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ABSTRACT

The island of Leyte in The Philippines hosts the largest
developed liquid-dominated geothermal system in the
world. The Leyte geotherma production field is located
within the Leyte geothermal reservation along with several
other geothermal prospects that are adjacent to areas with
Neogene to Pleistocene period of volcanism (Bayrante &
Palma, 1987). This field is located in the northern flank of
the eroded Ancestra Mount Bao (AMB) volcano (Lagmay
et a., 2003). The other prospects southeast of LGPF are
Alto Peak, Lobi, Mahagnao and Bato Lunas, &l located
within the traverse of the Philippine Fault System.

Severa exploration well drilling in Alto Peak, Lobi, and
Mahagnao have proven the existence of high temperature
volcanic systems with different physical and chemical
reservoir characteristics. Alto Peak hosts an immature
geothermal system related to a young volcanic center. Lobi
and Mahagnao, on the other hand, have encountered high
temperature systems but the reservoir is within the
basement ultramafic complex that is inherently
impermeable. These geothermal prospects have yet to fully
develop for power generation.

Recent analysis of volcano-tectonic structures and analog
sand cone experiments indicate that the existing producing
wells in LGPF straddle the crypto-Philippine fault, a master
fault that induced fracture-controlled permesbility within
the geothermal field. The structural model suggests that the
southern flank of the AMB directly above the southern
extension of the master Philippine Fault is an ideal
geothermal target (Lagmay et a., 2003). The drilling of a
deep well in Lobi in 2003 did not reach this postulated
extensional area so the above structural model has not been
confirmed. However, considering these latest structural
analyses, the area south of L GPF within the concave side of
the identified sigmoid structure may warrant further
detailed geoscientific studies for geothermal exploration.

1. INTRODUCTION

Leyte Island in Centra Philippines is considered a
geothermal province owing to the numerous geothermal
prospects that exist parallel to the main trace of the
Philippine Fault System. In fact, the worlds' largest liquid-
dominated geothermal field — the Leyte Geothermal
Production Field (LGPF), which comprises the Tongonan
and Mahanagdong reservoirs, liesin the northern part of the
isand right along the Philippine Fault (PF). Other
geothermal prospects in the area are Alto Peak, Lobi,
Mahagnao and Bato Lunas, which are all located within the
Leyte geothermal reservation area (Figure 1).
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Figure 1: Location map of Leyte Geothermal
Reservation showing the different geothermal
prospects

This paper focuses on the distinct characteristics of each
geothermal prospect based on recent data and ther
exploration and development potentials with the use of new
and emerging technologies.

2. GEOLOGY AND STRUCTURAL SETTING

The volcanoes in Leyte are confined within a volcanic zone
about 200 km long and 15 km wide (Bayrante and Palma,
1987). The occurrence of thermal manifestations such as
solfataras, extensive acid alteration, acid sulphate springs,
chloride springs and cold altered grounds (or Kaipohans)
are associated with these vol canic centers (Figure 2).

There are about 18 Tertiary to Recent volcanic unitsthat are
recognized in the Leyte geothermal reservation that may be
grouped into four volcanic formations or series (Bayrante
and Palma, 1987). The volcanics are intercalated with
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Figure 2: The Leyte geothermal reservation showing geother mal prospects, major fault traces, surface thermal
manifestations, apparent resistivity anomalies and selected wells drilled

Miocene to Recent sedimentary units that are intruded by
pre-Tertiary to Tertiary intrusives consisting of mafic,
ultramafic and felsic bodies. The highly jointed and faulted
Neogene volcanics and part of the ultramafic complex were
perceived to be the most favorable reservoir rocks
(Bayrante and Palma, 1987), but deep drilling in Tongonan
and Mahanagdong proved that the permeable reservoir
rocks are Miocene sediments that are intruded by dikes,
while deep wells in Lobi and Mahagnao were drilled
through serpentinized ultramafic rocks. This lithology

proved to be inherently impermeable owing to its plastic to
pseudo-plastic  behavior to  deformation.  This
impermesbility within the ultramafic rocks is consistent
with selected wells in LGPF that penetrated this formation.
It is evident based on drilling that slivers of the basement
complex are present in some areas on the western side of
the field. The presence or absence of the ultramafic
basement complex, metamorphic schists and claystone play
a mgor role in the occurrence of a permesble and
exploitable geothermal reservoir in Leyte.



3. VOLCANO-TECTONIC SETTING

Recent structural studies by Lagmay et a. (2003), which
focused on the anatomy of volcanic cones in the Ancestral
Mt. Bao (AMB) within LGPF, established the deformation
characteristics of a volcano traversed by a strike-slip fault.
Deformational features that were recognized include: a
summit graben, sigmoidal surface feature, cone elongation,
norma faults and reverse faults. All these deformational
features as observed in the sand cone models are present in
thefield (Figure 3).

In the same study, it was presented that the sigmoidal
feature has a significant role on secondary permeability.
The producing wells at LGPF are al located on the concave
side of the sigmoid, while wells drilled on the convex side
encountered metamorphic schists, dlivers of serpentinite
bodies, and claystone deposit that contributed to poor
permeability. Considering that the observed deformation
structures are symmetrical, there is a possibility that a
similar permeable zone on the southern segment of the
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sigmoid within the concave side may be present. The
occurrence of a similar high temperature and productive
geothermal resource, however, is yet to be established since
deep drilling in Lobi was only able to probe the convex side
of the southern segment of the sigmoid (Figure 4).

4. CHARACTERISTICS OF GEOTHERMAL AREAS

4.1 Leyte Geothermal Production Field

The Tongonan and Mahanagdong geotherma systems in
LGPF are related to Quaternary volcanoes and domes in
Mahiao-Sambaloran and Paril-Mahanagdong, respectively
(PNOC-EDC, 1990). The reservoair lithology is composed
of Miocene to Pliocene volcanic sequence and sedimentary
breccias, which are intruded by micro-diorite dikes.
Resource temperature is 300-320°C, while permeability is
largely derived from faults. The entire LGPF has a
combined installed capacity of more than 700MWe which
supplies power to the central Philippine Islands and Luzon.

Figure 3: Comparison of sand cone model of a volcanic conetraversed by a strike dlip fault (A) and the Ancestral Mt. Bao
(B). Adopted from Lagmay et al., 2003
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Figure 4: M ap showing the sigmoid defor mational feature. L GPF islocated on the concave side of the northern flank while
astructurally symmetrical areaisidentified on the southern segment, located directly west of Mt. L obi. M odified
from Lagmay et al., 2003
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4.2 Alto Peak

The Alto Pesk geotherma system is related to a young
eruption center and an ancestra caldera (PNOC EDC,
1990). Surface lithologies are composed of andesite-dacite
lava flows, breccias and pyroclastics, while the reservoir
rock is composed of sequence of interlayered sedimentary
breccia, carbonaceous siltstone, tuff and sandstone. The
most evident surface thermal manifestation in Alto Peak are
the solfataras, extensive altered grounds and gas seepages
or kaipohans, with a number of bicarbonate hot springs. A
low resistivity anomaly was aso delineated southwest of
the Mt. Alto Peak.

Out of the 9 production wells and 1 injection well drilled in
Alto Peak, some wells discharged acidic fluids while others
yielded neutral geothermal brine but with non-commercial
well head pressure. EDC is in the process of re-evaluating
the commercia viability of the project in the light of new
technologies being developed by EDC such as the Acid
Inhibition System (AIS) technology.

4.3 Lobi

The Mt. Lobi geotherma prospect includes the Mt. Lobi
volcanic complex and the Burauen graben that is located
southwest of Mt. Lobi peak. Surface thermal manifestations
are extensive in this prospect which comprise of numerous
hydrothermally-atered grounds, gas seepage and
discharges, warm springs, and bicarbonate-chloride-
sulphate hot springs with some that are close to boiling.
Most of these surface therma manifestations are located
within the Daguitan graben located west-southwest of Mt.
Lobi. An extensive resistivity anomaly is also present that
defines the thermal areas within the graben.

Surface deposits in the area are composed of basaltic to
andesitic lava flows, while the only well drilled in the
prospect penetrated through a thick volcanic deposit from
the surface before hitting the serpentinized ultramafic
complex. Apparently, the prognosticated reservoir rock in
this prospect which is composed of sedimentary deposits
similar to those found at LGPF does not exist. With regard
permeability, the exploration well was drilled in the convex
side of the sigmoid that was described by Lagmay et al.
(2003) that may have relatively poor permeability.
However, it was not ascertained whether the lack of
permeability in the well was attributed to the nature of the
subsurface lithology or to the fact that the well was drilled
in the convex side of the sigmoidal structure.

4.4 M ahagnhao

The Mahagnao geothermal prospect was postulated to be
associated to volcanism related to the Mahagnao dome. A
number of chloride and bicarbonate springs, solfatara and
hydrothermally altered ground comprise the surface thermal
manifestations in the area, while a number of low resistivity
anomalies were identified that represent clay mineraization
assemblages.

Drilling of two wells in 1990-1991 by PNOC EDC
penetrated a high-temperature (290-340°C) geothermal
system with one of the wells discharging superheated steam

The viability of the geotherma resource in the Leyte
geothermal reservation area does not rely solely on whether
it sits on an extensiona area or not. As evidenced by deep
drilling in Lobi and Mahagnao, the presence or absence of
the inherently impermeable ultramafic deposit aso plays a
key factor in the viability of the geothermal prospect.

and reservoir chloride of more than 20,000 ppm (PNOC
EDC, 1991). However, the wells drilled through
serpentinite deposits which comprise most of the rocks
below the production casing, resulting to very low
permeability. No further geothermal exploration activities
were done in the prospect since.

4.5 Bato-Lunas

The Bato-Lunas geothermal prospect is at the southeastern
end of the Leyte Geotherma Reservation. It is defined by
the presence of several dacite porphyry domes east-
northeast of Mt. Bato and Mt. Lunas, with surface thermal
manifestations comprising of solfataras, hydrothermally-
altered grounds, chloride and bicarbonate hot springs and
gas seepages. It is characterized by dissected collapse
features with pre-, syn-, and post-collapse dacite-andesite
dome complexes overlying sedimentary sequences with
limestone and ultramafic breccias or conglomerates. An
extensive resigtivity anomay clearly defines the
hydrothermal clay dteration in the prospect, which is
digtinctly different from the Mahagnao geotherma
prospect. The areaiis yet to be explored by deep drilling.

5. OPPORTUNITIES AND CHALLENGES

The Leyte geotherma reservation hosts six (6) distinct
geothermal resources, two (2) have been fully developed
which are the Tongonan and Mahanagdong geothermal
fields, while Alto Peak, Lobi and Mahagnao have been
explored through deep well drilling. Detailed surface
studies were aready done in Bato-Lunas but is yet to be
drilled.

All these geothermal resources follow the trend of volcanic
complexes in the northern and central part of Leyte Island,
which are associated to the movement of the PF. The left
lateral movement of the PF created extensiona and
compressional regimes that were formed in different
episodes. Extensiona-related deformations are typicaly
manifested as syn-sedimentary structures such as growth
faults, pre-tilting norma faults and slump structures.
Compressional-related deformations, on the other hand, are
usualy expressed as conjugate pre-tilting inverse faults,
syn-folding thrusts, strike-slip sets and combination of
severa of these structures (Aurdlio et a, 1993). It isin the
area of extensiona structura deformations where
commercially viable geothermal resources may exist. Asfor
the case of the highly developed LGPF, the entire
geothermal field is located in the permeable concave side of
the sigmoidal feature (Lagmay et al, 2003) where grabens
and normal faults dominate. This sigmoidal structure aso
provides asymmetrical concave side located south of L GPF
which is directly west of Mt. Lobi. Based on structural
analysis, the concave side is along the surface projection of
the crypto-Philippine Fault, which is the buried master fault
of the Philippine Fault system. Structuraly, there is
evidence that a permeable area may be present west of Mt.
Lobi. However, the presence of a geothermal resource,
either commercialy viable or constrained by the ultramafic
complexes or other factors, cannot be ascertained due to
lack of exploration drilling data. This area remains a
challenge as well as an opportunity for further geothermal
exploration and development.

Defining the boundaries of this ultramafic complex is
therefore one of the important parameters to further refine
the exploration strategy in Lobi and Mahagnao.

Another equaly important factor that defines the
geothermal resource viability in Leyte is the relative age of
volcanism which determines the maturity of the reservoir.



As in the case of Alto Peak, the relatively young volcanic
complex resulted to an immature geothermal system.
Although this system has a high temperature source with
superheated fluids, it aso produces acidic fluids with
magmatic component that provide development constraints.
One hig challenge for this project is in defining the extent
of the exploitable neutral-pH resource and how to address
fluid acidity.

No well is yet to be drilled in Bato-Lunas prospect but
further exploration work is warranted to define the
boundaries of the possible geothermal resource and map out
the probable extent of the ultramafic basement complex.

Overall, the undeveloped geotherma prospects within the
Leyte geothermal reservation - Alto Peak, Lobi, Mahagnao
and Bato Lunas, have high potential for further exploration
and possible development. However, the constraints on
fluid acidity and reservoir permeability must be properly
taken into consideration in future exploration works as this
may define the technica viability of the prospects. On the
other hand, the presence of distinct heat source for the
geothermal prospects provides an opportunity to address the
development risks separately (Figure 5). Identifying the
specific risks and addressing these risks, therefore, is the
challenge. The presence of a highly developed large
geothermal resource within the same region also provides a
good reference in further exploration work in these
prospects. Research advances in the utilization of acid wells
can be applied in young geothermal systems, while more
detailed study must be conducted on fracture deformation in
serpentinized ultramafic complexes to address the
permeability constraints.

ACKNOWLEDGEMENT

The authors wish to thank the management of Energy
Development Corporation (EDC) for allowing us to publish
this paper. Thanks to Manny Teoxon for some of the
figures and Menchie Melo for help in the layout.

Caranto et al.

REFERENCES

Apuada, N.A., Olivar, R.EE.R., Rigor, D.M., Mangja, F.C.
and Zaide-Delfin, M.C.: The Geophysical Structure of
the Leyte Geothermal Production Field, Philippines,
Proceedings, World Geothermal Congress, Kyushu-
Tohoku, Japan (2000).

Aurelio, M.A., Barrier, E., and Ranging, C.: Polyphase
Tectonics in a Region Traversed by the Philippine
Fault: a Microtectonic Study, Proceedings, 3 Annual
Geological Convention, University of the Philippines-
National Institute of Geological Sciences, Diliman,
Quezon City, Philippines (1990).

Aurelio, M.A., Pagado, E.S., and Tebar, H.J.: Kinematics of
the Philippine Fault System a the Tongonan
Geothermal Field, N. Leytes Implications for
Geotherma Exploration and Development, J. Geol.
Soc. Phil., v.48, nos. 1-2 (1993), 1-20.

Bayrante, L.F., and Pama, R.R.: Evaluation Report, Leyte
Geothermal Prospects, PNOC-EDC Internal Report
(1987)

Geoscientific Department: Exploration and Evaluation of
Leyte Province, PNOC-EDC Interna Report, (1990).

Lagmay, A.M.F.A., Tengonciang, A.M.P., Marcos, H.V.,
and Pascua, C.S:: A Structurd Model Guide for
Geotherma Exploration in Ancestra Mount Bao,
Leyte, Philippines, Journal of Volcanology and
Geothermal Research, 122, (2003), 133-141.

PNOC-EDC: Post Drilling Geoscientific Evaluation of the
Mahagnao Geothermal System, Burauen, Leyte,
Internal Report (1990).

Sdlonga, N.D., Salera, JR.M., Clemente, V.C., Vergara,
M.C., Bayon, F.E.B., Urmeneta, N.N.A., and Delfin,
M.C.Z.:. Alto Peak Geotherma Field Resource
Assessment Update, PNOC-EDC Internal Report,
(1993).

A

1600+ | Alto Peak
I
12004 | COF ~
8004 ["A"AR)
I
I
I
1

V60 60 __ 701

400

Mt. Mahangnao

Refer to Figure 2 for section line
Modified from Geoscientific Department, PNOC EDC (1990)

0 Al Y Vo M TV N
A2 ‘ DAGUITAN GRABEN
N N /:111\
N
A Th
IN 1
A
A
A
ﬁ ! A A
oo —_ — —fas
e e <7 £ - = N
UPFLOW UPFLOW UPFLOW UPFLOW ?
LEGEND:
- Burauen Volcanics © Solfatara o Bicarbonate-Sulphate-Chloride 0o 1 2 4km
| Albuera Formation @ Warm Spring (HCO3-S04-Cl) Spring Hom 000
Mahagnao Volcanics é Hot Spring @ Sulphate (Soy) Spring Bt}
a Binahaan Andesite w Chloride (Cl) Spring  Bicarbonate-Sulphate 9_‘_0,-5_1‘_2!“"
"1 Ultramafic Complex @ Biarbonate (HCO3) Spring (HCOg Soy) Spring VERTICAL 1:40,000m

5 Altered Ground

Sea Level

Figure5: Cross section acr oss the geother mal prospects Alto Peak, L obi, M ahagnao and Bato-L unas showing lithologies,
associated surface ther mal manifestations and possible location of distinct heat sour ce





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


