
PROCEEDINGS, Thirty-Sixth Workshop on Geothermal Reservoir Engineering 

Stanford University, Stanford, California, January 31 - February 2, 2011 

SGP-TR-191 

 

 

 

GEOCHEMICAL MODELING OF WELLS DISCHARGING EXCESS ENTHALPY  

BY MECHANISM OF PHASE SEGREGATION IN MAHANAGDONG, LEYTE, PHILIPPINES 
 

Erlindo C. Angcoy Jr.
1
 and Stefán Arnórsson

2
 

 
1
Energy Development Corporation 

Merritt Road, Fort Bonifacio 

Taguig City, Metro Manila, 1604, Philippines 

angcoy.ec@energy.com.ph 

 
2
Institute of Earth Sciences, University of Iceland 

Sturlugata 7, Reykjavík 101, Iceland 

 

 

ABSTRACT 

The high-temperature and liquid-dominated 

Mahanagdong geothermal field supplies steam since 

1997 to power plants with total installed capacity of 

180 MWe.  A geochemical assessment of the field is 

made based on analytical data of fluids sampled at 

the wellheads of wet-steam production wells.  Using 

speciation programs, individual species activities in 

the initial aquifer fluids were modeled.  Results 

indicate that “excess enthalpy” discharged by some 

wells is mostly caused by phase segregation of the 

vapor and liquid phases in producing aquifers.  

Aquifer fluid component concentrations were 

calculated taking the phase segregation to occur at 

30°C below the aquifer temperature.  This condition 

yields a liquid saturation of ~20% which is 

reasonable in a typical fracture-dominated reservoir 

rock.  The modeling results are slightly affected when 

the inferred aquifer temperature is varied within 

±20°C.  On the other hand, the selected phase 

segregation point and the discharge enthalpy greatly 

affect the results.   For non-volatile components, 

calculated concentrations can vary up to ~20% lower 

if discharge enthalpy is >2000 kJ/kg and phase 

segregation is selected within the temperature range 

that gives maximum enthalpy of steam (200-250°C).  

For gases, their aqueous concentrations in the aquifer 

fluids can widely vary depending on the choice of 

phase segregation temperature.  This variation 

involving the volatile components increases 

proportionally with the discharge enthalpy of the well 

thus considerable uncertainty is involved when 

discharge enthalpy approaches that of dry steam.         

 

The modeled compositions of aquifer fluids were 

used to assess how closely equilibrium is approached 

between solution and various minerals.  At inferred 

Mahanagdong aquifer temperatures (250-300°C), the 

concentrations of H2S and H2 of purely liquid aquifer 

fluids are slightly higher than those at equilibrium 

with hydrothermal mineral assemblages 

incorporating (1) hematite+magnetite+pyrite and (2) 

grossular+pyrite+magnetite+wollastonite.  Departure 

from equilibrium is high for the Fischer-Tropsch and 

NH3-N2-H2 reactions.  The observed distribution of 

data points for the gases is attributed to the presence 

of equilibrium vapor in the aquifer fluid.  Initial 

aquifer vapor fractions were derived assuming 

equilibrium between H2,aq and the 

hematite+magnetite assemblage.  If equilibrium 

vapor fraction in the initial aquifer fluid is 

considered, H2Saq concentrations are significantly 

above the equilibrium curves for the considered 

mineral assemblage whereas CO2,aq concentrations 

closely approach equilibrium.  Some derived aquifer 

vapor fractions are high (1-4% by mass).  Using 

earlier data and those produced for this study, some 

areas in the field indicate losses in equilibrium vapor.   

INTRODUCTION 

Major objectives of geothermal researches in the field 

of geochemistry include tracing the origins of the 

hydrothermal fluids and establishing the reactions 

that control the compositions of the fluid after 

interacting with the surrounding rocks.  This work 

focuses on quantifying the processes that govern the 

concentrations of the major reactive gases (CO2, H2S, 

H2, CH4 and NH3) dissolved in fluids of aquifers 

producing into wet-steam wells in the volcanic 

geothermal system of Mahanagdong, Philippines.  

Mahanagdong is a liquid-dominated geothermal 

system yet some producing wells have “excess” 

discharge enthalpy (i.e., higher than that of vapor-

saturated liquid at the aquifer temperature).  

Reconstructing the aquifer fluid compositions of 



wells discharging “excess enthalpy” is a subject of 

many studies (e.g., Giggenbach, 1908; D’Amore and 

Truesdell, 1995; Arnorsson et al., 2010) as the results 

provide important insights of a geothermal field from 

exploration to production stages.  This paper models 

the aquifer fluid compositions based on analytical 

data obtained from the surface of Mahanagdong wet-

steam wells and demonstrates that phase segregation 

is a major mechanism that cause some wells to have 

“excess enthalpy”.  The modeled compositions of 

aquifer fluids were then assessed how closely they 

approach equilibrium conditions of reactions 

involving gas-minerals or gas-gas species.  

THE STUDY AREA 

The high-temperature geothermal field of 

Mahanagdong is located on the island of Leyte, 

central Philippines, approximately 700 km south of 

of Manila.  The ~10 km
2
 field comprises the southern 

part of the Greater Tongonan Geothermal Field and 

lies along a NW-SE trending chain of Quaternary 

volcanoes associated with the subduction of the 

Philippine Sea Plate.  Episodes of volcanism and 

sedimentation mostly contributed to its rock units.  

Mahanagdong is a subject of numerous studies (e.g. 

Sta. Ana et al., 2002; Salonga et al., 2004).  The 

geothermal fluids from its liquid-dominated reservoir 

are saline and mineralized that typically characterize 

fields associated with subduction zones and hosted by 

andesitic rocks.  Table 1 shows representative fluid 

chemistry of wells used in the modeling, selected 

based on variable discharge enthalpy at the wellhead 

as measured using chemical tracer methods.  

   

Table 1: Analytical data of representative well 

discharges from Mahanagdong (as 

sampled using Webre separator). 

 Well LH Well HH 

H (kJ/kg) 1840 2230 

Sampling Pressure (barg) 9.6 8.1 

Vapor sample (mmoles/100 moles) 

CO2 917 710 

H2S 25.2 58.7 

NH3 8.62 5.29 

CH4 1.68 1.09 

H2 2.47 1.45 

N2 11.85 1.64 

Liquid sample (mg/kg, except pH) 

pH (25
o
C) 6.22 5.13 

Cl 3749 7455 

SiO2 581 818 

Na 2183 3724 

K 369 1226 

Ca 40.4 240 

H2S 1.83 1.32 

T-CO2 55.4 52.1 

MODELING AQUIFER FLUID COMPOSITION 

Conceptual approach  

The aquifer and the well can be defined as one 

system that interacts with its surroundings as 

illustrated in Figure 1.  Arnorsson et al. (2007) and 

Arnorsson et al. (2010) provide thorough procedures 

to calculate the chemical composition of aquifer 

fluids from the analyses and the discharge enthalpy 

obtained in the wellhead using different reasonable 

sets of assumptions.  The system is simplest for wells 

discharging enthalpy equal to that of vapor-saturated 

liquid at the aquifer temperature.  In this case, the 

pressure drop induced by discharging the well is not 

enough to start boiling in the original aquifer fluid.  

The level of first boiling is within the well and it is 

reasonable to treat the aquifer and the well as an 

isolated system and to assume adiabatic boiling of the 

fluid (i.e., all arrows in Figure 1 are equal to zero).   

  

 

Figure 1: Schematic diagram describing the initial 

aquifer-well system and the processes 

occurring in the depressurization zone 

around discharging wells (from 

Arnorsson et al., 2010).  See text for 

definition of variables. 

 

If the pressure produced by a discharging well is 

sufficient to cause extensive boiling in the producing 

aquifer, it is common that the discharge enthalpy of 

the well is significantly higher than the enthalpy of 

the aquifer fluid beyond the zone of depressurization 

around the well.  The aquifer-well system is no 

longer isolated.  The discharge enthalpy of the well 



can increase from its initial enthalpy in the aquifer 

fluid by conductive heat transfer between the aquifer 

rock and the flowing fluid which is cooled by 

depressurization boiling.  The aquifer-well is a closed 

system since there is an exchange of energy with the 

surrounding (Q
e
≠ 0) but the composition of the fluid 

does not change (M
e,v

=0, M
e,l

=0, model 2 in 

Arnorsson et al., 2010).  Thus in both isolated and 

closed systems, the total well discharge composition 

is just equivalent to that of the initial aquifer fluid.   

 

In this work, phase segregation is deemed the 

dominant mechanism responsible for the “excess 

enthalpy” discharged in the wellhead.  The increase 

in the enthalpy as the fluid flows from the 

undisturbed aquifer to the wellhead is primarily due 

to segregation of the vapor and liquid water in the 

aquifer.  The vapor phase flows to the wellhead while 

liquid water is partially or totally retained in the 

aquifer, adhering onto mineral grain surfaces by 

capillary forces.  The mechanism of phase 

segregation is therefore an open system, causing both 

the enthalpy and composition of the flowing fluid to 

change from the initial aquifer conditions to the 

wellhead.  Specifically, the assumptions of model 3 

in Arnorsson et al. (2010) are adopted where there is 

neither heat transfer from the aquifer rock (Q
e
=0) nor 

addition/loss of vapor (M
e,v

=0) but liquid is retained 

by the formation (M
e,l

≠0).   

 

Methodology 

The general equations adopted for the open system 

phase segregation model are described below.  In the 

equations that follow, h is a specific enthalpy, X is a 

steam fraction, m refers to a concentration, the 

subscript represents a component (i- any component, 

r- non-volatile, s- volatile), the first superscript 

denotes the location of the fluid (d-discharge, f- 

initial aquifer, e/g- a point right before/after a zone 

between aquifer and wellhead) and the second 

superscript refers to the fluid phase (l-liquid, v-vapor, 

t-total fluid). 

 

A two-step method is used in this work.  The 1
st
 step 

uses both the analytical data obtained in the wellhead 

and the measured discharge enthalpy to calculate 

conditions just right after where phase segregation is 

assumed to occur (P
g
).  The aim is to obtain the 

concentration of a component in the liquid phase 

(mi
g,l

) at P
g
 based on the component balance below:   

 

 
P

g
 is chosen at 30°C below the assumed aquifer 

temperature corresponding to quartz geothermometry 

as calibrated by Gunnarsson and Arnorsson (2000).  

The selected P
g
 corresponds to a liquid saturation (i.e. 

volume fraction of the saturated liquid water) of 

~0.2-0.3.  Studies have shown relative immobility of 

the liquid phase at such saturation levels (e.g. Horne 

et al., 2000).  The measured total discharge enthalpy 

(h
d,t

) corresponds to the total flowing fluid enthalpy 

after phase segregation (h
g,t

), thus an energy balance 

at this condition yields:        

 

 
Re-arranging equation (2) will yield X

g,v
 as all the 

terms in the right hand of equation (2a) can be 

obtained from the measured discharge enthalpy and 

steam tables at the assumed phase segregation 

temperature.  

 

 
Terms on the right of equation (1) are also available 

from analytical data obtained from the wellhead (mi
d,l

 

and mi
d,v

) and steam fraction at the discharge (X
d,v

) 

calculated analogous to equation (2a).  Dissolved 

solids are assumed to partition insignificantly into the 

vapor phase (mr
g,v

=0).  For a volatile species, its 

concentration in the vapor phase (ms
g,v

) is dictated by 

its distribution coefficient, Ds
g
, which is related to its 

Henry’s Law constant (Ks
g
) and total pressure (P

g
tot) 

as derived by Arnorsson et al. (2007): 

 

   
Thus for volatile species, equation (1) simplifies to 

 

 
and yields the concentration of a volatile species in 

the liquid phase (ms
g,l

) at P
g
. 

 

The 2
nd

 step involves calculation of individual 

component concentrations from the concentrations at 

P
g
 of non-volatile components in the liquid (mr

g,l
) and 

volatile components in both phases (ms
g,l

 and ms
g,v

) 

taking the flowing liquid enthalpy to be that of the 

initial aquifer fluid.  The fraction of steam produced 

by this step is analogous to equation (2a) denoted by 

X
e,v

 (depressurization boiling from initial aquifer 

conditions to right before phase segregation).  It is 

different from X
g,v

 which is the steam fraction of the 

fluid produced right after phase segregation.  If the 

initial aquifer is assumed to be purely liquid, the total 

fluid enthalpy is equivalent to the liquid enthalpy at 

the aquifer temperature (i.e. h
f,t

=h
f,l

).  The 

concentration of any component at segregation point 

is then related to its total concentration in the initial 

aquifer by: 

 

 𝑚𝑠
𝑔,𝑙(1−𝑋𝑔,𝑣)+𝐷𝑠

𝑔𝑚𝑠
𝑔,𝑙𝑋𝑔,𝑣=𝑚𝑠

𝑑,𝑙(1−𝑋𝑑,𝑣)+𝑚𝑠
𝑑,𝑣𝑋𝑑,𝑣     (4) 

𝐷𝑠
𝑔=55.51/(𝐾𝑠

𝑔 𝑃𝑡𝑜𝑡
𝑔)≈ 𝑚𝑠

𝑔,𝑣/𝑚𝑠
𝑔,𝑙 (𝑑𝑖𝑙𝑢𝑡𝑒 𝑓𝑙𝑢𝑖𝑑s)       (3) 

𝑋𝑔,𝑣=(𝑑,𝑡−𝑔,𝑙)/(𝑔,𝑣−𝑔,𝑙)   (2a) 

𝑑,𝑡=𝑔,𝑡=𝑔,𝑙(1−𝑋𝑔,𝑣)+𝑔,𝑣𝑋𝑔,𝑣  (2) 

𝑚𝑖𝑑,𝑡=𝑚𝑖𝑔,𝑙(1−𝑋𝑔,𝑣)+𝑚𝑖𝑔,𝑣𝑋𝑔,𝑣=𝑚𝑖𝑑,𝑙(1−𝑋𝑑,𝑣)+𝑚𝑖𝑑,𝑣𝑋𝑑,𝑣     (1) 



   
The analytical data of samples collected at the 

wellheads (e.g. Tables 1) were recalculated to the 

deep aquifer fluid conditions following the above 

steps and with the aid of the speciation program 

WATCH (Arnorsson et al., 1982), version 2.1 

(Bjarnason, 1994).      

EQUILIBRIUM VAPOR FRACTION 

It is possible to derive a vapor fraction of the initial 

aquifer fluid using the phase segregation model and 

assuming that the total discharge concentration of the 

reactive gases H2 and H2S are controlled by chemical 

equilibrium with specific mineral assemblages.  The 

vapor fraction obtained by this procedure is referred 

to as the equilibrium vapor fraction (X
f,v

) of the initial 

aquifer fluid beyond the zone of depressurization.  If 

an initial equilibrium vapor fraction is assumed 

(X
f,v

≠0), equation (5) is expanded and equation (3) is 

used to account the concentrations of a volatile 

component like H2 or H2S in the initial aquifer fluid. 

 

 

 
Equation (7) can be solved.  The total concentration 

of the volatile in the aquifer, ms
f,t

, was already 

obtained by equation (5) when the aquifer was 

initially assumed to be purely liquid.  The aquifer 

concentration of the volatiles (e.g. H2) in the liquid 

phase (ms
f,l

) may be potentially fixed by equilibrium 

with the mineral assemblages (e.g., hematite-

magnetite) and may be computed from the 

corresponding log K-temperature equations.    

THERMODYNAMIC DATA 

In calculating the distribution of aqueous species and 

mineral solubility products, WATCH uses the 

thermodynamic data provided by Arnorsson et al. 

(1982) except for gas solubility constants which were 

taken from Arnorsson et al. (1996) and H4SiO4° from 

Gunnarsson and Arnorsson (2000).  Dissociational 

equilibria for Al-hydroxide species (Arnorsson and 

Andresdottir, 1999), ferric- and ferrous hydroxide 

(Diakonov and Tagirov, 2002) and Al-Si dimer 

(Pokrovski et al., 1998) were incorporated into the 

speciation calculations. 

 

In this work, the mineral-gas reactions considered to 

potentially control the concentrations of H2S, H2 and 

CO2 in the aquifer liquid are in Table 2.  Temperature 

equations for their equilibrium constants, Henry’s 

Law coefficients and the sources of thermodynamic 

data are summarized by Karingithi et al. (2010).  The 

equations in Table 2 assume unit activity of all 

minerals and liquid water.  The log K curves plotted 

considered the activities of end-members of minerals 

that form solid solutions (epidote and garnet) and the 

selected values are indicated in the plots.

 

 

Table 2: Log K-temperature equations of mineral assemblages potentially controlling concentrations of H2S, H2, 

and CO2 (valid at 0-350°C at 1 bar for less than 100°C and Psat for higher temperatures, unit activity for 

all minerals and liquid water). 

No. Reaction log K (T in K) 

1 2𝑔𝑟𝑜 +
1

4
𝑝𝑦𝑟 +

1

2
𝑚𝑎𝑔 + 2𝑞𝑡𝑧 + 2𝐻2𝑂 𝑙 ↔ 2𝑒𝑝𝑖 + 2𝑤𝑜𝑙 + 𝐻2𝑆 𝑎𝑞  

 
𝑙𝑜𝑔 𝐻2𝑆 = −0.836 −

216659

𝑇2
−

2847.3

𝑇
+ 0.008524𝑇 − 2.366𝑥10−6𝑇2 + 0.152𝑙𝑜𝑔𝑇 

 

2  
1

4
𝑝𝑦𝑟 +

1

2
𝑝𝑦𝑟𝑟 + 𝐻2𝑂 𝑙 ↔

1

4
𝑚𝑎𝑔 + 𝐻2𝑆 𝑎𝑞  

 
𝑙𝑜𝑔 𝐻2𝑆 = 13.589 +

590215

𝑇2
−

9024.5

𝑇
− 0.044882𝑇 + 2.978𝑥10−5𝑇2 + 5.068𝑙𝑜𝑔𝑇 

 

3 1

2
𝑝𝑦𝑟 +

1

2
𝑚𝑎𝑔 + 𝐻2𝑂 𝑙 ↔ 𝑒𝑚 + 𝐻2𝑆 𝑎𝑞  

 
𝑙𝑜𝑔 𝐻2𝑆 = 35.516 −

4156.9

𝑇
+ 0.01267𝑇 − 13.914𝑙𝑜𝑔𝑇 

 

4  6𝑔𝑟𝑜 + 2𝑚𝑎𝑔 + 6𝑞𝑡𝑧 + 4𝐻2𝑂 𝑙 ↔ 6𝑒𝑝𝑖 + 6𝑤𝑜𝑙 + 𝐻2,𝑎𝑞  
 𝑙𝑜𝑔 𝐻2 = 1.444 −

273812

𝑇2
−

3962.1

𝑇
+ 2.401𝑥10−3𝑇 + 1.304𝑥10−6𝑇2 + 0.979𝑙𝑜𝑔𝑇 

 

5 3

2
𝑝𝑦𝑟𝑟 + 𝐻2𝑂 𝑙 ↔

3

4
𝑝𝑦𝑟 +

1

4
𝑚𝑎𝑔 + 𝐻2,𝑎𝑞  

 
𝑙𝑜𝑔 𝐻2 = −1.572 −

168874

𝑇2
−

232.45

𝑇
− 3.0275𝑥10−3𝑇 + 9.517𝑥10−6𝑇2 − 0.652𝑙𝑜𝑔𝑇 

 

6 2𝑚𝑎𝑔 + 𝐻2𝑂 𝑙 ↔ 3𝑒𝑚 +  𝐻2,𝑎𝑞  
 𝑙𝑜𝑔 𝐻2 = 824.146 +

3212081

𝑇2
−

51505

𝑇
+ 0.11297𝑇 − 294.895𝑙𝑜𝑔𝑇 

 

7 2

5
𝑐𝑧𝑜 + 𝑐𝑎𝑙 +

3

5
𝑞𝑡𝑧 ↔

3

5
𝑔𝑟𝑜 +

1

5
𝐻2𝑂𝑙 + 𝐶𝑂2,𝑎𝑞  

 
𝑙𝑜𝑔 𝐶𝑂2 = −1.449 −

40536

𝑇2
−

2135.9

𝑇
+ 6.5639𝑥10−3𝑇 + 2.725𝑥10−6𝑇2 − 0.193𝑙𝑜𝑔𝑇 

 

mineral phases:  cal-calcite, czo-clinozoisite, epi-epidote, gro-grossular, hem-hematite, mag-magnetite, pyr-pyrite, 

pyrr-pyrrhotite, qtz-quartz, wol-wollastonite 

𝑋𝑓,𝑣= [(𝑚𝑠𝑓,𝑡/𝑚𝑠𝑓,𝑙)−1][(𝐷𝑠𝑓−1)]−1                     (7) 

𝑚𝑠𝑓,𝑡= 𝑚𝑠𝑓,𝑙(1−𝑋𝑓,𝑣)+𝐷𝑠𝑓𝑚𝑠𝑓,𝑙𝑋𝑓,𝑣                         (6) 

𝑚𝑖𝑓,𝑡=𝑚𝑖𝑓,𝑙=𝑚𝑖𝑔,𝑙(1−𝑋𝑒,𝑣)+𝑚𝑖𝑔,𝑣𝑋𝑒,𝑣    (5) 



MODELING RESULTS 

Variables affecting aquifer fluid compositions 

Selected phase segregation point 

In reality, phase segregation does not occur in a 

single point but rather likely occurs over a wide range 

of pressures between the aquifer and wellhead 

conditions depending on the interrelation of several 

factors.  By the open phase segregation model, 

Arnorsson et al. (2010) demonstrated the combined 

effects of variable discharge enthalpy and selection of 

phase segregation point on the calculated aquifer 

concentrations of dissolved solids and volatile gases.  

For the non-volatiles, the phase segregation has little 

effect at discharge enthalpies <2000 kJ/kg.  At higher 

discharge enthalpies, (e.g. 2600 kJ/kg), the aqueous 

concentration of dissolved solids can be lower by up 

to 22% when phase segregation is chosen around 

235°C which corresponds to the maximum enthalpy 

of saturated steam.  Consequently, estimated 

T(quartz) are at the most ~2-20% lower when the 

segregation point is selected around 200-250°C.  

These points are illustrated in Figure 2 for the two 

“excess enthalpy” wells in Table 1. 

 

On the other hand, the aquifer fluid concentrations of 

dissolved gases are sensitive functions of the selected 

phase segregation point at any discharge enthalpy.  

At 180-250°C, Arnorsson et al. (2010) estimated the 

maximum variations of the concentrations of gases 

dissolved in the initial aquifer fluid at different 

discharge enthalpies:  11% at 1400 kJ/kg, 43% at 

1800 kJ/kg, 54% at 2200 kJ/kg and 60% at 2600 

kJ/kg.  This suggests that the uncertainty in the 

calculated aqueous concentration of the gas increases 

proportionally with discharge enthalpy, especially 

when approaching dry steam since it is difficult to 

ascertain exactly at which point phase segregation 

occurs.  Figure 3 shows the trends of calculated 

dissolved H2 in the initial liquid aquifer of “excess 

enthalpy” wells in Table 1.  Lower aquifer fluid gas 

concentrations are obtained when the phase 

segregation point is chosen closer to the aquifer and 

reaches a maximum value as segregation point 

approaches the operating pressure at the wellhead. 
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Figure 2: Variation in calculated aqueous 

concentration of a non-volatile component 

as a function of selected phase 

segregation temperature. 
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Figure 3: Variation in calculated aqueous 

concentration of a volatile component as 

a function of selected phase segregation 

temperature.

Selected aquifer fluid temperature 

The selected aquifer temperature at which all the 

speciation calculations are carried out is often a 

contentious issue.  Many chemical and isotopic 

geothermometers are used to estimate the aquifer 

temperatures beyond the zone of secondary processes 

like boiling, cooling and mixing on the basic 

assumptions that the sampled fluids are 

representative of the undisturbed aquifers and local 

equilibrium conditions are achieved.  It is common 

for many wells to have multiple feed zones at 

significantly different temperatures.  For fields of 

heterogenous permeability, the fluids reaching the 

surface are inevitably a mixture of different 

components.  In these cases, selecting a 

representative reference temperature is at best an 

approximation. 



  

Considering the above complications, the aquifer 

concentrations are calculated by the same model over 

a plausible range of temperature for the 

representative “excess enthalpy” wells in Table 1.  In 

Figure 4, the solid symbols represent the aquifer 

temperatures assuming equilibrium with quartz 

(Gunnarsson and Arnorsson, 2000).  If the actual 

aquifer temperatures deviate within a range, the 

calculated aquifer fluid H2 concentration varies as 

shown by the dashed lines with phase segregation 

always selected at 30°C below the reference 

temperature.  Figure 4 indicates that the calculated 

aqueous gas concentrations differ only by a 

maximum of about 0.2 log units regardless of the 

discharge enthalpy. 
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Figure 4: Dependence of calculated aqueous 

concentration of a volatile in the aquifer 

fluid to the aquifer temperature value.  

The vertical error bars represent the 

variation on the calculated aqueous gas 

concentration in the aquifer fluid 

depending on the selected phase 

segregation point. 

EVALUATION OF EQUILIBRIUM 

The modeled aquifer fluids in Mahanagdong were 

assessed to what extent they may have approached 

equilibrium with respect to chemical reactions in 

Table 2.   They are plotted against the log K 

equations of mineral assemblages that are also 

identified in Mahanagdong from drill cuttings (except 

for wollastonite which was encountered in adjacent 

geothermal fields of Tongonan and Alto Peak).   

 

Mineral-Gas Equilibria 

The concentrations of the reactive gases H2S and H2 

(Figure 5) and CO2 (Figure 6) in the aquifer liquid 

when assuming no vapor to be present are shown.  

They show much scatter which partly reflects the 

assumptions in modeling the initial aquifer fluids.  

Since H2S and H2 are likely to equilibrate with the 

same mineral assemblages, Figure 5 suggests that 

their aqueous concentration in the total aquifer fluid 

is potentially buffered by the hematite-magnetite 

(reaction 3 and 6) or garnet-bearing (reactions 1 and 

4) mineral assemblages.  The scatter of data points is 

most pronounced for H2 although they plot within the 

area defined by the hematite-magnetite and garnet-

bearing assemblages at the chosen compositions.     
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Figure 5: Calculated concentrations of H2S (A) and 

H2 (B) in the initial aquifer fluids feeding 

the Mahanagdong wells assuming they 

are purely liquid.   

 



The scatter in H2 aquifer fluid concentrations is 

probably a reflection of variable fractions of 

equilibrium steam in the initial aquifer fluid. If 

considering equilibrium with the garnet-bearing 

assemblage (reaction 4) is the cause, the large scatter 

of the data points can partly be a reflection of the 

stoichiometry of the reaction.  The relatively large 

stoichiometric coefficients (reaction 4 in Table 2) 

indicate that the equilibrium aqueous concentrations 

of H2 are strongly affected by the compositions of 

grossular garnet and epidote. 

 

The data points for CO2,aq also plot generally above 

the equilibrium curves.  A possible source of 

additional CO2 flux into the system is the 

carbonaceous components within the sedimentary 

breccia/conglomerate complex where all 

Mahanagdong wells produce.   
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Figure 6: Calculated concentrations of CO2 in the 

initial aquifer fluids feeding the 

Mahanagdong wells assuming they are 

purely liquid.   

Gas-Gas Equilibria 

It is also of interest to investigate other competing 

reactions involving CO2, H2S and H2.  The 

relationships between the gases CO2, CH4 and H2 

have been studied in numerous geothermal systems 

(e.g. D'Amore and Truesdell, 1995) using the 

Fischer-Tropsch reaction. 

      

The activity product for reaction (8) of the 

Mahanagdong modeled fluids can be calculated and 

compared with its equilibrium values retrieved from 

Arnorsson et al. (2010).  When assuming liquid 

enthalpy for the initial aquifer fluid, the activity 

products for the Fischer-Tropsch reaction display 

much higher than equilibrium levels (Figure 7). 
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Figure 7: Calculated activity products for the 

Fischer-Tropsch reaction assuming no 

equilibrium vapor to be present.   
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Figure 8: Calculated activity products for the NH3-

N2-H2 reaction assuming no equilibrium 

vapor to be present.   

 

A possible reaction involving NH3, N2 and H2 in the 

aquifer is the reaction 

 
The activity products for reaction (9) using partial 

pressure data are shown in Figure 8.  The equilibrium 

curves were obtained from Giggenbach (1980).  The 

observed patterns are almost same as those for the 

Fischer-Tropsch reaction with Q values showing 

2𝑁𝐻3(𝑔)↔𝑁2(𝑔)+3𝐻2(𝑔)          (9) 
𝐶𝑂2,𝑎𝑞+4𝐻2,𝑎𝑞↔𝐶𝐻4,𝑎𝑞+2𝐻2𝑂𝑙      (8) 



large scatter when total gas concentration in the 

aquifer fluid are selected and they are systematically 

below equilibrium.  Considering both reactions (8) 

and (9), to move the system towards equilibrium, H2 

concentrations need to increase, or in the case of the 

Fischer-Tropsch reaction, CH4 must decrease.   

Equilibrium Vapor Fractions 

The high concentrations of the reactive gases (CO2, 

H2S and H2) in the modeled total aquifer fluid, in 

relation to equilibrium curves involving their aqueous 

concentrations, may be due to the presence of vapor 

in this fluid.  Equilibrium vapor fractions were 

derived assuming that equilibrium prevailed between 

H2 in the aquifer liquid with the hem+mag 

assemblage.  The modeled Mahanagdong aquifer 

fluids when equilibrium vapor fractions are 

considered are shown in Figure 9.  H2Saq of the two-

phase aquifer fluids are still significantly above the 

considered equilibrium curves.  In contrast, CO2,aq of 

the two-phase aquifer fluid closely approach 

equilibrium. 

 

The calculated vapor fraction values correlate 

reasonably well with inferred reservoir processes 

characterizing the Mahanagdong field.  In the 

postulated upflow area, initial vapor fraction values 

are ~4%.  Injection schemes have led to 1-2% 

increase in equilibrium vapor fraction values in some 

wells. Whereas wells affected by colder peripheral 

waters or are further away from the upflow area show 

vapor losses (i.e., points that lie below the 

equilibrium curves in Figure 5B).   

SUMMARY AND CONCLUSIONS 

Aquifer fluids of Mahanagdong wells with “excess 

enthalpy” can be reasonably modeled assuming that 

the increase in discharge enthalpy as the fluid flows 

from the aquifer to the surface are mostly caused by 

phase segregation of the vapor and liquid phases.  

The modeling results are slightly affected by the 

inferred aquifer temperature but parameters involving 

volatile components are sensitive to the selected 

phase segregation point especially at high discharge 

enthalpy.         

 

The modeled compositions of aquifer fluids were 

used to assess how closely equilibrium is approached 

between solution and various minerals or among 

gaseous species.  The concentrations of H2S are 

slightly higher than those at equilibrium with 

hydrothermal mineral assemblages incorporating  

hem+mag+pyr and  gro+pyr+mag+wol even when 

equilibrium vapor fractions are considered.  In 

comparison, CO2,aq concentrations closely approach 

equilibrium.  Departure from equilibrium is high for 

the Fischer-Tropsch and NH3-N2-H2 reactions.    

Some derived aquifer vapor fractions are high (up to 

4% by mass) whereas some fluids indicate losses in 

equilibrium vapor. 
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Figure 9: Calculated concentrations of H2S (A) and 

CO2 (B) in the initial aquifer fluids 

feeding the Mahanagdong wells 

considering an equilibrium vapor fraction 

assuming H2,aq in the aquifer is buffered 

by the hem+mag assemblage. 
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