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ABSTRACT 
?he analysis of the 8's isotopic compositions of the surfates and suljides dissolved in the present dqv 

geothermal jluids and gases of the Palinpinon Geothennal Field, Philippines reveal that a majority of the 
acidic wells in the field displqv condtions of isoiopic disequilibirum (IS denoted byfiactionation factors that are 
much smaller than the equilibrium values at the depitional temperatures. Bmed on evidencesfiom other 
foreign geothennalfields, it is believed that this apparent non-equilibrium condition is caused by the partial 
oxidation of the geothermal brine along the shallow prt.ons of the reservoir. Other evidences indicating that 
H S  partial oxidation is the main source of acidity among Palinpinon wells include the wide variation in the 
8's values in surfate and the apparent genetic connection of these acidfluids with the Kaiphans of Cuernos de 
Negros based on current #'O and Deuterium data Near equilibrium depositional values in BLID, PN22D, 
PN2OD and NJ6D are believed to be the result of the re-equilibration of these acidicjluids formed along 
shallow oxidaton zones) as these percolate down to the deeper portions of the reservoir where prevalent 
conditions @e., high temperatures, low pH and high Ls) favor the rapid &-equilibration of P S  of aqueous 
surfate with the suljides in HS. 

1.0 INTRODUCTION 

Continuous steam production and current revisions in the reinjection strategy within the Palmpinon 
Geothermal Field have raised concerns on possible large scale incursion of acidic fluids into producing wells as 
a result of the iucreasing pressure drawdown across the field The Geoscientific staff of PNOC-EM: is 
currently exerting efforts to fully charactenz . e these fluids so that this possible problem could be addressed to 
effectively when the need arises. So far, only two studies have been conducted to determine the origin of these 
acid fluids through the use of sulfur isotopes and both contain conflicting views. The first study conducted by 
Robinson in 1987 concluded that these acid waters are steam heated in nature that displayed various indications 
of reequilibration with depth The second study done by Bayon in 1995 allegedly disproved this thmly giving 
credence to theidea that the acidfhrids are ratherdeep magnahc in nature. This study aims to p i &  a 
Merent approach in inteqreting pest and recent sulfur isotope data to hopefully resolve the issue on whetha 
these acid fluids are steam heated or deep magmatic in nature. 

Far this paper: al l  inteqwetamm were based on the isotopic data gatheredby Bayoa in 19% and by Rae in 
1997. Oxygen and hydrogen isotope data were taken from the work of CandeMa in 1992. Detaiis on the 
analytical procecknres are given ekewhere (e.g, Hulstcm and SWton, 1958; Robinson and Sheppard, 1986 
Ohmoto and Rye, 1979) and are not included in this peper. All isotopic data were taka  fiom production wellg 
with acidic components in their discharge chemktries and also from the various themd and non-thermal (e.g 
Kaiphan) slnface manifestations within the gathemd k l d  

1.1 FIELD BACKGROUND 
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power plants are providing electricity to the entire isbnd of Ncgros and lo llic adjaccnl islands of Panay and 
CCbU. 

The Palinpinon geothermal field is 
situated at the southcastern portion of the 
island of Negros that lics approximately 500 
acrid kiloniclcrs soulli of Manila The 
production field is locatcd along the 
licadwatcrs of the Okoy 'River system 
localcd along h e  northwestern flank of MI. 
Cuemos de Negros. a dormant, andcsitic 
Quatcmary volcano (Figure 1). 

There are two production saxtors 
wittiin Uiis gcollicmml ficld. nK: Palinpinon 
1 sector l i s  wiLin the sitio of Puhagan and 
Iiouxs a I 12.5 MWc power plant; and the 
Palinpinon 2 m o r  which encompass the 
sitios of Balasbalas, Nasuui and ,Sogongon, 
and which psscssa three moduldr power 
planls with an inslalied capacity totaling 80 
MWe. The enlire field currently utilizes a 
coniplcmcnl of 4 1  production wells and 25 
rcinjcction wclls for the operation of both 
SCclOrs. 

~ h c  g e o a e d  rcscrvoir is 'insically a water-dominated system situated along an elevated ancicsitic 
terrane. The hydmthcmwl system is relaled to the last volcanic activity of ML Cuernos de News that occurred 
approimtely 14,000 ycars ago based on the I4C dating of charrcd wood fragments mvercd from young 
pyroclastic units. Details on the surface and subsurface geology of the area have been d i d  extensively by 
several authors (Reyes and Tolentino, 1981; Seastres, 1982, Bogie and Leach, 1982, PNOC-EDC, 1988, 
Villarosa and Dulce, 1997). Publications on the geochemistry of the area include works by Harpcr and Jordan 
( 1985). Gerard0 et al(1393), D'Amorc et al(1%3), Seash.es et al(1995), Hernoso et a1 (1996) and Robinson et 
a1 (1987). Pcmiability within the field is attributed mainly to fracturing associated 10 several "E-NNW 
trending, steeply dipping n o d  and strike-slip faults that extensively crisscross the area. A r o u n d  95% of the 
field's production are derived from the intersection of these highly permeable faults (minor produdon comes 
from the intersection of lithologic contacts and pervious volcanicbstics), 

2.0 RESULTS AND DISCUSSIONS 

The fluid and &as sulfur isotope data for dissolved sulfide and sulfate, as expressed in per mil relative to 
the Canyon Diablo Troilite Standard, are presented in TabAcs I aad U. The former conlains data collected by 
Bayon in 1996 and the latter includes the set of data that were analyzed by Rae in 1997. 
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Table I fcont.) 

* Data sets without any sulfur isotopes values in HtS were given a default figure of 0% since isotope signatures 

A Temperature values based on actual downhole measurements (KT sunieTs) taken last 1995-1996 for 

Orifice temperature (geotkmometers are inapjiicable due to steam heated nature of thermal manifestaton). 

for geothermal gases of magmatic nature approximate this value (Ohmoto and Rye, 1979). 

corresponding wells. 

/' 

* Data sets Without any sulfur isotopes value in H2S were @en a manQtory value of 0% since isotope 
signatus for geothermal gases of magmatic nature q q x o d t e  this value. 

wells 

d k s t a h n ) .  

A Temperatwe values ttased on actual downhole rneaavemenll (KT surveys) taken lasllW7 for corresponding 

Measured orifice tempratme (geothewometers are inapplicable due to steam heated nature of t h e 4  

Based 011 Na-KCa gectkmomekr &bates 

Isotopic values @hered in 1995 exhiit 8% in d h t e  fRMl +8.& to +23% with an average'of 
+18.04% while 1997 v idm did not vary much with the obtainect ragge of -1.5% to +23% aad a 
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corresponding average of +13.22% The relevance of the wide variabilityin the 6% in sulfate dissolved in the 
liquid phase will be discussed later on Values for S34S in H2S in the gaseous phase for 1995 ranged from - 
3.2!%0 to +0.4% while those derived for 1997 ranged f h m  4.14% to -0.63%. These values invariably 
approximate 0 %o and are believed to represenl the magmatic origin for this gas specie (Ohmoto and Rye. 
1979). The obtained values for 6% in HIS in the Palinpinon Geothermal Field varies minimally from those 
obtained h m  other Philippine geothermal fields. This indicates that the 634S in H2S h m  magmatic fluids of 
island arc melts, at least in the Philippines, is slightly depleted in 6"s compared to mantle derived melts; and 
that the H2S in geothermal well discharges is directly derived from the magma (Bayon, 1996). 

2.1 ISOTOPIC DETERMINATION OF ACID FLUID NATURE 

In disagreement with the theov expressed by Bayon in his 19% paper, the authors still assert that there 
are overwhelming isotopic evidences that will support the theory about the steam heated nature of the acidic 
fluids in Palinpinon These evidences are discussed in the proceedtng sections. 

2.1.1WIDE VARIATION OF63 IN SULFATES 

As stated in section 2.1 of this paper, the 634S values of sulfates dissolved in the fluid from F'ahpinon's 
acidic wells range from a low of -1.5% to a high of +23% as seen in the 1995 and 1997 set of data Bayon's 
main argument against the theory on the shallow generation of acidic fluids in Palinpinon was that the 634S of 
dissolved sulfate should be close to that of the isotopic signature of the oxidized sulfide (ie., 0960 ) because of 
its slow equilibration at low temperature (Bayon, 19%). According to t h i s  line of reasoning. acidic fluids 
produced from the oxidation of H2S should produce isotopic signatuses in sulfate equal to 0960 with an 
allowance off 5% (Ohmoto and Rye, 1979). And since none of the wells in &pinon showed isotopic values 
within this specific range, it was outright concluded that the acid fluids encountered by the various boreholes in 
this field are not shallow in nature but rather deep and magmatic in origin 

The aforementioned principle cited by Bayon was based on early studies conducted by authors like C.W. 
Field on ore minerals, mine waters and hotsprings wherein it was concluded that supergene sulfates should 
show a relationship of 34S(sulfate) ="S(sulsde) as opposed to hypogene sulfates that typically show a 

S(sulfate) )) ?3(Sulfide) relationship (Field, 1%6). However, recent developments in the interpretation of 
sulfur isotope data (especially when applied in g e o t h d  systems), show that the ideal approach in interpreting 
this type of data is not as simple as this. 

34 

Later studies show that that the kinetic isotopic effects during the oxidation of fluids play an important 
role in the variation of 8"s values of hypogene sulfate minerals as shown by Ohmoto and Rye in 1979. Ohmoto 
and Lasaga in 1982, Sakai in 1983 and Senano et al in 19%. These authors demonstrated that kinetic effects 
control the isotopic composition of a sulfur compound proctuced by the oxidation of another sulfur compound. 
The molecules containing the lightest isotopes will act faster than molecules containing the heavier isotopes 
thereby enr icbg the reaction ppcsducts with light isotopes in the case of a simple chemical system. The 
oxidation of sulfides to sulf..tes can be represented by the following reactions : 

KI 
H ~ ~ ~ s  + 32~0:- 

h2 
H P S  + "SO:- 

The ratio behveen the equilibrium constants of the above reactions (KlK!) is called the isotopic kinetic 
effect. For exampie, if the value of this ratio is 1.005 (Nakai and Jensen 1964), this imphes that the H2 32S 
species will undergo transformaton 5 per mil faster than the ~ 2 %  species.  erefor fore, the resulting M t e  
have a %S deficiency Df 5 %a wiith respect to that of the residual H~S. It is important to mention that the K y ~ 2  
ratio is also considered as the instantaneous enrichment factor regmikss of the number of step actuaw 
involved in the reactions and does not necessdy imply single step PeacljOIls (ohmot0 a n d e e ,  1979). 

Fi-m 2 shows the isotopic variations of the SUKur compn& @S and SO4) as a h a i o n  of the degree 
of oxidation obtained by a hydrothermal fluid ohmoto and m e  (1979) considered a h i d  with the following 
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initial characteristics: t = 25OoC, initial isotopic and chemical apulibrium behveen sulfates and sulfides with 
S34S values of 25% and 0% respectively. Therefore, the value of the isotopic fractionation factor for both 
species at 25OOC is 25% Jf H s  is partial@ oxidized to SO,, 8% in H S  d l  approximate f f i  wslereas the 
s“S in SO, will show as spread of values ranging from 25% to 00%0 @ending on the dewee o f  oxidation of 
the initial fluid Thus, the wider the variation of the P S  in sulfates (as in the case of Palinpinon), & 
stronger the argymenf that the sulfates were formed through the aridation of H a .  nus approach was also 
used in determining the cause of the wide variations in S-”S of SO4 within the Los Humeros geothermal field 
(Serrano et al, 1996). 

The wide range of values for 6% of SO4 in 
Tables I and I1 would indicate that the deep 
reservoir fluids were eventually mixed by - 
shallow, steam heated fluids that percolated 
down to the lower reaches of the geothermal 

7 -  

system. Based on Figure 6, one could assume v) 

that the lesser thc mluc of your PS of so4 , the 
grater was the degree of oxidation and that the 
oxidation prmss occurred much shailower 
M i t h i n  the reservoir. This assumption is based on 
the fact that the solubility of oxygen declines 

and Bogie, 1982). Furthermore, pamal oxidation 
of H2S w i h n  the deeper portions of 

.-I 
I 
GJ 
\ 

c’ 0 2 
W 
3 
d 

sigruficantly with increasing temperature (Leach - - I  

hydrothermal systems is unlikely since oxidizing 
agents (e.g., oxygen) are not readily available 

400°C (Ohmoto and Lasaga, 1982). Higher -3 

-2 

particularly in the temperature range of 200 to 

A 

I -  A 

.. 
- 

- 
tI?S so;? 

. 

Of the Palinpinon Fig. 2. Isotopic relalions between coexisting sulfates and sulfide 
species for non-equilibrium oxidation conditions (after Ohmoto 
and Rye, 1979). 

could ex@ain the variations within a 
borehole (see Tables 1 and 2). 

Sites of active acid fluid gcneration are believed to be generally confined within perched groundwater 
aquifers where geothermal gases and steam react with percolating groundwater to form sulfuric acid This can 
then react with the country rock to form sulfate rich fluid with a higher degree of mineralization When this 
water trickles downward it can p e t m e  into, and mix with, the geothermal reservoir fluids because of its lower 
temperature and higher density (Bogie et al, 1987). Fluids of this character react with the country rock and 
form acid sulfate alteration zones that are characterized by the presence of kaolinite f pyrophyllite f alunite f 
natroalunite f diaspore f anhydrite. Based on the pevographic analyses of inclusive well drillcuttings and 
core samples, these acid a l t d o n  zones are located from + 500 m AMSL in puhagan to as low as - 1500 
mAMSL within the Nasuji - Sogongon m o r  (Seastres, 1982, Bogie and Leach, 1982; PNOC-EDC, 1988). 
The elevation of the aforementioned perched groundwater aquifers may be controlled by stratigrapihic or 
structural variations in permeability, or by the geothermal system itself when the liquid piezometric surface of 
the geothermal reservoir is some deplh below the ground d a c e .  In Philippine systems this depth can be of the 
order of 500 mAMSL (Bogie et al, 1987). 

The explanation for the presence of high 6”s of SO4 in wells like BLlD, PN2OD and PN22D niH be 
eqJained in the following section 

2.1.2 DEPOSITIONAL FRACTIONATION FACTOM < THEORETICAL FRACTIONATION 
FACTORS 

Another evidence for the widespread ocamence of H:S oSi&tion mifhin the Palinpinon geothermal 
reservoir is the observed disequilibrium between the depositional (i.e., actual) and theoretical sulfatesulfide 



isolopic fractionation factors in almost all of the samples analyzed for sulfur isotopcs. Scvcral authors (&noto 
and Rye, 1979, Ohmoto and Lasaga, 1982) have noted thal at tcmpcnlurcs below 350°C almost all llic sulfatc- 
sullidc muicral and aqueous pairs were formed from solutions in which the fractionation factors bctwccn 
aqueous sulfates and sulfidcs (a") were much smaller U r n  thc equilibrium values al the depositional 
tcmpcratures (a') - scc Figurc 3. Based on Uie studies conducted by Ohm010 and Lasaga in 1982, Ihc 
rclationship a" u' in liydrohmal syslcms were produced primarily by tlic partial oxidation of H2S. TIUS is  
because the aqueous sulfates podoced by the oxidation of HIS would initially have 8% values similar to thc 
634S of H2S and the addition of these sulfates to the original sulfates in solution would lower Uie a values. Such 
processes arc bclieved to be rcspomible for the extremely low IO00 Ln a values (i.e., less than 20) obscrvcd in 
nmy goothernial fluids, such as in the Wairakei, the Broadlands-Ohaki and the Ngawha systcnls (Figurc 3). 
Magmatic acid fluids on the ohex han4 owing to their highly mineralized, high tempcralurc and deep seated 
nature, are expccted to display isotopic equilibrium with respect to d ' S  to sulfate and sulfides. This assumption 
is bawd on the stable isotopc cbemistry of magmatic acidic fluids from a Mt Pinatubo geothermal well (i.c., 
Pin3D) that were found to be in isotopic equilibrium with andesitic magma and which eventually fell within 
tlic soalled "primary magmatic water" arca espouscd by Taylor in 1979 (Ruaya ct al, 1991). 

( 1 1 ~ 1  1. 10' Application of Ulis approach for Lhc 
10 1 s  20 t 5  J O  Palinpinon samples is shown in Figurcs 4 and 5. 

wells in Palinpinon possess the relationship 
I ,  As sccn from these figures, niajority of the acidc 

1v)  ec, 

T ( O C )  

3 50 
3 0  

0 
2 4 6 - 4  -2 0 

log t (yrl 
Fig. 3. Rclntionship bctwcen dfalc-sulkk isotopic 
fractionation factors and their temperatures for New 
7kaland Geothermal fields (an= Ohmdo and Losaga, 
1382). Legend used : W=Wairakei, BBroecllands, N= 
Ngowlm. 

p H u 2  p H z 4 - 7  p H = 9  
4.2 hrs. 17 days IO2 yrs 
15 hrs. 140 days Id yrs. 

rcferrcd to by Ohmoto and Lasaga (1982) as urn < 
a' providing the strong wvidcnce hat the orign of 
these fluids stemmed from thc prt~al  oxidation of 
HtS. Nevertheless, equilibrium and near 
equilibrium conditions wcre noted hi a mull 
number of wells such as PNZOD, PN22D. BLlD 
and NJ6D. Howevcr, it is believed that thesc arc 
mere artifacts of recquilibration rathcr than 
signatures of deep niagnlatic origin. 

Studies conducted by Ohniolo and Ryc 
(1978) and Ohmoto and Lasag (1982) eslablislicd 
that equrlibration time betwecn aqueous sulfates 
and Sullides is a function of pH, temperature and 
the overall sulfur concentration Table I11 shows 
the theoretical time estimates required for Ihc 
attainment of 90 percent equilibrium between 
aqueous sulfates and sulfides at total sulhrr content 
(CS) = 0.01 mole& Hz0. 

Table I11 90Y0 Equilibration Time Estimates Between Aqueous Sulfates and Sulfidcs at CS = 0. I O  
moldkg H D  (after Ohmoto and Lasap, 1982) 

I 3 days I 4.4 yrs. I 1 o5 y r ~ .  LJII 

200 I 20 days I 90 yrs. I IO' yrs. 1 
150 I 2m-I days I 4 x 1O'yrs. IOY yrs. 1 
IO I IO yrs. I 4 x lo'yrs. I 10" YK 
50 5 x 102yrs. 2 x logyrs Ioi6 YK.  
25 
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Fig. 4. Sulfate-sulfide fractionation factors versus m e  tmptures  for Pdinpinon 1 wvells (equation for equilihnm 
line after Ohmoto and Rye, 1979). 
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Fig. 5. Sulfate-sulfide froctimlion factors versus measured temperatures for Palinpinon 2 wells (apt ion for equilibrium 
line after Ohmoto and Rye, 1 W9). 
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Wells PN20D. PN22D. BLlD and NJ6D are all located less than a kilometer away from the postulated 
hydrological upflow zone beneath the Laguna0 dome where temperatures as high as 325OC have been 
encountered. To calculate for the total sulhr of the geothermal system, the following equations were used: 

TO131 Sulfur in Gas (Sg) = [ mH2S * (S/H2S)b 1 + [ mSQ * (S/SQ)~S] + [ mHS- * (S/HS-)h ] (2) 

Total Sufur (IS) = Sg + Sw (3) 

Where: m = concentration in molal values; fiv = formula weight of S, H2S, SO,, etc. 

Resultant calculations for the aforementioned wells gave values in the vicinity of 10~2.moles/lcg H20. 
Reservoir pH calculations using the WATCH speciation software for well BLlD (Le.. the nearest well to the 
upflow), gave estimates ranging from 3 to 3.5 for the samples used in this paper. Using the derived values, a 
relatively short equilibration period of 17 days to 140 days was obtained. Thus, my steam heated acidic fluids 
from the shallow portions of the reservoir that percolate towards the deeper sections of the field could easily 
attain signatures of equilibrium (and if not interpreted properly, muld be mistaken for indications of deep 
magmatic, acid fluids) due to the prevailing conditions cited by Ohmoto and Lasaga in 1982 (see Figure 6). 

‘ 1  ~ ~ n ~ - o ~ ; ~ s o . - i 9 l o a ~  
ZONE OF OXIDATION 

(Steam CardmuUon L Mlxlng wl Gloun0wal.r) 

P A R T W Y  OXYDUED FLUIDS %I- : 

DEEP RESERVOIR : TEMP. - a25-c 

t S  - 10‘ moldkg H,O 
ntxp43.3 l”%S 

Fig. 6. b o p &  model for the Palinpinon Geothmid Field to e X p h  \ v d t i O n S  

not drawn to d e )  

An is0 contour map of the fractionation factors between sulfates and sulfides (IO00 In a SO4 - H2S) of the 
Palinpinon samples is shown in Figure 7. This map shows declining values as one moves farther away from 
the hydrological upflow towards the outfiow sectors of the field Thus, for the case of Palinpinon, downhole 
conditions favorable for the attainment of sulfur isotopic equilibrium are found within southern portion of the 
field where the upflow is located This is also the place where a significant gas flux emanating from a 
degassing h&ve body associated with the Laguna0 Dome is located (Seastres et al, 19955). This is beiieved 
to be the sourn of C Q  and H2S gases that are responQbIe for the highly acidic downhole conditions and the 
presence of Kaiphans (i.e., areas of actively forming argillic alteration with surface temperatures close to 
ambient, and active gas emisdons of C q  and H2S - Bogie et al, 1987) within this portion of the field 
Indications of isotopic disequilibrium (and H2S p t i a l  axidation) are more evident among wells and thermal 
fatures along hydrologic outflow of the qstem. 

6% sulfates and sulfides (diagram 
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2.1.3OTEER EVIDENCES FROM S'*O AND DEUTERIUM DATA 

Figure 8 shows a plot of Deuterium versus S'*O data obtained h m  neutral chloride and acidic poduction 
wells near the upflow region of field together with those from the Kaipohan area (Candelaria, 1992). Kaipohan 
fluids art g e n d l y  acid sulfate in nature and are considered as positive poducts of s@ow steam heating 
processes - Bogie et al, 1987). As can be seen in this plot, dilution lines from acidic wells BLlD and LGlD 
generally terminate into the Kaipoban end member along the SNMWL indicating genetic connection kmeen 
the fluids. This is another evidence that deep magmatic, acid waters are not currently encountered within the 
Palinpinon Geothermal Field 
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3.0 CONCLUSIONS 

Based on sulfur, oxygen and deuterium isotope evidences, the acidic fluids encountered within the 
Palinpinon Geothermal Field originated from the shallow sections of the reservoir where partial oxidation of 
H2S gas occurs. Based on petrographic and physical evidences, acid fluids formed from this mechanism altered 
volcanic and igneous lithologies along depths mging from +500 mAMSL to -1500 mAMSL. The H2S gas 
within the reservoir is magmatic in origin and generally constitutes a large gas flux emanating from a degassing 
intrusive body within the postulated upflow of the system generally emplaced beneath the Lagunao Dome. This 
gas flux is responsible for the high gas concentrations in n&y acidic wells BLlD, NJ6D, PN20D and PN22D; 
and also for the formation of extensive tracts of Kaipohans along the northeastern flank of the Cuernos De 
N e w s  Volcano. These acid waters are generally drawn deep into the reservoir by the large pressure 
differential c a d  by the continuous production of the field Sulfur isotopes in sulfates and sulfides attain full 
to partial equilibrium conditions along the upflow sector of the reservoir where low pH, high temperatures and 
high total sulfur compositions promote 90% equilibration within a span of 17 to 140 days. Due to this site- 
specific chamtenstic associated with the Palinpinon Geothermal Field, sulfur isotopes m y  not be efiective in 
detecting deep seated, magmatic acid fluids. Nevertheless, sulfur isotopes proved accurate in detecting the 
presence of steam heated acid waters through the determination of various indications of H2S partial oxidation 
through the methods stated in sections 2.1.1 and 2.1.2 of this paper. 
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