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ABSTRACT 

The Reykjanes Peninsula in southwest Iceland is the 
landward extension of the Mid-Atlantic Ridge spreading 
center. At present seawater penetrates the coastal Reykjanes 
geothermal system at depth, mixes with magmatic volatiles 
and reacts with the basaltic host rock to form secondary 
geothermal minerals in progressively higher-grade mineral 
alteration zones with depth where highest recorded 
temperatures are ~320°C. Within the epidote-chlorite and 
portions of the epidote-actinolite zones of alteration, 
epidote-prehnite-calcite-quartz-fluid constitutes a quadra-
variant assemblage that, under conditions of specified 
temperature, pressure, and activity of H2O allows prediction 
of geothermal fluid PCO2 as a function of the composition of 
the solid solution minerals epidote or prehnite. This 
assemblage is most common at temperatures >250°C and 
<~310°C, and potentially provides a mineralogic 
chronometer constraining fluid CO2 concentrations based on 
compositional zoning in hydrothermal epidote. Analysis of 
epidote crystals separated from drillhole-cuttings from three 
geothermal wells (RN-9, RN-10, RN-17) display complex 
chemical zoning, generally with Fe(III)-rich cores and Al-
rich rims. The Fe(III)-mol fraction of epidote at depths 
between 0.5 to 1 km ranges from 0.21 to 0.38, between 1 to 
2 km depth the range is 0.17 to 0.48 and between 2-3 km it 
is 0.17 to 0.30. The Fe(III)-mol fraction of prehnite ranges 
from 0.11 to 0.59 in the upper portions of drillhole RN-17. 
The highest Fe(III) content in epidote that was observed to 
co-exist with prehnite is an Fe(III)-mol fraction of 0.36, 
which serves as the upper Fe(III) limit for epidotes used in 
this study. Because most observed prehnite crystals in the 
drillhole-cuttings are too small for electron micropropbe 
analyses (<20µm), we employed a sigmoidal regression of 
available compositional data from active geothermal systems 
to calculate the Fe(III)-Al composition of prehnite using 
measured compositions of epidote in the Reykjanes system. 
Calculated values of PCO2 for the geothermal fluids using 
epidote compositions from crystals obtained from 
drillcutting at depths >600m between the reference 
temperatures of 275°C and 310°C range from ~1 to ~6.5 
bars, when only epidote, prehnite and quartz are observed. 
When all members of the assemblage are present, including 
calcite, the calculated range in PCO2 is from ~0.5 to 6 bars. If 
calcite is absent from the assemblage, the computation of  
PCO2 using equilibria for reaction 1 provides the maximum 
value of PCO2 at which calcite will not be present. Actual 

PCO2 values of geothermal fluids from the Reykjanes system 
were derived from analytical data on liquid and vapor 
samples collected at the surface using both the WATCH and 
SOLVEQ speciation programs. The geothermal fluids at 
reference temperature between 275°C and 310°C have PCO2 
concentrations ranging from 1.3 bars to 4.0 bars.  

The calculated PCO2 values based on epidote compositions 
are in close agreement with present-day measured CO2 in the 
Reykjanes geothermal system fluids. 74% of the calculated 
PCO2 values based on epidote compositions where the 
complete epidote-prehnite-calcite-quartz assemblage is 
observed fall within the range of measured present-day 
fluids, while 62% of the calculated PCO2 values fall within 
the range when calcite is not present in the assemblage.  
Therefore, our method for calculating fluid PCO2 is proven 
quite reliable when all four index minerals are present. 
Additionally, if only epidote, prehnite and quartz are 
observed, our method still serves as a moderately accurate 
predictive proxy for fluid PCO2 composition in the Reykjanes 
geothermal system. Ultimately, the correlation between 
measured and predicted fluid compositions, provides insight 
into future abilities to characterize spatial and temporal 
concentrations of CO2 in active and fossil hydrothermal and 
low-grade metamorphic environments in mafic lithologies 
based on compositional variations and paragenesis of 
hydrothermal minerals. In addition, this study will aid in 
understanding the nature of reactions that involve natural 
sequestration of CO2 derived from magmatic degassing, and 
injection of industrial CO2-rich fluids within hydrothermal 
environments in basaltic rocks.  

1. INTRODUCTION 

Mid-ocean ridge spreading centers represent a significant 
natural source of CO2 from the Earth’s mantle due to 
degassing from upwelling magma. The global mid-ocean 
ridge CO2 flux is estimated to be between 1 and 3•1012 
mols/year (Marty and Tolstikhin, 1998); Sleep and Zahnle, 
2001). Iceland is one of the few places on Earth where this 
magmatic-hydrothermal environment occurs above sea level 
(Fig. 1). Upwelling magma related to the spreading center 
and the Iceland Mantle Plume at the exposed ridge is 
responsible for the formation of Iceland at the center of the 
North Atlantic Igneous Province (Fig. 1a; Arnórsson, 1995); 
White and Morton,1995; Conrad et al., 2004). Presently the 
rift zones in Iceland are characterized by volcanic, seismic 
and geothermal activity (Pálmason et al., 1985). There are 
more than twenty high-temperature geothermal systems 
(>200°C at <1 km depth), including the Reykjanes system in 
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southwest Iceland (Arnórsson, 1995). Fluid and mineral 
samples recovered from deep drillholes at the Reykjanes 
geothermal system permit  investigation of mineralogic 
phase relations that are potential indicators of the 
concentration of CO2 released from the magmatic heat 
source to fluids in the geothermal system.  

 

Figure 1a: The distribution of active high-temperature 
geothermal systems in Iceland. (Adapted from 
Larsen et al., 1998; Arnórsson, 1995) 

This geothermal system occurs mainly within basaltic rocks 
including hyaloclastites, breccias, tuffaceous sediments, lava 
flows, and pillow lavas (Tómasson and Kristmannsdóttir, 
1972). The present day geothermal fluid input is comprised 
of seawater that has been modified by the addition of 
magmatic gases and reaction with the host basalts, as well as 
boiling in the upflow zone (above ~1200 m depth at 
present); the water-rock interaction has resulted in the 
formation of a series of mineral alteration zones that 
increase in grade with depth (see review in Arnórsson, 1995; 
Bird and Spieler, 2004). These alteration zones are defined 
by the predominance of a single or several specific 
secondary minerals as illustrated in Figure 2 (Franzson et al., 
2002; Fridleifsson et al., 2005).  

 

Figure 2: Cross-section through RN-9, RN-10, and RN-
17, including mineral alteration zones, 
distribution of epidote, prehnite and calcite, and 
isotherms. Distribution of epidote, prehnite and 
calcite is denoted by the vertical black lines for 
wells RN-9, RN-10, and RN-17. The geothermal 
alteration zones are represented by different 
shades of gray for each drillhole and are 
connected by solid lines (Adapted from 
Hjartarson and Júlíusson, 2007) 

Hydrothermal minerals found within the chlorite-epidote and 
epidote-actinolite alteration zones (see Fig. 2) include 
adularia, albite, anhydrite, calcite, garnet, prehnite, pyrite, 
and quartz in addition to the minerals characterizing the 
alteration zones. 

 

Figure 1b: Map of the Reykjanes drill field showing 
location of drillholes (by number) and isotherms 
(°C) at 2200 m depth based on available 
temperature logs. RN-10 is at the center of the 
thermal anomaly, RN-17 is to the south and RN-9 
to the east (Adapted from Hjartarson, 2006) 

Calcite is abundant in all wells in the uppermost ~1 km of 
the system, and occurs sporadically at greater depths. 
Potentially, several mineral assemblages that include calcite 
could buffer CO2 concentrations in the geothermal system 
(Arnórsson et al., 2007).  

Here we focus on a common mineral assemblage found in 
the Reykjanes geothermal system that consists of Fe(III)-Al 
epidote, Fe(III)-Al prehnite, calcite and quartz as a possible 
CO2 buffer (cf. Arnórsson and Gunnlaugsson, 1985). For 
thermodynamic calculations we represent this assemblage by 
the stoichiometric reaction:  

Ca2Al3Si3O12(OH) + CaCO3 + 1.5 SiO2 + H2O =  
      clinozoisite           calcite       quartz              

1.5 Ca2Al2Si3O10(OH)2 + CO2               (1) 
           prehnite 

where Ca2Al3Si3O12(OH) represents the component 
corresponding in composition to clinozoisite in Fe(III)-Al 
epidote solid solutions, and Ca2Al2Si3O10(OH)2 denotes the 
Al-end-member component in Fe(III)-Al prehnite solid 
solutions.  At specific temperature, pressure, and activity of 
liquid water (our chosen standard state for the component 
H2O), the equilibrium constant relationship for the reaction 
(1) in the system NaCl-CaO-Al2O3-Fe2O3-SiO2-H2O-CO2 
allows prediction of local equilibrium constraints between 
carbon dioxide (CO2) concentrations (represented by either 
aqueous concentrations or the partial pressure of CO2; we 
chose the gas standard state for CO2 in this study, see below) 
in geothermal fluids and the Fe(III)-Al composition of either 
epidote or prehnite.  

2. REYKJANES GEOTHERMAL SYSTEM 

Temperature distribution at 2000 m depth within the 
Reykjanes geothermal system is shown in Figure 1b. Of the 
wells specifically considered for the present study, RN-10 is 
located within the center of the present-day thermal 
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anomaly, while RN-9 is located about 500 m to the east and 
RN-17 is located approximately 700 m to the south on the 
flank of the anomaly. Temperatures are in excess of 250°C 
below ~0.5 km depth in the hottest part of the field, below 
which the fluids closely follow the seawater boiling point 
curve for a few hundred meters. At greater depths the fluids 
remain sub-boiling, increasing in temperature only 
marginally with depth to the bottom of the drillholes 
(Hjartarson and Juliusson, 2007).  

As we have chosen in this study to represent the chemical 
potential of CO2 in the geothermal fluids with the 
descriptive variable of the partial pressure of CO2 (PCO2), we 
note that reported values computed from combined analysis 
of vapor and liquid well discharges are 0.943 bars at 244°C 
(Stefánsson and Arnórsson, 2002), and between 1.56 to 2.59 
bars at reference temperatures of 270 to 295°C (Lonker et 
al., 1993). Below we report data and computations 
indicating geothermal reservoir PCO2 values in the range of 
~1.3 to 4 bars over the reference temperature range of 275 to 
310°C.  

Reaction of geothermal fluids with the basaltic host rocks 
has formed a series of progressively higher grade alteration 
zones with depth, each characterized by distinct mineral 
assemblages and categorized by the presence of one or more 
index minerals including smectite, zeolites, chlorite, epidote 
and actinolite (Fridleifsson et al., 2005; Franzson et al., 
2002, Franzson, 2000; Lonker et al., 1993). As illustrated in 
Figure 2 these alteration zones are consistently observed at 
approximately similar depths at RN-9, RN-10 and RN-17 
(Fridleifsson et al., 2005; Franzson et al., 2002; Franzson, 
2000; Lonker et al., 1993; Mungania, 1993). The depth 
ranges where epidote, prehnite, calcite and quartz have all 
been identified in drill cuttings from wells shown in Figure 
1b are shown graphically by the red colored bars in the cross 
section of Figure 2. 

3. MINERAL CHEMISTRY OF EPIDOTE AND 
PREHNITE 

Epidote has a formula of Ca2FexAl3-xSi3O12(OH), where x 
represents the number of atoms of Fe(III) substituted for Al 
in the M1 and M3 crystallographic sites. Several studies 
have shown that the Fe(III) atoms are distributed almost 
exclusively in the largest and most distorted M3 site, and to 
a lesser extent in the M1 site. Rarely, and only at high 
temperature does Fe(III) enter the M2 site, which under the 
vast majority of conditions contains only Al (Dollase, 1973; 
Bird et al., 1988; Patrier et al. 1991; Giuli et al., 1999; 
Gottschalk, 2004).  

Two common end-members components of epidote solid 
solutions are clinozoisite (Ca2Al3Si3O12(OH)) and epidote 
(Ca2Al2FeSi3O12(OH)); most natural epidotes are 
compositionally between these end-members. The 
composition of Fe-epidote (Ca2Fe3Si3O12(OH)), referred to 
as pistacite, does not occur in nature, but is a useful 
theoretical end-member for natural epidotes more Fe(III)-
rich than (Ca2Al2FeSi3O12(OH). The notation of Xps is used 
here to denote the mole fraction of the pistacite component 
in natural epidotes, where Xps is equal to nFe/(nFe + nAl) and 
nFe and nAl represent the number of atoms of Fe and Al per 
formula unit respectively. 

Epidote commonly forms in active geothermal systems as 
the product of reactions between hydrothermal solutions and 
Ca-bearing phases in the host rocks, such as plagioclase or 
calcite (Arnason et al., 1993; Bird and Spieler, 2004). In the 
basalt hosted geothermal systems of Iceland, epidote 
typically occurs as yellowish green, xenoblastic crystals 

(<0.8 mm) and as radiating crystal aggregates (25–250 µm) 
often replacing plagioclase and filling vesicles and veins as a 
secondary alteration mineral (Tómasson and 
Kristmannsdóttir, 1972; Sveinbjörnsdóttir, 1992; 
Ragnarsdóttir et al., 1984; Lonker et al., 1993; Bird and 
Spieler, 2004).  

Prehnite has the general stoichiometry of Ca2Al1-

xFex(AlSi3O10)(OH)2 where x denotes moles of Fe(III) 
substitution for octahedral Al. Other than Fe(III) substitution 
in the M1 site, which has been reported as high as 60 mole 
percent (Deer et al., 1962; Hashimoto, 1964; Surdam, 1969). 
Prehnite commonly occurs as a secondary mineral in basalt 
and related rocks (Klein, 2002). Prehnite has been observed 
in trace quantities in drill cuttings from all the drillholes in 
the Reykjanes geothermal system (Mungania, 1993; Lonker 
et al., 1993; Franzson, 2002, Fridleifsson et al., 2005). It 
typically occurs as light green, sheaf-like aggregates in open 
space fillings and veins that have been found to crosscut 
albite veins.  

4. COMPOSITION OF EPIDOTE AND PREHNITE 

4.1 Analytical Procedures 

Electron microprobe analyses were used to determine the 
mineral chemistry of epidote and prehnite, particularly with 
regard to octahedral substitution of Al and Fe(III) (Fig. 3b). 
Analyses were conducted on an automated JEOL 733A 
electron microprobe at Stanford University operated at 15 
kV accelerating potential and 15 nA beam 
current. Calibration was conducted using natural geologic 
standards.  Beam diameter for analysis of epidotes and 
prehnites was 2-3 microns. Raw counts were collected for 20 
s (approximately 60 s total beam contact at each point) and 
element distribution was converted to oxide percents and 
formula atoms based on 12.5 oxygens for epidote and the 11 
oxygens for prehnite. 

4.2 Epidote Composition 

Analyzed compositions of epidote and the corresponding 
mole fraction of the Fe(III) endmember, Xps (Xps = nFe/(nAl + 
nFe)), from RN-9, RN-10 and RN-17 are shown graphically 
in Figure 6 as a function of depth. RN-9 epidotes display 
strong core-rim zoning with Fe(III)-rich cores and Al-rich 
rims at all depths, though to a greater extent with depth. The 
analyzed RN-9 epidotes from above 1 km depth exhibit an 
Xps range of 0.21 to 0.34, while the Xps values of samples 
from below 1 km depth extend from 0.19 to 0.44. The RN-
10 epidotes from 1 to 2 km depth also have Al-rich rims and 
Fe(III)-rich cores and compositions range from Xps of 0.18 
to 0.48.  

In RN-17, above 1 km depth, epidotes are all mostly Fe(III)-
rich, ranging in a similar fashion to RN-9 samples from an 
Xps of 0.24 to 0.38. From 1 to 2 km depth, however, the 
samples exhibit Fe(III)-rich core and Al-rich rim zoning and 
the compositions extend over a wider range from Xps of 0.21 
to 0.46. These values are very similar to the compositional 
range observed in both RN-9 and RN-10 at the same depths. 
The RN-17 samples from 2 to 3 km depth do not exhibit the 
dramatic Al-Fe(III) zoning. Unlike the shallow Fe-rich 
samples, epidotes formed at > 2 km depth do not exhibit 
such high Fe(III) concentration and range from Xps of 0.17 
to 0.36. The Xps range from 2 to 3 km depth RN-17 epidotes 
displays a similar Fe(III) distribution to the rims of epidotes 
from 1 to 2 km depth in RN-10 and RN-17. On the other 
hand, the Xps range of the < 1.0 km depth RN-17 epidotes 
display a similar Fe(III) content to that of epidote cores at 
depths of 1 to 2 km in both RN-10 and RN-17.  
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Figure 3: a) Back-scattered electron photomicrograph 
showing complex oscillatory zoned epidote The 
line traversing the image shows the traverse of the 
probe scan in which data was gathered 
approximately every 5.5 microns (see Fig. 4b). b) 
Quantitative analysis of microprobe scan 
reflecting relative amounts of Al (open diamonds) 
and Fe(III) (filled diamonds) as scan progressed 
across the crystal shown in Figure 4a 

4.3 Prehnite Composition 

Analyses of Al and Fe(III) content in prehnite samples from 
RN-17 are shown in Figure 5 (open squares with diagonal 
lines) as a function of depth. The prehnite compositions 
(XFe,Prehnite = nFe) in RN-17 at depths of 700 and 800 m range 
from XFe,Prehnite of 0.13 to 0.59. A similar compositional 
range of XFe,Prehnite of 0.15 to 0.55 is reported by Marks et al. 
(personal communication, 2006) at a depth of 550 m in RN-
17, and Lonker et al. (1993) report a compositional range of 
XFe,Prehnite between ~0.08 and 0.28 from drillholes RN-8 and 
RN-9  Measured prehnite compositions demonstrate an 
extreme range of Fe(III)-Al substitution similar to that of 
epidotes in the Reykjanes geothermal system. 

5. THERMODYNAMIC CONSIDERATIONS 

5.1 Phase Rule Constraints and Thermodynamic 
Conventions 

Equilibrium for the assemblage epidote-prehnite-calcite-
quartz-fluid, as represented by reaction (1), is used to 
evaluate the relationship between fluid CO2 content and 
epidote composition. First we consider phase rule 
constraints: 

                                         f = c + 2 – p                               (2) 

where f is the variance (independent variables), c is the 
minimum number of chemical components and p is the 
number of phases. Equilibrium denoted by reaction (1) for 
the Reykjanes geothermal system can be represented using 7 
components (NaCl, CaO, Al2O3, Fe2O3, SiO2, H2O, and 
CO2) to describe the compositions of the 5 phases (calcite, 
epidote, prehnite, quartz, and fluid) such that equation (2) 
becomes f = 7 + 2 – 5 = 4. 

 

Figure 4: Compilation of epidote Xps (nFe /( nAl + nFe)) as 
a function of depth from wells RN-9, RN-10 and 
RN-17. Gray bars to the right indicate the depths 
in wells RN-9, RN-10 and RN-17 where fragments 
of epidote, prehnite, quartz and calcite have been 
observed in drill cuttings 

 

Figure 5: Calculated (diamonds) and measured (squares) 
XFe,Prehnite values as a function of depth in wells 
RN-9, RN-10 and RN-17. The measured values 
are from RN-17, but the calculated values have 
been derived from epidote compositions in RN-9, 
RN-10 and RN-17 using equations 16 and 20. The 
solid diamonds (assemblage) are computed from 
measured compositions of epidotes at depths 
where prehnite, quartz and calcite are also found 
in the drill cuttings, and the open diamonds (non-
assemblage) are from depths where prehnite 
and/or calcite are absent from the cuttings. Only 
samples found in cuttings at depths where 
reference temperatures range between 274 and 
310°C are denoted as “assemblage” or “non-
assemblage.” All other values are labeled as 
“Non-Tref.” 

The assemblage is quadra-variant; by fixing four intensive 
variables (e.g. temperature, pressure, the activity of H2O in 
the fluid phase, and either epidote or prehnite composition), 
the equilibrium is uniquely defined. In the present study, 
observed temperature and pressure profiles in wells are 
constrained as a function of depth in the drillholes, activity 
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of H2O is computed using aqueous species distribution 
algorithms and the composition of the geothermal fluid (see 
below), and epidote compositions are measured by 
microprobe analysis of crystals obtained from drillhole 
cuttings (the composition of prehnite is computed from 
equations and data given below) to calculate the fugacity of 
CO2 in the geothermal fluids in equilibrium with this 
assemblage (see details below).  

The following standard state conventions are adopted: unit 
activity of pure minerals and liquid H2O at any temperature 
and pressure, and for CO2 unit fugacity of the pure gas at 1 
bar and any temperature (cf. Helgeson et al., 1978). The 
latter standard state chosen for CO2 facilitates comparative 
analysis between values determined from drillhole discharge 
fluids and mineralogic constraints (reaction 1). We take the 
activities of CaCO3 and SiO2 components in calcite and 
quartz, respectively, to be equal to unity, and for the activity 
of H2O in the geothermal fluid we use a value of 0.985 
computed by the aqueous geochemical system modeling 
program, SOLVEQ and CHIM-XPT codes (formerly 
CHILLER, Reed, 1982), using the average composition of 
geothermal fluid from well RN-8, as reported by Arnórsson 
(1978; see below).  

The equilibrium constant, K, for reaction (1) adopted in this 
study is computed using a temperature-dependent algorithm 
provided by Arnórsson et al. (2007: Log K = 57.781 - 
22843/T2 - 4792.99/T + 0.00829 T + 0.6864x10-6 T2 - 19.302 
logT). The algorithm was derived using thermodynamic 
properties of minerals reported by Holland and Powell 
(1998), for H2O from the SUPCRT computer program 
(Johnson et al., 1992), and for CO2,g from Robie and 
Hemingway (1995), at temperatures corresponding to liquid-
vapor equilibrium for H2O. Assuming, as a first order 
approximation, ideal gas behavior for CO2, the equilibrium 
constant relationship for reaction (1) can be expressed as: 

logPCO2 ≈ log fCO2 =  

               log KT,P + log aCzo – 1.5log aPreh + log aH2O,     (3) 

where PCO2 is the partial pressure of CO2 and fCO2 the 
fugacity of CO2 in the geothermal fluid, KT,P is the 
equilibrium constant for reaction (1), aCzo is the 
thermodynamic activity of the clinozoisite component in 
epidote, aPreh is the thermodynamic activity of Al-prehnite in 
prehnite, and aH2O is the activity of H2O referenced to the 
liquid standard state described above. For CO2,g under low 
pressures of geothermal environments, we assume as a first 
order approximation that fCO2 ≈ PCO2. 

5.2 Activity-Composition Relations 

5.2.1 Epidote 

If one designates completely ‘ordered’ epidote as containing 
Fe(III) in only the M3 site, then the octahedral ‘disordering’ 
of epidote that induces crystal lattice distortion with 
increasing temperature can be represented by: 

        Ca2AlM1AlM2FeM3Si3O12(OH) =  

               Ca2(Al1-xFex)
M1AlM2(AlxFe1-x)

M3Si3O12(OH) ,    (4) 

such that x represents the mole fraction of Fe(III) in the M1 
sites. Bird and Helgeson (1980) and Gottschalk (2004) 
represent the intracrystalline exchange reaction for Al and 
Fe(III) between the M1 and M3 sites within epidote by: 

Fe(III)M3 + AlM1 = Fe(III)M1 + AlM3   ,           (5) 

such that: 

(XFe,M1•XAl,M3) / (XFe,M3•XAl,M1) = K’,     (6) 

where K’ represents the ‘intracrystalline equilibrium 
constant’ for reaction (5) (see Bird and Helgeson (1980) for 
intracrystalline standard state conventions adopted). The 
values of K’ are computed for epidote solid solutions at 
various temperatures by the relationship: 

 log K’ = -1523.4 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

rTT

11
- 5.0 ,               (7) 

where T is the temperature of the system and Tr is the 
reference temperature of 298.15 K (25°C).  

Assuming ideal mixing of Al and Fe(III) on the M1 and M3 
sites, the thermodynamic activity of the clinozoisite 
(Ca2Al3Si3O12(OH)) component of epidote solid solution can 
be computed by: 

aCzo = XAl,M1•XAl,M3 ,                         (8) 

where XAl,M1 is the mole fraction of Al in the M1 site and 
XAl,M3 is the mole fraction of Al in the M3 site (Bird and 
Helgeson, 1980). 

Based on total measured Fe(III) content of epidote (nFe), 
equation (5) is rearranged to determine the distribution of 
the Al and Fe(III). Since: 

XFe,M1 = nFe – XFe,M3 ,                       (9) 

XFe,M3 = nFe – XFe,M1 ,                     (10) 

XAl,M3 = 1 – XFe,M3 ,                       (11) 

and 

XAl,M1 = 1 – XFe,M1 ,                       (12) 

equation (6) can be expressed in terms of the intracrystalline 
equation constant, K’ (equation 7), the measured total 
Fe(III), nFe, and the mole fraction of Fe(III) in the M3 site: 

          K’T,P = 
nFe−X Fe,M 3( )1−X Fe,M 3( )

X
Fe,M 3

1− nFe−X Fe ,M 3( )( )
⎛ 

⎝ 
⎜ 
⎜ 

⎞ 

⎠ 
⎟ 
⎟          (13) 

where nFe represents the total number of moles of Fe(III) per 
formula unit in the analyzed epidote. Equation (13) can then 
be reduced to the quadratic equation: 

0 = (1-K’)•XFe,M3
2 – (1 + nFe – K’(1-nFe))• XFe,M3 + nFe  (14) 

Calculated values of XFe,M3 using equation (14) and 
measured nFe allows determination of XFe,M1, XAl,M3, and 
XAl,M1 using equations (9), (10), (11) and (12) and thus the 
calculation of aczo by equation (8). 

5.2.2 Prehnite 

The activity of the Ca2Al(AlSi3O10)(OH)2 component in 
Fe(III)-Al prehnite solid solutions used in equation (3) is 
computed with an ideal site mixing approximation of: 

aPreh = XAl,Prehnite ,                                       (15) 

where XAl,Prehnite is equal to the mole fraction of octahedral 
Al (Bird and Helgeson, 1980). In order to determine a 
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relationship between epidote and prehnite compositions a 
sigmoidal regression was employed to fit a data set 
consisting of the coexisting epidote and prehnite 
compositions from active geothermal systems reported Bird 
et al. (1984) and Milodowski et al. (1989), together with 
compositional constraints from mineral analyses of drill 
cuttings from the Reykjanes geothermal system reported by 
Lonker et al. (1993), Marks et al. (in review), and the 
present study (see Fig. 6 for details). The regression is 
subject to the compositional constraints that epidote with Xps 
= 0 coexists with prehnite of  XFe,Prehnite = 0, and that the 
most Fe(III)-rich epidote (Xps = 0.36), coexists with the most 
Fe(III)-rich prehnite (XFe,Prehnite = 0.60) as measured from 
drill cuttings from well RN-17 at 700 and 800m depth (this 
study; see Fig. 9). The computed compositional relationship 
between Xps and XFe,Prehnite is: 

XFe,Prehnite = 0.9903/(1 + exp(-(Xps - 0.3321)/0.0641))  (16) 

(Fig. 9). And since Fe(III) substitutes for Al in one 
octahedral site of prehnite, then: 

 
XAl,Prehnite = 1 – XFe,Prehnite =  
            1 – (0.9903/(1 + exp(-(Xps - 0.3321)/0.0641))).    (17) 

 
Compositions of prehnite computed using equation (17) and 
the measured compositions of epidote (and Fig. 4) are 
shown in Figure 5 as a function of depth. Both the calculated 
and measured prehnite compositions represent similar values 
and ranges of Al and Fe, providing some degree of 
confidence in the use of calculated prehnite compositions in 
evaluating equilibrium for reaction (1). Thus, using 
equations (15) and (17) to calculate XAl,Prehnite values for 
every epidote analysis enables the calculation of aPreh for 
each theoretically coexisting prehnite crystal.  

 

Figure 6: Compositional relations of Fe(III)-Al 
partitioning between epidote (Xps) and prehnite 
(XFe,prehnite) in the Cerro Prieto geothermal 
system, Mexico (Bird et al., 1984), Miravales 
geothermal system, Costa Rica (Milodowski et al., 
1989), and the Reykjanes geothermal system, 
Iceland (ranges of compositions reported by 
Lonker et al., 1993; Marks et al., in review; and 
present study). The gray curve denotes 
compositional relations consistent with Equation 
(17) 

5.3. Equilibrium Constraints on PCO2 

In equation (3) the activity of the Al-prehnite component 
(aPreh) is computed using equations (15) and (17) as 
described above.  The results are shown in Figure 7 at 
constant temperatures of 275°, 300° and 325°C for pressures 
equal to liquid-vapor equilibrium of H2O. It is apparent from 
the diagram that equilibrium constraints imposed by reaction 
(1) requires PCO2 increases with decreasing Xps at constant 
temperature, and at constant Xps, PCO2 increases with 
increasing temperature, but to a lesser degree with 
increasing Fe(III) content in epidote. Inflections in the 
curvature of the isopleths in Figure 8 are an artifact of the 
sigmoidal regression of the data in Figure 6 and the 
temperature dependence of substitution order-disorder in 
epidote solid solutions. 

6. CALCULATION OF AQUIFER FLUID 
COMPOSITION 

Most modern geothermal fluid analyses for this study come 
from the Iceland GeoSurvey database, where the WATCH 
computer program (Arnórsson et al., 1983), version 
WDENS23 (Bjarnason, 1994) was used to compute the 
composition and aqueous speciation of the deep fluid. 
Calculated PCO2 from geothermal fluid analyses are between 
1.3 and 4.0 bars at reference temperatures between 275 and 
310°C (see Figure 10a). Alternate values of deep fluid PCO2 
from the Reykjanes geothermal systems were computed for 
five chemical analyses from the Iceland GeoSurvey data 
base from wells RN-10, RN-12, RN-19, RN-21,and RN-23 
using the SOLVEQ and CHIM-XPT codes (formerly 
CHILLER; Reed, 1982; Fig. 11a).  

 

Figure 7: Compositional constraints between epidote 
composition (Xps) and the partial pressure of 
CO2,g at 275°, 300° and 325°C required by 
equilibrium for reaction (1) and equations (3) and 
(20) 

7. EVALUATION OF LOCAL EQUILIBRIUM 

Thermodynamic activities of aqueous species computed with 
the SOLVEQ and CHIM-XPT (Reed, 1982) computer 
programs for geothermal fluids are used to evaluate the 
extent to which the hydrothermal solutions are in 
equilibrium with the mineral assemblage epidote, prehnite, 
calcite and quartz (cf. reaction 1). The geothermal fluids are 
close to equilibrium with quartz, as illustrated in Figure 11a, 
where the symbols denote the activities of aqueous silica in 
the geothermal fluids and the solid line is the equilibrium 
constant for the quartz solubility reaction (SiO2,quartz == 
SiO2,aq).  



Freedman et al. 

 7 

An alternate calculation of the saturation state of anhydrite 
provides some indication of the validity of our computed 
activities of Ca2+. Anhydrite is a common hydrothermal 
mineral in the lower portions of the chlorite-epidote zone 
(Fig. 2; Lonker et al., 1993; Franzson et al., 2002; Marks et 
al., in review). The equilibrium constant for the anhydrite 
dissolution reaction: 

CaSO4 = Ca2+ + SO4
2-                       (18)  

is shown in Figure 8b as a function of temperature at 
pressures equal to liquid-vapor equilibrium for H2O. 
Symbols in the figure denote the ion activity product 
(Qanhydrite) for reaction (18), 

log Qanhydrite = log (aCa
2+ • aSO4

2- ).            (19) 

Close correlation between the equilibrium constant (solid 
line) and values of the ion activity products (symbols) in 
Figure 8b suggest equilibrium between the geothermal fluids 
and anhydrite. 

 

 

Figure 8: Saturation conditions for quartz (diagram a) 
and anhydrite (diagram b) in the Reykjanes 
geothermal system based on distribution of 
aqueous species in measured geothermal fluids. 
Solid lines denote values of the equilibrium 
constant for the dissolution reactions and the 
symbols denote values of the molality of aqueous 
silica (represented as Log mSiO2,aq = Log Qquartz, 
diagram a) and the value the ion activity product 
for reaction (18) as represented by equation (19) 
(diagram b) 

The saturation state of calcite, epidote and prehnite in the 
Reykjanes geothermal system is evaluated by employing the 
methodology represented in Figure 8 for quartz and 
anhydrite using the following hydrolysis reactions for calcite 
(CaCO3), epidote (Ca2Al3Si3O12(OH)) and prehnite 
(Ca2Al2Si3O10(OH)2): 

CaCO3 + 2H+ = Ca2+ + H2O ,+ CO2,g           (20) 

Ca2Al3Si3O12(OH) + 13 H+ =  
2 Ca2+ + 3 Al3+ + 3 SiO2,aq + 7 H2O,   (21) 

and 

Ca2Al2Si3O10(OH)2 + 10 H+ =  
2 Ca2+ + 2 Al3+ + 3 SiO2,aq + 6 H2O . (22) 

 

 

 

Figure 9: Saturation conditions for calcite (a), epidote (b) 
and prehnite (c) in the Reykjanes geothermal 
system based on the distribution of aqueous 
species for measured geothermal. Solid lines 
represent values of the equilibrium constant as a 
function of temperature for reactions (20), (21) 
and (22) and the symbols denote values of the ion 
activity products for these reactions (Eqn. 23). 
Error bars denote +/- 0.3 pH units. Broken lines 
in diagrams b and c denote isopleths for the noted 
compositions of epidote and prehnite solid 
solutions 

Values of the logarithm of the equilibrium constant for 
reaction (20), (21) and (22) are shown as solid lines in 
Figure 9 as a function of temperature (for pressures of 
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liquid-vapor equilibrium of H2O). Symbols in the figure 
denote the ion activity products for measured geothermal 
fluids and defined by: 

log Q j = log ai
vi

i

∑ ,                    (23) 

where Qj is the ion activity product of mineral component j 
(i.e. the Ca2Al3Si3O12 component in Fe(III)-Al epidote solid 
solutions for reaction 21, and the Ca2Al2Si3O10(OH)2 
component of Fe(III)-Al prehnite solid solutions for reaction 
22), and ai and υi are, respectively, the thermodynamic 
activity and stoichiometric reaction coefficient (positive for 
products and negative for reactants) of the ith aqueous 
species in reaction (20) thru (22). Values of log Qi for 
measured geothermal fluid compositions are represented by 
the diamond symbols in Figure 10. Error bars in the figure 
represent the assumed cumulative error of +/-0.3 in pH, but 
do not account for the <10% assumed error in values of 
measured PCO2 compositions (cf. Figure 10a). Dashed lines 
in Figure 9b and 9c denote values of the equilibrium 
constant for reactions (21) and (22) that account for 
compositional variation of octahedral substitutions of  
Fe(III) and Al substitutions in the minerals epidote and 
prehnite, mathematically represented by the equilibrium 
constant relationship for chemical reactions (cf. Krauskopf 
and Bird, 1995).  

The ion activity products for calcite (reaction 20) shown in 
Figure 9a indicate that calcite is in equilibrium with 
measured geothermal fluids (solid diamonds in the figure 
denote values of measured PCO2 analyzed with SOLVEQ and 
the open rectangles represent the range in measured values 
analyzed using WATCH).  

8. CORRELATION OF PREDICTED AND 
MEASURED FLUID PCO2 

Values of Xps used in calculating prehnite compositions are 
<0.36 as per the compositional constraints defined by the 
curve in Figure 9; only epidote samples that display an 
Fe(III) content equal to or less than the upper range of those 
which were observed to co-exist with prehnite (those 
displaying Xps values  <0.36) were employed in this study 
for fluid PCO2 calculations. In Figure 9, values of PCO2 
predicted from these measured epidote compositions 
(diamonds) can be compared with values of measured 
modern PCO2 values as deduced from drillhole discharge 
fluids (open squares). Predicted fluid PCO2 values using 
epidotes from cuttings where the aggregate assemblage of 
epidote, prehnite, calcite and quartz are observed range from 
0.47 to 5.93 bars. Predicted values from cuttings where 
calcite and/or prehnite are absent from the assemblage range 
from 1.04 to 6.47 bars. The histograms of Figure 11 
graphically represent the data presented in Figure 10 over 
the combined temperature range of 275° and 310°C; Figure 
11a illustrates 117 epidote analyses from cuttings with the 
aggregate assemblage (Figure 6) over the temperature range 
of 275° to 310°C (purple bars; labeled calculated in the 
legend) compared with 74 computed PCO2 values from 
geothermal fluids (blue bars labeled measured in the 
legend), and Figure 11b illustrates the same for 149 epidote 
compositions (Figure 4) where drill cuttings are missing at 
least one mineral of the epidote, prehnite, calcite and quartz  
assemblage (see Figures 2 and 4).  

 

 

Figure 10: Compilation of: 1) calculated CO2 partial 
pressures (diamonds) consistent with equilibrium 
for reaction (1), epidote and prehnite 
compositions reported in Figures 6 and 7 and 
equations, data and assumptions presented in the 
text, and 2) partial pressures of CO2 determined 
from drillhole discharge fluids (see text for 
details) as a function of reference temperature in 
diagram a and measured epidote compositions 
from wells RN-9, RN-10 and RN-17 in diagram b. 
For definition of "Assemblage" and "Non-
Assemblage" see Figure 5 caption. Solid lines in 
diagram b are from Figure 7, and the shaded 
rectangle corresponds to the range in measured 
PCO2 values analyzed using WATCH 

9. DISCUSSION 

As a consequence of irreversible processes governing the 
dynamic nature of magma-hydrothermal systems one would 
not expect fluid-mineral equilibria to be attained in active 
geothermal systems. However, it was recognized during 
geothermal energy development in the 1960's that 
concentrations of aqueous silica, and alkali and alkaline 
Earth cations in geothermal fluids (from both drill hole 
discharge fluids and natural surface discharges, i.e. hot 
springs) systematically correlated with subsurface 
temperatures,  
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Figure 11: The partial pressures of CO2 presented in 
Figure 10 represented as histograms of the 
number of analyses for: 1) calculated CO2 partial 
pressures consistent with equilibrium for reaction 
(1), epidote and prehnite compositions reported in 
Figures 4 and 5 and equations (purple), and 2) 
measured partial pressures of CO2 determined 
from drillhole discharge fluids (blue). Diagram a 
presents values of calculated partial pressures of 
CO2 based on measured epidote compositions 
from drillhole cutting containing the assemblage 
epidote, prehnite and calcite (see Figs. 2 and 4), 
and diagram b for measured epidote compositions 
where either prehnite or calcite was not observed 

thus providing a basis for solute geothermometers useful for 
geothermal exploration that are broadly consistent with 
solution-mineral equilibria (cf. Fournier and Rowe, 1962; 
Arnórsson, 1970, 1985; Fournier, 1977; Fournier and 
Truesdell, 1973; Fournier and Potter, 1979, 1982; Arnórsson 
et al., 1983). These relationships provide empirical evidence 
that many high-temperature geothermal fluids (>~250°C) 
approach equilibrium with secondary quartz, feldspars and 
calc-silicates, despite theoretical inferences of irreversible 
transport phenomena and reaction, as well as petrographic 
evidence of paragenetic complexity including compositional 
zoning and replacement textures among hydrothermal 
minerals.  

As with aqueous silica, and alkali and alkaline Earth cations 
in geothermal fluids, similar systematic relationships have 
been reported between empirical and theoretical values for 
the concentration of CO2. For example, a close correlation 
has been noted between CO2 concentrations in geothermal 
fluids and values computed for equilibrium among alkali 
feldspars, epidote, layer-silicates (illite/muscovite) and 
calcite for geothermal systems in silicic volcanic rocks 
(Taupo Volcanic Zone, New Zealand; Giggenbach, 1981) 
and in calcareous sediments (Salton Sea geothermal system, 
California; Bird and Norton, 1981).  In basaltic rocks 
Stefánsson and Arnórsson (2002) found that CO2 
concentrations estimated using reaction (1) are within an 

order of magnitude of measured CO2 partial pressures in 
many Icelandic geothermal systems. Similar results have 
been obtained for aquifer fluids in geothermal fields at 
Momotombo in Nicaragua (Arnórsson, 1996), Zunil in 
Guatemala (Arnórsson, 1995), and Svartsengi in Iceland 
(Giroud unpublished work).  

In the present study, we have built upon this previous body 
of research to evaluate the extent to with local equilibrium of 
the mineral assemblage of epidote, prehnite, quartz, and 
calcite with geothermal fluids buffers the concentration of 
CO2. Our study illustrates that thermodynamic calculations 
of CO2 concentrations required for local equilibrium of this 
assemblage is a sensitive function of compositional 
variations in epidote and prehnite (Fig. 7). Any quantitative 
comparative analysis of PCO2 computed from drill hole 
discharge fluids with values computed from equilibrium 
constraints imposed by reaction (1) must be viewed in terms 
of the nature of the samples analyzed. For the geothermal 
fluids, we note that discharge fluids are typically produced 
from a number of different input feed points within the drill 
hole, and thus sample different portions of the geothermal 
reservoir, and that the uncertainty of PCO2 of the geothermal 
reservoir fluid computed from chemical analyses of steam 
and liquid discharge is in itself dependent upon a 
combination of factors related to sampling, analytical and 
thermodynamic procedures. Likewise, mineralogic phase 
relations are based on petrographic studies of drillhole 
cuttings that are typically <2mm in size, and essentially 
represent a scattered sample of the crushed lithology 
produced during drilling, which precludes detailed analysis 
of paragenetic relationships among minerals and mineralized 
vein systems.  

With these limitations in mind, we note that the measured 
fluids are saturated with respect to quartz (Fig. 8a), epidote 
(Fig. 9b) and prehnite (Fig. 9c). In terms of our adopted 
uncertainty of pH of +/-0.3, calcite is saturated, or at most 
slightly undersaturated with respect to the geothermal fluids 
over the temperature range of 275° to 310°C (Fig. 9a), 
which represents the range of reference temperatures for our 
fluid analyses. Within these temperatures, values of PCO2 
determined by chemical analysis of discharge fluids vary 
between ~1.3 to 4 bars (Fig. 10a); this range decreases with 
increasing temperature (Fig. 10a), but this may well be a 
sampling bias due to the larger number of lower-temperature 
samples analyzed. As a consequence, the shaded area in 
Figure 11b corresponds to the overall range of measured 
PCO2 values of ~1.3 to 4 bars. The diamonds in Figure 14b 
denote values of PCO2 computed from individual epidote 
analyses using equations and data presented above over the 
reference temperature of 275° to 310°C. The solid diamonds 
(Assemblage) represent analyses of epidote crystals from 
drill cutting that contain the assemblage epidote + prehnite + 
calcite + quartz (see Figs. 2 and 4), whereas the open 
diamonds (Non-Assemblage) are analyses from drill cuttings 
where prehnite and/or calcite are not observed. Of the 117 
epidote analyses from cuttings containing the assemblage 
epidote + prehnite + calcite + quartz (Fig. 11b) 74% of the 
computed values of PCO2 are within the measured range of 
PCO2 (1.3 to 4.0 bars), this is graphically illustrated in the 
histogram of Figure 12a. These computed “assemblage” 
values range from ~0.5 to 6 bars. In contrast, of the 149 
epidote analyses from drill cuttings that do not contain 
prehnite and/or calcite, 62% of the computed values of PCO2 
are within the measured range (see Fig. 11b). These 
computed “non-assemblage” values range from ~1 to ~6.5 
bars. If calcite is absent from the assemblage, the 
computation of  PCO2 using equilibria for reaction 1 provides 
the maximum value of PCO2 at which calcite will not be 
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present. Thus, our method for calculating fluid PCO2 is 
proven quite reliable when all four index minerals of the 
epidote-prehnite-calcite-quartz assemblage are present. 
Additionally, if only epidote, prehnite and quartz are 
observed, our method still serves as a moderately accurate 
predictive proxy for fluid PCO2 values in the Reykjanes 
geothermal system. 

There are several possible explanations for values of PCO2 
that are greater than the measured values of the present day 
geothermal fluids (shaded area in Fig. 10b). If calcite is not 
present in the assemblage (that is, the fluid is undersaturated 
with respect to calcite) then the computed value of PCO2 
(diamonds in Fig. 10b) denotes a maximum value required 
for the absence of calcite. As the samples analyzed are drill 
cuttings, the presence of calcite in the cuttings does not 
necessarily require paragenetic equivalence with other 
mineral phases in the cuttings sample. We can see from 
Figure 10b that epidotes denoted by the solid diamonds 
(Assemblage) that have values of PCO2 > 4 bars are Al-rich 
epidotes (Xps <0.25) and at temperatures close to 300°Ç. If 
calcite is not in equilibrium with epidote, prehnite and quartz 
in these samples then the high PCO2 would represent a 
theoretical maximum values. However, if equilibrium for the 
assemblage is established then alternate explanations are 
required, such as local increases in PCO2 due to magmatic 
intrusions (dikes). This alone highlights the importance of 
obtaining drill cores for evaluation of paragenetic relations 
of hydrothermal minerals in active geothermal systems. 

Although complex chemical zoning is observed in epidotes 
from the Reykjanes geothermal system, there is a general 
trend for the formation of Fe(III)-rich cores and Al-rich 
rims. If this zoning is formed while equilibrium is 
maintained among epidote + prehnite + calcite + quartz + 
fluid then the thermodynamic relationships illustrated in 
Figures 7 and 10b provide possible explanations. For 
example, if the zoning for Fe(III)-rich core to Al-rich rim 
occurs under near isothermal conditions this would require 
an increase in PCO2 with time. The rise in CO2 content may 
likely record an increase in the number of high-level 
intrusions of dikes/sills and their magmatic degassing during 
the geologic evolution of this geothermal system. The most 
recent eruption on the Reykjanes peninsula was in AD 1226 
and most of the peninsula is covered by Holocene lavas and 
also by subglacial hyaloclastites (Saemundsson, 1997). 
Alternatively, if the zoning occurs under conditions of near 
constant PCO2, then equilibrium constraints imposed by 
reaction (1) requires that temperature decreases (see Fig. 
10b). The latter is likely in portions of the geothermal 
system as suggested by suppressed geotherms in well RN-17 
relative to the high-temperature mineral zoning shown in 
Figure 2.  

CONCLUSION 

This study developed a method for calculating fluid PCO2 in 
the Reykjanes geothermal system based on epidote 
compositions. This method has proven quite reliable when 
all four index minerals (epidote, prehnite, quartz, calcite) are 
present at the same depth, predicting fluid compositions in 
excellent agreement with measured modern fluids. 
Additionally, if only epidote, prehnite and quartz are 
observed, our data demonstrates that predicted fluid PCO2 
compositions are still in moderately good agreement with  
measured fluids in the Reykjanes system. Ultimately, the 
correlation between measured and predicted fluid 
compositions, provides insight into future abilities to 
characterize spatial and temporal concentrations of CO2 in 
active and fossil hydrothermal and low-grade metamorphic 
environments in mafic lithologies based on compositional 

variations and paragenesis of hydrothermal minerals. In 
addition, this study will aid in understanding the nature of 
reactions that involve natural sequestration of CO2 derived 
from magmatic degassing, and injection of industrial CO2-
rich fluids within hydrothermal environments in basaltic 
rocks. 
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