
GAS EQUILIBRIA IN TONGONAN, MAHANAGDONG AND ALTO PEAK 
GEOTHERMAL FIELDS, LEYTE, PHILIPPINES 

Noel D. Salonga and Rhcderick 0. Auman 

PNOC-Energy Development Corp., Memtt Road, Fort Bonifacio, Makati City 

ABSTRACT 

The state of gas equilibria in the production wells and the natural thermal areas of Tongonan, 
Mahanagdong and Alto Peak geothermal fields in Leyte was analysed. Three approaches were applied: the 
first one involves equilibria of HZ and Ar in gases (Giggenbach, 1980); the second one involves the 
breakdown of ammonia; and the third one is the breakdown of methane or the Fischer-Tropsch reaction 
(D 'Amore et al., 1993). 

The results of the studies showed that the parentjluids in Tongonan geothermaljield consist mostly of 
liquid phase with reservoir temperature of 310-320°C. The thermal area of Kapakuhan also showed similar 
temperature indicating that the gases in the fumaroles were directly derived fiom the jirst boiling of the 
parent jluids. The jluids migrating towards the ourfIow in Malitbog sector have lost 5.0% of the original 
steam and have re-equilibrated at temperature of 240-270°C. In Bao-Banat-i thermal areas, which mark the 
ouylow of the reservoir, the jluids were derivedpom liquid reservoir with temperature of about 180°C. The 
present production wells of Tongonan-1 showed two gas trends. n o s e  wells lying proximate to the upjlow 
area in Upper Mahiao have gained steam which was possibly induced by pressure drawdown. On the other 
hand, the production wells lying close to the reinjection sink showed steam loss of about 2.0 to 5.0% due to 
mixing of degassed reinjected fluids. 

In Mahanagdong, the parent jluids have temperature of 31o"C, which is reflected in the HiAr 
geothermometer of Mahanagdong fumarole. The two-phase jluids in the upjlow zone have gained vapours 
by as much as 5.0%. The jluids in the ourfIow sector have lost 7.0% of the original vapour and re- 
equilibrated in reservoir temperature of 240-26oOC. The acid wells in the north also showed vapour gain by 
as much as 50% which is explained by incomplete equilibration of the original magmatic gases with the 
reservoir rocks. On the other hand, the gain of 1.0% vapour in a cold well in the west can be atm.buted to 
the inflow of cooler steam condensates. 

In Alto Peak, the Danglog sorfatara indicate temperature of greater than 370°C or that of a magmatic 
environment. All of the wells showed vapour gain @om 1.0 to 50.0% attesting to the vapour-rich nature of 
the Alto Peakfluids. This can be an inherent characteristic of a magmatic Jystem presently evolving into a 
hydrothermal Jystem. 

1.0 INTRODUCTION 

Tongonan, Mahanagdong and Alto Peak geothermal fields lie ensconded between the two segments of 
the Philippine fault in central part of Leyte island, Philippines (Fig. 1). These three fields represent three 
distinct geothermal systems of vanying age and geochemical characteristics. Tongonan field hosts a 10 kmz- 
wide commercial reservoir with an age of at least 5,500 years (PNOC-EDC, 1993). Since 1983, the 112.5 
Tongonan-1 power plant has been operating in Tongonan field. Mahanagdong reservoir, whch covers about 
6.5 lan2 area is estimated to be of the same age as Tongonan. Alto Peak field has a young age of 2,700 to 
6,000 years (Takashima et al., 1996). 

The primary objective of this paper is to analyse the gas equdibria of the above three geothermal fields 
and reconcile the results of the study with their known ages and with their established hydrothermal flow 
models. It is also the objective of th~s paper to use gas equilibria in determining the reservoir processes as 
well as the reservoir changes brought about by the commercial operations. 
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Figurel: Location map of Tongonan, Mahanagdong and 
Alto Peak Geothermal fields with the trace of the 
Philippine Fault Zone Inset map shows the 
approximate location of the study area. 

2.0 THEORETICAL BASIS 
The following sections were condensed, to some extent lifted, from existing publications on gas 

equilibria. These seme as the guiding theories of thls paper. 

2.1 H2-Ar Equilibria 

Of the geothermal gases, Hz reacts most quickly to changes in temperature and redox conditions 
(Giggenbach, 1980). In fact, the apparent success of most gas geothermometers is attributed to the rapid 
response of H2, thus cancelling out the variations in any of the other components involved. On the other 
hand, Ar is chemically inert and is introduced almost exclusively with the meteoric water recharges. Owing 
to these characteristics, the molar ratios of H2/Ar will not only reflect the equilibration temperature, but also 
the dilution and boiling processes which have occurred to the gas samples. The temperature dependence of 
the HdAr mole ratio in the equilibration liquid phase corresponds to: 

T(Hz/Ar) = 70 x [2.5 i- Lo~(H~/A.K)] Eqn. 1 

In liquiddominated geothermal system, chemical equhbration takes place largely in dissolved form 
even among gaseous constituents. During the lirst boiling, H2 and AI virtually partition into the hrst vapour 
formed because of their very low solubilities. It can thus be a s w e d  that the H2/Ar ratios of the surface 
samples represent that of the deeper environment. 
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2.2 Ammonia Equilibria 

The ratios of the common geothermal gases may be controlled by several reactions. One of these 
reactions is the breakdown of ammonia to nitrogen and hydrogen as shown in the following equations: 

2NH3 Nz + 3H2 Eqn. 2 

Applymg the law of mass action and following all gas constants and partitioning coefficients (Giggenbach 
1980; D'Amore et al, 1982; D'Amore and Truesdell, 1985 and 1988), the following equation can be derived 
(D'Amore et al., 1993): 

HN = 0.5LOg(Nz/H20) + 1.5 LOg(Hz/&o) - h g r n f i z o )  
= 0.39 - 652iT+ fi(y,Bj) Eqn. 3 

where temperature T is in "K, y is the in-situ steam fraction (y has positive value when a fraction of steam is 
present at eqwhbrium with the liquid phase but has a negative value when a fraction of steam is irreversibly 
lost from the on@ liquid); and B, is the vapor-liquld distribution coefficient, a known function of 
temperature. The following equations were used for positive or negative y values to link with the physical 
parameters in the reservoir: 

for y N :  HN = 0.39 - 653E + 0.5 Logb+(l-y)/BN,)] 

for y<O: HN = 0.39 - 653R - 0.5BNz - 1.5Bm + & 
+ 1.5 ~gb+(l-y)/BH21 - ~gb+(l-Y)/BNIUl Eqn. 4a 

- 0.5 Log[l+y-y&z] - 1.5 Log[l+y-yBH-r] 
+ LogEl+Y-YhH31 Eqn. 4b 

2.3 Fischer-Tropsch Equilibria 

reaction, or the breakdown of methane to carbon dioxide and hydrogen: 
Another chemical reaction which control gas ratios in geothermal environment is the Fischer-Tropsch 

CH, + 2HzO CO, + 4H2 Eqn. 5 

Again, using the mass action law, the following equation can be derived at equdibrium conditions involving 
the part~al pressures of each gas species as functions of the concentrations at the discharge point, temperature, 
the distribution coefficient, andvapour fraction y @'Amore et al., 1993). 

fl= 4hg(H&O) - LOg(c&/cQ) 
= -15.35 - 3952.8fT + 4.635 LogT + f2(y,B,) Eqn. 6 

The following equations were used for positive and negative y: 

y>O: FT = -15.35 - 3952.8E + 4.635LogT 
+ 4Logb+( 1 -y)/BH21+ hg[Y+( l-Y)&ozl 
- ~ g b + ( l - y ) & H 4 1  Eqn. 7a 

- Lo@coz + LO@CH~ - 4Log[l+Y-Yb] 
- Log[~+Y-YBcozl+ L%ll+Y-YBCH41 Eqn. 7b 

yC0: FT = -15.35 - 3952.8iT + 4.635LogT- 4LogBHz 

3.0 RESULTS 

The calculations based on the above equations are presented in this paper as graphs and grids. The 
quark geothermometer based on Fournier and Potter (1982) is used as reference temperatures for production 
wells and the measured field temperatures for the fumaroles. The line in the graphs with zero y is referred 
here as the equihbrium-liquid line. The equdibria involving dissolution of pynte or HSH (D'Amore et al., 
1993) is not included in this paper because it was proven to be not applicable in Mahanagdong and Alto Peak 
geothermal fields. It was, however, proven effective in monitoring reservoir processes in Tongonan 
geothermal field (Salonga et al., 1996). The gas data used in this paper are shown in the attached Appendix. 
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3.1 Tongonan Field 

The data point of Kapakuhan fumarole can be 
correlated with the wells in Upper Mahiao sector, that is 
the 400-series wells (Fig. 2) at reservoir temperature of 
300-320°C. On the other hand, the Bao and Banat-i 
fumaroles, which are associated with the neutral-pH C1 
springs, fall along the equilibrium-liquid line at 
temperature of about 180°C. 

The postulated parent fluids in Tongonan is 
composed of wholly liquid-phase with temperature of 
around 320"C, represented by well 410 (Figs. 2, 3 and 4). 
Most of these wells plotted along and above the 
equilibrium-liquid h e  which represent about 1% vapur 
gain. Well 411D, however is an exception which instead 
plotted below the equilibrium-liquid line. Towards the 
southeast, that is in the general area of South Sambaloran 
(ie., the 300-series wells) andMalitbog (i.e., the 500-series 
wells), the data pin t s  plot below the equhbrium-liquid 

The wells in Mahiao (i.e., 100-series wells) and 
Sambaloran (i.e., the 200-series wells) sectors have been 
supplying steam to Tongonan-1 power plant since 1983. 
Their data points are also shown in Figures 3 and 4. In the 
plots, the well whch had increasing trend in dscharge 
enthalpy, llke wells 106, 108, 109 and llOD, plotted above 
the equilibrium-liquid line, translating to a b u t  1.0 to 5.0% 
vapour gain. The wells which have lower dscharge 
enthalpy, especially the 200-series wells, plotted along or 
below the equilibrium-liquid line inhcating about 5.0% 
vapour loss. 

3.2 Mahanagdong Field 

Unfortunately, in Mahanagdong, there was no Ar 
analysis for the well gas samples obtained before 1995, thus 
only the fumaroles and selected wells are shown in Figure 
5. Nevertheless, the Mahanagdong fumarole can be 
correlated to parent fluids with temperature of 3 1O"C, whde 
the Pari1 fumarole corresponds to deep reservoir fluids of 
280°C. The postulated parent fluids of Mahanagdong, 
which has temperature of 320°C and almost zero y, is 
closely approlrimated by well MG3D (Figs. 5 ,6  and 7). In 
the graphs, the data point of MG3D plotted above the 
equdibriuin-liquid line, close to other wells with hgh 
aqwfer temperatures and containing high levels of gases 
(i.e. MG-5D, 14D and 24D), representing about 0.5-5.0% 
in vapour gain. 

The wells lying south of the hgh gas-wells (i.e. MG- 
7D, 13D, 16D, 17D, 18D, 19, 22D and 23D) plotted below 
the equhbrium-liquid line representing about 0.1-7.0% 
vapour loss. The group of acid wells lylng north of MG- 
3D (i.e. MG-20D and 21D) shows gain in vapour by about 
2% in FT m b r i a  and by as much as 50% in ammonia 
equlibria. 
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Figure 2: Plot of Log(HJAr) vs. T(Si02) of 
Tongonan 
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Figure 3: Plot of HN vs. T(S102) of 
Tongonan 
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Figure 5: Plot of Log(HdAr) of 
Mahanagdong. (Note: the prefix 
MG was removed in the wells) 
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Figure 6: Plot of HN vs. T(Si02) in 
Mahanagdong. 

Figure 7: Plot of FT vs. T(Si&) of 
Mahanagdong 
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On the other hand, the peripheral wells of MG4D, a 
well with cooler fluid inflow, and MG-IOD, a well with 
very poor permeability, showed vapour gain of as much as 
1.0%. 

3.3 Alto Peak Reld 

The Danglog solfatara can be correlated with parent 
fluids having temperature of at least 370°C based on H2/Ar 
geothermometer. This is above the critical temperature of 
water. On the other hand, the Tap1 bubbling pool found 
on the periphery of Alto Peak volcanic edifice plotted near 
the equihbriium liquid line with temperature of 54°C 
suggesting a shallow liquid-dominated reservoir feeding the 
bubbling pool (Fig. 8). 

The data points of Alto Peak wells generally plotted 
above the equhbrium-liqud line in the graphs of H2-Ar, 
ammonia and Ff equilibria (Figs.8, 9 and 10) indicating 
vapour gain of about 25% for AP-1D and 7D, 10% for AP- 
2D, and 1-5% for AP-4D, 5D and 8D. The fact that all of 
the wells have gained vapour attest to the gas-rich nature of 
the Alto Peak reservoir. 
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Figure 9: Plot of HN V.S. T(Si02) of Alto Peak 
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Figure 8: Plot of Log(EtJAr) of Alto Peak. 
(Note that the prefix AP was 
removed from plots of wells). 
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4.0 GENERAL DISCUSSION 

4.1 Alto Peak Field 

Alto Peak is an inactive volcano presently in the solfataric stage. The artifacts of volcanism in this 
andesitic terrain include the high level of gases in wells and thermal features which are higher by two orders 
of magnitude than the hydrothermal systems of Tongonan, Palinpinon and Mt. Apo (Salonga, 1996). 
Moreover, the Danglog solfatara indicated a temperature of greater than 370°C. .This is above the critical 
temperature of water which can only be reflective of a magmatic environment. 

Ammonia and FT equilibria indicated vapour gain in all production wells, including those wells with 
low discharge enthalpy We AP-4D and 5D. There could be two reasons for this. One is the presence of 
degassing intrusive bodies beneath Alto Peak whch provide fresh supply of magmatic gases. The 
geochemistry of wells AP-6D and 7D indicated the presence of magmatic fluids in the core of Alto Peak. 
Another reason is that the deep well dscharges still retain the characteristics of the original magmatic fluids 
because they still have not attained MI-equilibrium with the reservoir rocks. Previous studies have shown 
that the permeabihty in Alto Peak is confined in the crater area and almost absent in the peripheral areas. 
This factor generated poorly interconnected reservoirs of thermal fluids, and poorly developed outflow zone. 
Because of this, the deep thermal fluids did not have the chance of fully equdibrating itself with the rocks. 

4.2 Mahanagdong Field 

The Mahanagdong reservoir can be viewed as composed of two geothermal systems, one is the 
neutral-pH system in the south, and the other one is the acid system in the north. The trace of “Mamban 
fault” separates the two systems. The acid wells showed vapur gain even though they do not have any 
excess enthalpy. This can be a similar case to wells AP-4D and 5D of Alto Peak which still retained the 
artifacts of the original magmatic fluids. It is therefore possible that the acid system in the north have stdl 
not attained full equilibration with the reservoir rocks owing to the undeveloped fluid flow system towards the 
north. 

The H*/Ar geothermometer of the Mahanagdong fumarole reflects the temperature of the parent fluids 
of the neutral-pH reservoir which is around 3 10°C. The deep parent fluids are possibly composed of liqud- 
phase. However, the wells having high temperatures and lying near MG3D, the representative of parent 
fluids, are composed of two-phase fluids with calculated vapour gain of around 0.5-5.0%. Moreover, these 
wells have higher gas contents than the other wells in the south. The vapour gain is interpreted to be caused 
by the development of upper steam-rich horizon induced by drawdown during well discharges, as in the case 
of well MG3D (Elolanos, 1996), and by the presence of a natural two-phase zone above the parent liquid 
reservoir. On the other hand, the wells in the outflow zone in the south showed vapour losses of up to 7.0% 
which can be due to the effects of cooling and degassing processes. 

Well MG-4D, a well whch has a cooler fluid inflow, have gained vapour of a b u t  1.0%. Moreover, 
the SO4 and gas contents of the well are higher than the other hotter wells in the east. It is therefore possible 
that the inflowing cooler fluids in the well may not be cold meteoric waters but steam condensates which 
contains abundant non-condensable gases. Above the well track of MG-4D is the P a d  fumarole whch 
indcated reservoir temperature of 280°C. In the case of MG-lOD, a peripheral well with very poor 
permeability, the vapour gain of around 1 .O% is interpreted to be caused by steam emchment due to “drymg- 
up” of the well. 

4.3 Tongonan Field 

Tongonan field was described as a fully-equilibrated hydrothermal system based on its mineral and 
fluid ecplibria (PNOC-EDC, 1993; Salonga et al., 1996). The center of the reservoir is marked in the 
surface by the Kapakuhan fumarole whch indcated a temperature of 320°C. T h s  temperature is 
encountered by the wells in Upper M&ao, thus it is concluded that the gases in Kapakuhan fumarole are 
products of the first boiling of the deeper fluids in Upper Mahiao. Towards the outflow sector in the south, 
that is in South Sambaloran and Malitbog sectors, there is a decline in fluid temperature as well as losses in 
the orignal vapour by 2.0 to 5.0%. The Bao fumarole which marks the outflow sector of Tongonan in the 
surface appears to have been derived from the outflowing fluids at boiling temperature of around 180°C. In 

. 
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the north of Upper Mahiao, well 411D indicated inflow of cooler fluids whch is composed of liquid-phase. 
These cooler fluids are also reflected on the chemistry of the neighboring wells 416D and 417D. 

The commercial operations of Tongonan-1 power plant have brought about changes in Tongonan 
reservoir. One of the changes is the vapour gain in the wells at Mahiao sector by as much as 5 0% because of 
development of shallow steam cap induced by the drawdonn of deep liquid reservoir. On the other han4 ize 
praduction wells in both Mahiao and Sambaloran sectors lying proximate to the reinjection sink e h b i t  
vapour loss by as much as 2.0-5.0%. This is explained by encroachment of degassed reinjected fluids into the 
production wells. 

5.0 CONCLUSIONS 

Gas equihbria indicated vapour gain in the fluids of Alto Peak geothermal field attesting to the high- 
gas contents of the thermal fluids. Moreover, the Danglog solfatara can be associated with parent fluids 
having temperature of above 370°C. These altogether reflect the presence of a magmatic system which is still 
evolving into a hydrothermal system beneath Alto Peak. 

In Mahanagdong, the thermal fluids in the vicinity of the upflow zone have gained about 5.0% vapour 
owing to the pressure drawdown and boding of the deep thermal fluids. The fluids in the outflow zone 
towards the south have lost about 7.0% of the original vapour. The acid wells in the north can be compared 
to Alto Peak fluids in which the original magmatic gases have not still attained full equilibration with the 
reservoir rocks. 

In Tongonan, the upflow zone in Upper Mahiao hosts a natural shallow two-phase zone whlch have 
gained 1.0% vapour due to pressure drawdown and aqyfer boiling. The outflowing fluids towards 
Sambaloran and Malitbog have lost 1.0% of the original vapour. 

The commercial operations of Tongonan-1 induced pressure drawdown in Mahiao sector whch has 
shown vapour gain of up to 1.0%. On the other hand, the wells afTected by influx of reinjected fluids have 
shown vapour loss by about 5.0%. 
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