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ABSTRACT
THE ORIGIN OF SILICIC DOMES IN THE VICINITY OF THE MAKILING
STRATOVOLCANO IN THE MACOLOD CORRIDOR, LUZON, PHILIPPINES:
EVIDENCE FROM BULK CHEMISTRY, MINERALOGY AND OXYGEN
ISOTOPES
By
Melissa Sue Wilmot
The origin of high-silica magmas in areas lacking continental crust is not well-
understood. The Macolod Corridor on Luzon Island of the Philippines provides an ideal
area to study to this problem. Two end-member models, partial melting of previously
emplaced magma batches and fractional crystallization, have been developed to explain
the formation of high-silica magmas. The silicic domes (Bulalo, Bijang, Olila and
Calamba) examined in this study are located near the Makiling Stratovolcano. The
mineralogy and chemical composition of Bulalo, Bijang and Olila are very similar, while
Calamba shows some slight differences. Most of the evidence developed in this study
supports partial melting of discrete batches of previously emplaced crystallized magma as
the likely source for the high-silica magmas composing the domes. The composition of
domes can only be produced through the partial melting of an andesitic/dacitic source.
The Sr concentration in the domes is too high to indicate the fractionation of large
amounts of plagioclase. Neither the An content of plagioclase phenocrysts nor the Sr/Ba
ratio indicates that fractional crystallization could have produced the chemistry of the
domes. The observed difference in REE patterns of Calamba may be due to a larger
degree of partial melting. The oxygen isotope values are similar for the three domes

analyzed, indicating a similar source for the dome magmas. The high-silica Mt. Makiling

samples most likely originated from a different source magma than the dome samples.
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INTRODUCTION

Silicic volcanic rocks are abundant in continental arcs, but not widely recognized
in oceanic arcs. It has only recently been recognized that silicic rocks can be found in
abundance in areas lacking continental crust. Areas such as the Kermadec Arc (Smith et
al., 2003a, Smith et al., 2003b) and the Izu-Bonin Arc (Tamura and Tatsumi, 2002) are
currently being studied. The silicic domes in the vicinity of the Makiling Stratovolcano
in the Macolod Corridor on Luzon Island of the Philippines, are another example and
provide an ideal setting to investigate how silicic magmas form in oceanic arcs. The
composition and origin of these domes are the focus of this study.

The study of the formation of high-silica magmas is important for many reasons.
Understanding the evolution of high-silica magmas in oceanic arcs may provide insight
into how continental crust evolved. Also, high-silica magmas often erupt with highly
explosive force due to the high viscosity and gas-content of these magmas. Because
many people live in close proximity to areas actively erupting high-silica magmas, an
understanding of how they form may provide insight into how to predict the eruptions.

There are two end-member models that have been used to explain the evolution of
high-silica magmas in areas lacking continental crust: fractional crystallization of mantle
derived magmas, and partial melting of previously emplaced magma (Riley et al., 2001;
Tamura and Tatsumi, 2002; Singer et al., 1992; Brophy and Dreher, 2000). In one model
of fractional crystallization, a magma evolves through the crystallization of early formed
minerals, either by side-wall crystallization or crystal settling. This allows for a more
siliceous melt to form. This process is considered to be unrealistic by some workers due

to the large amount of fractionation needed. A variation of the crystal fractionation



model involves the formation of a partially-solidified layer that advances downward
through the chamber (Brophy and Dreher, 2000). In this model, the fractionated liquid is
trapped in this layer until it has crystallized enough to become rigid. At this point, the
layer may fracture, allowing the more evolved liquid trapped between the crystals to
become segregated from the other components. This becomes the more evolved liquid
that eventually may erupt at the surface or stall in the crust (Brophy and Dreher, 2000).

Partial melting is the other end-member model. In arc regions, recent workers
have suggested that an influx of magma may cause partial melting of plutons of varying
compositions (e.g. Tamura and Tatsumi, 2002; Tamura et al., 2003; Riley et al., 2001).
Early work focused on the formation of high-silica magma through the partial melting of
basaltic and andesitic rocks. Beard and Lofgren (1991) performed several melting
experiments in which they began with rocks of those compositions and melted them in
anhydrous and hydrous conditions at different pressures. They were able to produce melts
of granodioritic and trondhjemitic composition. Based on the Beard and Lofgren (1991)
experiments, Tamura and Tatsumi (2002) suggested that hydrous calc-alkaline andesites
emplaced in the crust were the source of the rhyolites of the Izu-Bonin arc. In Tamura
and Tatsumi’s (2002) model, the magmas crystallize and stall before they reach the
surface because high water content decreased the liquidus temperature. An influx of hot,
basaltic magma reheats and partially melts these calc-alkaline andesites, remobilizing
them and erupting rhyolitic lava on the surface.

The purpose of this paper is to determine the processes that led to the formation of
four of the domes located near the Makiling stratovolcano. The main question to be

addressed is: How did the high-silica magma form? A second question is: How are the



four domes related to one another and to the Makiling stratovolcano? Data used in this
study include: petrographic analysis, bulk chemsitry, mineral phase and glass

composition, and oxygen isotope values of the whole rock and individual minerals.



GEOLOGIC SETTING

The Philippine Archipelago is located in an oceanic arc that also contains
ophiolite and continental terranes (figure 1), although these compose only a small part of
the islands as part of the Palawan Terrane (figure 2) (Knittel et al., 1988). The Philippine
archipelago lies south of Taiwan, between the South China Sea to the west and the
Philippine Sea to the east. This area is geologically complex because it is situated
between two opposing subduction zones involving the Eurasian Plate and the Philippine
Sea Plate, in an area of intense deformation (Cardwell et al., 1980). The Philippine
Trench and East Luzon Trough occur off the east coast of Luzon, the northemmost and
largest island in the Philippines. These formed due to the westward subduction of the
Philippine Sea Plate. The Manila, Negros and Cotabato Trenches occur off the west
coast, and formed due to the eastward subduction of the Eurasian Plate (Bautista et al.,
2001). A series of N-S trending faults formed as a result of the compressional and
shearing forces caused by the opposing subduction zones. The longest area of faulting is
the Philippine Fault Zone, which extends from Mindanao in the southern Philippines to
northern Luzon (Bautista et al., 2001).

The subduction zone located off the east coast of Luzon has been the cause of
Late Miocene to Recent volcanic eruptions (Mukasa et al., 1987). The subduction at the
East Luzon Trough is not currently related to active volcanism, most likely due to the
shallow angle of subduction (Defant et al., 1989). In contrast, the western coast of Luzon
is the site of active subduction-related volcanism, which formed the “Luzon arc” that

extends from Taiwan to Mindoro. The Luzon arc is divided into five segments based on a



difference in tectonic settings and magma evolution processes: Mindoro, Bataan, N.
Luzon, Babayan and Taiwan (Defant et al., 1989).

The silicic domes examined in this study occur near the Makiling Volcano in the
Macolod Corridor, which is an extensional zone between the Mindoro and Bataan
segments of the Luzon Arc (figure 2) (Sudo et al., 2001). The Macolod Corridor
stretches 60 km across Central Luzon, an area which contains no continental terranes
(Defant et al., 1989). The Macolod Corridor consists of a basement composed of
intrusive bodies and limestone. The oldest rocks in this area include a sequence of
Paleocene-Oligocene San Juan metavolcanics and metasediments, and early to mid-
Miocene San Juan quartz diorite (Sudo et al., 2001; Oles, 1991). The initiation of the
most recent episodes of volcanism in the Macolod Corridor is not well-constrained, with
estimates ranging from 1.8 to 0.6 Ma. Volcanism continues through the present (Defant et
al., 1989; Sudo et al., 2001). The formation of the Corridor is still a matter of debate,
although the general consensus is that it is a pull-apart rift zone (Bautista et al., 2001;
Mukasa et al., 1994; Sudo et al., 2001). This may have led to the extensive faulting that
is observed in the Corridor. Bulalo Dome alone is surrounded by several normal faults
(Aquino, 2004).

Many types of volcanic activity have occurred in the Corridor. Other volcanic
deposits in this area include basaltic scoria cones and maars, active solfatara fields
(fumarole-type structures characterized by sulfurous emissions (Bates and Jackson,
1957)) ash-flow tuffs, and stratovolcanoes (Forster et al., 1990, Sudo et al., 2001). Two
large calderas occur in the Corridor: Laguna de Bay and Taal Volcano (Figure 3). The

youngest silicic samples from Laguna de Bay have been dated at 42-47 ka and 27-29 ka



(Catane and Arpa, 1998). Mount Taal has been active as recently as 1969, although this
eruption was mostly basaltic in character (Sudo et al., 2001). The three stratovolcanoes
that occur in the Corridor are Mt. Banahaw, Mt. Makiling, and Mt. Malipunyo. A series
of monogenetic volcanoes that erupt basaltic magma are also located here. These
monogenetic volcanoes include 42 scoria cones and 36 maars that have been dated at
1.05 + 0.05 Ma and 0.84 + 0.13 Ma (Sudo et al., 2001).

Several domes are found in the area between Laguna de Bay and Taal Lake
(figure 4). The domes to be investigated in this study are all located near Mt. Makiling, a
large stratovolcano composed of andesitic and dacitic lava flows, airfall deposits and
pyroclastic flows (Sudo et al., 2001). No data on the age of the volcanic deposits of
Makiling are available. The domes in this area include Mt. Bijang, Calamba (Mt.
Mapinggoy), Olila, Bulalo, and Trapiche (Tanuaun Hill) (figure 4), none of which have
been previously studied. Ar/Ar dating performed on Trapiche, Bulalo and Bijang yielded
ages of 43117 ka, 1547 ka and 66+ 14 ka respectively (table 1) (Heizler, personal

communication, 2003).



DATA COLLECTION AND ANALYSIS

Data Collection

Of the many obsidian domes present throughout the Macolod Corridor (Sudo et
al., 2001), many of them are not accessible. The six domes that were sampled had been
exposed in areas such as road cuts and quarries, making sample collection possible. Four
of these domes (Bulalo, Olila, Bijang and Calamba) were chosen as the focus of this
study because they had been recently exposed by construction projects, providing easy
access to fresh samples. Also, the domes chosen cover a wide area and contain abundant
mafic enclaves.

Data were collected from samples from each of the four domes by several
methods. Bulk chemical analysis of both major and trace elements was carried out using
X-Ray Fluorescence (XRF) and Laser Ablation Inductively Coupled Plasma Mass
Spectrometry (LA-ICP-MS) at Michigan State University. Individual mineral
phenocrysts and matrix glass were analyzed for major and trace elemental compositions
using the Electron Microprobe Analyzer (EMPA) at the University of Michigan. LA-ICP-
MS was used as well. Oxygen isotope data for minerals from Calamba, Bulalo and
Bijang were collected using the CO; laser fluorination/mass spectrometer at the
University of Wisconsin-Madison.

Bulk chemical analysis was performed on glass disks composed of fused samples.
The disks were prepared following the procedure outlined in Hannah et al. (2002) and
Viray (2003). Where possible, the host rocks were separated from the enclaves during
the sample preparation process. Enclaves that were large enough were analyzed

separately from the host samples.



Minerals and glass from the matrix were analyzed for major elements and some
trace elements using EMPA. Mineral phases analyzed included plagioclase, homblende,
pyroxene, magnetite and ilmenite. For these phases, analyses were done one point at a
time using a Cameca SX 100 EMPA. It was equipped with five wavelength
spectrometers using an accelerating potential of 15 kV. Other settings, including beam
spot size, counting time, and beam strength varied based on the phase being analyzed.
Glass from the host matrix and the enclaves was also analyzed using EMPA. Analyses of
glass in the matrix were carried out using two different methods. If there were an area in
which a section of glass was free of microlites, one or two points were taken in that area.
This was commonly used in the enclaves because there were clear areas of glass between
the needle-like plagioclase grains and phenocrysts. In the host samples, a 5-um beam
was used, and points were analyzed at 15-pm increments. Areas of 3 points by 4 points,
or 45um by 60um were analyzed in this way. A lower beam strength was used to
analyze the glass as well. Both of these analytical methods limited the migration of
volatile elements such as Na, and improved the results of the analyses. The compositions
of each point were then examined, bad totals eliminated, and the rest averaged to obtain
the glass compositions.

Trace elements were collected from plagioclase and hornblende using LA-ICP-
MS. Data were collected from selected plagioclase grains that had been analyzed using
the microprobe. The same points were analyzed using a glass standard (NIST 612) and
the Ca concentrations collected from EMPA as an internal standard. The laser was
focused to a 25 um sampling size and penetrated the sample at a rate of 3 um/sec. The

peak intensities of **Sr, '**Ba and */Ca were collected.



Oxygen isotope values were obtained using CO, laser fluorination/mass
spectrometry. The procedure followed in order to prepare the dome samples for oxygen
isotope analysis was carried out with an emphasis on collecting zircons. Zircons are the
preferred mineral for analysis because they record the initial values for a magma and are
resistant to reset by subsequent processes. Sample preparation began with the crushing of
large amounts of sample. Approximately 25 pounds of sample from each of three domes
was crushed and ground in the same method as for the bulk chemical analysis. Such
large amounts were needed in order to collect enough zircons for analysis, and a
sufficient amount of sample was only available for Calamba, Bijang and Bulalo. The
second step was mineral separation, with an emphasis on separating out zircons. The
crushed sample was separated by the following method: First, the sample was shaken
down a gold table to separate the light from the heavy minerals. Once the mineral
separates were dry, a hand magnet was used to separate out the magnetic minerals in
preparation for the next step, separation using a Franz Isodynamic Magnetic Separator.
The samples were separated further using methylene iodide. Methylene iodide contains
a known density in which zircons were expected to sink while the less dense minerals
would float, allowing for the separation of zircons from the rest of the minerals. Finally,
the grains were separated out by hand using a microscope and tweezers. Because zircons
were not found in a large enough abundance to analyze, hornblende, feldspar and

magnetite were separated out for oxygen isotope analysis.



Petrographic Analysis

The mineral assemblages of each dome are very similar, with Bijang, Bulalo and
Olila containing an almost identical mineral assemblage, and the Calamba samples
containing a slightly different assemblage (for a complete description of the mineralogy
of each dome, see Appendix 1). The samples from Olila, Bulalo and Bijang are
porphyritic. Phenocrysts compose 15-25% of the samples. The matrix is glassy and
microlitic. Mafic enclaves of varying sizes are found in Olila and Bulalo. None were
observed in the Bijang samples. Plagioclase composes up to 70% of the phenocrysts in
each of the domes (figure 5). Generally, the grains are euhedral, with sizes that range
from 0.2 to 2.5 mm, and are equally distributed. Plagioclase grains with a sieve texture
and/or deep embayments (figure 5b) are rare in all three domes, as are grains with a
sieve-textured core and well-zoned rim (figure 5c). Most of the plagioclase grains also
contain slight embayments and rounded edges, possibly indicative of slight
disequilibrium. A few of the grains contain well-defined outer rims, although these are
more common in the enclaves (figure 5d). A glomerophyric texture is common in all
three domes, with many of the larger plagioclase grains found in clusters (figure 6a).
Occasionally these clusters also contain other minerals, including hornblende, opaques,
and, rarely, pyroxene. These clusters may represent pieces of wall-rock that were taken
up during the eruption and are not part of the host magma.

The other minerals found in Bulalo, Olila and Bijang include hommblende, opaques
and orthopyroxene, in order of abundance. Hornblende (figure 7a) composes 25-30% of
the phenocrysts. The hornblende grains are mostly euhedral, with sizes that range from

0.2 to 0.7 mm. The grains also contain slight embayments and rounded edges, with rare

10



sieve textures. The opaque grains (figure 7b) observed in the domes are magnetite. No
ilmenite was analyzed in these three domes. Magnetite composes ~5% of the phenocryst
assemblage of the domes. These grains are generally subhedral to anhedral. The larger
opaque grains are around 0.7 mm, although most of the grains are much smaller. The
opaques rarely contain embayments. Orthopyroxene (figure 7¢) is the least abundant
mineral in the three domes, composing less than 5% of the assemblage. Only Bulalo
contains more orthopyroxene than opaques, although the difference is very small. The
pyroxenes are generally euhedral, with sizes as large as 0.7 mm. However, most are
significantly smaller, with an average size of 0.1 mm. The larger grains typically show
signs of resorption, while the smaller grains typically do not.

The Calamba samples are petrographically different than the other three domes.
The matrix of most of the Calamba samples is devitrified, contrary to the other domes.
Only one sample (020517-2d) contains a glassy matrix. The major petrographic
difference between Calamba and the other three domes is that amphibole is only a minor
mineral phase, composing <1% of the assemblage. Instead, pyroxene is the second most
abundant mineral phase, composing 25% of the phenocryst assemblage. Also different
than the other three domes is the presence of both clinopyroxene (figure 7d) and
orthopyroxene. Exact proportions can not be estimated due to the difficulty distinguishing
the two types visually, however. The pyroxenes are generally larger than those found in
the other three domes, with sizes ranging from 0.05 to 0.23 mm. The third most abundant
phase is the opaques, and both magnetite and ilmentite are present in the Calamba
samples, in contrast to the other three domes. The textures of the minerals from

Calamba generally are similar to the other domes.
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Mafic enclaves are present in Olila, Calamba and Bulalo (figure 8). The enclaves
observed in Olila and Bulalo vary in size. The major differences between the large and
small enclaves are the size of the grains and the textural evidence of interaction with the
host magma (see appendix 1 for an in-depth description of the enclaves). The enclaves
from all three domes are composed mostly of plagioclase. The matrix is composed of
needle-like plagioclase grains of varying size. The needle-like grains rarely contain a
compositional rim or sieve-textures. Larger phenocrysts of plagioclase are also present in
the enclaves, although they are rare. These grains occasionally contain sieve textures and
deep embayments. The next most abundant phase in Bulalo and Olila is hornblende,
constituting 45% of the phenocrysts. Generally, the homblende are anhedral and fill the
space between the plagioclase grains. However, some euhedral hornblende grains are
also present. Pyroxene is a rare phase in the enclaves of Olila and Bulalo. Both
hornblende and pyroxene are common phases in the Calamba enclaves. It is often
difficult to distinguish them visually because they fill the spaces between the plagioclase
grains, not allowing the use of cleavage planes or shapes to distinguish them visually.
Euhedral grains of pyroxene and hornblende are also present in the enclaves of Calamba,
although the type of pyroxenes present is unknown. Opaque grains occur in the enclaves
of all three domes.

Bulk Chemical Composition

Major elements

The Bulalo, Bijang and Olila domes have similar host compositions, whereas the
host composition of Calamba is distinctly different. The Calamba dome is dacitic (64-

66% Si0;); whereas Bulalo, Bijang and Olila are dacitic to rhyolitic (69-73% SiO,)
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(figure 9). Calamba also contains higher concentrations of Al,O3, Fe,0;, MgO, and CaO
(figure 10). The mafic enclaves from Calamba, Olila and Bulalo are similar in
composition (figure 10), with a silica content of 50-55% (figure 9).

Trace elements

There is some variation in the trace element concentrations between Calamba and
the other three domes (figure 11). The concentration of Sr and Rb in the four domes is
very similar, while Calamba contains a much higher concentration of Y and Sm than the
other three domes. Calamba is also more enriched in the middle rare earth elements
(MREESs) compared to the other domes. The chondrite normalized rare earth element
(REE) pattern for all of the domes is a concave upward trend. This trend is more
pronounced in Bulalo, Bijang and Olila than it is in Calamba (figure 12a). The difference
is also observed in a plot of Dy/Lu versus La/Lu (figure 12b), in which Dy represents the
MREE:s. Olila, Bulalo and Bijang all have values between 0.6 and 0.87, falling below the
values of Calamba, 0.85 — 1.05. The MREE:s are strongly partitioned into amphiboles,
with partition coefficients ranging from ~3 to ~13 (Rollinson, 1993). Therefore,
depletion in MREEs is commonly attributed to the presence of amphibole in the source of
amagma. Y and Sm are also strongly partitioned into amphibole. The enclaves do not
show the depletion in MREEs, with Dy/Lu ratios greater than 1.0. Calamba contains a
higher concentration of the light rare earth elements (LREEs) (figure 12b) as well, with
La representing the LREEs on the diagram. None of the domes show a negative Eu
anomaly (figure 13). Sr has a high partition coefficient into plagioclase, and is

concentrated between 200-400 ppm in the host dome samples (figure 11).
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Mireral Chemistry

Individual mineral phenocrysts were analyzed using EMPA. Grains analyzed
included plagioclase, hornblende, orthopyroxene, clinopyroxene, magnetite and ilmenite.
Points were taken in the center and edge of the plagioclase, as well as the area in-
between, where noted. If the plagioclase grain was small, points were labeled with
numbers, with the first point analyzed in the center of the grain and the second point
analyzed near the edge of the grain. For all other mineral types, two points were
analyzed, typically one point near the center of the grain and one point near the edge of
the grain.

Plagioclase

The general trend for the host plagioclase grains is a decrease in anorthite (An)
content from center to edge. There were slight differences among the compositions of
the plagioclase grains from each dome despite this general trend. The An content of the
center of the plagioclase grains differed slightly between the domes, as did the
composition at the edge of the grains. The An content of the center of the well-zoned
plagioclase grains of Calamba are generally Any;.so (figure 14), although two grains
contain higher An concentrations in the center: Angs and Angs. The edges of all the
grains have Anjo4s. The well-zoned plagioclase grains of Bulalo contain centers with
concentrations similar to Calamba, Any,.so, and edges of Anj;.37, slightly less than
Calamba (figure 14). One grain had a center as high as Anss, with an edge at Ans,. The
centers of the well-zoned plagioclase from Bijang cover a wider range of values than the
other two domes, with cores of Anss4s, and edges of Anj;4; (figure 14). Of the two well-

zoned plagioclase grains analyzed from Olila, one showed the common trend of
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decreasing An, with a core of Ans, and an edge of Ans, (figure 14). The other appears to
be reversely zoned, with a core of Any and edge of Ans,. However, because this
plagioclase may be composed of several grains grown together, the apparent reverse
zoning trend may be the result of analyses that included more than one grain. One grain
from Bijang also shows this apparent reverse zoning, and also may be the result of
several grains grown together.

Bulalo and Olila are the only domes in which grains were analyzed from two
different sized enclaves. Plagioclase grains analyzed included the needle-like plagioclase
that composes the matrix, as well as larger phenocrysts. The compositions of the grains
are dependent on the size and shape of the grain, as well as the size of the enclave in
which the grain was located. In the Olila samples (figure 15), the plagioclase phenocryst
analyzed from the large enclave contain Ang.gs. The needle-like grains of the large
enclave contain Anyses. Grains were analyzed from what appeared to be a small enclave
in the host, but mixed results and the poor condition of the enclave lends doubt to that
interpretation. Of the three plagioclase grains analyzed from this area of the thin section,
one contained a core of Ang, and an edge of Ans4, one had points of Anyg.4s, similar to
grains in the host, and one contained a core of Anyy and an edge of Anss. This grain had a
well-defined outer rim.

In the Bulalo samples (figure 15), the phenocrysts and needle-like plagioclase
from the larger enclave plot in the Angs_73 range. Four grains were analyzed from the
smaller enclave in the host. The two needle-like plagioclase grains contained Anyo.7s,
while the two larger phenocrysts had centers at An;, and Anys, and edges at Ang and

A.n23.
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In the Calamba samples, only one large phenocryst and one needle-like
plagioclase grain were analyzed (figure 15). The larger phenocryst has a center with
Ang, and an edge at An7,. The needle-like plagioclase grain contains a concentration
around Anjy, as well. One analyzed grain (Enclave Plag #1-24) came from an area on the
thin-section interpreted to be part of a small enclave surrounded by the host, but it may
instead be part of a cumulate representing the magma chamber wall. Pyroxenes analyzed
from the same area of the thin section are not in equilibrium with the other pyroxenes in
the host, as determined using QUILF for thermobarometry (see below). Despite this, the
plagioclase grain has a concentration of Anys4s, wWhich is similar to the host plagioclase
grains.

The Ba concentrations in the plagioclase grains increase from center to edge,
whereas Sr decreases, which results a decrease in the S1/Ba ratios across host plagioclase
from center to edge. The Sr/Ba ratios from the centers of the well-zoned plagioclase
from Calamba range from 2.2 to ~4.3, with edges decreasing to 2.2-3.0 (figure 16a). The
two grains with high An centers have identical Sr/Ba ratios of 6.2, and edges similar to
the other grains from Calamba. The centers of the well-zoned plagioclase from Bijang
have St/Ba ratios between 2.2 and 3.4 (figure 16a), with the edges decreasing to around
1.9. The Sr/Ba ratios for the centers of the Bulalo plagioclase are 4.0 (figure 16a), with
the exception of one grain with a core at 6.0. The edges of the grains are all around 2.0.
While no well-zoned grains from Olila were analyzed for trace elements, one grain that
was analyzed across from rim to rim contained edge values at 2.7, and mid-points as high

as 4.0.
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Two grains were analyzed from the smaller enclaves of both Olila and Bulalo
(figure 16b). The Sr/Ba ratios from the grains of the Olila enclave are ~4.0, similar to the
values of the plagioclase grains from host plagioclase. This supports the previous
conclusion that the area interpreted to be a small enclave most likely is not. The centers
of the Bulalo enclave plagioclase grains #re 6.0 and 6.5, similar to the values of the
centers of the grains from Calamba and Bulalo with high An concentrations in the
centers. A point closer to the edge of one of the enclave grains shows a large decrease in
the Sr/Ba ratio, and plots with the edges of the host plagioclase grains.

Amphiboles

The amphiboles analyzed from each dome are all hornblendes based on their
composition. Ternary graphs of the major element concentrations of the amphiboles
(figure 17a) show very little variation between the domes. The few amphibole grains
analyzed from the enclaves are similar in composition to the host amphiboles. A
comparison of magnesium numbers vs. SiO; between the hornblende grains from the
domes and the enclaves does not show a trend (figure 17b).

Pyroxenes

There is not much variation in the chemical composition of the pyroxenes among
the domes (figure 18a). A comparison of the amount of enstatite present in the pyroxene
grains with the Mg number of the grain also does not reveal a trend (figure 18b). All four
domes contain orthopyroxene of composition Wo; 3.3 9 Enes 4706 F$27.5:209. Calamba was
the only dome in which clinopyroxene (cpx) was observed and analyzed. It is possible
that the other domes also contain trace amounts of cpx, but none were observed with the

microprobe. The cpx present in the Calamba samples ranges from Wo40 7434 Enss 2453
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Fsj30-150. One grain contains a slightly different composition of Wo34 g Ens | Fs3.;.
Thermobarometry could only be done for Calamba because of the lack of two different
types of pyroxenes in three of the domes,.

Calamba was also the only dome that contained both magnetite and ilmenite, so
both of these systems were used to determine the final temperature of the Calamba
magma prior to eruption. Following the procedure outlined in Andersen et al. (1993),
QUILF version 4 was used to model the temperature. Of the grains analyzed, only two
were ilmenite, and the compositions of these two grains were different. The magnetite
grains also contained slightly different compositions, so several combinations of
magnetite and ilmenite were used in order to get the best results. The results are
summarized in Table 2. The calculated temperature was 854°C, with an uncertainty of
+64°C. The compositions of pyroxenes analyzed were also slightly different. The
temperature calculation that gave the least amount of error using only the pyroxene
system was 956°C, with an error of £15°C. Combining the two systems resulted in a
temperature of 749°C, and an error of +48°C. With such a wide range of calculated
temperatures, it seems likely that the minerals were not equilibrium with each other.
Therefore, the temperature cannot be accurately calculated.

Matrix Glass

Glass was analyzed from the matrix of the host samples as well as from the
enclaves of Bulalo and Olila. Generally, K,O content increased with increasing SiO,
content, while MgO decreased with increasing SiO; (figure 19). The glass analyzed from
the enclaves had compositions that varied depending on the size of the enclaves. Glass

analyzed from the smaller enclaves from Bulalo and Olila contain SiO,, MgO and K;O
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concentrations similar to the host matrix glass, indicating interaction between the host
and the intruding mafic magma. Glass analyzed from the large enclave from Olila
plotted in the low SiO; range of 52-55%, indicating little or no interaction with the high-
silica magma.

Oxygen Isotope Data

Data were collected from magnetite and hornblende grains from Calamba, Bijang
and Bulalo in order to determine the whole rock 5'20 values for each dome (table 3).
The '®0 values collected from each mineral type were similar among the three domes
(figure 20). The magnetite values varied by less than 0.12 between Bulalo and Bijang,
and less than 0.5 for Calamba. The hornblende values were also very similar, with a
difference of less than 0.25 among all three domes. Whole rock §'%0 values for the
domes were calculated using an assumed temperature of 950°C, following the procedure
from Clayton et al. (1989). The calculated whole rock 5'°0 values for the three domes
were also simlar. Bulalo contained 5'°0 of 5.9 %o, Calamba 6.29%o, and Bijang was
measured at 6.06%o. The similarities of the §'30 values of the mineral phases and the
whole rock indicate that the minerals used in the calculations were in equilibrium with
each other. This is important because it indicates that oxygen values from the minerals
have not been reset, and therefore reflect the values of the source rock (Bindeman and

Valley, 2003).
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DISCUSSION

Comparison of the Domes and Makiling

The domes from this study occur in close proximity to volcanic deposits from Mt.
Makiling. The domes are located on the south and southwest flanks of the mountain, and
the major element compositions are very similar to various Makiling deposits. The
majority of the volcanic products of Mt. Makiling are basaltic-andesite to andesite,
although smaller amounts of trachydacite and dacite compositions are also present (Cruz,
1992). Major elements of the samples from the domes overlap the composition of
samples from Makiling (figure 21a). The trace element compositions of the mafic
enclaves found in the domes and the low-silica samples of Makiling are also very similar
(figure 21b). The silicic samples from Makiling do not have the same concave upward
trend in the REEs that the domes have, indicating that the Makiling samples are not as
depleted in the MREE:s as the host dome samples. Cruz (1992) presented chemical
analyses of the lavas in the Mt. Makiling-Banahaw complex, and he concluded, based on
major and trace element variation, that the high-silica magmas of Makiling were related
to the low silica magmas through a process of fractional crystallization and assimilation.
He observed that fractional crystallization alone could not account for the chemistry of
the samples, including the high concentrations of Th, Ce, Zr, Hf and Sm. He proposed
that the assimilation of ~5% granite/upper crust compositions could account for this

composition.
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Fractional Crystallization vs. Partial Melting

Several studies have examined the fractionation products of magma types
commonly found in arc areas (figure 22). Grove et al. (2003) experimented with water-
saturated basalts at 200 MPa, while Muntener et al. (2001) experimented with basalts
containing 2 and 3% water and at 1 and 2 GPa of pressure (figure 22). Grove et al.
(2003) also modeled the fractionation of a water-saturated Mg-andesite at 200 MPa. One
of the difficulties in producing the silicic magmas in the domes and Makiling is that the
K20/Na,0 values are much higher than those produced in the experiments. One trend
that approaches the ratios of the domes and Makiling came from the fractionation of
water saturated Mg-andesite at a near-surface pressure (Grove et al., 2003). However,
the extensive fractionation required to produce high silica magmas would be unlikely to
have occurred at this shallow depth. Another trend that approaches the ratios of the
domes was produced through the anhydrous fractionation of a tholeiitic basalt at 1.0 GPa
(Villiger et al., 2004). However, these values were only reached after extremely high
amounts of fractionation had occurred, over 90%.

Beard and Lofgren (1991) and Patino-Doﬁce (2000) have examined the products
formed by the partial melting of various types of source rock. The products formed
through the melting of a meta-basalt (Patino-Douce, 2000) do not contain K,O/Na,O
ratios that are similar to the high-silica magmas from the domes and Makiling (figure 23).
Partial melting experiments beginning with meta-andesite to dacite compositions,
however, did produce products with ratios similar to the domes (Patino-Douce, 2000). In
this case, the K,O/Na,O values produced are high enough, but the Na;O + K;O is low.

Experiments in which the starting composition is a calk-alkaline andesite, such as those
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found in the Corridor (Cruz, 1992) may be able to produce both the high K;0/Na,O ratios
and the K;O + Na,O values of the domes. There have been no published experiments
involving the partial melting of calc-alkaline andesites similar to the ones found in the
Macolod Corridor.

Eu-anomalies are often used as an indicator of evolution by fractional
crystallization. In order for significant amounts of high-silica magma to be produced,
large amounts of plagioclase would have to be fractionated out (Price et al., 1999). This
would cause a noticeable negative Eu-anomaly. No negative Eu anomaly is observed in
the domes (figure 13). However, if the magmas were produced in an oxidizing
environment, Eu would occur as Eu**, and would not be partitioned into plagioclase.
Therefore, no negative Eu anomaly would be observed. Because most arcs are oxidizing
environments, this may explain the lack of a Eu anomaly. Plagioclase fractionation also
leads to a large depletion in the concentration of Sr in the more evolved samples because
Sr is strongly partitioned into plagioclase. Estimates of the partition coefficient for Sr
into plagioclase range from 2.8-15.6 (Rollinson, 1993). The removal of the large
amounts of plagioclase required to reach high silica values should greatly deplete the
amount of Sr in these samples. The concentration of Sr in the host samples fall between
200 and 400 ppm, which seems to be too high to indicate evolution by fractional
crystallization (figure 13).

The composition of individual plagioclase grains has frequently been used to trace
processes occurring in magma chambers. The slow diffusion rate of Na and Ca through
the grains makes them an ideal indicator of how the chemistry of a magma changes

(Singer et al., 1995; Tepley III, et al., 1999; Ginibre et al., 2002; Browne et al., 2004).
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The changing chemistry of a magma chamber should be recorded in the plagioclase
grains, with a high-anorthite core (Anys.gs) indicating the grain began growing in a more
mafic magma, and decreasing anorthite towards the rim indicating a magma that is
becoming more silicic (Gertisser et al., 2000). However, other processes occurring in the
magma chamber can affect the major element composition of the plagioclase grains,
including changes in water pressure and temperature, as well as magma mixing (Ginibre
et al., 2002; Browne et al., 2004). The trace element concentration in a grain, particularly
Ba and Sr, can help differentiate between these processes. The partitioning behavior of
Ba and Sr between liquids and plagioclase grains have been well-defined (Blundy and
Wood, 1991), and are not affected by the same processes as the major elements. Because
the Sr/Ba ratio reflects the change in anorthite across the grain (figure 24), the changes in
the chemistry of the grain are due to compositional changes in the magma chamber rather
than water pressure or temperature changes (Blundy and Wood, 1991; Browne et al.,
2004).

Fractional crystallization occasionally produces plagioclase grains with large
variations in An concentrations across the grain (>20%), and cores that indicate a mafic
origin for the grain (Singer et al., 1992; Watts et al., 1999, Gertisser et al., 2000). In
these studies, although these grains were present in the assemblages, they were rare. In
the dome samples, Calamba is the only one which contains plagioclase grains (2) that
have changes in An content of more than 20% from center to edge. In the other three
domes, no large changes in composition were observed. The Sr/Ba ratio in the cores of

the grains would also record an origin in a less evolved magma. Only 3 grains in the host
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domes contain centers with much higher Sr/Ba ratios than the other host grains- the 2
grains from Calamba and one from Bulalo (figure 16a).

Magma mixing

Mingling and mixing between the more mafic magma represented by the enclaves
and the host silicic magmas of the domes did not play a major role in the generation of
the dome magmas. The chemical compositions of the minerals do not indicate much
interaction between the silicic host and more mafic magma. There is no evidence that
grains were shared between the two magma types, as would be expected if they had been
in contact for a significant amount of time (Snyder and Tait, 1998). Also, reversely-
zoned plagioclase grains are not found in the host, and normally zoned plagioclase that
show a great decrease in An content from the center to the edge are very rare. The rims of
the plagioclase are in equilibrium, as indicated by the similar composition, and do not
contain the increase in anorthite content or Sr/Ba that would be observed due to
prolonged contact with a mafic magma.

There is also little textural evidence for magma mixing. Sieve textures and
reaction rims on minerals are very rare in the samples, except along boundaries between
the host and enclave, as well as in the smaller enclaves. Also, analyses taken from these
sieve-textured cores, including the An-content and Sr/Ba ratios, were not different from
the cores of the other grains (e.g. Calamba Plag #1-24). This compositional similarity
indicates that the sieve-textured cores present may be the result of other processes in the
magma chamber that caused disequilibrium between the grain and the liquid, and lead to
partial dissolution of the grain. These processes could include a change in temperature or

pressure within the chamber. The rims that are present on the plagioclase grains are thin,
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even along the boundaries between the enclaves and host. The widest rims are found in
the smaller enclaves, indicating more interaction with the host. There is no evidence of
mingled glass in the host. The glass analyses from the matrix of the host contain a SiO,
content that is higher than the bulk SiO, content (figure 19). Glass analyzed from the
larger enclave of Olila has a SiO; content that was similar to the bulk silica content of the
enclave, indicating little, if any interaction with the host magma. Glass analyzed from
the smaller enclaves contained much higher SiO; values, indicating more interaction with
the silicic magma.

Eruption of the magma/formation of the domes

I propose a model for the formation of the dome and the high-silica Makiling
magmas involving the partial melting of discrete batches of previously emplaced calc-
alkaline andesitic magma (figure 25). In this model, the first step involves melting of the
mantle wedge as the result of the subduction of the Eurasian plate. The magmas
produced in this manner travel through the wedge and pond at the base of the lower crust,
where they may remain partially molten. From experimental petrology, we know that
basaltic magmas could not produce the composition of the dome magmas, it is likely that
these ponded, crystallized magma batches are calc-alkaline andesite (or dacite) in
composition. In the next step, influxes of basaltic magma produced in the mantle wedge
encounter the solidified magma body, partially melt it, and mobilize the more silicic melt.
This siliceous melt travels through the crust and forms a magma chamber, possibly in the
upper crust. There is little interaction between the silicic magma in the chamber and the
wall-rock surrounding it, because interaction with rocks in the upper crust would raise the

oxygen isotope ratios to values above the mantle values observed in the dome samples
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(Bindeman and Valley, 2003). In the third step, hot, mafic magma is injected into the
silicic magma chamber, causing a rapid eruption due to an increase in pressure and
temperature in the magma chamber. The extensive faulting in the Macolod Corridor
most likely creates weaknesses in the crust, making it easier for the magmas to reach the
surface. These magmas then erupt, forming the domes. The contact between the mafic
and silicic magma in the chamber is relatively brief, as the lack of any evidence of
mingling or mixing between the two magma types suggests.

The processes that formed the four domes examined in this study were probably
very similar, which led to the similar chemical compositions and mineral textures among
the four domes. The differences between Calamba and the other three domes could be
the result of source magmas with different chemical compositions, or different processes.
However, the similar §'°0 values among Bulalo, Olila and Calamba suggest that each
originated from a similar source. One difference between them may be the depth that
each magma formed at, because amphibole has a very strict depth limit at which it can
form. Because Bulalo, Olila and Bijang all contain significant amounts of amphibole, it
is also possible that the source magmas for those three domes were more hydrous than
the magma of Calamba. One other possibility is that the Calamba magma formed due to
higher degrees of partial melting. The lower concentrations of silica, and higher
concentrations of Al;03;, MgO, FeO, CaO and Na,O support this. The higher Dy/Lu
ratios of the Calamba samples provide further evidence of a higher degree of partial
melting, providing that the source contains large amounts of amphibole. Higher degrees
of partial melting of an amphibolitic source would lead to a greater concentration of

MREE:s in the resulting magma. More partial melting of a source would also lead to a
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lower concentration of LREEs. An initial melt would be highly concentrated in the
incompatible LREEs, which would become more dilute after further partial melting
events.

The domes and the high-silica magma from Makiling are most likely not related.
The lack of similarities between the trace elements of the domes and Makiling indicates
that while it’s possible that the processes that formed them were similar, it is likely that
the source magmas were different. Further data collection could determine more exactly

how these areas are related, particularly oxygen isotope data from the Makiling silicic

magmas.
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CONCLUSION

The majority of the evidence presented in this study indicates that partial melting
of previously emplaced discrete andesitic bodies located in the lower crust formed the
high-silica magmas of the domes. Fractional crystallization of a magma body can not
account for the compositions of the dome magmas. The K;O/Na,O ratios can not be
reproduced by fractional crystallization alone. The Sr values of the whole rock are too
high to account for the large amounts of fractionation required to form significant
amounts of high-silica magma. Textural and chemical data do not indicate that magma
mixing and mingling played a major role in the creation of the dome magmas. They
show, instead, that the mafic magmas represented by the enclaves were not in contact

with the silicic magma for a significant length of time.
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APPENDIX 1

PETROGRAPHIC DESCRIPTIONS
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Petrographic Analyses

Bijang

The samples from Bijang are porphyritic, with 15-25% phenocrysts and a glassy,
microlitic matrix. Plagioclase is the most abundant mineral in Bijang, constituting
around 60% of the phenocrysts. The phenocrysts range in size from 0.2 to 2.7 mm, with
an average of approximately 1 mm and a normal grain-size distribution. Any plagioclase
grain with a length less than 0.1 mm was considered part of the matrix (in all four
domes). The grains are mostly twinned and euhedral with most showing rounded edges
and slight embayments, which may indicate partial resorption. Grains with a sieve
texture throughout are rare. Most of the larger grains are well-zoned, and some of the
smaller grains also show zoning. Rarely, grains show a sieve texture core and a well-
zoned rim. Glomerophyric clots consisting of two or more grains of plagioclase that have
grown together are present in the samples. In these clusters, the outer edges of the
plagioclase contain slight resorption features. These clusters occasionally contain other
minerals, including amphibole and opaques. These may be pieces of the wall rock that
were taken up during the eruption and not part of the host magma.

Hornblende is the next most abundant phenocryst, constituting about 30% of the
phenocrysts. The grains are mostly euhedral with some subhedral grains. They range in
size from 0.13 to 0.7 mm, although the larger grains are rare. Most are in the 0.2-0.4 mm
range. Smaller grains are present in the matrix (< 0.1mm), but in much smaller quantities
than the plagioclase. The hornblende grains often display some resorption features, with

rounded edges and slight embayments. Hornblende grains with disequilibrium textures
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such as an extremely sieved texture and large embayments are rare. Reaction rims were
not observed on the hornblende grains.

Opaque grains are found throughout the samples, in the matrix as well as in
phenocrysts as inclusions, and constitute ~5% of the phenocrysts. The shapes vary from
euhedral to anhedral, and the grains do not contain embayments. The larger grains are
approximately .66 mm, although most are much smaller. Orthopyroxene is the least
abundant mineral in Bijang, composing 3-4% of the phenocrysts. The grains range in
size from 0.28 mm to less than 0.06 mm. The larger grains are rare, and most of the
grains are around 0.1 mm or smaller. The pyroxenes are mostly euhedral and few show
signs of resorption. Biotite is also present in the samples in very trace amounts, as

inclusions in the hormblende.

Bulalo

The mineralogy of Bulalo is very similar to Bijang, although Bulalo contains
mafic enclaves. The samples from Bulalo are porphyritic, with a phenocryst content of
20-25% and a glassy, microlitic matrix. The matrix contains brownish areas that most
likely are areas of devitrification. Plagioclase is the most abundant phase, constituting
~65% of the phenocrysts. The phenocrysts range in size from 0.17 to 2.16 mm, with an
average of ~1 mm and a normal grain-size distribution. The grains are commonly
twinned, and are euhedral to subhedral. Many show slight resorption features, such as
rounded edges and slight embayments. Grains with a sieve texture are present, but rare.
Grains with sieve-textured cores and well-zoned rims are also rare. Zoning is common in

the grains, especially in the smaller ones. Some grains display well-developed outer rims
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that may represent contact with a magma of a different composition, but these are not
common in the host plagioclase. Glomerophyric clots consisting only of plagioclase are
present but rare, as are clots containing other mineral types. These minerals include
homnblende, magnetite, and orthopyroxene (as rare inclusions in the hornblende).

Hornblende is the second most abundant phase, constituting about 25% of the
samples. The grains are euhedral to subhedral. The hornblendes range in size from about
0.18 to 0.70 mm with an average of 0.25 mm. Larger grains of hornblende are rare.
Smaller grains are found in the matrix. Many of the non-matrix hornblende grains show
signs of resorption, including rounded edges and slight embayments. The hornblendes
rarely contain a sieve texture in the core, or throughout the grain. Reaction rims were not
observed on the hornblende grains.

Orthopyroxene constitutes ~5% of the phenocrysts. The grains range in size from
0.05 mm to 0.27 mm, although most of the grains are small, between 0.08 and 0.1 mm.
The grains are mostly euhedral and show little evidence of resorption. The resorption
features are more common in the large grains than the small ones. Opaque grains
compose 3-4% of the samples. The shapes of the opaques range from euhedral to
anhedral. The grains are not embayed. The largest grains are around 0.32 mm, with an
average of 0.05 mm.

The mafic enclaves found in Bulalo are various sizes, but the mineralogy is the
same. Some of the enclaves are fist-sized and could be sampled individually, composing
the mafic samples from Bulalo. Some of the enclaves are very small, and are included in
the host samples. The enclave features a noticeable change in texture from the host, with

the matrix being composed of needle-like plagioclase, with sizes from 0.46 mm to
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<0.1mm. The average size is ~0.3 mm. The smaller enclaves contain matrix plagioclase
that are generally smaller, 0.39 mm long and 0.09 mm wide. The grain size is the only
difference among the different sized enclaves. The mineralogy is the same, with 50%
plagioclase, 45% homblende and 5% opaques. Some of the plagioclase grains show
distinct nms. Larger, plagioclase phenocrysts are present in the enclave, but rare. These
are up to 0.39 mm long. The hornblende in the enclaves is almost as abundant as the
plagioclase, with a size range that is from 0.03 mm to 1.25 mm. Many of the grains are
anhedral and fill in the space between the plagioclase grains, while others have an
elongate, euhedral shape. Some of the homblende grains have a sieve texture, although
this is not common. Opaque grains are scattered throughout the enclave, and constitute
~5% of the phenocrysts. The size and shape of the opaques vary, with no dominant
shape. The average size is around 0.05 mm. There are no resorption features on these

grains. Glass is present in small amounts in the enclaves.

Olila

The samples from Olila are porphyritic, with phenocrysts constituting 20-25% of
the samples, and a glassy, microlitic matrix. Mafic enclaves are also present in the Olila
samples. There are some brown areas that may be the result of devitrification.
Plagioclase is the most abundant phase, constituting ~68% of the phenocrysts. The
grains range from 0.15 to 2.16 mm, with an average of ~1 mm and a normal grain-size
distribution. Most of the grains are twinned and euhedral, and most show signs of
resorption. Some plagioclase grains are subhedral due to what appears to be deep

embayments. A few grains in the host also display cores with sieve textures and well-
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zoned rims. Some appear to have well-developed outer rims on them. Most occur as
single grains, with rare glomerophyric clots consisting of only plagioclase. Clots
containing plagioclase, homblende, opaques and orthopyroxene are rare as well. They
may represent wall rock from the chamber.

Homblende constitutes ~ 25% of the phenocrysts in Olila. The grains are
generally euhedral, although most of them have rounded edges and slight embayments.
The hornblendes have a large range, from ~ 0.09 to 2.0 mm. They average 0.9 to 1.1
mm. Small (< 0.1 mm) grains were observed in the matrix. The non-matrix hornblende
grains rarely contain a sieve texture throughout. Most of the large grains contain
inclusions of plagioclase and opaques. No reaction rims were observed on the
hornblende grains of Olila.

The opaque grains make up 5% of the phenocrysts of Olila. They are found in a
variety of shapes, ranging from euhedral to anhedral. The grains do not typically contain
embayments, although some were observed on the larger grains. The larger grains are
approximately 0.32 mm in diameter, although most are much smaller. Orthopyroxene is
the least abundant phenocryst in Olila, constituting ~3% of the phenocrysts. The grains
range in size from 0.04 mm to ~0.58 mm, although the larger pyroxenes are rare. Most
of the grains are 1 mm or less. The shapes of the grains are euhedral to subhedral, and
slight embayments occur rarely.

The Olila samples contain enclaves of varying sizes with a mineralogy similar to
the enclaves of Bulalo. The mineralogy of the different sized enclaves is the same, but
the grain sizes are slightly different. Generally, the matrix of the enclaves is composed of

needle-like plagioclase grains. The lengths of the matrix plagioclase of the larger
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enclaves range from 0.07 to 0.62 mm, with widths from 0.02 to 0.05 mm. In the smaller
enclaves, the lengths of the needle-like plagioclase range from 0.04 to 0.2 mm and widths
range from 0.006 to 0.008 mm. Some of the needle-like plagioclase of the smaller
enclaves contain a noticeable rim. These are rare in the larger enclaves. The plagioclase
phenocrysts present in the smaller enclaves are not common. They are generally ~ 0.72
mm and show some zoning. Altogether, plagioclase constitutes ~50% of the minerals.
Hormblende is also found in the enclave, composing ~50% of the phenocrysts. Most of
the homnblende is anhedral and fills the space between the plagioclase grains. Opaque
grains in the enclaves range in size from 0.02 to 0.08 mm. These grains are generally
anhedral-subhedral, with some euhedral grains, and constitute only ~1% of the

phenocrysts.

Calamba

The samples from Calamba are porphyritic, with phenocrysts constituting ~20-
25% of the samples. The matrix is devitrified in most of the samples, although one
sample (020517-2d) does contain a glassy matrix. Mafic enclaves are present in the
Calamba samples. Generally, the phenocrysts in Calamba compose around 20-25% of
the sample. Plagioclase is the most abundant phase, composing 70% of the phenocrysts.
Grain-sizes of the plagioclase are normally distributed, and range from 0.08 to 2.37 mm,
with an average size of 1.2 mm. Many of the grains are twinned, and most show signs of
resorption, including rounded edges and slight embayments. Grains with a sieve-texture
core with a well-zoned rim were rare. Grains that were completely composed of a sieve

texture are also rare. In the Calamba samples, glomerophyric clots consisting only of
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plagioclase grains are rare. However, clots consisting of plagioclase, clinopyroxene,
opaques and orthopyroxene are common. These clots may represent pieces of the wall
rock that were taken into the host magma. The size and shape of the grains in these clots
is variable. Some of them contain large plagioclase grains, with all the remaining grains
being much smaller. Others have large clinopyroxene and small plagioclase grains. The
cumulates appear to have disaggregated.

The next most abundant phase is pyroxene, which constitutes 25% of the
phenocrysts. Both clinopyroxene and orthopyroxene are present, but it is difficult to
distinguish the two under the microscope. Grain size ranges from 0.05 mm to ~ 0.23
mm. Most of the grains are small, with the average of approximately 0.12 mm.
Generally, the individual grains are euhedral and show no sign of resorption. However,
the larger grains are often subhedral. This is possibly due to resorption, or they may be
part of the disaggregated cumulate.

The next most abundant phase in Calamba is the opaque grains, constituting 3-
4% of the phenocrysts. The grains are mostly anhedral to subhedral, with a few euhedral
grains observed. Grain size ranges from 0.03 to 0.43 mm. Both magnetite and ilmenite
are present in the samples, but they are impossible to distinguish under the microscope.
The grains did not show resorption features. Hornblende is a rare phase in the host, with
only a few grains identified. Those present are small (< 0.05 mm) and subhedral-
anhedral.

The mafic enclaves in the Calamba samples contain a mineralogy that is different
than the other three domes. The minerals present include plagioclase, hornblende,

pyroxene and opaques. The matrix is composed of needle-like plagioclase. Along the

36



edge of the enclave that is in contact with the host, the plagioclase grains are much
smaller, with sizes around 0.04 mm long and only 0.008 mm wide. Farther away from
the contact zone, the plagioclase are larger, approximately 0.12 mm wide and 0.83 mm
long (on average). Resorption features and well-defined outer rims are common on the
plagioclase in the enclave. The larger phenocrysts of plagioclase in the enclaves are
often severely resorbed, with sieve textures and deep embayments. Some of the grains
have a core with a sieve texture, and a rim that is severely embayed.

The pyroxenes and hormblende in the enclaves are anhedral, and appear to have
grown between the plagioclase. This makes it difficult to distinguish them visually
because the cleavage planes and shapes are often missing or distorted. They are found in
a much smaller abundance than the plagioclase, and often display a sieve texture.
Euhedral grains of pyroxene and hornblende are present, but rare. Many opaques are
present in the enclaves, but they are often very small. They have variable shapes, and

some have a reddish tint around them.
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Figure 1— Map of the Philippines showing the location of the plates and the
features associated with them. Note: the author refers to the Eurasian Plate as
the Sunda Plate in this diagram (Bacolcol, 2003).
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Philippine Sea
plate

Figure 2- Location of the Macolod Corridor: It is located between the
Bataan and Mindoro segments of the Luzon Arc. On this diagram,
the Eurasian Plate has been labeled as the South China Sea
Plate. The Mindoro-Palawan terrane in the southwest part of the
islands contains a large block composed of continental crust.
However, it is located well south and west of the Macolod Corridor,
in which the presence of continental crust has not been observed
(Defant et al., 1989).
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Figure 3- Location of the Macolod Corridor in relation to Taal
Volcano and the Laguna de Bay caldera (Sudo et al., 2001).
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Figure 6- Example of two
— glomerophyric clots: a. Clot
0.1mm containing only plagioclase

grains, from Olila (020522-
53); b. Clot from Calamba
(020517-2d) that contains
several different mineral
types grown together.

Figure 7- Examples of minerals found in the four domes- a.Common
hornblende grain from Bijang (020518-1c); b. Large opaque
grains from Olila (020522-53); c. Orthopyroxene grain from Bulalo
(020522-51); d. Clinopyroxene grain from Calamba (020517-2m).
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Figure 18a- Pyroxene composition- there is no distinction
between the orthopyroxenes of the four domes. The
clinopyroxenes of Calamba are chemically similar as well-
except for one outlier, 020517-2h- pyx #9.
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Figure 18b- Plotting enstatite percentage vs. Mg # shows that there
is not a wide variation of either in the orthopyroxenes of the four
domes, or of the clinopyroxenes of Calamba.
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Figure 25- Partial melting and eruption model- a. Dehydration
melting of the mantle wedge leads to the formation of a mafic
magma. This mafic magma travels through the wedge and
encounters a solidified or partially solidified body of calc-alkaline
andesite. The heat from the mafic magma partially melts and
mobilizes the more siliceous product. This siliceous magma may
travel through the crust and erupt at the surface, or it may stall out,
requiring an additional influx (b) of hot, mafic magma to cause the
eruption. (Not to scale)
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Table 1- Ages of Selected Domes from the Macolod Corridor

Location Age (ka)
Trapiche 43+ 13
Bulalo 15+7
Bijang 66 ¢ 14

(Source: Heizler, personal communication, 2003)
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Table 3- Oxygen Data

Bulalo Calamba Bijang
Whole Rock | 5.90 6.29 6.06
2.83 (1
| Magnetite 2.36 £ .08 | analysis) 248 + .12
Hornblende 490+.03 [482+.14 4.67 + .06
Difference 2.54 1.99 2.19
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Table 7- Pyroxene Analyses

Orthopyroxene

Sample Dome Na,0 MgO AlLO, SiO, Cl K,0
020518-2c¢ (15) pyx#2-1 Bijang 0.04 25.70 0.76 53.41 0.01 0.03
020518-2c (15) py»d#2-2 Bijang 0.04 25.82 0.63 54.03 0.00 0.03
020518-2c (15) pyx#3-1 Bijang 0.03 26.06 0.70 53.45 0.01 0.04
020518-2c (15) pyx#3-2 Bijang 0.08 26.69 0.48 54.27 0.01 0.03
020518-2c (15) pyx #4-1 Bijang 0.02 25.94 0.72 53.46 0.00 0.01
020518-2c (15) pyx #4-2 Bijang 0.03 25.70 0.70 63.65 0.03 0.00
020518-2c (15) pyx #5-1 Bijang 0.05 25.93 0.72 53.86 0.02 0.03
020518-2c (15) pyx #5-2 Bijang 0.02 26.52 0.50 54.38 0.00 0.01
020522-51 (94) pyx #1-1 Bulalo 0.04 25.06 0.66 52.95 0.00 0.00
020522-51 (94) pyx #1-2 Bulalo 0.02 25.59 0.49 53.561 0.01 0.01
020522-51 (94) pyx #2-1 Bulalo 0.01 2433 0.48 53.46 0.00 0.02
020522-51 (94) pyx #2-2 Bulalo 0.00 25.17 0.52 53.46 0.00 0.01
020522-51 (94) pyx #3-1 Bulalo 0.02 24.53 0.49 53.31 0.01 0.02
020522-51 (94) pyx #3-2 Bulalo 0.01 25.59 0.55 53.38 0.01 0.01
020522-51 (94) pyx #4-1 Bulalo 0.02 24.96 0.47 53.03 0.00 0.02
020522-51 (94) pyx #4-2 Bulalo 0.03 25.57 0.48 53.66 0.02 0.04
020522-51 (94) pyx #5-1 Bulalo 0.03 25.46 0.70 53.38 0.01 0.00
020522-51 (94) pyx #5-2 Bulalo 0.03 2543 0.51 53.48 0.01 0.02
020522-53 (100)- unk #1- pyx Olila 0.03 24.37 0.66 583.71 0.00 0.02
020522-53 (100)- unk #2- pyx Olila 0.03 25.64 0.64 54.09 0.02 0.00
020522-53 (100) pyx #4-1 Olila 0.01 24.82 0.98 52.45 0.00 0.00
020522-53 (100) pyx #4-2 Olila 0.01 25.57 0.59 53.65 0.01 0.01
020522-53 (100) pyx #7-1 Olila 0.01 24.57 0.44 53.56 0.00 0.00
020522-53 (100) pyx #7-2 Olila 0.03 24.73 0.46 53.77 0.01 0.00
020522-53 (100) pyx #8-1 Olila 0.02 24 61 0.60 563.15 0.00 0.02
020522-53 (100) pyx #8-2 Olila 0.01 25.70 0.46 53.73 0.00 0.02
020522-53 (100) pyx #11-1 Qlila 0.02 24.25 0.98 52.83 0.01 0.01
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Table Sa- Trace Elements- Plagioclase

sample Dome Ba Sr Ca0 | Sr/Ba | %An
020518-1c¢ (15) plag #2-core Bijang 45476 | 1107.77 | 8.07 | 244 | 38.65
020518-1c (15) plag #2-mid1 Bijang | 483.71 | 117292 | 822 | 242 | 39.19
020518-1c (15) plag #2-mid2 Bijang 700.15] 119892 | 780 | 1.71| 37.65
020518-1¢ (15) plag #2-edge Bijang 559.65 | 1080.12 | 800 | 1.93| 38.14
020518-1c¢ (15) plag #4-core Bijang | 216.32 | 755.79 | 10.08 | 349 | 47.48
020518-1c (15) plag#4-mid Bijang 38248 | 71468 | 721 | 187 | 3441
020522-51 (94) plag #2-core Bulalo 192.33 | 1166.58 | 11.16 | 6.07 | 55.27
020522-51 (94) plag #2-rim Bulalo 634.50 | 1455.11 | 1047 | 2.29 | 51.82
020522-51 (94) plag #4-core Bulalo 282.31 [ 112249 | 998 | 3.98 | 47.88
020522-51 (94) plag #6 core-a | Bulalo 327451134383 | 958 | 410 46.02
020522-51 (94) plag #6-mid Bulalo 366.27 | 971.77| 7.00| 265| 33.76
020522-51 (94) plag #6-rim Bulalo 51938 | 96763 | 701 | 186 | 33.81
020517-2d (24) plag #1-core Calamba | 29664 | 96587 | 932 | 3.26 | 44.56
020517-2d (24) plag #1-rim Calamba | 29899 | 84189 | 839 | 282 40.37
020517-2d (24) plag #3-core Calamba | 267.32 | 1657.04 | 16.81 | 6.20 | 82.94
020517-2d (24) plag #3-mid Calamba | 237.63 | 1136.34 [ 1212 | 478 | 59.15
020517-2d (24) plag #3-rim Calamba | 372.01 | 899.07 | 832 | 242 4042
020517-2d (24) plag #5-core Calamba | 233.14 | 1024.65 | 10.18 | 4.39 | 49.08
020517-2d (24) plag #5-mid Calamba | 340.56 | 97369 | 867 | 286 | 41.80
020517-2m (31) plag #1-core Calamba | 320.65 | 1046.02 | 9.73 | 3.26 | 46.66
020517-2m (31) plag#1-mid Calamba | 255.34 | 94420 | 9.17 | 3.70| 43.66
020517-2m (31) plag#1-rim Calamba | 392.80 | 1019.35| 9.27 | 260 | 44.51
020517-2m (31) plag#3-core Calamba | 205.49 | 126165 | 13.36 | 6.14 | 64.41
020517-2m (31) plag #3-mid1 Calamba | 270.20 | 1069.61 | 960 | 3.96 | 46.68
020517-2m (31) plag #3-mid2 Calamba | 488.70 | 1167.35 | 10.10 | 2.39 | 48.79
020517-2m (31) plag #3-rim Calamba | 38868 | 960.22 | 892 | 247 | 42.63
020517-2m (31) plag #4-core Calamba | 350.01 | 823.11| 885| 235 4297
020517-2m (31) plag #4-mid Calamba [ 400.30 | 95872 | 856 | 239 41.07
020517-2m (31) plag #4-rim Calamba | 351.92 | 905.17 | 891 | 257 | 43.06
Table 9b- Trace Elements- Enclave Plagioclase

sample Dome | Ba Sr CaO | Sr/Ba | %An
020522-51 (94) plag #8-core Bulalo | 181.27 | 1192.05| 1491 | 6.58 | 73.07
020522-51 (94) plag #10-core Bulalo | 14274 | 88049 | 929 | 6.17 46.12
020522-51 (94) plag #10-mid Bulalo | 490.34 | 101258 | 7.03| 207 34.39
020522-53 (100) plag #6-core Olila 57466 | 2230.81 | 1066 | 3.88| 50.98
020522-53 (100) plag #8-core Olila 37823 | 1667.02 | 991 | 4.14| 4705
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