 K exp
(
− Eaacid

R

(
1
T
−

1
298.15 K

)

anacid
H+

))

+

(

kneutral298.15 K exp
(
− Eaneutral

R

(
1
T
−

1
298.15 K

)))

+

(

kbase298.15 K exp
(
− Eabase

R

(
1
T
−

1
298.15 K

)

anbase
H+

)))

(15)  

2.2. Eh 

Prediction of chemical reactions and the potential for future re-
actions is helpful in understanding the fluid-rock interaction of an EGS. 
The behavior of two or more chemical species can be determined ac-
cording to the Gibbs free energy of the (possible) reaction. If the 
speciation of the reactant and geothermal fluid parameters are known, 
then the speciation of the product resulting from a chemical reaction 
may be determined. Such speciation of products or reactants is primarily 
determined (along with pH) by the amount of free O2 or redox potential 
(Eh). For instance, in the oxygen-hydrogen-sulfur system, the crystalline 
product of a reaction may be sulfur (S0), gypsum (CaSO4×2H2O, in the 
presence of Ca2+), or pyrite (FeS2 in the presence of iron). Whichever 
mineral phase is present and is available for participation in chemical 
reactions depends upon the speciation of the components, both cation 
and anion. While pH measures the activity of H+ in solution, Eh is 
measured in volts and therefore is effectively the electron activity 
(Fetter, 2001). Oxidation reactions involve the transfer of electrons from 
reactants to products. For example, reduced sulfur in sulfide (as S2-) 
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loses eight electrons and undergoes a speciation change to oxidized 
sulfur in sulfate (as S6+), where 

HS− + 4H2O ↔ SO2−
4 + 9H+ + 8e− . (16) 

The oxidation occurs when the reduced sulfur is exposed to an 
electron acceptor such as O2. Due to the production of available sulfate, 
the fluid may become supersaturated, resulting in the precipitation of 
sulfate minerals. These types of reactions also release acid, which is 
closely linked with oxidation as 

Eh ∝
1
pH

. (17) 

Bass-Becking et al. (1960) make a similar observation in that Eh and 
pH are effectively the measures of [e-] and [H+] where the release of one 
comes at the expense of the other. 

Typically, the amount of free O2 available in geothermal systems is 
minimal (Miller, 1980; Giggenbach, 1987). There is a strong vertical or 
depth component to redox buffering (controlled by plagioclase-clay 
boundary) along the meteoric (reduced)-magmatic (oxidized) interface 
(Giggenbach, 1977, 1981). Natural waters in equilibrium with the at-
mosphere will have oxidizing Eh values due to the abundant O2. At a pH 
of 0, the most oxidized water has an Eh value of ~1.2 V (Eq. (20)). 
Similarly, the Eh values of near-surface waters with a typical pH ranging 
from 4 to 9 (Fetter, 2001) corresponds to ~1 V and ~0.7 V respectively 
(also using Eq. (20)). The stability of liquid water occupies the domain 
between H2 and O2 (Fig. 2). The redox potential between oxidized O2 
and reduced H2 and thus the stability field of liquid water is separated by 
~1.23 V, a value that holds across the pH scale. Bass-Becking et al. 
(1960) report compiled Eh values of geothermal waters ranging from 
~− 0.3 V to ~+0.7 V. These data are predominately from Rotorua, New 
Zealand, and Fergusson Island, New Guinea, both high-temperature 
geothermal systems Lahan et al. (2020), and Giggenbach and Glover 
(1992) respectively. Low-temperature geothermal systems common in 

sedimentary basins have yielded similar, perhaps less oxidizing Eh 
values overall. Moreover, the lack of measurable O2 provides a priori 
evidence of reducing conditions (Criaud et al., 1989). Due to the low 
availability of O2 at low temperatures (<500 ◦C), the redox potential can 
still be obtained using RH ≈ log(xH2/xH2O) instead (Giggenbach, 
1987)-smaller RH indicates greater oxidation potential. This further 
supports the reduced redox characteristic of geothermal fluids compared 
to hotter, more oxidized magmatic fluids (e.g., Giggenbach, 1981). 
Andrews and Kay (1983) report reducing Eh values of − 0.3 V in the 
Wessex Basin sedimentary basin groundwaters at depths up to ~1.75 km 
and oxidizing values up to +0.3 V (unfortunately, depths are not pro-
vided; therefore, it is assumed these waters are close to the surface). 
Similar values from the Paris Basin range from − 0.35 to − 0.15 V at 
1600≤ m ≤ 2000 depth and temperatures <85 oC (Criaud et al., 1989). 
For the volcanic-low-temperature hybrid-type system at Paratunka, Eh 
values range from − 0.18 to − 0.15 V (Bragin et al., 2018). The Paratunka 
site, despite being hosted in volcanic facies, has a redox potential more 
similar to what would be found in sedimentary facies. The altered sed-
iments of the Salton Sea Geothermal Field (Younker et al., 1982) have an 
Eh of − 0.22 V (Gallup et al., 1995). It is important to note that as 
reservoir fluid returns to the surface, not only will the pressure reduce 
due to degassing, but it will be exposed to significantly greater amounts 
of O2 (an oxidant). Exposure to atmospheric oxygen will substantially 
affect the redox state of components in the fluid. Finally, in high tem-
perature and pressure metamorphic settings, H2 (a reductant) is pro-
duced by water-rock (FeO mineral) interaction during serpentinization 
(McCollom and Bach, 2009). Mineralogical evidence of this low Eh 
regime can be confirmed by the presence of certain diagnostic Fe-Ni 
minerals such as heazlewoodite (Ni3S2) (Frost, 1985; Alt and Shanks, 
1998) or awaruite (FeNi3) (Alt and Shanks, 1998). A natural geothermal 
area where these minerals may be found is along the Highland 
Group-Vijayan Complex boundary in Sri Lanka (Dissanayake and 
Jayasena, 1988). 

Fig. 2. H–O-S system at 25 oC and 1 atm found using the IGL at fixed ionic strength. The area between the O2 and H2 lines denotes the stability field of H2O. 1 atm is 
0.101325 MPa at 298.15 K. The pressure contours are determined using μP and μo determined from IGL volumes. 
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3. Influence of pH and Eh on fluid-rock interaction 

3.1. Phase speciation 

Obtaining accurate Eh data from a fluid is problematic because the 
fluid may be in electric disequilibrium (Hem, 1960; Criaud et al., 1989; 
Stefánsson and Arnórsson, 2002), resulting in apparent values. This is 
because the Eh, or redox state of the fluid is sometimes affected by ki-
netics (Pourbaix, 1974). Additionally, Eh values are often varied within 
a sample (Criaud et al., 1989; Scheiber et al., 2012), further increasing 
the difficulty in interpretation. Even still, speciation can be presented 
graphically using a Pourbaix (or Eh-pH) diagram (Pourbaix, 1949). 
Isopleths along the diagram indicate both stability regions for specific 
species in the fluid as well as lines of equilibrium between adjacent 
species. Such diagrams have become ubiquitous in fluid-rock 
geochemical literature and useful for modeling geothermal systems. 
An Eh-pH diagram is an activity-activity diagram of a multi-component 
system with stability fields of relevant species. While these diagrams are 
helpful, it is essential to remember that there could be more than one 
species present at a given (pH, Eh) coordinate and that a specific sta-
bility field merely indicates the dominance of that particular species 
(Rojas-Hernández et al., 1991). Additionally, stability fields are subject 
to the pH of the solution. For example, as might be expected, and in 
accordance with a Bjerrum plot, the Eh-pH stability field between 
UO2

2+-UO2CO30 shifts to the left (lower pH) due to an increase in pCO2 
(Andrews and Kay, 1983). Finally, the redox state is subject to the pair 
chosen (e.g., SO4

2--S2- or Fe2+-Fe3+), and the same fluid composed of 
multiple redox pairs will yield different potentials (Nordstrom and 
Munoz, 1994). This suggests that multiple redox pairs should be 
considered to improve confidence in the complete redox potential of the 
water in question. The measured redox potential is a bulk measurement 
of all redox pairs in the solution. 

A brief outline for the construction of Eh-pH diagrams is given here 
but is not intended to be exhaustive. Numerous thorough examples 
provide much greater detail (Williams and Patrick, 1977; Huang and 
Cuentas, 1989; Rojas-Hernández et al., 1991; Verink, 2000), but we 
found that of Hem (1960) to be the most straightforward. There are 
three types of isopleth contour lines in Eh-pH diagrams; vertical (pH), 
horizontal (Eh), and sloped (Eh is a function of pH). Following Hem 
(1960), these are given in such order as; 

pH = −
1
h

(
ΔGr

RTλ

)

+ log
(
ar
R

ap
P

)

, (18)  

Eh =
ΔGr

nF
−

⎛

⎜
⎝

RT
F λ
n

⎞

⎟
⎠log

(
ar
R

ap
P

)

, and (19)  

Eh(pH) = −

⎛

⎜
⎝

RT
F λ
n

⎞

⎟
⎠h+ Eo. (20) 

Where h is the stoichiometric value for H+ in a reversible reaction (e. 
g., h = 9 in Eq. (15)), the Gibbs free energy of the reaction is denoted as 
ΔGr (more detail in Section 3.2.3), and the RT/F term is often written as 
VT whose terms are the gas constant, temperature and the Faraday 
constant (96,485 C/mol) respectively. The value of λ is 2.3026, and n is 
the number of free electrons (e.g. n = 8 in Eq. (16)). The exponent of the 
activities of the product (aP) and reactant (aR) are their respective 
stoichiometric coefficient (e.g., r = 4 as 4H2O in Eq. (16)). Note that 
equilibrium, the activities of ap and ar are the same, although their ex-
ponents may differ. Eo is the intercept of sloped lines and may be found 
in thermodynamic tables (e.g., CRC). Eo is the equilibrium potential and 
may be calculated by the first term in Eq. (19) (Eo = ΔGr/nF). For the 
sloped line in Eq. (20), the negative slope affirms the inverse relation-
ship (from Eq. (17)) between pH and Eh. This relationship is observed in 

other multi-component systems (e.g., Pourbaix, 1949; Williams and 
Patrick, 1977; Huang, and Cuentas, 1989; Huang 2016). 

As calcite was used in the previous section, the oxygen-hydrogen- 
sulfur system will be explored below in relation to Eh. Hydrogen sul-
fide (H2S) is a common gas in geothermal systems (Henley and Brown, 
1985; Finster et al., 2015), and sulfate (SO4

2-) is one of the most common 
anions in hydrothermal fluids (Roedder, 1979). While we do not include 
a metal(oid) cation in the example given below, sulfide minerals 
commonly form undesired scales in EGS operations (Phillips et al., 1977; 
Criaud and Fouillac, 1989; Brown, 2011). Fig. 2 displays the Eh-pH 
stability fields for common species in the H–O-S system at STP condi-
tions. Liquid water is stable above the H2 (H2S, HS-) equilibrium contour 
line and below the O2 (SO4

2-, HSO4
- ) equilibrium contour lines. The H2 

stability field is the most reducing region of the diagram and is associ-
ated with Eh values <0 V. Conversely, the oxidizing region of the dia-
gram has high Eh values and is oxygen-rich. With respect to liquid water, 
reducing waters are those where sulfides (HS- or H2S) are present, while 
oxidizing waters are those where sulfates (HSO4

- or SO4
2-) are present 

(Brookins, 1988). Note the elemental sulfur (S0) stability field. Since this 
species is solid, it would precipitate out of the fluid and lead to scaling in 
the geothermal system (Section 4.2). The SO4

2- ion occupies the greatest 
stability area in the H–O-S system at this Eh range. It shares the most 
equilibrium contour boundaries and can react with free electrons 
(moving vertically) or acid (moving horizontally) to form any species in 
the H–O-S diagram except for H2S or H2. When SO4

2 is a product in an 
equilibrium reaction with its neighboring species, the Gibbs free energy 
(more in Section 3.2.3) is positive. This indicates that SO4

2- is an unfa-
vorable product in the pH-Eh space presented in Fig. 2. While SO4

2- may 
not be thermodynamically preferred, it does not mean that transition to 
the preferred sulfur speciation is an immediate process. As mentioned in 
Section 3.1, redox disequilibrium is expected and can be confirmed by 
mineral-fluid assemblages (e.g., O2 and reduced iron simultaneously 
present) (Nordstrom and Munoz, 1994). Interestingly, sulfate expressed 
as a solid, as in gypsum (CaSO4*(2H2O)) or anhydrite (CaSO4) is noted 
for its inert behavior (Machel, 2001). 

3.2. Phase speciation in non-standard temperature and pressure 

3.2.3. Eh-pH stability fields at non-standard temperature 
The example provided in Eq. (16) is written as an equilibrium re-

action and could therefore proceed in either the forward or reverse di-
rection (provided there is enough energy available for the non- 
spontaneous reaction direction). The amount of energy (if required) 
and the favorability of a reaction are provided by obtaining the Gibbs 
free energy of the reaction (ΔGr), defined as 

ΔGo
r = ΔGo

P − ΔGo
R = (ΔHo − TΔSo)P − (ΔHo − TΔSo)R (21)  

where T is in Kelvin, ΔH and ΔS are the enthalpy and entropy of reaction 
at STP, respectively. These values are available in tables and pertain to 
the components of a reaction (i.e., HS-, H2O, and SO4

2-). 
Since geothermal fluids are present at temperatures much greater 

than 25 ◦C, ΔGT is then the Gibbs free energy at some T ∕= 298.15 K, and 
is; 

ΔGT = (ΔHo − TTΔSo)P − (ΔHo − TTΔSo)R. (22) 

Fig. 3 compares the stability fields from Fig. 2 to elevated tempera-
tures of 100 oC (for a low-temperature geothermal system) and 200 oC 
(for a high-temperature geothermal system). At a pressure of 1 atm, this 
figure approximates the Eh-pH relationships of a geothermal fluid at the 
surface (i.e., geothermal fluid in a power plant or direct-use grid sys-
tem). Note that Figs. 3 and 4 represent general trends because (for 
simplicity) heat capacity was not considered, but acknowledge that 
including it would yield more accurate speciation diagrams. In the H- 
–O-S system, an increase in temperature tends to drive the Eh of the 
fluid to more reducing conditions. This observation is in agreement with 
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the notion that fO2 is very low at modeled temperatures (Giggenbach, 
1987). Temperature changes also affect a species’ stability field. For 
example, at 25 ◦C, SO4

2- is stable at pH 10 and Eh 0.4 V. If the temper-
ature is increased to 200 ◦C, SO4

2- is now the stable species at pH 10 and 
Eh − 0.4 V. The increase in temperature has shifted the stability field of 
SO4

2- to where the dominant species previously was in the more reduced 
HS- form. 

3.2.4. Eh-pH stability fields at non-standard pressure 
A gaseous fluid within a geothermal reservoir will not have the same 

volume as it would at the surface under 1 atm pressure. For a uniform 
vertical pressure gradient of ~25 MPa/km (e.g., 24.3 MPa/km (Krus-
zewski et al., 2021, <23.1 MPa/km (Chatterjee et al., 2015)), the 
pressure exerted on fluid may exceed the critical points of its constituent 
gasses. Supercritical fluids are more probable in conductive-low tem-
perature geothermal systems, which, due to their smaller temperature 
gradient, necessitate that the EGS be located deeper. Eh-pH calculations 
and diagrams are still valid for such situations; however, the change in 
pressure needs to be accounted for as it directly alters the Gibbs free 
energy and, thus, the equilibrium of a reaction. The chemical potential 
denoted as (μ) is equal to the Gibbs free energy (Pourbaix, 1949, 1950; 
Smith et al., 2013; Chen, 2019) and is effectively the energy density 
(E/mol). This connection, written as 

μ = ΔG (23)  

allows for the reservoir pressure to be considered. The Gibbs free energy 
at STP is the datum from which the chemical potential at reservoir 
pressure is compared (Smith et al., 2013). After the substitution of μ for 
ΔG, and for a constant temperature, the chemical potential along with 
its relation to pressure is given in the following equations from Smith 
et al. (2013) as 

ΔGr(P) = μP − μo, (24)  

and for a pure species in a homogenous fluid, 

RTln(φ) = RTln
(
f
P

)

=

∫P1

P0

(

V −
RT
P

)

dP. (25)  

Where, μP and μo are the chemical potentials for the reservoir gas (often 
referred to as real gas) at pressures (in MPa) P1 and the ideal gas at P0, 
respectively. Recall that μo =ΔGr

o and is available in thermodynamic 
tables (298.15 K and 1 atm) (Bakker, 2012). The fugacity coefficient is 
symbolized as ϕ, and is taken as unity at 1 atm (Smith et al., 2013). The 
molar volume for a pure gas is given as V (in cm3/mol). After integration 
of the right side of Eq. (25) across the pressure domain, it can be merged 
with Eq. (24), yielding 

ΔGr(P) =
(
(VP − RTln(P)P1

− (VP − RTln(P)P0

)
− μo. (26) 

If Eq. (26) is evaluated where P1 is taken at STP then there is no 
difference between the chemical potentials and thus 

ΔGr(P) = μo. (27) 

Similarly, sufficiently low-pressure fluids will approach a fugacity of 
unity because their volume approaches the same volume of an ideal gas 
at 1 atm. Mixed fluids are treated using the same approach as in Eq. (24), 
but the partial volume of a species is instead the molar fraction, denoted 
as Vi (Smith et al., 2013) and is given by 

RTln(φ) = RTln
(
f
P

)

=

∫P1

P0

(

Vi −
RT
P

)

dP. (28) 

Fig. 3. H–O-S system at 1 atm and contours of 25 ◦C, 100 ◦C, and 200 oC at fixed ionic strength. The area between the dashed lines (O2 and H2) denotes the stability 
field of H2O. The pressure contours are determined using μP and μo determined from IGL volumes. Species identifier markers are placed within its respective stability 
field at STP (same as in Fig. 2). 
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Pressurized geothermal fluids are not single-phase fluids (unless they 
are supercritical) but will contain both gas and liquid states (Yanagi-
sawa et al., 2021). Therefore, Eq. (28) is more appropriate for modeling 
such pressurized fluids. The effect of near ambient pressures on the 
H–O-S system is provided in Fig. 4. 

For a constant temperature of 25 ◦C, species’ stability field contour 
lines are obtained for pressures of 2 atm, and 4 atm are compared against 
those obtained at 1 atm. The ideal gas law (IGL) was used to model the 
volume change; because of this, the stability field diagram represents a 
qualitative estimate of the species present. A more robust approach 
would be to consider alternative equations of state (EOS) (see Section 
3.2.5). Nonetheless, Fig. 4 provides a proof of concept and illustrates 
that the change in chemical potentials and equilibrium boundaries is 
minimal at the pressures considered. Additionally, as pH-Eh diagrams 
are given at 25 oC and 1 atm (Garrels and Christ, 1965; Brookins, 1986, 
1988; Takeno, 2005) this serves as a good datum for comparison at 
relatively low pressures. However, there is a noticeable change in 
equilibrium boundaries for the H2S-HS- and HSO4

- -SO42- species. As 
pressure is increased, the ΔGr(P) of all reactions is reduced, indicating 
that the reaction approaches spontaneity or becomes more spontaneous. 
The most significant changes are observed for the species involved in the 
two aforementioned equilibrium reactions. The stability fields of SO4

2- 

and HS- are shifted to lower pH domains. It is not immediately clear why 
these boundaries are the most sensitive to pressure changes or what 
physical phenomenon is causing this effect. One speculation may be that 
increased pressure reduces the degassing of acidic species and maxi-
mizes the H+ in an aqueous solution. One observation is that the most 
prominent effects are observed for aqueous-gaseous species. Moreover, 
equilibrium contour lines involving solid sulfur (as S0

(s)) exhibit negli-
gible change, even at P of 4 atm (Fig. 4). Our observation is confirmed by 
a previous study by Brookins (1988), where free energies of reactions 
involving aqueous or solid phases were minimally altered by increased 
pressures. 

3.2.5. Advancing electrochemical modeling in geothermal systems 
Modeling (high pressure) non-ideal fluids are well-established at 

surface-level geothermal power plants utilizing ORC for the production 
of electricity (Rodríguez et al., 2013; Cammarata et al., 2014; Liu et al., 
2014; Kazemi and Samadi, 2016). However, modeling supercritical 
fluids within the geothermal reservoir and the effect of pressure on Eh 
represents a gap in the literature regarding fluid-rock interaction. 
Yanagisawa et al. (2021) state that software modeling of supercritical 
geothermal fluids is hindered by unavailable data. This gap is present 
both in geothermal fluids and groundwater studies. If the total pressure 
is not considered, then V or Vi will be inaccurate. This leads to erroneous 
chemical potentials and, ultimately, incorrect Eh values. This, in turn, 
may result in inaccuracies in modeling fluid-rock behavior and inaccu-
rate reservoir predictions. In the literature, pressure is ignored, not 
explicitly mentioned, or taken as 1 atm for samples that may or may not 
be at atmospheric pressure. While the computer program WATCH 
(Arnórsson et al., 1982) is well-suited for hot spring geothermal fluids at 
the surface, it is unfortunately not designed to handle deep reservoirs at 
high pressure. Studies of surface-level hot springs at 1 atm do not 
consider V or Vi (Stefánsson and Gíslason, 2001; Pope et al., 2004). 
Andrews and Kay (1983) report pCO2 in their assessment of ground-
water Eh. Using the reported depth and temperature of ~1680 m 
and~71 ◦C, the resulting total pressure is ~34 MPa (using a modest 
pressure gradient of 20 MPa/km). This far exceeds the critical point of 
CO2 (7.38 MPa and 31.1 ◦C)-indicating that the CO2 is indistinguishable 
from any liquid, thus rendering Vi incalculable. In addition, this gas 
would behave non-ideally, and the standard IGL would be inappro-
priate. Instead, an alternate EOS should be utilized for meaningful V or 
Vi. There are many EOS available for modeling non-ideal fluids (some 
examples include but are note limited to that given by van der Waals 
(1873), Redlich and Kwong (1949), Lee and Kesler (1975), and Peng and 
Robinson (1976). These EOS models will likely provide more accurate μP 

Fig. 4. H–O-S system at 25 oC and contours of 1 atm, 2 atm, and 4 atm found using the IGL at fixed ionic strength. The pressure contours are determined using μP 
and μo determined from IGL volumes. Species identifier markers are placed within its respective stability field at STP (same as in Fig. 2). 
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values of high-pressure geothermal fluids. The use of models for 
non-ideal fluids alongisde the inclusion of heat capacity species data 
would expectedly yield more accurate Eh data. 

3.3. Dissolution kinetics 

It is crucial to consider dissolution alongside scaling as both are inti-
mately linked, particularly for equilibrium reactions. Neither of these 
processes necessarily proceeds the other, as precipitation requires that 
some dissolution must have occurred elsewhere to supply the ions needed 
for precipitation. Similarly, the ions in the solution must have been 
derived from a solid source. The rate of dissolution also affects the rate of 
ions entering the solution and is therefore linked to the rate of saturation. 
A geothermal fluid may become supersaturated with respect to some 
scaling mineral, but if the rate of dissolution supplying the necessary ions 
is low, supersaturation will be achieved commensurately slowly. 

As noted in Section 3.1, the Eh of a fluid may or may not be in electric 
equilibrium. If the redox state of the fluid is not in equilibrium, then the 
measured value will only pertain to that instance in time (dt). Similarly, 
the pH of a fluid is a controlling variable in the rate of dissolution 
(Section 2.1.1). Fig. 5A illustrates that r is affected by not only pH but 
also temperature. For a dilute solution, the γi values of acid are taken as 
1, thus aH

+ = [H+]. The rate of dissolution certainly increases with an 
increase in temperature; however, for mineral equilibrium reactions that 
include a gaseous species, an increase in temperature may lead to gas 
exolution-causing supersaturation, leading to precipitation (Given and 
Wilkinson, 1985). For example, consider carbonate minerals; boiling 
would reduce the dissolved CO2 (Ellis, 1979; Arnórsson, 1989), thus 
actually increasing pH due to a loss of carbonic acid production-leading 
to less H+ and a slower dissolution rate. Precipitation of calcite may also 
occur if the pressure exerted on the fluid is reduced (Holland and 
Malinin, 1979; Tulloch, 1982), thereby allowing for dissolved CO2 to 
exolve and enter the gas phase (Chen et al., 2016). Fig. 5B compares the 

r of calcite and dolomite at a constant temperature to illustrate the effect 
of k for each mechanism as well as the n in the an

H+ term. Since calcite 
dissolves faster than dolomite, a geothermal fluid would become satu-
rated with respect to calcite before dolomite. 

We propose that the total dissolution (TD) is simply the integrated 
dissolution rate at some pH (rpHn ) over some time interval (TD(t)) and 
may be determined as 

TD(t)pHx
= A+

∫t2

t1

rpHx dt. (29) 

Note the sign convention, where TD > 0, yet, it is mass lost from the 
solid phase. If there has been no previous dissolution, A = 0 mol/m2. 
Comparison between fluids of static pH may be evaluated using our 
proposed Eq. (30) below. If, for example, a solution of static pH is 
allowed to dissolve calcite for 3600 s (1 h) at 50 ◦C, then, 

TD(t)pHx
pHy

=
Total losspH2

Total losspH4

=

∫ 3600 s
0 rpHx dt.
∫ 3600 s

0 s rpHy dt.
. (30) 

The TD of calcite at pH 2 would be ~68 mol/m2, while the total dis-
solved calcite at pH 4 would be ~23 mol/m2. If the pH of the solution is 
dynamic and monotonically increases at a constant rate from pH 2 to pH 
4, then, for the same time interval, there are three rpHn , one for each pH 
value. The TD for such a fluid is approximated by rewriting Eq. (28) as, 

TD(t)pHx+pHy+pHz
= TD(t)pH2+pH3+pH4

=

⎛

⎝
∫1200 s

0 s

rpHx dt

⎞

⎠

pH2

+

⎛

⎝
∫2400 s

1200 s

rpHy dt

⎞

⎠

pH3

+

⎛

⎝
∫3600 s

2400 s

rpHz dt

⎞

⎠

pH4

(31) 

Fig. 5. Dissolution rates (rpHn ) of calcite and dolomite using data from Palandri and Kharaka (2004). (A) Calcite dissolution as a function of pH at constant T of 50 ◦C, 
100 ◦C, and 150 ◦C. (B) Comparison of dissolution rates for calcite and dolomite at 25 ◦C, ncalcite= 1, and ndolomite = 0.5. 
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In this case, the TD of calcite obtained using Eq. (31) is ~39 mol/m2 

and is 58% of the total dissolved calcite at pH 2. The reason that r is not 
the average between the end members (~45 mol/m2) is because r is not 
evenly distributed across the pH domain but is instead skewed (Fig. 5A). 
The r (as rpH3 to rpH4 ) for the time interval encompassing pH 3 to pH 4 
(1201 ≤ t (s) ≤ 3601) is closer to rpH4 . This indicates the overall r is more 
heavily weighted towards lower rates than evenly split into thirds. The 
dissolution rate continues to slow proportional to pH and is directly 
related to Ω. The Bjerrum plot indicates that as pH increases, Ω will also 
increase (high aCO3

2-). At equilibrium (Eq. (1)), the forward dissolution 
reaction rate equals the reverse precipitation rate, and the net r is zero. It 
is worth noting that the total dissolution in Eq. (31) is an estimation and 
assumes that each step in pH occurs instantaneously and is held constant 
for 1200s. A more realistic consideration for the pH evolution of a nat-
ural geothermal fluid would include many more time intervals; ideally, 
for a continuously evolving fluid, one rpHn for each dt. Finally, as the pH 
range of 2 to 4 given above was selected primarily to illustrate the effect 
of pH on dissolution kinetics, the acidity of natural systems have been 
shown to change rapidly (four days) from pH 2.82 to 5.36 at ~90 oC 
(Fournier et al., 1992). Therefore, the dissolution rate profile in Fig. 5A 
(100 oC curve) would reasonably track this pH evolution over time. 

The direct effect of pH on the I.S. of a solution is minimal; that is, the 
contribution of hydronium ion ([xi]zi

2 for H+ in Eq. (5) is minimal. 
However, the effect of pH on the saturation state of a mineral is 
tremendous. Acidic solutions increase the TDS, (thereby also raising I.S.) 
which may change the saturation state of the fluid. The effect of pH on 
kinetics is similar, as more [H+] will result in a greater total amount of 
mineral dissolution over a time interval, possibly causing a feedback 
loop where saturation is reached faster due to the increase in IAP for that 
mineral. This feedback loop is exacerbated when the temperature is 
increased. 

4. Corrosion and scaling in geothermal systems 

Specific forms of corrosion and an illustrative example of calcite 
scaling are considered below. Additional common scale-forming min-
erals are outlined below along with the pH-Eh stability fields of these 
mineral phases and treatments. 

4.1. Corrosion 

Corrosion is detrimental to EGS operations. Damaged materials and 
power plant downtime leads to reduced efficiency and are economically 
problematic (Karlsdottir et al., 2019). Moreover, since geothermal fluids 
are often at high temperatures and pressures, corrosion can lead to 
potentially highly dangerous operating conditions (Mundhenk et al., 
2019). The corrosion rate is highly similar conceptually to dissolution, 
and as a kinetic rate (Mundhenk et al., 2019), it is directly related to pH. 
Corrosion rates have also been shown to increase with temperature (up 
to 320 oC as in Yanagisawa et al., 2021)-reiterating the effect of tem-
perature on kinetics. The rate of corrosion is simply the mass lost per 
unit of time and can be determined using the following equation after 
ASTM (2017), 

Corrosion Rate =
KW
ATD

(32)  

where K is a constant (is equal to 8.76×104 if mm/year is used), W is the 
material mass that has been removed from the exposed surface (g), A is 
the exposed surface area (cm2), T is the time that the material has been 
exposed (hr), and D is the material density (g/cm3)- available for many 
steel grades from ASTM (2017). The relation of corrosion to Eh is quite 
clear; Pourbaix (1950) devised a graphical model to predict the likeli-
hood of corrosion in pH-Eh space. Corrosion occurs when the exposed 
reactive surface metal of a material enters the solution as an ion and is 
caused by a redox reaction, thereby increasing its concentration in the 

fluid (Pourbaix, 1950). For example, consider the oxidation half reaction 
of solid iron, 

Fe(s)→Fe+2
(aq) + 2e− . (33) 

The Gibbs free energy of this equation is negative (− 9.54 kcal/mol at 
298.15 K), indicating that elemental iron will spontaneously oxidize 
(corrode), and the forward reaction is thermodynamically preferred (e. 
g., CRC, 2017). The corrosion of steel, shown below as an oxidation 
reaction in the presence of acid after Diamond and Alt-Epping (2014) is 
(electrons have been added for clarity), 

Fe(s) + H+
(aq)→Fe+2

(aq) + H2(aq) + 2e− . (34) 

The inclusion of acid releases more energy, and the reaction becomes 
more spontaneous (− 18.8 kcal/mol at 298.15 K). In both examples, the 
transfer of electrons from solid iron to dissolved iron results in an in-
crease in the concentration of Fe2+ in the solution. The mass transferred 
into the solution equals the mass lost from the solid phase. Therefore, the 
corrosion rate is a direct reflection of the transfer of electrons (redox 
reactions) from the metal cation on the reactive surface of the steel to the 
electron acceptor in the fluid. Some ions and molecules present in 
geothermal fluids that are noted to contribute to corrosion are referred 
to as the total key species (TKS). Ellis and Conover (1981) state that the 
TKS is obtained using; 

TKS =
∑(

[Cl− ],
[
CO2−

3

]
,
[
HCO−

3

]
, [H2S], [NH3],

[
SO2−

4

])
(35)  

where the units of concentration are in ppm. Arvanitis et al. (2020) 
further expanded the TKS to include all sulfide and ammonia species. 
The pH, Eh, and TKS (which themselves are pressure and 
temperature-dependent) are important variables that control corrosion, 
and geothermal reservoirs are unique and have unique fluid chemistries. 
Despite this, geothermal fluids can be grouped according to their cor-
rosivity class. There are six fluid classes, and their defining character-
istics are provided in Table 1 (from Nogara and Zarrouk 2018a; and 
references therein). Nogara and Zarrouk (2018a; 2018b) offer an 
excellent two-part review on corrosion in geothermal systems. It is our 
intention below to provide recent updates since their contribution 
mainly. Finally, there is a tremendous lack of consistency regarding steel 
names (e.g., AISI/SAE, ASTM, or UNS), which results in unwieldiness 
and confusion. Considering that there are thousands of grades of steel 
available (Baciu et al., 2020) it would be beneficial to for the community 
to adopt a consistent format. For example, Hua et al. (2021) conducted 
corrosion experiments on 3Cr steel, but this specific steel grade name 
does not appear to be indexed in any of the databases mentioned above. 

4.1.1. Uniform corrosion 
Uniform corrosion is most pervasive in carbon steel (e.g., S235JR) 

Table 1 
Comparisons of the six corrosion classes of geothermal fluids. NCG refers to non- 
condensable gasses. Nogara and Zarrouk (2018a) include CO2, total ammonia, 
and total sulfide in TKS summation.  

Class Case Study 
Example 

TKS (ppm) pH Notes 

I Salton Sea, USA >100,000 <5 99% of TKS is Cl- 

II Matsukawa, Japan 1000 to 
10,000 

<4.5 liquid-dominant fluid 

III Cerro-Prieto, 
Mexico 

10,000 to 
20,000 

5 to 6 near neutral pH 

IV Broadlands, New 
Zealand 

500 to 10,000 ≥5 liquid-dominant fluid 

V(a) Pagosa Spring, 
USA 

<5000 6.7 to 
7.6 

low T, lower pH than V 
(b) 

V(b) Klamath Falls, USA <5000 7.8 to 
9.5 

low T, higher pH than V 
(a) 

VI Geysers, USA – – vapor-dominant fluid, 
<5 wt% NCG  
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compared to either austenitic stainless steel (UNS S31603) or duplex 
stainless steel (UNS S31803) (Faes et al., 2019). This observation is 
supported by Arvanitis Arvanitis et al. (2020), who noted that 316 
stainless steel is deemed an appropriate material to use to mitigate 
uniform corrosion in EGS operations. Carbon steel can be used as ma-
terial if the thickness is sufficient, although as this material is susceptible 
to uniform corrosion, the thickness will have to be monitored to ensure 
safety (Faes et al., 2019). Unfortunately, these workers did not provide 
information regarding the thickness required for safe operation and 
conducted their experiments at only 0.5 MPa. Therefore, future work 
should address the carbon steel wall thickness:pressure relationship at a 
higher pressure for safe EGS power plant operation. 

The vapor-dominant fluid (containing both CO2 and H2S gasses) at 
the Reykjanes geothermal site in Iceland would be classified as Type VI 
(Table 1) (Hardardóttir and Oskarsson, 2017). High entropy alloy (HEA) 
AlCrFeNiMn steel experienced a uniform corrosion rate of 3.25 
mm/year when exposed to this type of fluid and is, therefore, not a 
recommended material (Karlsdottir et al., 2019). 

Yue et al., 2021 observed multilayering on the surface of super 13Cr 
steel consisting of an outer and mid layer of FeCO3 and FeCr2O4, 
respectively. Hua et al. (2021) conducted similar experiments and also 
observed the same multilayering in 3Cr steel, as well as an interesting 
relationship between pCO2 and corrosion. In their study, they observed 
that an increase in pCO2 offers increased corrosion resistance on the 
exterior of the 3Cr steel by forming a FeCO3 shield and mid-layer of 
FeCr2O4, but simultaneously increases localized corrosion directly 
against the 3Cr steel (below the FeCO3 shield). 

4.1.2. Pitting corrosion 
The ability of a steel to resist pitting corrosion is related to the 

quantity of Cr, Mo, and N in its alloy and may be assigned a number 
referred to as the pitting resistance equivalence number (PREN) using 
the equation below (e.g., Garfias-Mesias et al., 1996; Nikitasari et al., 
2019; Zhang et al., 2022). 

PREN = %Cr + 3.3 %Mo+ 16 %N, EQ. 36 (36)  

where the weight percent of each metal are used to determine the PREN 
of the material. Nikitasari et al. (2019) found a relationship between 
PREN and the pit diameter in CA6NM steel as 

d
1
∝
(%Mo+%N) (37)  

where d is the average pit diameter. The calculated TKS from these 
workers reported brine composition indicates that a Class I fluid type is 
the best fit. 

Austenitic steel UNS S31603 and duplex steel UNS S31803 are sus-
ceptible to pitting corrosion at highly oxidizing conditions (anodic 
sweep) (Faes et al., 2019). Pitting corrosion can serve as a nucleation site 
for another type of corrosion, stress corrosion cracking (SCC, Section 
4.1.3) (Qi et al., 2021). Yue et al. (2021) observed an increase in 
localized pitting corrosion when the super 13Cr steel sample was rotated 
within the fluid bath compared to pitting corrosion under no rotation. 
This implies that pitting corrosion in quiescent tanks or tubing in 
geothermal power plants would be more severe than in a similar vessel 
containing a turbid fluid. Recently, Zhang et al. (2022) found high 
pitting corrosion resistance in FCWA-AM duplex steel (PREN up to 
47.53), which performed similarly to the hot-rolled 2205 steel, and both 
performed favorably to the E2209 duplex steel in polarization curve 
testing. These workers attribute much of the pitting corrosion resistance 
to the abundance of intragranular austenite (IGA) throughout the 
FCWA-AM steel. 

4.1.3. Stress cracking corrosion 
According to Nogara and Zarrouk (2018a), stress corrosion cracking 

may take three forms; chloride-SCC, ammonia-SCC, and sulfide-SSC. 

Corsi (1986) differentiates SCC from SSC and considers them sepa-
rately. In either case, both of these workers note that SSC is prone to 
occur in high tensile strength stainless steel. This form of corrosion is the 
most dangerous. Unlike uniform corrosion occurring on the exposed 
surface, SCC can penetrate the material (Chang et al., 2019) and cause 
catastrophic failure (e.g., NDK explosion in 2009, see Zhang et al., 
2016). The safest operation would be to ensure that the geothermal fluid 
does not have pH-Eh coordinates, which plot in the O2 stability field, or 
the H2S or HS- stability fields (Figs. 2–4). This implies that a safer sta-
bility field for the geothermal operation would be in the SO4

2- zone. Qi 
et al. (2021) observed a close relationship between pCO2 and temper-
ature. These workers do not give the fluid classification; however, the 
calculated TKS and relative abundance of Cl- from their data suggests 
that Type I fluid (Table 1) is most suitable. Moreover, Qi et al. (2021) 
note that an increase in either of these variables results in increased 
susceptibility of HP-13Cr stainless steel to SCC. Recall that increased 
CO2 will also lower the pH of the fluid, thus possibly shifting the pH-Eh 
coordinates from a stability field of a less hazardous species (SO4

2-) to a 
more hazardous stability field (H2S or HS-). 

4.1.4. Galvanic corrosion 
Stoljarova et al. (2021) compared ST37 carbon steel to 1.4404 Cr 

stainless steel and 1.4562 Ni stainless steel in an artificial brine (our 
calculated TKS indicates that the brine is closest to Class I) enriched in 
Cu and Pb. These workers note that the two stainless steel materials 
exhibited zero uniform or pitting corrosion, while the carbon steel was 
determined to be a poor material choice for geothermal operations. 

4.2. Scaling 

Scaling occurs when the constituent ions of a mineral overcome 
(IAP) the carrying capacity of the fluid (solubility) and become super-
saturated (Söhnel and Garside, 1992). Scaling is problematic in 
geothermal (or industrial, e.g., Söhnel and Garside, 1992) systems as it 
reduces operational capability (Miller, 1980) and can be destructive to 
and reduce the lifespan of the power plant (Zotzmann and Regenspurg, 
2015). The degree to which a mineral phase is likely to precipitate and 
form a scale can be modeled using saturation indices (SI). The SI value is 
a valuable number that is used to evaluate the likelihood of scaling. If 
the propensity of scaling is high, measures can be taken to mitigate such 
scaling (See Table 2 in Section 4.3) (Stáhl et al., 2000). The basic SI Ω 
value (Eqs. (2), (38), and (42)) can be evaluated for any mineral; how-
ever, some mineral-specific SI (e.g., LSI and Is Section 4.2.1) is not 
transferrable. 

As EGS frequently contains carbonate rocks (Hofmann et al., 2014; 
Moeck, 2014; Schütz et al., 2018) and calcite (in particular), precipita-
tion leads to adverse scaling effects (Phillips et al., 1977; Corsi, 1986; 
Gunnlaugsson et al., 2014), and is highly common (Simmons and 
Christenson, 1994; Pátzay et al., 1998; Antony et al., 2011; Gunn-
laugsson, 2012; Finster et al., 2015; Zolfagharroshan and Khamehchi, 
2020; Bu et al., 2022) it will be used as an example in the preceding pH 
examples. Finally, scaling enhances corrosion (Söhnel and Garside, 
1992), thus, scale management improves not only efficiency but also 
reduces corrosion. 

4.2.1. Saturation indices 
Pitzer and Mayorga (1973) proposed a model for calculating activ-

ities for single electrolyte solutions (up to 6 M). Although geothermal 
fluids often contain high I.S., this model fails somewhat in its application 
since geothermal fluids are compositionally complex and contain many 
dissolved species, and are not at STP conditions. Moreover, Ksp varies 
not only with temperature but also with the solution composition (eg. 
Chong and Sheikholeslami, 2001). To address this, Sheikholeslami 
(2005) devised the potential scaling index (SPI), which utilizes the Gibbs 
free energy of reaction found in Pitzer and Mayorga (1973) used for high 
I solutions. The SPI was later adapted by Sim et al. (2018), as 
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SPI = log

⎛

⎜
⎜
⎝

⎛

⎜
⎜
⎝

[ai]
[
aj
]

exp
(
− ΔGφ

reaction
RT

)

⎞

⎟
⎟
⎠

1/v⎞

⎟
⎟
⎠. (38) 

In the case of calcite, the numerator is the IAP of the Ca2+ and CO3
2-, 

the 1/v exponent is the sum of the stoichiometric cations and anions (1 
Ca2+ + 1 CO3

2- = 2, so 1/v = ½), R is the gas constant, T is temperature in 
Kelvin, and -ΔGφ

reaction is, 

ΔGφ
reaction = ΔGproducts − ΔGformation =

(

ΔGCa2+
(aq)

+ΔGCO2−
3.(aq)

)

− ΔGcalcite,

(39)  

although a general form would be written as 

ΔGφ
reaction = ΔGproducts − ΔGformation =

(
ΔGxz+

(aq)
+ΔGyz−

(aq)

)
− ΔGmineral, (40) 

It is important to note that if units of Gibbs free-energy are kcal/mol, 
then R is 1.987×10–3 kcal/mol. As Ksp varies with temperature, then 
after Sim et al. (2018), solving for Ksp(T) yields 

Ksp(T) = exp
(
− ΔGφ

reaction

RT

)

. (41) 

The Supersaturation ratio (Sr) is another general saturation index. It 
is similar to the basic Ω found in Eq. (7), but incorporates the 1/v 
exponent like the SPI model and is expressed as (e.g. van de Lisdonk 
et al., 2001; Sim et al., 2018) 

Sr =

(
[ai]

v+[aj
]v−

Ksp(T)

)1/v

. (42) 

Note that the ion activities above in the numerator have been 
simplified from the given (γ+c+)v+ (γ-c-)v- provided by the aforemen-
tioned workers. The +v and –v are the stoichiometric numbers of cations 
and anions in the equilibrium reaction. Using CaF2 as an example, +v is 
1 Ca cation, and –v is 2 F anions, yielding v of 1 + 2 = 3 (eg. van de 
Lisdonk et al., 2001). 

Calcite-specific saturation models such as the Langelier Saturation 
Index (LSI) (Langelier, 1936) have been applied to geothermal fluids 
(Pátzay et al., 1998; Rafferty, 1999; Varga et al., 2019). This model is 
valid for 10 < TDS (mg/L) < 10,000 (Sim et al., 2018), and for pH 
ranging from 7.0 to 9.5 (Langelier, 1936). It is presented as, 

LSI = pH − pHs. (43)  

Where pHs is the pH of saturation with respect to calcite. The LSI does 
not quantify the mineral saturation of a solution but rather indicates if 
dissolution (LSI < 0) or precipitation (LSI > 0) are expected (Sim et al., 
2018). This model has been presented in various alternate forms (e.g. 
Sim et al., 2018); however, the proceeding form is after Sheikholeslami 
(2005), where the ion concentrations are in units of mg/L, as; 

pHs = p
[
Ca2+]+ p

[
HCO−

3

]

+

(

9.3+
log(TDS) − 1

10
− 13.12log(T)+ 34.95

)

. (44) 

Sheikholeslami (2005) notes that while the LSI is a familiar 

Table 2 
Common scaling minerals encountered in geothermal systems. If available, pH and Eh values where such minerals are present as solid scales are given. If no explicit 
data is available, qualitative interpretations of preexisting data is given (i.e. “oxidizing”). Additionally, if available, pH-Eh data for the anion in the mineral or solid 
phase (PO4

3-and SO4
2-) is included. Techniques for scale mitigation and complications that may arise due to scale treatment are also provided. Numbered exponents in 

parentheses pertain to references; (1) Filmtec, 2023; (2) Antony et al., 2011; (3) Wheeland and Robertson, 1987; (4) Ellis and Conover, 1981; (5) Holland and Malinin, 
1979; (6) Tulloch, 1982; (7) Gallup, 2011; (8) Henley, 1983; (9) Gallup et al., 1995; (10) Utami et al., 2014; (11) Setiawan et al., 2019; (12) Ngothai et al., 2012; (13) 
Petro et al., 2013; (14) Macdonald, 1980; (15) Diamond and Alt-Epping, 2014; (16) Hall, 1986; (17) Carbonell et al., 1999; (18) Barnaby and Rimstidt, 1989; (19) 
Takeno, 2005.  

Mineral pH Eh Additional Causes Treatment Notes Treatment Side Effects 

Calcite >8, Ca2+ present up to 
at least ~12 (19) 

Ca2+ not limited by Eh, stable in 
water (19) 

Depressurization (5,6) HCl or H2SO4 acidification(2) Use of H2SO4 could 
lead to the precipitat- 
ion of sulfate 
minerals(2), use of HCl 
increases [Cl-], a TKS(4)  

Calcium 
phosphate 
(amorphous) 

For PO4
3-, pH > 12(19) PO4

3- not limited by Eh, stable in 
water(19)  

Ensure water pH < 12  

Gypsum for SO4
2-, pH 3 to 14 ( 

Fig. 2) 
SO4

2- relatively oxidizing (Fig. 2) [SO4
2-] > 3000 mg/L(3) Phosphate ester(3) concentration 

not provided, air bubbler(3), pH <3   

Illite   Low pCO2
(13) Introduce supercritcal CO2. Illite 

solubility is increased in the 
presence of liquid or supercritical 
CO2

(13)  

Iron, 
Manganese- 
oxides 

Pyrolusite (MnO2) 
stable at pH 5 to ≥ 9, 
iron hydroxide (Fe 
(OH)3) stable at pH ~5 
to ≥ 9 (18) 

Fe or Mn oxyhydroxides may 
precipitate at oxidizing 
conditions(17). Pyrolusite stable 
from ≤ ~0.4 to > 0.8 V, iron 
hydroxide stable from ≤ − 0.2 to 
> 0.8 V (18) 

Fe, Mn metals are more 
soluble at lower Eh (17), thus 
precipitation as oxides is 
likely at oxidizing conditions  

Reducing agent, acidification  

Pyrite pH 0 to ~12(14) Scaling in heat exchanger(15) 

suggests oxidizing conditions, 
high or low fO2

(16), ~0 V(14)  

Solubility increases at high 
temperature  

Silica 
(amorphous) 

Variable.Scaling 
inversely related to pH 
(11),solubility increases 
with pH > 7(12), scaling 
most pervasive at high 
pH(12) 

Oxidizing(7) [Al3+] + [Fe3+] > 0.05 mg/ 
L(1) 

High atomic mass unit polyac- 
rylates(1), consump-tion of oxygen 
via formic acid (HCOOH)(7), 
double-flash separation (10), 
remove steam from liquid at 
surface(8), acidification (10), 
alkalinization (10) 

Fluid reduction may 
lead to precipitat-ion of 
Ag, As, Au and Sb(10), 
pH <4 is corrosive (7)  
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saturation index model, it is not designed for high TDS solutions-as are 
observed in many EGS reservoirs. Moreover, since the model is limited 
to pH >7.0, then the high pressures associated at great depths (partic-
ularly for conduction-dominant EGS reservoirs) would force the rela-
tively elevated pCO2 into [CO2], driving down pH, likely outside of the 
range suitable for the LSI model. Furthermore, the logistics associated 
with EGS reservoirs make high-quality in-situ pH measurements impos-
sible (Oddo and Tomson, 1982). 

Corsi (1986) provides a calcite-specific saturation index model 
modified from Oddo and Tomson (1982). This model requires neither 
activities, Ksp(T), or pH in its calculation and does not utilize activities 
for Ca2+ or HCO3

- , which may yield inaccurate Ω values at high I.S. 
However, this model accounts for both total system pressure and pCO2, 
which, when dissolved in the aqueous phase, is proportional to [H+]. 
Moreover, the abundance of carbonic acid and its dissociation will 
contribute to the TDS of the solution. One advantage of this SI is its 
incorporation of pCO2. Calcite saturation decreases and becomes more 
soluble at higher pressures due to Henry’s Law, but CO2 boils more 
rapidly at higher temperatures, thereby increasing calcite saturation. 
Corsi (1986) provides this model in the following form 

Is = log

(
[Ca2+]

[
HCO−

3

]2

PXCO2g/aq

)

+ 10.22 + 2.739 ∗ 10− 2T − 1.38 ∗ 10− 5T2

− 1.079 ∗ 10− 8P − 2.52
̅̅
I

√
+ 0.919I.

(45) 

One disadvantage of the Is model is that it uses concentration instead 
of activity; this would be a particular problem when modeling 
geothermal fluids of high I.S. (ionic strength written as I by the author). 
Corsi (1986) notes that alkalinity is “mainly given” as [HCO3

- ], while the 
temperature is in C, and the total pressure is in Pa. Since CO2 directly 
reduces the pH of the solution (Perkins, 2003), it is necessary to consider 
it in calcite saturation. XCO2 is the mole fraction of CO2 in the gaseous to 
the aqueous phase and obeys Henry’s Law (KH

cc). Henry’s Law is an 
equilibrium concept, and as such, its values vary with temperature. The 
equations for calculating the temperature-corrected XCO2 are (from 
Sander (2015); 

(
H(T)cpaq/gas

)

VH
= Hcp

aq/gas298.15 K
exp

⎛

⎜
⎝
dlnH
d 1

T

(
1
T
−

1
T298.15K

)
⎞

⎟
⎠, then (46)  

(
XCO2gas/aq

)

VH
=
(
KCC

Hgas/aq

)

VH
=

1
HCC

aq/g
= HCC

aq/gas = H(T)cpaq/gasRT. (47) 

Note that Hcp
298.15 K is in (mol/m3Pa), T is in (K), R is in (in m3/ 

PaKmol), and Hcc is dimensionless. Sander (2015) cautions that the 
Van’t Hoff expression is used to calculate H(T)VH in Eq. (46) is valid for 
limited temperatures, and an empirical approach is instead preferred. 
Bieling et al. (1989) performed an iterative optimization method to 
effectively obtain H(T) in which the temperature range was later 
extended by Rumpf and Mauer (1993) using experimentally obtained 
data to 200 ◦C, and then extrapolated again to 250 oC with good results 
by García et al. (2006). The H(T) equation from Rumpf and Mauer 
(1993) is 

ln
(
H(T)1/cp

gas/aq

)

RM
= 192.876 +

− 9624.4
T

+ 1.441 ∗ 10− 2T + (

− 28.749 ∗ ln(T)). (48) 

Note that the units in Eq. (48) are MPakg/mol, making it 1/Hcp. We 
have solved for H(T)RM, provided a conversion to the same units as in the 
Van’t Hoff (H(T)VH), and given a solution to (XCO2)RM, respectively as 

(H(T)1/cp
gas/aq)RM = exp(In(H(T)1/cp

gas/aq)RM), then converting units by Eq. 48 

(
H(T)1/cp

gas/aq

)

RM

kgMPa
mol

→
0.001m3

kg
∗

106Pa
MPa

→

⎛

⎜
⎝H(T)

1
cp
gas
aq

⎞

⎟
⎠

RM

m3Pa
mol

, and

(
XCO2gas/aq

)

RM
=
(
KCC

Hgas/aq

)

RM
=
(
H(T)1/cp

gas/aq

)

RM
∗

1
R
∗

1
T
.

(49) 

At 298.15 K, we find a 1.65% difference between XCO2 obtained 
from (XCO2)VH (1.202 gas/aq) and (XCO2)RM (1.222 gas/aq). 

Model selection results are provided Fig. 6 by comparing the afore-
mentioned saturation indices with respect to calcite for a hypothetical 
geothermal solution. The calculations were performed under the con-
ditions that may be observed in a direct-use application at the surface (1 
atm or 0.1 MPa and 25 ◦C). The hypothetical solution was charge- 
balanced to ~0.1% using Cl-, and held at a constant pH of 5. Cl- 

comprised 94% of the total anion budget and 94% of the TKS. This 
hypothetical solution most closely resembles a Type I Fluid (Table 1). 
The I.S. of each subsequent step was a doubling of the concentration of 
each dissolved species (eg.2*I.S.0.03 ≈ I.S.0.06). The calculated Ω for each 
index along with the pH and TDS are provided in Supplementary 
Table 1. The log(IAP/ksp), SPI, and Sr saturation indices are each found 
using activities obtained from the Debye-Hückel (DH), Debye-Hückel- 
Extended (DH-E), Davies, and Bromley models. 

To compare the effect of the two methods of obtaining XCO2, Is-VH 
corresponds to XCO2 obtained from the Van’t Hoff approach in Eq. (47), 
while Is-RM corresponds to XCO2 obtained from the Rumpf and Mauer 
(1993) approach in Eq. (49). Sr-(Davies) estimates a much greater Ω 
than the other models Fig. 6A and B). This increase in Ω is because of the 
0.3I term in Eq. (9). Conversely, many other models display a dimin-
ishing return effect, and the calculated Ω appears to show a logarithmic 
behavior proportional to I.S. (Fig. 6B). Interestingly, the Ω values ob-
tained from log(IAP/Ksp)-(DH), SPI-(DH), and Sr-(DH) all crest at I.S. 
between 0.12 and 0.48 mol/L before declining-indicating that the 
Debye-Hückel activity model is not recommended beyond these I.S. 
values. The SPI and LSI display little response in Ω at high I.S., which can 
be attributed to the ‘smoothing out’ by the logarithms used in their 
computation. There is little difference in the Ω between Is-VH and Is-RM 
(Supplementary Table 1), thus corroborating the calculations for XCO2 
in Eqs. (47) and (49), respectively. Moreover, Is-VH and Is-RM both esti-
mate lower Ω than other models, possibly because alkalinity is assumed 
to be HCO3

- (Oddo and Tomson, 1982; Corsi, 1986) and does not account 
for other species, such as CO3

–2. If this ion is included, the numerator in 
the log term of Eq. (44) will increase along with Ω. If carbonate alka-
linity (CA) is taken under consideration, then a common simplified form 
is provided (e.g. Andersen, 2002), as 

CA =
[
HCO−

3

]
+ 2
[
CO2−

3

]
. (50) 

An alternate form of CA can be found which incorporates both pH 
and pOH directly (Jensen, 2003; Michałowski and Asuero, 2012) via 

CA =
[
HCO−

3

]
+ 2
[
CO2−

3

]
+ [OH− ] − [H+]. (51) 

The resulting Is values reported as Is1 and Is2 for Eqs. (50) and (51) for 
both Is-VH and Is-RM, respectively, are greater than using [HCO3

- ] for 
alkalinity alone (Fig. 6). The differences between both CA calculations 
are negligible (Supplementary Table 1 and Fig. 6) and at pH 7 become 
zero as Eq. (51) simplifies to Eq. (50). Andersen (2002) notes that for 
dilute surface waters (γ = 1 and total carbonate in the system is 0.005 M) 
of circumneutral pH, HCO3

- alone is satisfactory for alkalinity. Heden-
quist (1990) also used HCO3

- solely as alkalinity for geothermal waters 
with pH ranging from 4.7 to 5.9. This may provide a reasonable estimate 
since [CO3

2-] is negligible in this pH range (Bjerrum plot), and HCO3
- is 

likely to be the main alkaline species (in the pH range of 4.7 to 5.9, [H+] 
would be >2500 times greater than [OH-] at the median pH of 5.3). 
Nonetheless, because the TDS and pH values of geothermal fluids may be 
quite different from surficial waters, carbonate alkalinity obtained using 
Eq. (51) would most accurately model the true alkalinity of the fluid. As 
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Fig. 6 and Supplementary Table 1 indicate, different saturation models 
yield different saturation values and can predict either supersaturation 
or undersaturation for the same fluid chemistry. Therefore, regardless of 
which saturation model is chosen, it is recommended to apply more than 
one to best model the expected variation in the fluid (Ungemach, 2003). 

4.3. Scaling and treatment for geothermal systems 

In the detailed example above highlighted calcite scaling, yet there 
are other minerals that commonly form scales- sulfides (Miller, 1980), 
other carbonates, silica (Barnes, 2015), and iron minerals (Li et al., 
2020). These and other scale-forming minerals, their stability domain 
(pH, Eh), and treatment methods (such as the addition of anti-scaling 
agents, e.g., Bu et al. (2022)) for each are provided collectively in 
Table 2. Unfortunately, pH and Eh values for minerals (or solid phases) 
are sparse. Anion group stability, as found in Takeno (2005), is used to 
constrain the overall mineral stability. For example, phosphate (PO4

3-) is 
the dominant species in the P-O-H system in water pH ranging from pH 
> ~12 and is not limited by Eh (vertical line on pH-Eh diagram)-it is 
stable in water (Takeno, 2005). This does not imply that if Ca2+ is 
present in hypothetical water at pH 13 and Eh 0 V, amorphous calcium 
phosphate will immediately precipitate. The fluid may or may not be 
supersaturated with respect to this solid phase. Rather, it only indicates 
that the speciations of the required ions necessary for precipitation are 
present-the ion concentrations (or activities) that may preclude precip-
itation. Despite this, anion pH-Eh stability diagrams are helpful. If the 
fluid in the amorphous calcium phosphate example above has a pH of 9 
(still with Eh of 0 V) then the dominant species in the P-O-H systems is 
HPO4

2- (Takeno, 2005). Now, the hypothetical water cannot precipitate 
amorphous calcium phosphate under these conditions because of the 
speciation of the polyatomic anion regardless of [Ca2+]. Therefore, 

scaling of this solid phase will not occur. Additionally, physical controls 
can be employed to prevent scaling. For example, scaling caused by 
mixing can be prevented by ensuring that water in the geothermal 
reservoir is above the level of the undesired water (Arnórsson, 1992). 

Scaling is an adverse problem encountered in geothermal systems, 
yet, if the geothermal fluid enters surficial runoff or is exposed to 
groundwater, it may be desirable to induce scaling (i.e., precipitation). 
Precipitations of solids from the geothermal fluid are necessary to pre-
vent the downstream transport of toxic waste. For example, it is well 
known that arsenic is a toxic metal, and the dissolution of orpiment 
(As2S3) occurring in the geothermal reservoir produces either arsenious 
acid (H3AsO3) for low-sulfide waters (Eary, 1992), and H2As3S6

- for 
high-sulfide waters (Spycher and Reed, 1989; Eary, 1992). Therefore, 
precipitation of H3AsO3 may be enhanced or favored at lower pH and 
temperature. Similarly, if H2As3S6

- is present, a decrease in pH will 
reduce the solubility (Webster and Nordstrom, 2003). 

5. Conclusions 

Fluid-rock interactions are complex and highly variable systems that 
are subject to many variables. Two of these variables are pH and Eh and 
significantly control the dissolved ion concentration, the ion or molecule 
speciation, the rate of a reaction, and the direction or spontaneity of a 
reaction. Fig. 7 displays the interplay between these relationships with 
respect to pH and Eh, which are controlled by temperature and pressure. 

Ultimately, for a dynamic system, even these master variables can 
change with respect to time-the only true parameter. Some consider-
ations and suggestions for future work include:  

• The relevance and importance of pH and Eh in predicting fluid-rock 
interactions cannot be overstated. While critical, these variables are 

Fig. 6. Comparison of saturation indices and activity model 
calculations with respect to ionic strength for the mineral 
calcite. All Ω were determined for a hypothetical solution at 25 
oC and 1 atm, and considered Al3+, Ba2+, Ca2+, Cl-, CO3

2-, Fe2+, 
H+, HCO3

- , K+, Mg2+, Na+, OH-, Si0, and SO4
2- ions. These data 

are provided in Supplementary Table 1. (A) 0.03 mol/L < I <
0.12 mol/L. The large red rectangle indicates that this sub-
frame is a zoomed-in segment of the whole I range. (B) 0.03 
mol/L < I < 1.93 mol/L. The small red square highlights the 
region in subframe A.   
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closely related to and are dependent upon temperature and pressure, 
and it is impossible to explore pH and Eh without their consideration. 
Pressure and temperature (and composition) are related to the 
physical geothermal environment by reservoir depth (pressure), 
geothermal gradient (temperature), and reservoir HDR lithology 
(composition).  

• Geothermal systems (particularly EGS, which may involve surface- 
level conditions) are highly complex. Geochemical models derived 
for one EGS site may not be suitable for another site even with similar 
characeteristics. Reservoir evolution over time is another compli-
cating factor (e.g., Bächler and Kohl, 2005; Scott and Driesner, 
2018). Two of the most direct applications of these relationships to 
EGS are the mitigation of corrosion and scaling both in terms of 
maintaining an economically viable operation and ensuring the 
safety of the power plant. Corrosion can be reduced by an appro-
priate choice of material, as there are many grades of steel available. 
This decision should be made in accordance with the fluid chemistry, 
which reflects the fluid-rock interaction occurring within the EGS 
reservoir.  

• Scaling can be addressed by manipulating the fluid composition (and 
physical controls of reservoir water level, e.g., Arnórsson (1992)). 
Chemical additives, or pH/Eh control, can alter the speciation of the 
ions in solution such that detrimental mineral scalants do not 
precipitate.  

• The strength of a model depends in part on the quality of the initial 
data-a note made by many workers (e.g., Spycher and Reed, 1992). 
Future experiments could be made to improve thermodynamic data 

on useful diagnostic minerals such as awaruite and heazlewoodite 
(McCollom and Bach, 2009) and solid solutions and dissolved species 
at high temperatures (Reed, 1982). Furthermore, extending the 
known behavior of activity model coefficient A to temperatures 
above 100 oC would improve activity coefficient calculations at 
temperatures encountered in geothermal settings. Also, there are 
polyatomic molecules such as H2S and NH3 (TKS molecules) that are 
not readily available in tables, thereby hindering activity and ionic 
strength calculations. Spycher and Reed (1989) state the need for 
additional experimentation to improve the stoichiometry of re-
actions involving arsenic and antimony sulfides at low temperatures. 
Results from such studies would have implications for mass balance 
and toxic waste generation from geothermal brines. Finally, even 
with excellent thermodynamic data, the data must be modeled 
appropriately and applied reasonably (Spycher and Reed, 1992; 
Nordstrom and Munoz, 1994). 
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