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Abstract 

Three types offluids reside inside the Sandrnva Collapse, nametv, the acid NaCI(+SO,), the neutral-pH 
,VaCl brine and the acid SO,-Clfluids. Thejrst type offluids occupies the central sector of Sandmva Collapse 
marked by wells KV-ID, KW2D and K%--3. It contains high amounts of dissolved SO, and HSO, both of which 
are products of sulfuric acid dissociation, and its major dissolved salt is IVaCI. At  reservoir conditions, suljiuric 
acid dissociates to HSO, and H' - with on& a mole H' liberated, the jluids have an apparent neutral reservoir 
pH. The reservoir fluids are in-equilibrium with K-mica, and this is conjrmed by the presence of abundant 
secondary biotite in the rock cuttings. Upon boiling to lower temperature, suljiiric acid dissociates to SO, and 
2 s  thus sh.$ing the fluid pH to acidic level. The fluids containing more than 500 mgdg SO,, (KV-1Dj 
became in-equilibrium with kaolinite upon boiling, but those haying less than 500 mgkg SO,, remained in- 
equilibrium with K-mica. Neutralisation processes through deposition of sulfur-bearing minerals like pyrite, 
chalcopyrite, bornite and anhydrite effective& cleanse the acid NaCI(+SOJ fluids of dissolved suljiir species. 
From originally acid fluids, neutralisation processes transform the acid NaCI(+SOJ jluids in Sandawa Collapse 
to the second type or the neutral-pH ,VaCl brine in Marbe1 Corridor. The fluids in Wells KV-3 and W - 2 D  
typi,rL the transition between the two fluids, in which SOJre, is between 80-150 mgkg andpHlab is above 4.50. 

The second type offluids have SO,, less than 100 mgkg; its dominant dissolved suljur species is €€-S. 
H2C03 is the chemical species contyolling the acidity of the fluids. @on boiling, H2C03 is consumed bv the 
escape of COzcg, thus making the fluid pH at near-alkaline level. Both the reservoir fluids are equilibrated with 
illite, pyrite and chalcopyrite and saturated with calcite. The third type ofjluids occurs around the .Vt Apo 
peak. It contains high dissolved SO4, HSO, and HC03, low Cl and high gas contents. The fluids are akin to the 
shallow-formed acids of Bac-Man on the basis of low CI contents and excess Na+K in the solution. It is 
therefore postulated that the acid condensates on the shallow level of hft. Apo peak is presently descending to 
the intermediate depths. The discharge fluids from Well TO-ID @piJlj/ the third type offluids. 

1.0 INTRODUCTION 

Mt. Apo typifies an andesitic volcano that already has gone through its active phase. It belongs to the family 
of Quaternary volcanoes transecting the central regions of Mindanao island among which include the inactiye 
Mt. Balingasag and the active Mt. Hibok-hibok in Camigwn island. Mt. Apo is presently in a solfatark stage 
with no new volcanic deposit recorded in the past 5,000 years. Within the period of inactivity, a convecting 
hydrothermal system developed beneath the Mt. Apo volcanic complex. It was first documented by PNOC-EDC 
in 1983 during their surface exploration in Southern Mindanao. Deep exploratory drilling in 1987 and 
development drilling in 1992 to 1995 proved that the Mt. Apo hydrothermal system can sustain the steam 
requirements for the first 52 MWe power plant and for another 40 MWe power plant. The whole development 
scheme in Mt. Apo is termed as the Mndanao-1 Geothermal Project (MlGP). 

MlGP also encountered acidic fluids during development drilling inside the Sandawa Collapse sector. a 
topographically depressed geomorphic feature having a diameter'of about 5 km. In this paper, we examine the 
chemical equilibria between fluids and minerals inside the Sandawa Collapse with the objectives of (i) 
i denwng  the chemical species contributing to the acidity of the fluids; (ii) relating the secondary minerals to 
the quality of the fluids: and (iii) interelating the different types of fluids residing inside the Sandawa Collapse. 
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2.0 THEORETICAL, BASIS 

It is a widely accepted theory that modern hydrothermal systems evolved from parental magmatic systems. 
The transition from magmatic to hydrothermal system involves complex exchanges of chemical species and 
evolution of Merent types of secondary m i n d s .  The life story of an andesite volcano-hosted hydrothermal 
system is presented in Figure 1, a cartoon modified after Corbett and Leach (1995). In magmatic systems, where 
temperatures exceed 500°C, many species exist as neutral complexes rather than ionic compounds. For instance, 
HCl, NaCl ihd KCl are present as neutral molecules and the sulfurous gases as H2S and SO2 rather than ionised 
species (Quist and Marshall, 1968). Chemical reactions at magmatic temperatures are, therefore, largely between 
neutral species. Sulfur is not free to react to form sulfides, and the activity of a metal, such as iron, is controlled 
by the relative strength of its complexes. 

As volcanic activities come to waning stages, reservoir temperature decreases and volatiles are exsolved from 
the magmatic melt. The exsolved species begin to dissociate in the presence of aqueous medium like HCl and 
HF. Other species such as SO2 or CO become unstable and disproportionate into daughter species. Considering 
other numerous dissociations, the expected pH of the original thermal brine is, therefore, highly acidic. With the 
increased fiee H', the thermal brine becomes out-of-equiliirium with their host rocks and ultimately leads to rock 
dissolution or a complex process where the host rocks are dissolved in the acid brine. The acid brines from 
White Island illustrate the classic case of rock dissolution in magmatic environment. Giggenbach and Glasby 
(1977) determined that the composition of waters from the White Island volcano crater is very similar in terms of 
femde element ratios to that of the host andesite, indicating dissolution of the rock during neutralisation of the 
extremely reactive magmatic fluids. Hedenquist (1987) noted, however, that copper is greatly depleted in the 
brine from that expected, indicating that copper is being fixed as copper sulfides at depth. 

In the original acid brine, sulfur is at oxidation state of +4; Hedenquist (1987) proposed to call this highly 
oxidising condition as the high sulfdation environment. The most dominant dissolved sulfur species is SO, and 
sulfur is deposited as sulfides, SULfates and native sulfur. Alunite and barite also form at high temperature and 
low pH, and anhydrite under cooler and slightly neutxal-pH conditions. 

Figure 1 : Schematic diagram of andesite volcano-hosted hydrothermal system (Corbett and Leach, 1995) 
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Through time. the original acid fluids are neutralised because of two factors: (i) decrease of 
contributions of volatiles from degassing igneous b d e s :  and (ii) processes of fluid-rock interaction which 
effectively fix the free H‘ to secondary clays. Evidence of changes in the chemistry of magmatic fluids is 
observed in the changing composition of the h a r o l e s  in White Island volcano with decrease in temperature 
from maximum of 1000°C to 500°C. During such period of cooling, the gas chemistry changes from mainly 
SO., HCI, HF and H: to one which resembles that of a hydrothermal system. As the fluids flow into permeable 
channels, they enter the regime of percolating meteoric fluids. The original magmatic constituents are removed 
by more rock reactions and by dilution of colder fluids. Anhydrite precipitate in joints and thus SO., are removed 
from the solution. The overall result is the dominance of H2S as the dissolved sulfur species and NaCl as the 
dissolved salt. In this case, the sulfur is present at oxidation state of -2 and therefore termed by Hedenquist 
(1987) as the low- sulfdation environment. Under these highly reducing conditions, sulfides are the only 
secondary sulfur containing minerals, mith pyrrhotite dominant above 300°C and pyrite at lower temperatures. 

On the surface of magmatic and hydrothermal systems. patches to widespread hot to cold altered grounds are 
common features capping the system. These are products of rock dissolution processes occuring at lower 
temperature and surface conditions. The acids which dissolve the rocks are formed from the oqdation of 
exsolved H2S and they are called as acid-sulfate. steam-heated condensates. There are documented cases, a s  in 
Bac-Man, that these shallow condensates may invade the intermediate depths of a hydrothermal system. The 
minerals associated with these fluids are low-temperature silica polymorphs and low-temperature clays: 
collectively. these are termed as the advanced argillic “capping”.In areas where the rocks contain high grade ore 
minerals, acid fluids may also form with the reaction of cold ground waters with the preexisting sulfides. This 
causes the oxide ore zone commonly noted capping the sulfide ire. The resulting mineral assemblages contain 
alunite, disordered kaolinite, halloysite. allophane and iron oxides. Typically, the alteration occurs as a 
topographically controlled blankets that often underlie gossans. 

3.0 TEE EQUILIBRIUM CONDITIONS OF FT,UIDS 

3.1 Classification of Fluids 

The classic Cl-HC03-S04 ternary plot 
(Fig. 2 )  is used to class@ the type of fluids in 
Sandawa Collapse. Based on the distribution 
of data in the diagram, we can identi& three 
type of fluids in Sandawa Collapse, namely: 
(i) the C1 brine represented by the discharge 
fluids of Wells SKAD, TM-1D and TM-2D; 
(ii) the CI(+S04) brine represented by the 
fluids from Wells KN-ID, KN-2D and KN-3; 
and (iii) the S04-Cl fluids represented by Well 
TO-ID. 

The first type of fluids is what has been 
known in other geothemal fields as the 
matured neutral-pH iVaCl brine type which, 
chemically, has inherent neutral pH and has 
NaCl as ,the major salt. In this type of fluids, 
H2S is the dominant dissolved sulfur species 
and it can thus be classified as part of the low- 
sulfidation environment. In Sandawa 
Collapse, the neutral-pH NaCl brine is found 
in the western edge and the sector outside of 
the collapse called the Marbel Comdor. 

TO-ID 

T M - I D  
TM-2D 
S K - 6 D  

PIN-ZD -- 
CN-ZRD 

so4 HCO3 

Figure 2: Cl-HCO3-S0++ ternary plot 
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The second type of fluids is essentially made up of NaCl brine (Take note that the the data points plotted 
near the C1 apex indicating that the dominant chemical component of the fluids is Cl). However, unlike the first 
type of fluids, this type contains substantial amounts of SO4res ranging from 132 mg/kg in KN-3 to 653 mg/kg in 
KN-ID. At surface conditions, the pH level of the fluids is below 5.0. We propose to use the term acid 
NaCI(+SOe) brine to describe this type of fluids. I 

The third type of fluids is dominated by SO4 and this is considered part of the high sulfidation environment. 
At d a c e  conditons, the pH level of the fluids is below 3.0. We propose to call these fluids as the acid SO&L 
fluids. These fluids are akin to the shallow-formed acid SO4-Cl fluids like that found in Bac-Man geothermal 
field (see Well CN-2RD in Figure 2). 

3.2 Acidity of the Fluids 

In order to identify the most likely source of acidity in Sandawa Collapse fluids, we examine the 
concentration of selected chemical species presented in Table 2. The HF and free F in the solution are present at 
very low concentrations of 10” to lo6 moleskg that they seem to have minimum, if any, contribuiions to the 
acidity of the fluids. In columns 4 and 5,  C1 is compared with Na+K. Except in Well TO-lD, there seems to be 
molal balance between C1 and Na + K indicating that C1 exists as dissolved salts (NaCl and KCl) rather than as 
HCl acid. In the case of Well TO-ID, Na+K exceeds C1, the same case for the fluids in Well CN-2RD of Bac- 
Man. The excess Na + K exist as NaSOi and KSOi which compensate the high SO4 in the solution. 

In the last column, it is evident that there is a difference of about an order of magnitude in SO4 contents 
between the neutral-pH NaCl brines and the acid fluids. The former type has SO4 in the order of lo4 to lo5 
moleag while the later type has so4 exceeding lo4 rnoleag. The concentration of SO,, a product of H ~ S O ~  
dissociation, apparently controls the acidity of the fluids. 

At reservoir conditions, the pH level of the fluids ranges from 5.10 to 5.97 - there is just a m o w  range in 
reservoir pH among Werent types of fluids even they had contrasting pH at laboratory conditions. For example, 
KN-ID fluids has laboratory pH of 2.97 but has reservoir pH of 5.55, and SK-6D has laboratory pH of 6.33 but 
has reservoir pH of 5.97. 

The nearness of the reservoir fluid pH is related to the equilibrium constants of the two step dissociations of 
HzSO4. At lower temperature, H2S04 completely dissociates to SO4 and 2H+ because of high equilibrium 
constants of its two step dissociations. This will cpnsequently release two moles of free protons for every mole of 
H2S04 thus making the solution highly acidic. However, at higher temperature, the equiliirium constant of 
reaction 6 decrease by one order of manitude and reaction 7 by five orders of magnitude. This will practically 
weaken the first and halt the second dissociation step of H2S04. With only one mole H+ liberated for every mole 
H2SO4 the fluids at higher temperature will have an apparent neutral-pH fluids despite the presence of sulfuric 
acid 

n.a. - not available 

Table 1 : Concentration at reservoir conditions of selected chemical species in moleskg 
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In Table 1, the other sulfur 
species present in sigruficant 
concentration is the neutral H2S. 
On the basis of the concentration 
of HS04 SO4 and H2S in the 
fluids. Sandawa Collapse can be 
zoned into: (1) high sulfidatzon 
environment where @SO4] + [SO4 J 
exceeds 10-'rnoles/kg --these are 
the areas blocked by Wells KN-ID, 

su9dation environment where 
 SO,] + [SO,] is lower than 
moleskg, thus, H:S becomes 
signiticantly dominant -- these are 
the areas blocked by Wells SK-6D, 
TM-lD, TM-2D and possibly KN- 
3. 

KN-2D and TO-ID; and (2) ZOW 

Well KN-3 fluids have the 
characteristics of both the low and 
high d ida t ion  fluids. Their 
@SO,] + [SO,] contents are lower 
than but they still have acidic 
pH level. Owing to these dual 
characteristics, it is proposed that 
Well KN-3 represent the transition 
between an acid NaC1(+S04) to 
neutral-pH NaCl brine. In Figure 
3, the above zoning inside the 
Sandawa Collapse is shown with 
the iso-S04r,,, contours. The SO4, 
concentration of the fluids decrease 
from east to west possibly 
explaining why the acidity of well 
discharges also decreases from east 
to west. 

3.3 Cation Geoindicators 

------- 

L P C  

/ S:ruc:ures 

1 W e l l  Trock 
K W O  

I so - SCG R E S  

l LOCTTIGN H L ?  

Figure 3: Map showing SO,,, contours and zoning inside 
Sandawa Collapse 

Rock dissolutim processes theoretically fke  the cations from the rocks. The degree of rock dissolution can 
be evaluated by examining the equilibrium conditions of the cations in the fluids. In doing so, the cationic ratios 
of WNa and K'Mg, both of which have corresponding geothermometers (Giggenbach and Gougel, 1989) are 
compared in the Log(K/Na) vs. Log (K2/Mg) diagram pig. 4). Ths  technique assumes that the congruence of 
the two geothermometers is the determinant of the full equilibrium conditions of the fluids. In the graph, the 
equilibrated fluids are represented by the fully equilibrated h e .  There is also a shaded region in the plot 
representing the composition of dissolved rock, and a partially equilibrated line denoting fluids that still are 
undergoing equilibration processes. 

In Figure 4. the neutral-pH NaCl brine (SKAD, TM-ID &d TM-2D) plotted along the fully equilibrated 
line. The acid fluids from KN-2D and KN-3 also plotted along th is  line. Since the rate of cation addtion is 
equal to the rate of cation precipitation in equilibrated fluids, it can be generalised that neutralisation processes 
have practically ceased in neutral-pH NaCl brine, and could be going on in very slow pace in acid NaC1(+S04) 
with relatively low S04,,.contents. 
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Figure 4: Log(K/Na) vs. Log (K2/Mg) 

The KN-1D fluids plotted near the 
partially equilibrated line suggesting that the 
fluids are still approaching full equilibrium 
conditions. To attain equilibrium, the fluids 
are removing the excess K, Na and Mg by 
forming K- Na- and Mg-bearing secondary 
minerals in the reservoir. These minerals can 
be illite, albite or chlorite. 

Well TO-ID fluids plotted on the rock 
dissolution region indicating that leaching of 
Na, K, and Mg from the rocks is actively 
going on in the area blocked by the well. We 
therefore expect to find extremely leached 
rocks, residual silica deposits and Na-, K- 
and Mg-fiee clays, called here as the "cation- 
free clays", in the southern side of Sandawa 
Collapse. The expected mineral assemblage 
in this sector include diaspore, pyrophyllite, 
quartz and possibly alunite. 

3.4 Gas Contents of the Fluids 

With respect to gas cdntents, we classify the fluids in the area into low-gas and high-gas fluids. The low 
gas-fluids are intersected by Wells KN-ID, KN-2D, KN-3, TM-lD, TM-2D and SK3D in the central and 
western edge of Sandawa Collapse. The high-gas fluids occur in the southern edge of the collapse blocked by 
Well TO-ID. 

The gas zoning in Sandawa Collapse 
has two important implications. First, 
epidote as a secondary mineral will be 
extensively found inside and west of the 
Sandawa Collapse and not in the southern 
sector because epidote forms in low-gas 
zones and rarely in high-gas zones. 
Second, there must be a reservoir of high- 
exsolved H2S and C02 on top of the high 
gas zone which readily will condense or 
sublimate at near-surhce conditions. 
Condensation will result to the formation 
of shallow acid SO4 fluids (and its 
sublimation to native sulfur. The 
shallow-formed acids may invade back 
the reservoir if the hydrostatic pressure of 

the pressure of descending denser liquid 
acid condensates. This situation has 
possibly occurd in the area around Mt. 
Apo peak explaining why the fluids from 
TO-ID have the chemical characteristics 
of shallow-formed acids. 

the deep two-phase fluids Cannot SUPPA 
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Figure 5:  Activity diagrams at Werent temperatures 
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4.0 MINERAL EQUILIBRIA 

4.1 Silicates 

The technique used in evaluating the equilibrium of silicate minerals is the construction of mineral stability 
diagrams. The use and construction of such diagrams are discussed in detail by Robertson (1984). After setting 
the stability diagrams at different tempetures (T=300", T=260", T=220" and T=180"C), the speciated Na-. K- 
and H' species in the liquids are plotted (Fig. 5) .  The trends exhibited by the three QTes of fluids in Sandawa 
Collapse are discussed in the succeeding sections. 

41.1 Neutral-pH NaCl Brine 
, 

The data points of Well SKdD and m - 2 D  at T=300°C and TM-ID at T=260°C plotted on IC-mica and K- 
feldspars stability field. This means that if K will be fixed in mineral phase, biotite, illite or adularia will 
preferentially form. Based on the geologc log of the rock cuttings in the wells, biotite and illite are present in 
the rock cuttings. Upon boiling to temperature of 22OOC and 180°C, the mineral equilibria of Wells SKdD and 
TM-ID shift to Na-feldspars (albite) and K-feldspar (adularia). Boiling of fluids in the western sector of 
Sandawa Collapse, therefore will be marked by the presence of secondary adularia and albite in the rock joints. 

3.1.2 Acid Na CI (+SO3 Brine. 

The data points of Wells KN-lD, KN-2D and KN-3 at T=300°C, plotted close to the data points of the 
neutral-pH NaCl brine data. Their plots are slightly shifted to K-mica denoting that as the fluids approach full 
equilibrium conditions, K is fixed to biotite at temperature of 3OO0C, or illite at 250°C. This is the same 
conclusion den& from the studies of cation geoindicators (Fig. 4). 

The plot of boiled fluids of Wells KN-2D and KN-3 at T=260°C and T=180"C remained %xed at the K-mica 
stability field. On the other hand, the data point of Well KN-1D shifted toward kaolinite. T h s  means that 
boiling the KN-ID fluids extensively will no longer fix Na and K in clays but will retain them dissolved in the 
thermal solution. So instead of illite. we expect to find cation-free clays at temperatures below 180°C. 

41.3 Acid S04-Cl$uids. 

The reservoir fluids of TO-ID at T=260°C are in-equilibriwn with kaolinite. Most likely, the "cation-free" 
clays like kaolinite and pyrophyllite are forming in the southern side of Sandawa Collapse instead of K-mica and 
other cation-bearing clays. Even with bciling at T=220°C and T=l8OoC, the fluids are still in-equilibrium with 
kaolinite, with slight shift to K-mica, suggesting that kaolinite and pyrophyllite will be found at any temperature 
regime at the sector blocked by Well TO-1D. With the abundant SO4 in the fluids. any slight shift to K-mica mi l l  
preferentially form alunite. The well logging results showed that the rocks cuttings from TO-ID indeed contain 
diaspore, pyrophyllite and alunite (Medrano. pers. comm, 1995). 

4.2 Quartz, Calcite and Anhydrite Saturation 

Calculations of quartz saturation vdh  boiling shows that all types of fluids are saturated with quartz at 
reservoir conditions and they a l l  become supersaturated upon .boding. This trend in quartz saturation has two 
important implications: (i) quartz geothermometer will be applicable to all types of fluids; and (ii) quartz 
crystals will be present as product of boiling of any type of fluids. 

Calculation of the saturation conditiogs of calcite shows that the neutral-pH NaCl brine from Wells SKdD 
and TM-ID are saturated with calcite. On the other hand, the G d  fluids are undersaturated with calcite. With 
these characteristics, it can be generalised that calcite prefer to stay dissolved at low pH conditions. 

On the other hand, calculation of anhydrite saturation in the fluids shows that the acid fluids of KN-ID, KN- 
2D and JSN-3 are anhydrite-saturated, the fluids of Wells TM-1D and TM-2D is slightly saturated and SK-6D is 
unsahqated with anhydrite. The saturation trend of anhydrite seem to follow the trend of the amounts SO,, 
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(Fig. 3) in the solution. It is apparent that 
as SO4, increases, the fluids become 
more saturated with anhydrite. A contra- 
positive statement is: with precipitation 
of anhydrite, the SO,, are scrubbed off 
from the solution and will raise the pH 
level of the fluids. 

.4.3 Metallic Sulfides. 

The metals present in hydrothermal 
fluids which participate in forming 
metallic sulfides are Fe and CU. The 
solubilities of Fe and Cu are influenced by 
the redox state and the pH level of the 
fluids. In Figure 6, the oxygen fugacity of 
the fluids is plotted against their pH level. 
The stability field of some Fe-bearing 
minerals and the region of Cu-sulfides are 
also shown in the plot. The outer fringes 
of Cu-suEde region are dominated by 
Cu"- sulfides like chalcopyrite (CuFeS,) 
and the inner region by Cu" sulfides like 
bornite (Cu5FeS4). The exact boundary of 
their stability field is not shown in the 
diagram but it is apparent that Cu+- 
sulfides preferentially form in acidic 
medium. 

Figure 6: Log fOz vs. Reservoir pH 

The neutral-pH NaCl brine plotted on pyrhhotite stable field. Upon boiling to 250C, the equilibrium shift to 
pyrite. This trend is possibly influenced by the expulsion of H2So from the solution upon boiling leaving SO4 as 
the dominant dissolved sulfur species. The original reducing fluids become oxidising thus shifting the stable 
sulfides from pyrhhotite to pyrite. The path of fluids may not be a simple straight line its shown in the diagram. 
There is also a possibility that the fluids may at one point become in-equiliirium with Cu+-sulfides and Cu"- 
sulfides. Thus it is possible to find chalcopyrite and rare bornite coexisting with pyrite in neutral-pH conditions. 

The acid NaCl(+S04) fluids are in-equilibrium with pyrite at temperature of 300°C. Because the acid fluids 
are highly oxidising, the data point almost crosses the hematite stability field. If the fluids are boiled to 25OoC, 
the fluids become more acidic and reducing. The equilibrium path passes through the regions of CU" and Cu+ 
sulfides. Therefore, in the rocks hosting h ighdda t ion  environment, we expect to find pyrite + chalcopyrite + 
bornite as secondary suljides. . 
5.0 GENERAL DISCUSSION 

5.1 The Acid NaC1(+SO4) Subzone 

I 

Figure 7 presents the bounds of subzones of the reservoir and the infeed fluid flow path The wells on the 
center of the Sandawa Collapse namely KN-ID KN-2D and KN-3 encountered the acid NaCI(+S04) reservoir 
in Mt Apo geothermal system. This subzone may extend to the north and east following the con€iguration of the 
collapse feature. Towards the west, it enters the regime of the neutral-pH fluids and towards the south, it is met 
by the descending shallow-formed acids. 
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Chemically, the acid N&l(+S04) fluids are composed primarily of dissolved NaCl salt. However. 
substantial SO4 is present whch apparently control its acidity. In Sandawa Collapse. the SO4, ranges from 652 
m a g  in the east (KN-1D) to 132 mgkg in the west (KN-3). Parallel with the SO4re,, trend, fluid pH at weirbox 
changes from highly acidic (pH= 2.97) in the east to slightly acidc (pH = 4.85) in the west establishing an 
imporant correlation that with higher SO4,, the more acidic the fluids wrll become at surface conditions. 

At reservoir temperature of 3OO0C, the pH level of the fluids has a narrow range of 5.48-5.90. The fluids 
initially contain high SO4, HS04 and H2S but low HC03 and HS. In.this condition, the dissociation rate of 
HzSO4 is determined by the HS04 equilibrium. Its reaction donates only a mole of H per mole H$04 effectively 
maintaining the reservoir pH at near-neutral level. Upon boiling down to lOOC, H2S, HS04, HS and HC03 in the 
fluids decrease but SO4 markedly increases. In boiled conditions, H2S04 completely dissociates liberating 2 
moles of H' per mole of H2S04. Therefore. the apparent neutral-pH reservoir fluids become acidic upon boiling 
at lower temperature. 

With respect to K, Na, Mg and pH the reservoir fluids are found to be equilibrated with K-mica which 
means that biotite is inherentIy forming at reservoir conditions. With extensive boiling, the fluids with lower 
SO4 remain equilibrated with K-mica but those with high SO4 shift its equilibrium to kaolinite. The cation 
geoindicators further established that the high-S04,, fluids are still in the process of atttaining equilibration. To 
achieve Ml-equiliirium, the fluids are removing excess Mg by precipitating chlorite. On the other hand, the 
moderate-S04 fluids have already attained full-equilibrium conditions that neutralisation process through water- 
rock interaction has practically ceased or still is going on but at vexy slow pace. The fluids need to go through 
boiling to fully remove the dissolved sulfur species from the solution and thus complete its neutralisation. One 
product of boiling the fluids is precipitation of anhydrite. Another products of boiling are the Fe-Cu-sulfide 
minerals whose formations reduce the dissolved sulfur in the brine. In summary, the ideal mineral assemblage 
formed from boding the acid NaCl(+S04) fluids is:, anhydrite + quartz + pyrite + chalcopyite + bornite. 

-1000. . 

0 IC00 2oQ) 4oco 5000 6000 7000 03 

Figure 7 :  Conceptual model of Mt. A p  hydrothermal system 
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5.2 The Neetral-pH NaCl Subzone 

The neutral-pH NaCl fluids occur in the western margins of the Sandawa Collapse up to the northwestern 
part of the Mt. Apo hydrothermal system. Except for their low SO4,, they are chemically similar with the acid 
NaCl(+S04) fluids. In the boundary of the two subzones, an apparent transition zone exists where the fluids 
display both the characteristics of acid and neutral-pH brines. In Well KN-3, the SO, is less than moledkg 
but the pH;level becomes slightly acidic upon boiling. In this transition zone, we observe simultaneous 
precipitation of anhydrite + calcite in the fractures of TM-2D and the stability of HCG COIlcentration fluids even 
with extensive boiling. 

With the above observed chemical field trends, we forward a postulate that the neutral-pH NaCl brine 
evolved ftom the acid NaCI(+S04) fluids. Removal of dissolved sulfur primarily through precipitation of 
anhydrite and metallic sulfides may have trandormed the original acidic fluids in the Sandawa Collapse into 
neuual-pH fluids in Marbel Corridor. The evolved neutral pH reservoir fluids contain high dissolved H2S and 
HCG but low So.+, HS04 and HS. With extensive boiling, HzS and COZ gases are expelled fiom the solution, 
HCG remains stable, and pH rises to near-alkaline level. In this case, H2CG is the main chemical Species that 
controls the acidity of the fluids, hence, l i i o n  of dissolved gases from the solution (reactions 9 and 10) shift 
the fluid pH to higher level. 

With respect to their cationic components, the fluids were found to have attained fU equilibrium conditions 
that chemical reactions between the fluids and the rocks are taking place at a very slow rate. Boiling the 
reservoir fluids upsets tbe equilibrium which may consequently produce quartz + calcite (+adularia) in the rock 
fmtures with pyrite + chalcopyrite and rare bornite. The fluids remain inequilibrium with K-mica even with 
estensive boiling indicating that illite will always'be present as a secondary mineral in the neutral-pH NaCl 
subzone fiom 28OOC down to 220°C. 

5.3 The Shallow-Formed Acids 

Corbett and Leach (1995) explained that high-gas fluids exist at the cores of andesite volcanoes. The 
exsolved gases above the water table may react with meteoric water to fimn acids, or may react with oxygen to 
form native d f u r  at solfataras. In Mt Apo, the fluids proximate to the crater region contain high amounts of 
gases as proven by the discharge of Well TO-ID and the high well head pressure of Well TO-2D. In addition, 
sol&taras manifest atop the volcano possibly as the product of sublimation of exsolved HzS from the deep high- 
gas fluids. 

The thermal fluids fiom Well TO-ID contain low Cl(158 mgkg) and high SO4. In this respect, these fluids 
are separated f h m  the acid NaCl(+S04) fluids in Sandawa Collapse which have high Cl(4000 mg/kg) contents. 
The fluids were also found to have more dissolved Na+K over C1 which discounted the possible occurrence of 
HCl or any newly-supplied magmatic volatiles. With all its chemical characteristics, the fluids in TO-1D are 
thought to be product of steam condensation atop the high-gas fluids in the core of ML Apo. These SO4-rich 
shallow-formed acids are evidently descending to the intermediate depths of the geothermal system. 

6.0 CONCLUSIONS 

Three types of fluids reside inside the Sandawa Collapse, namely, the acid NaCl(+S04), the neutral-pH NaCl 
brine and the acid SO,-Cl fluids. The first type of fluids occupies the central sector of Sandawa Collapse. It 
contains high amounts of dissolved SO4 and HS04 which appears to be controlling the acidity of the fluids. 
Neutralisation processes through deposition of sulfur-bearing minerals like pyrite, cMw@te, bornite and 
anhydrite effectively cleanse the fluids of dissolved sulfur species thus shifting the fluid pH to neutral level. 
From originally acid fluids, neutralisation processes transform the acid,'NaC1(+SO4) to the second type or the 
neutral-pH NaCl brine. 

The second type of fluids have SO4, less than 100 mgkg; its dominant dissolved sulfur species is H2S. 
H2CQ is the chemical species controlling the acidity of the fluids, which upon boiling is consumed by escape of 
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CO,, thus malung the fluid pH at near-alkaline level. 
chalcopyrite. 

The fluids are equilibrated with illite. pyrite and 

The third @ye of fluids occurs around the Mt Apo peak. It contains high dssolved SO.,. HS04 and HC03. 
low C1 and high gas contents. The fluids are akin to the shallow-formed acids of Bac-Man on the basis of low C1 
contents and excess Na+K in the solution. It is therefore postulated that the acid condensates on the shallow 
level of Mt. Apo peak is presently descending to the intermediate depths. The discharge fluids from Well TO-1D 
typ@ the third type of fluids. 
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