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Abstract 

m e  silicate and surfide mineral equilibria for the Mahanagdong Geothermal Field production wells 
were investigated using mineral activity diagrams. Evaluation of silicates focused on K-, Na- and Ca-bearing 
minerals which are the most widely distributed alteration minerals in the reservoir. The stabiliy of these 
minerals depends on three factors, namely, temperature, concentration of the cation species, and pH of the 
fluids. Among the silicate minerals, the following are in equilibrium with the Mahanagdong jluids: K-mica 
(illite), wairakite, kaolinite, epidote and K-feldspar. Geologic logging of the cuttings has confirmed the 
presence of these minerals in the open hole section of both neutral and acid wells in Mahanagdong. It is 
aident, therefore, that no silicate minerals can be used to distinguish the acidfiom the neutral-pH fluids in this 
field. 

The stability or activity of the surfide minerals are governed by two factors. These are the pH and the 
redox state (expressed in terms of 0, fugacity) of the fluids. Surfide minerals in equilibrium with both neutral 
and acidfluidrr are pyrite, chalcopyrite and bornite. Among the dissolved species of suvur, H a  is likewise in 
equilibrium with both fluid types. Together these iridicate that the fluids in Mahanagdong have already evolved 
from a magmatic to a hydrothermal system. 

Aside @om silicate and sulfide mineral equilibria, calcite and anhydrite saturation for each 
Mahanagdong well were also evaluated. Wells which showed anhydrite supersaturation are the acid wells 
situated in the northern part of the field. This condition is attributed to their inherent high SO, concentration. 
Wells which exhibited calcite saturation and supersaturation at reservoir condition are the neutral-pH wells in 
the outfrow zone of the sector. 

1.0 Introduction 

The Mahanagdong sector is located in the southeasternmost portion of the Greater Tongonan Geothermal 
Field in northwestern Leyte (Fig. 1). The field is programmed for large-scale power generation which is to be 
interconnected to the Leyte-Luzon gnd. Testing of the wells dnlled in the area has identified two types of fluids 
residmg in the reservoir : acid and neutral-pH. The wells drilled in the central and southern regons tapped the 
neutral-pH reservoir while the northern sector wells drilled into the acid reservoir. These fluids, however, can be 
further characterized into the following types: naa l -pH  fluids with hgh gas content; neutral-@ fluids with 
low-gas content; cooler neutral-pH fluids; and acid fluids with low-gas content. From these, three areas have 
been delineated and considered as constraints during the development phase of the sector. These are the high-gas 
zone in the eastern side of the field, the acid zone in the north and the area of colder fluids in the west (Fig. 2). 

Ths paper was developed to evaluate the equilibria of secondary hydrothermal minerals with these 
Merent types of fluids. The primary aim of t h ~ s  study is to relate the chemistry of the fluids with the stable 
mineral phases in the wells. Its most important implication is the determination of the secondary mineral 
assemblages formed under the different types of fluids percolating in the area. Corollary to this is the assessment 
of the potential of the fluids to effect deposition of vein minerals. 
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Fig. 1 : Location map of Mahanagdong 
Geothermal Field 

Fig. 2 : Hydrogeochemical model of 
Mahanagdong Geothermal Field 
showing the dinerent chemical 
constraints (aper Parrilla, et. al, 1995; 
Zaide-DelJin,et.al, 1996 

2.0 Methodology 

The most important and widely used tool in the evaluation of mineral equilibria is the stability or activity 
dagram. Utilization of this dagram permits evaluation of whether the fluids are in equilibrium with certain 
minerals at reservoir condtions. In low-pH fluid reservoir or lughly oxidizing environment, the minerals are 
unstable and tend to be dissolved. Otherwise, the minerals vvlll remain fixed in the rock or they tend to 
precipitate from the solution (Arnorsson, 1992). 

Stability diagrams are the graphical representations of the activity of minerals at Merent reservoir 
condtions. The first step in the construction of these diagrams is to decide what minerals to relate with the fluid 
chemistry. This is usually done by choosing the most abundant and common secondary hydrothermal minerals 
observed in dnll cuttingdam. In all geothermal fields in the Philippines includmg Mahanagdong, the reservoir 
rocks are extensively altered by silicate and sulfide minerals (Dulce, et al., 1995). Thus, these minerals were 
selected for the evaluation. 

The construction of mineral diagrams involves the use of thermochemical data, qwlibrium constants, 
field data, and experimental data. Thermochemical data (i.e. Gibbs free energy of formation of minerals) are used 
to calculate for the advities of the minerals. The minerals' Gibbs free energy of formation as calculated by 
Helgeson, et al. (Amorson, 1992) were utilized for this evaluation. 

The deep fluid composition for each well was determined using the WATCH speciation software of 
Arnorrson (1990). The reservoir temperature for each well were taken from their quartz geothermometer and 
when available and applicable from the measured temperatures. Representative water and gas discharge 
chemistry are listed in Tables 1 and 2, respectively. 
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3.0 Silicate Mineral Equilibria 

In Mahanagdong, the most common types of silicates are K-mica, K-feldspar, wairakite, albite, epidote, 
and kaolinite. The stability of these minerals are governed by the concentration of the major cations (K, Ca, Na, 
Mg), the temperature and pH of the fluids reacting with the host rocks. In the stability diagrams, the transition 
or boundaries between the silicate minerals represent the activities of the cations participating in the reaction at 
Merent temperatures. 

A stability dlagram was constructed for each dominant cation species (K-beanng, Na-beanng and Ca- 
bearing silicates). M e r  the stability diagrams were constructed, the speciated components of the fluids were then 
plotted in the diagrams. The succeeding sections discuss the results of the plot. 

3.1 K@ - SO2 - H@ - Alf13 system 

The plot of the Mahanagdong wells in the K-stabhty dlagram is shown in Figure 3. All of the wells, 
except for MG-4D, plot inside the K-mica stability field. This implies that the wells are in equilibrium with the 
mineral K-mica. Based on petrological data, all of the wells have been observed to contain K-mica. It is evident 
from the plot, though, that the acid wells (MG-20D, MG-21D, MG-15D, MG-9D) are approaching the k-mica- 
kaolinite boundary, nearer to the acid mineral kaolinite. 

0 

MG-4D has tapped fluids with low temperature 
(190 "C) probably as a result of mixing of the o r i p a l  
deep brine with cooler inflows (i.e. shallow recharge 
condensate). The low-temperature fluid of the well 
when plotted in the stability diagram plots on the 
kaolinite field. Tlus does not mean that the waters of 
MG-4D is acid as discharged waters yield neutral-pH. 
This only implies that the K-stability diagram is not 
applicable with the fluids of MG-4D since K-bearing 
clays are formed at a temperature of 222OOC. 
Similarly, in the Na- and Ca- bearing silicate stability 
diagrams, MG-4D plotted on the kaolinite field, again 
implying that these diagrams are not applicable to the 

The clustering of both acid and neutral-pH 
wells inside the K-mica stability field implies that 
both fluid types have attained equilibrium with the 
mineral. Potash-mica have been thought before as a 
neutral-silicate; however, its occurrence in the acid 
wells in Mahanagdong implies fhat it can also be 
stable under acid conditions. 

fluids Of MG4D. FYROPFWLLITE 

. . . . , . . . . # . . . . 1 . . . . , . . . . .  

K-FELDSPAR 

K-MICA 

I KAOLINITE 

3.2 N a f l  - Si02 - HD - system 

Figure 4 represents the plot of the wells in the Na-bearing silicate stability diagram. Wells MG3D, 9D, 
20D, 15D, 21D, 24D, and 14D all plotted in the kaolinite field Again, th is  does not mean that MG-24D, 14D 
and 3D are acid wells. This just implies that Naclays are less favored to be formed by the fluids or waters of 
these wells. Instead, Kclays are most likely to be formed as what has been observed in the K-bearing diagram. 
On the other hand, low albite will be formed from the fluids of MG-7D, 23D, 19,18D, 16D and 13D. 

The plot tells us that ,the acid fluids and neutral-pH fluids are both in equilibrium with the Na-beanng 
silicate mineral in the reservoir. This suggests equhbration of the acid fluids with the surroundmg rocks. 
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3.3 CaO - Si02 - H D  - - C02 system 

The plot of the wells in the calcium stability dagram (Fig. 5 )  llkewse shows the stability of both the acid 
and neutral wells with wairalate and epdote. For calcium-bearing silicates, the amount or content of COz in the 
fluid is considered in the reaction as this has a great effect on the formation of minerals. h the presence of high 
amount of C 0 2 ,  calcite mineral is more likely to be formed instead of epidote. The concentration range of C02 in 
Mahanagdong wells are plotted in the dlagram, representing the calcite b h d .  As the C q  content increases the 
calcite field increases while epidote field disappears. 

The hgh gas wells, MG3D, MG-9D and MG-l4D, are in equilibrium with wairakite. However, from the 
plot we can deduce that at lower reservok temperatures (-22O"C), their fluids could favor the formation of 
calcite. At their present reservoir temperatures, the wells' proximity to the wairakitecalciteepidote boundary 
imply that these minerals can possibly coexist. 

4.0 Sulfide Mineral Equilibria 

The most common sulfides and oxides observed in the Mahanagdong cuttings are pynte pes2), 
chalcopynte (CuFeS2), bornite (CuFeS4), hematite (Fez03) and magnetite (Fe304). The stability of sulfides at 
Merent reservoir temperature are shown in Figures 6-1 1. The solubilities of these minerals are controlled by 
the fluid pH, the redox state of the fluids and temperature. As temprature decreases, hematite field increases 
whle that of pyrrhotite decreases. Pyrrhotite are formed under a high temperature and reducing environment 
whereas hematite tends to form at low temperature and oxidizing environment. 

Activity dagrams were constructed each for 200"C, 240"C, 260"C, 270"C, 280°C and 300°C reservoir 
temperature. The 300degree regme includes wells MG-3D, MG-l4D, MG-13D and MG-9D. These wells are 
interpreted to be tapping the parent fluids of the sector since they have the highest temperature. The other 
temperatures represent the different outflow temperatures of the fluids. Wells MG-24D, MG-21D and MG-15D 
are grouped into the 280degree temperature regime. Five wells are included in the 270-degree plot (MG-7D7 
MG-16D, MG-MD, MG-19 and MG-23D). For the 260degree plot, wells MG-2OD and MG-22D are grouped 
together. The low temperature wells, depicted by MG-4D and MG-17D are placed in the 200- and 240degree 
regmes, respectively. 
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For wells belongmg to the 270degree regime (Fig. 8), MG-ND, MG-16D and MG-19 plot close to the 
chalcopyritye-bornite boundary. Their proximity to the boundary implies that aside from chalcopyrite, the 
mineral bornite,could be a stable phase for these wells. This statement is supported by petrologic data as bornite 
is present in the wellbores. 
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Fig. 8 : .%@de stability diagram for 270°C 

Wells MG-2OD and MG-22D (Fig. 9) plot 
inside the pynte and chalcopynte stability field. 
MG-17D (Fig. 10) plotted on the pynte and 
bornite field, whle MG-4D (Fig. 11) plotted on 
the pynte and chalcopyrite field. 

The dominant sulfur species for all the 
wells is H2S. Ths implies that the Mahanagdong 
sector has already evolved from a magmatic 
system dominated by the sulfur species SO4 and 
SO2 into a hydrothermal system with H2S as the 
dominant sulfur species. 

The similarity of stable sulfide minerals 
under the acid and neutral-pH reservoir based on 
stability diagrams, implies that at reservoir 
condition both fluid types produce similar sulfide 
mineralogy. A study conducted by Dulce, et a1 
(1995) on the sulfide mineralogy of Mahanagdong, 
however, has revealed that acid fluids produce 
more sulfides in comparison with the neutral 
fluids. Although both fluids are stable with the 
same mineral, there is an abundance of sulfides in 
acid wells than in neutral wells. 
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Fig. 9: Sulfide stability diagram for 260T 
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Fig. 11 : Surfide stability diagram for 200°C 

5.0 Calcite and Anhydrite Saturation 

Aside from the evaluation of the equtlibria 
between the fluids and the minerals, the potential of 
calcite and anhydrite to precipitate was also 
assessed. The WATCH speciation software was 
utilized for the calculation of the solubilities of 
these minerals in all of the wells. 
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Fig. 10 Suljide stability diagram for 2 4 0 T  

Figures 12 and 13 represent the saturation of the 
fluids with calcite and anhydrite, respxtively. The 
calculated solubilities of the minerals for each well 
were plotted against the fluids' reservoir temperature. 
The equilibrium line (diagonal line in the graph) 
represents the theoretical mineral solubilities at 
corresponding reservoir temperatures. Points that plot 
above the line denote supersaturation with the mineral, 
hence the potential to form veins. On the other hand, 
plotting below suggests unsaturation with the mineral. 

The neutral-pH fluids appear to be 
supersaturated with calcite and thus the potential to 
form veins. The acid fluids, on the other hand plotted 
below the line, indicating the preference of calcite to be 
dissolved under acidic environment. (Salonga, 1995). 

The opposite trend is observed for the anhydrite 
saturation diagram. The acid fluids plot above the line 
implying their supersaturation with the mineral, while 
the neutral-pH fluids are unsaturated with anhydrite. 
Aside from the acid fluids, some wells which have 
tapped neutral-pH fluids also show saturation and 
oversaturation with the mizeral. This could be 
attributed to the relatively high SO4 content of these 
wells similar to the acid fluids. 
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Fig. 12 Saturation diagram for calcite Fig. 13 : Saturation diagram for anhydrite 

6.0 Discussion 

Based on the plots of the fluids with respect to the activity of the mineral phases at reservoir condtion, no 
dstinct Merences are observed between acid and neutral-pH fluids. Both types of fluids plot on the same 
mineral stability field and are therefore stable with similar silicate and sulfide minerals. These findmgs are 
supported by actual petrological data and are consistent with postulated hydrothermal system. 
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Fig. 14 : Cross-section of Mahanagdong Geothermal Field. Shown are the 
Jrst appearances of minerals with corresponding subsurface 
temperatures 
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The hottest sector of the field is tapped by wells MG3D, MG-14D and MG-9D (Fig. 14). These wells 
delineate the upflow zone of the system. Wells MG3D and MG-14D both discharged neutral fluids while MG- 
9D discharged acid fluids. Fluids tapped in the upflow zone have the following stable mineral phases: illite (k- 
mica), albite, wairakite, epidote, pyrite, bornite and chalcopyrite. This region corresponds to the inner propylitic 
zone of Meyer and Hemley ( Hedenqwst, 1987). The inner propylitic zone is characterized by the presence of 
epidote and actinolite as the key minerals with illite and chlorite as accessoq minerals. These minerals indicate 
passage of hot (300°C) neutral-pH fluids with relatively high Ca" content. This is consistent with the chemistry 
of the fluids chscharged by the wells drilled in t h ~ s  area. 

Wells drilled on the southern sector discharged neutral-pH fluids with temperatures of 250-270°C. The 
fluids produced albite, illite, wairalate, epidote, pyrite and chalcopynte ass hydrothermal alterations. Basing on 
the alteration assemblage model of Meyer and Hemley (1987), these wells were dnlled within the propylitic zone. 
These zones are characterized by the presence of .epidote as the key mineral with illite and sulfides as accessory 
minerals. Moreover, the chemistry of the altering fluids are of neutral-pH with sigmficant amounts of Ca" and 
K' and a temperature of 2250°C. This area defines the neutral outflow of the system. 

The presence of the cold recharge in the western part of the field was detected through wells MG-4D and 
MG-I'D. MG4D has a temperature of around 190"C, wlule MG-17D has a temperature of about 235°C 
(l'arrilla, et. al., 1995). The constructed stability diagrams cannot be applied for MG4D mainly because of the 
low temperature of the fluid. The silicate minerals included in the diagrams have formation temperatures of at 
least 220°C; thus the fluids of MG4D are not in equilibrium or compatible with these minerals. However, based 
on petrological' data, MG4D has been observed to contain some high temperature minerals, hke wairakite and 
epidote. Thls indicates that MG-4D has fluids orignally of high temperature (around 27OOC). However, recent 
occurrences of cold water inflow effected a low temperature for the well during its discharge (Zade-Delfin, et.al., 
1996). 

MG-l7D, on the other hand, still has a relatively higher temperature compared to MG4D. However, its 
temperature of 235°C does not represent the true temperature of the fluids percolating in the area. Just like in 
MG-4D, hgh temperature minerals have also been observed in t h s  well. Thus, the low temperature measured for 
the well represents that of the mixed fluid. The relict alteration assemblages of MG4D and MG-17D would still 
fall under the propylitic zone of Meyer and Hemley. 

The acid wells, MG-15D, MG-20D, and MG-21D are dlstinctively separated from the neutral wells and 
they are also interpreted as outflow in the north. However, the fluids are acidlc in nature. The stable mineral 
phases are similar to the neutral-pH wells. The main reason for the similarity of the mineral assemblages 
between the neutral-pH and the acid fluids is their similar pH at reservoir condltion (4-5). Moreover, both acid 
and neutral fluids could have already attained some degree of equilibrium with the host rocks. Under Meyer and 
Hemley's model, these wells would be classified under the transition zone from advanced argdlic to propylitic 
zone. Minerals under the advanced argllic zone such as pyrophyllite, diaspore and andalusite are effected by an 
acid pH fluid. Some of the acid wells have been observed to contain pyrophyllite. However, most of the 
alteration assemblap are characteristic of the propylitic alteration zone. MG-gD, wluch is grouped into the 
wells which may have tapped the parent fluids, is also classified under this zonation because of the acidic nature 
of its fluids. 

Evaluation for anhydnte and calcite saturation have shown that the acid wells are supersaturated with the 
mineral anhydnte at reservoir condttion, thus the tendency to form veins. Tlus is attributed to the relatively high 
sulfate content of these fluids compared to the neutral-pH fluids at reservoir condltion. Aside from the acid 
wells, one neutral-pH well have also shown supersaturation with anhydrite. This is also due to the hgh sulfate 
content of the fluid of this well which is interpreted to be caused by the dtlu.tion of a colder, lugh-sulfate fluid. 
The neutral-pH fluids, on the other hand, have the preference to form calcite veins instead of anhydrite. The 
acid wells' unsaturation with calcite implies the preference of the calcite to be dissolved at lower pH (Salonga, 
1995). 
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7.0 Conclusions 

Acid and neutral-pH fluids are both present in the geothermal reservoir of Mahanagdong. These fluids are 
stable with the Same silicate minerals k-mica (illite), epidote, wairakite, kaolinite and k-feldspar. Similarly, both 
fluid types are stable with the sulfide minerals pyrite, chalcopyrite and bornite. 

The similarity of the stable mineral phases for both fluid types implies that there are no dstinct silicate 
and sulfide mineral assemblages to dstinguish acid from the neutral-pH fluids. Among the dssolved sulfur 
species, H2S is in equilibrium with both acid and neutral-pH fluids. These indcate that the fluids have already 
evolved from a magmatic to a hydrothermal system. 

With regards to the potential of the fluids to effect vein formation, the acid fluids along with MG-4D 
yielaed positive for anhdyrite deposition, which is basically attributed to their high sulfate content. Calciting, on 
the other hand, is positive for the neutral wells. 
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