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Abstract Camiguin is a small volcanic island located
12 km north of Mindanao Island in southern Philip-
pines. The island consists of four volcanic centers which
have erupted basaltic to rhyolitic calcalkaline lavas
during the last ~400 ka. Major element, trace element
and Sr, Nd and Pb isotopic data indicate that the vol-
canic centers have produced a single lava series from a
common mantle source. Modeling results indicate that
Camiguin lavas were produced by periodic injection of a
parental magma into shallow magma chambers allowing
assimilation and fractional crystallization (AFC) pro-
cesses to take place. The chemical and isotopic compo-
sition of Camiguin lavas bears strong resemblance to the
majority of lavas from the central Mindanao volcanic
field confirming that Camiguin is an extension of the
tectonically complex Central Mindanao Arc (CMA).
The most likely source of Camiguin and most CMA
magmas is the mantle wedge metasomatized by fluids
dehydrated from a subducted slab. Some Camiguin
high-silica lavas are similar to high-silica lavas from
Mindanao, which have been identified as ‘‘adakites”
derived from direct melting of a subducted basaltic
crust. More detailed comparison of Camiguin and
Mindanao adakites with silicic slab-derived melts and
magnesian andesites from the western Aleutians,
southernmost Chile and Batan Island in northern Phil-
ippines indicates that the Mindanao adakites are not
pure slab melts. Rather, the CMA adakites are similar to
Camiguin high-silica lavas which are products of an
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AFC process and have negligible connection to melting
of subducted basaltic crust.

Introduction

The Philippine archipelago (Fig. 1), a complex amal-
gamation of geologic terranes from various locations
along the western Pacific margin, is bordered by several
active subduction zones (e.g., Hamilton 1979; Hall
1996). Magmatism in the northern and central Philip-
pines is mainly confined to two parallel zones of arc
volcanism running along the length of the archipelago at
its eastern and western edges (these zones are henceforth
termed the eastern and western arcs, respectively). The
eastern arc, which includes the Bicol Arc of southeastern
Luzon (e.g., Newhall 1979) and arc volcanoes on Leyte
and eastern Mindanao (Sajona et al. 1993, 1997), is as-
sociated with the Philippine Trench where the Philippine
Sea Plate, with a modest cover of pelagic sediment, is
being subducted toward the west. The western arc,
which includes the Taiwan-Luzon Arc system (Defant
et al. 1989) and arc volcanoes on Mindoro, Panay, Ne-
gros (von Biedersee and Pichler 1995), and southwestern
Mindanao (Sajona et al. 1996), is associated with the
discontinuous Manila, Negros, and Cotabato trenches
where South China, Sulu, and Celebes Sea crust, all with
a thick cover of terrigenous sediment, are respectively
being subducted toward the east. The diverse conditions
under which arc volcanism occurs have made the
northern Philippines a valuable natural laboratory for
studying the impact of different tectonic environments
(i.e., arc-continent collision in southwestern Luzon —
e.g., Defant et al. 1988; Forster et al. 1990) and varying
types and amounts of subducted material (e.g., Mukasa
et al. 1987; Knittel and Defant 1988; McDermott et al.
1993; Castillo 1996) on the petrogenesis and geochem-
istry of arc lavas.
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Fig. 1 Map of the Philippines showing major tectonic features
(adapted from Hamilton 1979). Inset shows simple geologic map of
Camiguin Island showing the four major volcanic centers and their
geographic coverage (adapted from Punongbayan and Solidum 1985)

The tectonic setting of the southern Philippines is
more complex than that of the northern Philippines
because of the presence of three and possibly four arc
systems in the region (e.g., Moore and Silver 1983;
Hawkins et al. 1985; Pubellier et al. 1991). In addition to
the eastern and western arcs, Neogene to Quaternary arc
volcanoes of the Sulu Arc and Central Mindanao Arc
(CMA) exist on Mindanao Island (Fig. 1). The Sulu
Arc, on the western peninsular extension of the island, is
associated with the subduction of the Sulu Sea crust
along the Sulu Trench toward the southeast. On the
other hand, the CMA is located roughly halfway be-
tween the eastern and western Philippine arcs and is the
most areally extensive field of active volcanoes in the
Philippines (Sajona et al. 1993). Thus the arc association
as well as the cause and source(s) of magmatism in the
CMA are uncertain. Several seismic studies, however,
have suggested that the CMA is associated with rem-
nants of the subducted Molluca Sea Plate underneath
the southern portion of Mindanao Island (Besana et al.

1997; Pubellier et al. 1991; Acharya and Aggarwal 1980).
Moreover, reconnaissance petrologic investigations of
the CMA reported the presence of lavas derived from
melting of the basaltic portion of the subducted Molluca
Sea Plate (e.g., Sajona et al. 1993, 1994, 1997; Maury
et al. 1996). Although melts of the subducted basaltic
crust, collectively termed ““adakites” by Drummond and
Defant (1990; see also Defant and Drummond 1990),
may have been common in the Archean as trondhjemi-
tic-tonalitic granitoids (e.g., Martin 1986; Drummond
and Defant 1990), their reported presence in numerous
Cenozoic arc settings (e.g., Defant et al. 1992; Drum-
mond et al. 1996) is controversial. Many of the pur-
ported Cenozoic adakites may have other origins (e.g.,
Atherton and Petford 1993; Kay and Kay 1993; Peacock
et al. 1994).

In this paper, we present a detailed major element,
trace element and Sr-Nd-Pb isotopic investigation of the
Pliocene—Quaternary volcanoes of Camiguin Island, the
youngest and northernmost volcanic centers in the CMA
(Corpuz 1992; Sajona et al. 1993, 1994, 1997). Our pri-
mary objectives are to characterize the source composi-
tion and fractionation processes that produced
Camiguin lavas, and to use these data to constrain the
source and melt generation processes that gave rise to
adakite lavas here and elsewhere in the CMA. Although
the previous CMA petrologic investigations have been
valuable for establishing the general geochemical char-
acteristics of the whole arc, their reconnaissance nature
cannot provide the kind of in-depth petrogenetic infor-
mation furnished by an analysis of the entire lava series
of one of the volcanic centers in the CMA.

Geologic setting and samples

Camiguin is a small (292 km?) oblate island composed of four
exposed stratovolcanoes and a few subsidiary edifices (Fig. 1). The
island is situated on a low submarine ridge that extends ~12 km
from a peninsula formed by a large volcano of the CMA in north-
central Mindanao. The Camiguin volcanoes are aligned northwest—
southeast, roughly parallel to the alignment of CMA volcanoes on
Mindanao. Field relations (Punongbayan and Solidum 1985) and
K-Ar dating (Sajona et al. 1997) reveal that volcanism started with
the eruption of Camiguin Tanda volcano (now buried) on the floor
of the Mindanao (now Bohol) Sea (Punongbayan and Solidum
1985). Since then, volcanism has progressed toward the northwest
by formation of Mts. Butay (0.34 Ma) and Ginsiliban, the oldest
and second oldest exposed volcanoes on Camiguin. These relatively
small edifices are mainly composed of basaltic to dacitic lavas. Mt.
Mambajao, the second youngest (<100 ka) and largest volcano, is
located in the center of the island. Hibok-hibok, located in the
northwest, is the youngest and only active volcano. Its last eruptive
period started in 1948 and culminated with a Peléan eruption in
1951 that claimed 3,000 lives. Mt. Vulcan is a parasitic dome
structure on the northwestern flank of Hibok-hibok volcano. These
latter three edifices are mainly andesitic to rhyolitic in composition.
The materials analyzed for this study include 44 lavas sampled
from all the volcanic centers and major edifices on the island, and
one gabbroic xenolith from Mt. Butay. All of these were analyzed
for major oxides and selected trace elements. Rare earth element
determinations, mineral analyses and isotopic measurements were
conducted on a smaller number of representative samples which
were selected based on major element and petrographic data.



Analytical techniques

Major element and Rb, Ba, Sr, Zr, Y, V, Nb and Ni analyses were
performed by X-ray fluorescence spectrometry (XRF) on a wave-
length-dispersive Phillips instrument at the Scripps Institution of
Oceanography (SIO). Determination of major element oxides was
conducted on fused disks (0.5 g sample: 2.5 g LiBO, flux) following
the method of Norrish and Hutton (1969). Trace elements were
measured using pressed powder pellets (3 g sample: 1 g methyl
cellulose) following the method of Norrish and Chappell (1977).

All mineral analyses were conducted on a Cameca CAMEBAX
microprobe equipped with three wavelength-dispersive spectrome-
ters at SIO using parameters described by Janney et al. (1995).

Rare earth element (REE) determinations were performed by
inductively coupled plasma mass spectrometry (ICP-MS) on a VG
PlasmaQuad 2+ instrument at SIO. Rock powders (0.014 g) were
digested using the procedure described in Janney and Castillo
(1996), diluted by a factor of 1000 in a 1% HNO; solution con-
taining 100 ppb of ''°In as an internal standard. The accuracy and
precision of the REE measurements were monitored by repeated
analysis of the rock standards AGV-1 and BCR-1 and are within
3% relative standard deviation (RSD) for all REE.

The Sr, Nd, and Pb isotope measurements were done at the
Department of Terrestrial Magnetism of the Carnegie Institution of
Washington using the well-established procedure there (e.g.,
Walker et al. 1989; Castillo et al. 1991). About 200 mg of rock
powders were dissolved in teflon beakers and then passed through
small HBr ion exchange columns to collect Pb. The residues from
Pb extraction were collected and dried, and less than half (~75 mg)
of them were passed through primary cation exchange columns to
collect Sr and the REE. Finally, Nd was separated from the rest of
the REE by passing the REE cuts through small EDTA ion ex-
change columns. The Pb and Sr isotope measurement was done
using a five-collector VG 354 thermal ionization instrument. The
Nd isotope measurement was done in oxide form using a home-
built, 15-inch radius thermal ionization instrument.

Results
Petrography and mineral chemistry

Sampled lava types range from basalts (49 wt% SiO5) to
rhyolites (75 wt% Si0,), although andesites and basaltic
andesites dominate (Table 1 and Fig. 2). Almost all la-
vas are porphyritic, with the volume proportion of
phenocrysts generally increasing with differentiation,
from 10—15 vol.% in basalts to 30—60 vol.% in the more
evolved andesites and dacites. The lavas tend to be
sparsely vesicular and most have groundmasses com-
posed primarily of plagioclase laths, oxide minerals
(mainly titanomagnetite) and glass. The samples are
generally fresh, although olivine has been severely idd-
ingsitized in some basalts, basaltic andesites and the Mt.
Butay gabbro xenolith.

Olivine (Fogg g5) dominates the phenocryst assem-
blages of the most magnesian basalt (sample B0O16 from
Mt. Butay), but it is only a minor phase in the other
basalts and basaltic andesites, where it commonly dis-
plays resorption rims. In these lavas, plagioclase, clino-
pyroxene and orthopyroxene (in decreasing order of
abundance) are the major phenocryst phases, with the
relative plagioclase content generally increasing with the
extent of differentiation (see Table 2 for representative
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mineral analyses). Hornblende appears as another major
mafic phase in the more evolved andesites, as well as in
dacites and rhyolite. Pyroxenes are rare in these differ-
entiated lavas and commonly show rounded or resorbed
edges when they are present, as do the rare hornblende
phenocrysts which appear in the less evolved andesites.
The larger plagioclase phenocrysts in Camiguin lavas
almost always show pronounced oscillatory zoning and
the An contents of zones within single phenocrysts may
vary up to 15%, although cores are generally more calcic
than rims. Clinopyroxene phenocrysts are also com-
monly zoned, often displaying classic “hourglass’ sector
zoning patterns. Most orthopyroxenes are bronzitic and
all fall within a narrow compositional range (Engg_73).
Two-pyroxene thermometry (Lindsley 1983) yields crys-
tallization temperatures of 950-1100 °C (for pressures of
1 atm to 5 kbar) for lavas containing both pyroxenes.

In summary, the textural characteristics and com-
plexly zoned minerals of Camiguin lavas suggest peri-
odic mixing of less and more evolved magmas, perhaps
inside long-lived magma chambers. This scenario would
result in variably differentiated, highly phyric lavas
containing strongly zoned phenocrysts, which may or
may not be in equilibrium with their host magmas,
similar to those observed.

The Mt. Butay xenolith (sample CO011) is a cumulate
gabbro comprised of roughly 70 vol.% plagioclase, 25
vol.% clinopyroxene, 5 vol.% olivine and <1 vol.%
orthopyroxene. Clinopyroxene grains typically occupy
the interstices between large (0.5-3 mm) subhedral pla-
gioclase and small (<0.5 mm) subhedral olivine grains.

Major elements

Camiguin lavas can be characterized as medium-K and
calcalkaline (Table 1 and Fig. 2). The ranges of chemical
composition and extents of differentiation vary consid-
erably between the four volcanoes. Mt. Butay, from
which the most samples were collected, has the most
mafic lavas and the greatest compositional range. Mt.
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Fig. 2 Plot of K>O versus SiO, for Camiguin lavas. Shaded square
symbol represents Mt. Butay gabbroic xenolith
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Table 1 Major and trace element compositions of Camiguin Island volcanic rocks

Sample  Mt. Butay

B002 B003 B005 B006 B007 B009 B014 B015 BO16 B017 B018
Major oxides (%)
SiO, 58.66 63.12 60.74 52.41 58.20 51.66 51.56 63.90 48.60 65.25 53.57
TiO, 0.61 0.52 0.52 0.78 0.65 1.28 0.80 0.42 1.04 0.37 1.13
AlLO; 18.19 17.26 18.09 18.14 18.21 16.44 18.69 18.11 16.36 17.06 18.37
FeO* 6.57 5.38 6.04 8.62 6.60 8.78 8.92 4.86 9.99 3.93 7.71
MnO 0.14 0.14 0.14 0.16 0.13 0.17 0.17 0.11 0.18 0.13 0.14
MgO 3.66 1.85 2.70 5.07 3.88 6.86 5.37 2.34 10.03 1.75 5.63
CaO 7.27 5.93 5.97 9.78 7.62 9.35 10.72 5.13 11.48 4.75 6.58
Na,O 3.78 4.54 4.16 3.47 3.91 3.48 2.97 3.97 2.74 3.92 3.28
K,O 1.18 1.94 2.03 1.05 1.31 1.28 0.98 1.94 0.86 2.47 1.61
P,Os 0.27 0.14 0.29 0.23 0.24 0.40 0.23 0.21 0.25 0.23 0.46
Sum 100.34 100.82 100.70 99.73 100.72 99.68 100.40 100.99 101.52 99.85 98.47
Trace elements (ppm)
Ni 19.2 7.3 3.9 24.8 239 106.1 24.2 10.5 125.4 1.7 101.7
Rb 27.3 19.2 43.1 14.6 44.3 14.7 50.3 21.6 43.1 50.3 21.6
Ba 255 362 304 171 267 332 162 334 192 401 291
Sr 832 850 705 790 704 679 692 769 705 692 769
Zr 51 97 71 31 75 52 78 104 71 78 104
Y 13.4 21.8 20.3 19.1 16.2 20.4 17.4 16.9 20.3 17.4 16.9
\% 151 131 120 249 162 238 276 86 282 60 199
Nb 2 5 2 2 4 10 2 2 4 4 7
La 14.6 9.4 17.2 20.1
Ce 18.7 19.5 26.3 42.5
Pr 3.7 2.8 3.5 5.5
Nd 15.4 13.1 14.3 24.3
Sm 3.1 3.1 2.7 4.6
Eu 1.2 1.0 0.9 1.6
Gd 34 2.8 4.4
Tb 0.45 0.46 0.37 0.54
Dy 2.8 2.9 2.6 3.1
Er 1.4 1.4 1.5 1.3
Yb 1.4 1.3 1.6 1.1
Lu 0.21 0.21 0.27 0.17
Sr/Y 62 39 35 41 44 33 40 45 35 40 45
La/Yb 11 7 11 18

Hibok-hibok, the youngest volcano, produced the only
rhyolite sampled from Camiguin. All Mt. Ginsiliban,
Mt. Mambajao, Mt. Vulcan and Mt. Hibok-Hibok la-
vas, except the rhyolite, fall within a narrow composi-
tional range of 54.5 to 62% SiO, (Fig. 2). Because of this
narrow interval, there is a significant gap in the Cam-
iguin lava series between the most silicic dacites at 67%
SiO,, and the Hibok-hibok rhyolite, at 75% SiO».
Camiguin lavas plot on linear or curvilinear trends in
most Harker diagrams (Fig. 3) with surprisingly little
scatter, suggesting that petrogenetic processes were ex-
tremely similar for all volcanoes. This is despite the fact
that the lavas are phyric and thus do not represent true
liquid compositions. There is also a rough correlation
between the relative age of a lava and its composition, in
that the oldest lavas at each volcano are generally the
most mafic, and younger lavas tend to become increas-
ingly evolved with time.

Trace elements

Trace element abundances are listed in Table 1 together
with major element data and are shown graphically in

Figs. 4 to 6. In general, Camiguin lavas are enriched in
highly incompatible trace elements such as the light-rare
earth elements (REE) and large-ion lithophile elements
(LILE) and depleted in high field strength elements
(HFSE) relative to other incompatible elements, similar
to most calcalkaline arc lavas. In detail, compatible ele-
ments Ni and V have strong negative correlations with
silica content (Fig. 4). Among the incompatible ele-
ments, Rb and Ba display the strongest positive corre-
lations with silica. The behavior of other incompatible
trace elements with increasing silica is more complex.
Strontium also correlates positively with silica but only
up to about 58% SiO,; it decreases with increasing silica
content thereafter, indicating increased plagioclase frac-
tionation in the more evolved lavas. On average, Zr rises
with increasing SiO,, but intersample variation is large
particularly among the basaltic andesites and andesites.
The large intersample variation of Zr coincides with the
preponderance of hornblende as a phenocryst and/or
groundmass phase in the more evolved lavas. Since Zr is
compatible in hornblende in silicic magmas (e.g., Pearce
and Norry 1979; Gill 1981), an argument could be made
that the large variation was caused by shifting from a
clinopyroxene-dominated to a hornblende-dominated
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Mt. Butay Mt. Ginsiliban Mt. Mambajao
C001 C002 C006 C008 Col11 G001 G004 G006 MoO11 MO021 MO022 MO029
(Xenolith)
65.04 55.76 64.21 66.96 44.77 61.31 59.18 61.05 58.51 58.98 60.53 58.30
0.39 0.95 0.34 0.36 0.14 0.51 0.59 0.49 0.73 0.61 0.73 0.67
16.08 16.78 16.92 16.24 21.93 18.38 18.38 17.99 17.65 18.04 17.37 17.42
4.33 6.23 3.75 3.70 7.23 5.52 6.53 5.54 6.19 5.99 5.88 5.86
0.13 0.12 0.15 0.11 0.13 0.13 0.14 0.11 0.12 0.13 0.12 0.13
2.29 5.16 1.57 1.99 9.22 3.12 3.73 2.88 3.64 3.17 3.35 3.23
4.99 8.10 4.66 4.36 14.98 6.83 7.56 6.13 7.18 7.04 6.31 7.03
3.78 3.70 4.82 4.18 1.32 3.64 3.44 4.68 5.07 4.16 4.37 4.26
2.30 2.06 2.48 2.47 0.09 1.09 1.25 1.28 1.68 1.57 1.81 1.65
0.09 0.50 0.23 0.06 0.02 0.22 0.27 0.23 0.26 0.26 0.31 0.28
99.42 99.37 99.12 100.43 99.84 100.75 101.07 100.37 101.05 99.94 100.77 98.84
7.6 59.1 0.4 7.0 56.7 17.7 22.1 28.1 17.0 12.0 21.8 17.1
49.9 30.9 50.3 54.1 1.5 234 422 17.9 36.6 37.4 423 36.3
350 366 372 362 51 295 249 290 347 305 358
523 1148 630 506 555 810 653 760 815 895 885 945
73 99 77 78 3 59 76 39 105 84 91 100
15.4 13.6 16.9 12.8 10.8 223 24.5 25.3 14.3 11.8 10.1 13.2
110 193 61 83 86 116 151 121 153 135 133 152
4 11 3 3 1 3 3 2 8 5 8 6
1.7 11.3 10.5 13.1 19.1 21.2 22.6
1.2 21.1 20.5 22.2 36.1 39.3 40.0
0.4 2.8 2.8 33 4.4 4.7 5.0
2.2 11.6 11.6 14.5 18.6 18.7 19.6
0.6 2.4 2.6 2.9 3.6 35 3.8
0.4 0.9 1.0 1.1 1.2 1.2 1.2
0.9 2.5 2.8 3.0 3.5 3.1 33
0.20 0.36 0.38 0.42 0.43 0.35 0.44
0.8 2.3 2.5 2.7 2.7 2.2 2.5
0.5 1.2 14 1.4 1.3 0.9 1.1
0.5 1.4 1.1 1.5 1.1 0.9 1.1
0.15 0.21 0.22 0.24 0.17 0.14 0.19
34 84 40 39 52 36 27 30 57 76 88 71
4 8 9 9 17 23 21

fractionating assemblage. The scatter may also be due to
the variable presence of trace amounts of zircon, as this
mineral is present in other CMA lavas (Sajona et al.
1993, 1994). Yttrium shows a general decrease with in-
creasing silica but with much scatter, again possibly due
to variable hornblende fractionation. The C011 cumulate
gabbro has extremely low trace element concentrations
and because of this, its trace element signature may have
been affected by weathering and low-temperature surface
alteration, resulting in a very irregular normalized pat-
tern (Figs. 4 and 5).

In the extended trace element diagrams (Fig. 5),
Camiguin lavas in general have high concentrations (20—
80X primitive mantle) of highly incompatible LILE (Rb,
Ba and K) but have lower contents (5-20X primitive
mantle) of moderately incompatible trace elements (e.g.,
middle REE). In detail, the concentrations of highly
incompatible LILE increase with increasing fractiona-
tion. Among the HFSE, Zr generally increases with in-
creasing fractionation, as mentioned above, but Nb and
Ti only initially increase and then decrease above ~63%
SiO,. The complex behavior of the trace element con-
tents of Camiguin lavas is demonstrated by their REE
concentration patterns (Fig. 6). The basaltic lavas show
light-REE enriched patterns (La/Sm., >1.9) similar to

other Philippine mafic arc lavas (e.g., Defant et al. 1988,
1989; Miklius et al. 1991). However, the degree of light-
REE enrichment initially increases and then decreases
with increasing silica relative to sample BO16. A similar
behavior is shown by the middle REE. On the other
hand, the heavy REE initially decrease and then con-
tinuously increase with increasing silica. The differential
behavior of the different REE with increasing silica
content causes some of the andesites and dacites to de-
velop U-shaped REE patterns and higher La/Yb ratios
than the rest of Camiguin lavas. These geochemical
characteristics are similar, although not identical, to the
overall decrease of REE with increasing SiO, content of
some Andean and Mexican arc-related lavas, and which
have been attributed to fractionation of amphibole and
accessory phases such as titanite and apatite (e.g., Luhr
and Carmichael 1980; Kay and Gordillo 1994). Trace
amounts of apatite are also present in other CMA lavas
(Sajona et al. 1993, 1994).

Sr, Nd and PDb isotopes

The Sr, Nd, and Pb isotopic determinations were made
on four, stratigraphically older Camiguin mafic lavas
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Table 1 (Continued)

Sample Mt. Mambajao Mt. Hibok-Hibok
Mo041 M043 MO054 2H002  2H007  HO002 HO003 H004 HO005 HO008 HO10 HO11
SiO, 55.86 60.38 58.15 5529 5545 59.70 56.38 56.85 74.59 57.73 60.63 59.13
TiO, 0.85 0.63 0.73 0.89 0.69 0.59 0.68 0.71 0.16 0.67 0.52 0.62
AlL,O3 17.51 17.94 17.95 18.17  18.64 18.08 17.87 17.71 14.97 17.68 17.87 17.87
FeO* 7.45 5.83 6.14 7.08 7.07 6.07 6.92 6.29 1.15 6.58 5.35 6.04
MnO 0.15 0.14 0.14 0.15 0.14 0.16 0.15 0.13 0.10 0.16 0.16 0.14
MgO 5.18 3.09 3.58 4.57 391 3.33 4.52 4.56 0.53 4.54 2.49 3.34
CaO 8.06 6.01 6.98 8.35 7.95 7.60 8.26 7.92 1.97 8.15 6.64 7.25
Na,O 3.73 4.17 3.88 4.05 3.68 4.25 3.78 3.84 4.30 3.60 4.57 3.79
K,O 1.53 1.79 2.02 1.44 1.09 1.48 1.17 1.44 3.53 1.37 1.54 1.52
P,0s 0.31 0.22 0.36 0.52 0.35 0.28 0.27 0.30 0.03 0.29 0.29 0.27
100.64  100.19 99.94 100.50  98.96  101.54  100.01 99.76  101.33  100.76  100.06 99.96
Ni 57.7 13.1 28.5 35.8 16.3 12.6 29.6 56.7 n.d. 29.9 6.4 14.9
RDb 33.1 42.7 454 31.6 21.6 35.8 25.5 29.0 79.6 31.6 36.2 32.6
Ba 336 355 330 356 254 332 267 282 487 301 366 325
Sr 840 795 949 1149 910 912 912 899 397 889 959 884
Zr 89 100 124 119 70 98 77 75 95 89 106 77
Y 16.4 16.5 14.0 14.9 14.2 15.9 15.9 14.5 10.9 16.2 16.6 14.2
A% 199 120 172 189 167 138 165 168 155 97 138
Nb 6 5 8 10 4 8 5 5 3 7 7 6
La 21.0 28.3 16.4 13.9 19.3 20.5
Ce 39.0 54.6 31.9 233 36.9 38.9
Pr 5.0 7.1 4.0 2.6 4.6 4.6
Nd 20.6 28.8 16.6 9.1 18.6 18.2
Sm 3.8 5.0 3.2 1.5 3.6 33
Eu 1.3 1.6 1.1 0.5 1.2 1.1
Gd 3.9 44 3.2 1.5 35
Tb 0.47 0.53 0.39 0.21 0.42 0.39
Dy 2.9 3.0 2.3 1.4 2.6 23
Er 1.3 1.3 1.1 0.9 1.3 1.1
Yb 1.2 1.2 1.1 1.2 1.3 1.2
Lu 0.20 0.19 0.16 0.21 0.19 0.20
Sr/Y 51 48 68 77 64 57 57 62 36 55 58 62
La/Yb 17 25 15 12 15 17

(one from each volcano) and on the gabbro xenolith.
The Sr and Nd isotopic determinations were also done
on the rhyolite sample (sample H005), the most differ-
entiated and youngest sample from Camiguin. The iso-
topic ratios are presented in Table 3 and plotted on
Fig. 7A to C. For all isotopic systems, the intervolcano
variation is small particularly in the Nd system. The
rhyolite has slightly higher ®’Sr/*®Sr than the other
samples but this is most probably due to the longer
residence time of the rhyolite lava in the crustal magma
chamber than the other more mafic lavas. The gabbro
has a somewhat different isotopic composition; it has
slightly higher Nd and Pb and lower Sr isotopic ratios
than the volcanic rocks.

Also shown on Fig. 7 are fields of data for several arc
volcanic localities along the eastern and western Philip-
pines. Compared to other Philippine arc lavas, Cam-
iguin lavas belong to the low *’Sr/*Sr, **°Pb/**Pb,
207pp204pb, 2%8pb/2**Pb, and high '**Nd/'**Nd group,
but do not extend to the extreme composition. In all
isotope systems, Camiguin lavas plot near or inside the
fields for Leyte Island and eastern Mindanao, which
belong to the eastern arc, and Taiwan—Luzon Arc and

Negros Arc, which belong to the western arc. There are
only a few isotopic data for the CMA volcanoes (Ca-
stillo 1996 and unpublished data; F. Sajona unpublished
data). Camiguin lavas completely overlap with the CMA
lavas in terms of Sr and Nd isotope ratios, but have
slightly higher 2*°Pb/>**Pb than the CMA lavas.

Discussion

Camiguin Island has been volcanically active since the
late Pliocene or early Pleistocene (Punongbayan and
Solidum 1985; Sajona et al. 1997) and it is possible that
several different melt sources have been involved in
producing Camiguin volcanoes over their lifetimes.
However, the small intervolcano variations in major and
trace element chemistry of Camiguin lavas suggest that
they most likely come from a source or sources with a
fairly homogeneous composition (e.g., Gill 1981).
Moreover, although Camiguin lavas do not represent
true liquid compositions, the geochemical coherency
shown by these lavas simply suggests that they are
produced by a common differentiation process acting
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Mt. Hibok-Hibok Mt. Vulcan
HO012 HO014 HO016 Hdo001 C03-001 V005 V006 V008
54.72 56.74 58.30 58.09 56.02 57.94 58.61 57.37
0.82 0.67 0.67 0.61 0.69 0.64 0.64 0.62
17.90 18.22 18.17 18.13 18.32 17.56 17.81 17.68
7.34 6.43 6.35 6.46 6.78 6.23 6.32 6.47
0.16 0.16 0.15 0.16 0.14 0.16 0.15 0.16
4.89 3.79 3.50 3.57 4.04 3.81 3.90 4.36
8.60 7.73 7.63 7.81 8.12 7.92 7.76 8.14
3.84 4.29 4.37 3.83 3.83 4.07 3.91 3.86
1.46 1.48 1.33 1.39 1.34 1.41 1.43 1.37
0.38 0.30 0.31 0.29 0.30 0.29 0.29 0.28
100.11 99.82 100.79 100.33 99.58 100.02 100.84 100.29
29.5 16.5 16.4 12.3 23.2 19.5 21.2 30.6
29.1 31.0 31.2 32.8 32.8 35.1 33.0 33.0
310 309 308 316 316 334 302
946 916 1000 907 874 941 898 898
89 91 90 95 94 91 97 97
14.9 14.8 12.5 16.5 15.2 14.2 17.4 17.4
188 150 137 145 159 142 154
8 6 7 7 6 6 3 5
19.0 15.5 20.8 27.1
35.5 30.1 39.2 52.9
4.1 3.8 4.8 6.9
16.9 16.1 19.0 28.0
3.2 3.3 3.6 5.0
1.1 1.1 1.2 1.6
3.2 2.8 34 4.6
0.41 0.38 0.42 0.54
2.6 2.3 2.6 3.0
1.3 1.0 1.3 1.3
1.3 1.0 1.2 1.2
0.19 0.16 0.20 0.20
64 62 80 55 57 66 52 52
15 16 17 23

upon melts from a fairly homogeneous source. The fact
that Camiguin is a fairly young island also helps us to
rule out substantial upper crustal contamination that
may have affected our petrologic interpretation. Finally,
the fairly uniform Sr, Nd and Pb isotopic compositions
of Camiguin lavas strongly indicate that Camiguin vol-
canic centers indeed share a common melt source. Be-
cause the range of isotopic values of Philippine arc lavas
is quite large (e.g., Mukasa et al. 1994; Castillo 1996),
any significant changes in melt source composition
would likely have resulted in a much larger intervolcano
isotopic variation than is observed.

Interestingly, the gabbro xenolith (sample CO011) has
an isotopic composition somewhat different from the
lava samples (Table 3 and Fig. 7A-C). It has signifi-
cantly lower Sr and slightly higher Pb isotopic ratios
than the lavas. The gabbro also shows chemical attri-
butes that distinguish it from the lavas: its TiO,, Al,O;,
FeO*, Na,O, V and Y values plot well away from the
main trend and it has low and irregular trace element
concentration pattern (e.g., Figs. 4 and 5). It has a dis-
tinctly cumulate texture, but least-squares fractional
crystallization models do not support the hypothesis
that CO11 is an accumulation of minerals fractionated
from Camiguin melts because the residual errors are

quite large (272 ~ 14). Based on all these information,
sample CO11 cannot be a direct product of Camiguin
volcanism but most probably is from a cumulate section
of the oceanic igneous basement that was stoped by
Camiguin lavas on their way to the surface. The simi-
larity of the gabbro’s Sr and Nd isotopic ratios with
those of the Sulu Sea igneous basement rocks (Fig. 7A)
supports this conclusion. However, Sulu Sea basement
samples have lower Pb isotopic ratios than CO11
(Figs. 7B and C — Spadea et al. 1996; Smith et al. 1991).
This appears to complicate the picture, but it is quite
possible that the slightly higher Pb isotopic composition
of CO11 is also an artifact of weathering and surface
alteration. Compared to Sr and Nd concentrations
(Table 1), the original Pb content of the gabbro cumu-
late was very low (<1 ppm — not shown), and hence, its
Pb isotopic composition was highly susceptible to even
the slightest alteration and/or metasomatism.

Petrogenesis and volcanic evolution
The wide range of lava types, abundance of phenocrysts

in most samples and particularly the coherent geo-
chemical trends of the lavas suggest that fractional
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Table 2 Representative microprobe analyses of minerals (pheno pherocryst, c¢px clinopyroxene, opx orthopyroxene)

Mineral Pyroxene Plagioclase

Sample # BO16 C03-001 G006 G001 BO16 C03-001 G006 BO17 MO022
Location Cpx pheno Opx pheno  Cpx pheno  Opx pheno  Matrix Pheno Pheno Pheno Matrix
SiO, 48.20 54.41 51.86 52.61 48.11 51.44 51.25 49.43 56.61
TiO, 0.86 0.21 0.00 0.16 0.08 0.04 0.06 0.02 0.02
AlLO; 6.17 0.76 1.63 2.32 32.12 30.22 29.37 31.01 27.07
FeO* 6.89 15.62 10.66 16.17 1.17 0.77 0.76 0.46 0.22
MnO 0.14 0.55 0.44 0.75 0.03 0.01 0.02 0.01 0.03
MgO 13.88 26.79 17.05 25.24 0.01 0.07 0.08 0.03 0.00
CaO 22.82 1.51 15.64 1.16 15.08 12.96 12.42 13.79 8.89
Na,O 0.29 0.02 0.14 0.02 2.90 3.26 3.29 3.36 6.25
K,0 0.16 0.10 0.12 0.08 0.28
Cr,05 0.11 0.03 0.07 0.04

sum 99.36 99.90 97.49 98.47 99.66 98.87 97.37 98.19 99.37
Mineral Olivine Hornblende Oxides

Sample # B-016 B-016 B-016 BO17 BO17 MO022 M022 BO17 B-016
Location Matrix Pheno rim Pheno core  Pheno Pheno Pheno Matrix Matrix Pheno
SiO, 37.14 38.81 38.23 42.37 43.04 46.21 0.03 0.05 39.63
TiO, 0.01 0.04 0.01 1.65 1.46 1.04 6.49 4.31 0.03
Al,O3 0.01 0.00 0.39 12.24 11.31 8.44 1.68 3.85 0.01
FeO* 23.37 18.02 13.50 12.05 13.87 12.92 88.06 89.05 13.99
MnO 0.54 0.37 0.34 0.22 0.43 0.58 0.57 0.61 0.24
MgO 37.54 41.21 42.57 13.98 12.91 14.34 1.31 1.53 45.68
CaO 0.32 0.23 0.66 11.11 11.12 10.85 0.50 0.04 0.20
Na,O 0.00 0.00 0.01 2.19 2.06 1.24 0.01 0.00 0.00
K,0 0.01 0.00 0.00 0.46 0.49 0.44 0.01 0.00 0.03
P,Os 0.02 0.05 0.01 0.00 0.00

Cr,0; 0.04 0.12 0.21 0.05 0.02 0.00 0.09 0.01 0.18
NiO 0.00 0.00 0.04 0.00 0.03 0.00 0.01 0.06 0.02
H,0 2.01 2.00 2.02

sum 98.98 98.80 95.96 98.35 98.79 98.09 98.76 99.51 100.01

crystallization was the dominant process controlling the
evolution of Camiguin lavas from primary magmas
originating from a common source. However, periodic
reinjection and autoassimilation of new melt may also
have been an important influence and might account for
the large proportion of andesites relative to basalts,
dacites and rhyolites. In order to illustrate these frac-
tionation processes inferred from the data, we present
models for both pure crystal fractionation and melt
mixing plus crystal fractionation on representative
Camiguin lavas (Table 4). The fractionation calculations
were performed using the “GENMIX” least-squares
computer program of Le Maitre (1981). For the pure
fractionation model, we used sample B016 as the pa-
rental liquid composition. Sample BO16 is fairly primi-
tive [MgO = 10%; Mg>"/(Mg*>" + Fe*™) = 0.68]
and has the highest concentration of compatible trace
elements (Ni = 125 ppm; V = 282 ppm). Although
this sample does not represent a true primary magma, it
appears to be a close derivative from one. In the mix-
ing + fractional crystallization model, we used a mix of
the primitive basalt BO16 and a more silicic lava (e.g., a
dacite for model #1, a rhyolite for model #2) as the
parent in order to simulate the injection of a mafic pa-
rental melt into a chamber containing differentiated

magma. Averaged mineral analyses (Table 2) were used
for the compositions of crystallizing phases.

The fractionating mineral assemblages were selected
by choosing those phases that produced the smallest
residual errors (Zr%; squared oxide weight percent). The
residual errors for the pure crystal fractionation models
(0.33-0.78) are larger than those for the mixing plus
crystallization models (0.071-0.080). In all models the
fractionating mineral assemblages agree with the major
phenocryst phases observed in thin section. All models
required clinopyroxene, plagioclase and olivine frac-
tionation, and hornblende and titanomagnetite were
often required as well (see Table 4).

Trace element modeling for selected incompatible
trace elements (La, Ce, Nd, Zr, Y, Sr and Rb) was based
on the least-squares models discussed above and was
conducted using the open system assimilation-fractional
crystallization (AFC) technique (Reagan et al. 1987;
DePaolo 1981). The pure crystal fractionation models
use the basalt BO16 as the parent and do not use as-
similant or intrusive components in the calculations. The
mixing + crystallization models use the ‘“‘evolved
daughter” of the least-squares mixing-crystallization
models as the true parent and the B016 basalt as the
composition of an intruding magma. The results of the



trace element modeling agree with the least-squares
modeling results: models involving mixing plus crystal
fractionation produce values that are significantly closer
to the actual “daughter” trace element concentrations
than those predicted by the pure fractional crystalliza-
tion models (Table 4). Most errors for the mixing-crys-
tallization models are less than 20% while those for the
fractionation models are most often in excess of 50%.
Note, however, that the modeled Rb values are high, but
these are most probably due to using partition coeffi-
cients that are too low for the particular pressure, tem-
perature and Py,0 conditions under which the
differentiated magmas crystallized (e.g., Green and
Pearson 1985).

In summary, the petrography and chemistry of
Camiguin lavas are consistent with an evolution domi-
nantly influenced by fractional crystallization and mix-
ing of magmas that were generated from a common
mantle source. Least-squares and AFC models also in-
dicate that mixing of primitive and evolved melts cou-
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pled with moderate crystal fractionation produce
realistic major and trace element concentrations in the
differentiated lavas. Based on these results, we propose
that the magmatic evolution of Camiguin lavas involves
the initial emplacement of a mafic parental melt into a
shallow magma chamber (most Camiguin lavas plot on
the 2 kbar fractionation trend of Baker (1987) using the
calculation procedure of Baker and Eggler (1983)). The
melt begins crystallizing soon after emplacement, but a
small portion of it erupts at the surface to form the
oldest, most mafic lavas. The crystallization of the melt
inside the chamber is punctuated by a series of injection
of new batches of parental melt which mixes with the
fractionating magma. The arrival of new parental melt
in the magma chamber probably triggers volcanic

Fig. 3 Major element oxide variations of Camiguin lavas (solid dots)
plotted against SiO, content. Open square symbol represents Mt. Butay
gabbroic xenolith
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Fig. 4 Trace element variations of Camiguin lavas plotted against
SiO, content. Symbols as in Fig. 3

eruptions (e.g., Pallister et al. 1992), producing pro-
gressively younger, more differentiated lavas at each
volcano. This sequence of events ends when volcanism
shifts to a new eruption center, where the cycle is re-
peated. The southeastern volcano (i.e., Mt. Butay) is the
oldest volcanic center in the island (Punongbayan and
Solidum 1985) and radiometric ages of the most mafic
lavas from each volcanic center show a small but distinct
increase from Mt. Butay to Mt. Hibok-hibok (Sajona
et al. 1997), that is, toward the northwest, along the
main trend of the CMA volcanoes in central Mindanao.
The youngest constructional volcanic feature on Cam-
iguin, the Mt. Vulcan lava dome (Fig. 1), is on the
northwestern slope of Hibok-hibok and an old cemetery
on the northwestern tip of the island currently lies off-
shore, a few meters below sea level because of on-going
crustal deformation in this area.

Camiguin’s relationship with the Central Mindanao Arc

The geographic and structural setting, overall young
age, and northwestward migration of Camiguin vol-
canism are consistent with the proposal that Camiguin is
the northernmost extension of the CMA (e.g., Corpuz
1992; Sajona et al. 1994, 1997). The composition of ca-
Icalkaline Camiguin lavas also overlaps to a large degree
with that of the mainly medium-K calcalkaline to
shoshonitic lavas in the CMA (Corpuz 1992; Sajona
et al. 1993, 1994, 1997), which naturally has a wider
range because central Mindanao has more numerous
and larger volcanic centers as well as a thicker and more
tectonically complex crust than Camiguin (e.g., Moore
and Silver 1983; Hawkins et al. 1985). Although major
element chemistry alone does not constitute a diagnostic
feature of the source of arc lavas (e.g., Grove et al.
1982), the compositional affinity of Camiguin lavas with
those of the CMA becomes more evident once the trace
element and particularly the Sr, Nd and Pb isotopic data
are also considered.
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Fig. 6 Chondrite normalized REE concentration patterns for

representative Camiguin lavas. Arrows show behavior of (from left
to right) light-, middle-, and heavy-REE contents of lavas relative to
the parental basalt BO16 with increasing differentiation. Chondrite
normalizing values from Evensen et al. (1978)

Figure 5 shows that the trace element content, par-
ticularly the average value, of Camiguin basalt to dacite
lavas is well within the range of the CMA basaltic to
dacitic lavas. Lavas from both Camiguin and the CMA
show enrichment in LILE and light-REE and depletion
in HFSE and heavy-REE. The rhyolite is the only
Camiguin lava that does not fit within the CMA (or even
within the Camiguin) range but this is most likely the
result of extreme crystal fractionation/accumulation. In
detail, the similarity in trace element composition is
greatest in the mafic end of Camiguin and the CMA lava
series and less so in the differentiated end. For example,
mafic lavas of both lava series have similar Zr/Y and Zr/
Ti ratios, but the CMA differentiated lavas generally
have higher Zr for given Zr/Y and Zr/Ti lavas than
Camiguin differentiated lavas (Fig. 8A and B). Cam-
iguin mafic lavas overlap with the bulk of the CMA
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lavas in the La/Yb versus Sr/Y plot, but the differenti-
ated lavas of the former extend to higher ratios than
those of the latter (Fig. 8C). Finally, Camiguin and the
CMA mafic lavas overlap in the La/Yb versus Ba/La
plot, but the former show a slightly negative to an al-
most horizontal trend whereas the later show a more
variable, sub-vertical trend (Fig. 8D). All these plots
suggest that the mafic lavas of both series, which are
parental to the more differentiated lavas, have very
similar, if not common, sources. The compositional di-
vergence with increasing differentiation is not surprising
given the differences in crustal thickness and, presum-
ably size and depth of magma chamber beneath the
CMA and Camiguin volcanoes.

A more illuminating line of evidence for the connec-
tion between the sources of Camiguin and the CMA
lavas is shown by the isotopic data. The Sr and Nd
isotopic composition of Camiguin lavas lies well within
that of central Mindanao lavas (Fig. 7A), suggesting
that Camiguin and the CMA lavas share a common
source, at least in terms of these two isotopes. In detail,
however, Camiguin lavas have slightly higher
143N d/"**Nd than most of the CMA lavas in accordance
with the systematic latitudinal variation in the compo-
sition of the mantle source beneath southern Philippines
(Castillo 1996). Lead isotopic data show this latitudinal
variation more clearly. Although there is a slight over-
lag), Camiguin lavas have higher 2*°Pb/>**Pb for given
20'Pb/2%Pb or 2%*Pb/***Pb than the CMA lavas; the
CMA lavas show subvertical trends in the Pb-Pb isotope
diagrams (Fig. 7B and C). Subvertical trends in
207pb2%Pb and 2°*Pb/2**Pb versus 2*°Pb/>**Pb plots are
a characteristic feature of lavas from different segments
of the Philippine arc systems (e.g., McDermott et al.
1993; Mukasa et al. 1994; Castillo 1996). This may have
resulted from addition of sediments with variable isotopic
compositions to an isotopically homogeneous mantle
wedge (McDermott et al. 1993) or to fairly recent addition
of Pb from a subduction com}‘)onent to a mantle wedge
originally variable in 2°°Pb/?**Pb (Castillo 1996). In al-
most all cases, the northern part of a particular segment of
the Philippine arc systems has higher *°Pb/>**Pb than the
southern part, consistent with Camiguin having higher
206pp 204pp than the CMA. Thus, in summary, isotopic
data clearly support the inference that Camiguin is a
northern extension of the CMA.

The origin of adakites in the Central Mindanao Arc

Melting of the down-going basaltic crust produces silica-
oversaturated lavas (e.g., Rapp et al. 1991) characterized
by, among other things, high Sr/Y and La/Yb ratios
(>40 and > 20, respectively) and low Y and Yb contents
(<15-18 ppm and <1-1.5 ppm, respectively) (e.g.,
Drummond and Defant 1990; Peacock et al.
1994). Drummond and Defant (1990; see also Defant
and Drummond 1990; Defant et al. 1992) reported the
presence of such slab-derived lavas in several arc settings



44

Table 3 Isotopic ratio values with analytical uncertainties (NA not
analyzed). Measurements done at the Department of Terrestrial
Magnetism (DTM) of the Carnegie Institution of Washington,
except those for HO0S, which were done at the Scripps Institution
of Oceanography (SIO). Uncertainties shown refer to the last sig-
nificant figures and are instrumental in-run precisions. Analytical
uncertainty, based on repeated measurements of standards at DTM
for ¥'Sr/®Sr, is +20; uncertainty for *Nd/"*Nd is +23; un-
certainties on Pb isotopic ratios are approximately +0.015 for
206pp 24P and 2°7Pb/?*Pb and +0.06 for 2°°Pb/?**Pb. Analytical

uncertainties for Sr and Nd isotopic measurements at SIO are
comparable to those at DTM. Sr isotopic ratios were fractionation-
corrected to *°Sr/®Sr = 0.1194 and normalized to ¥’Sr/*°Sr =
0.71025 for NBS 987. Nd isotopic ratios were measured in oxide
form and fractionation-corrected to **NdO/'*NdO = 0.72225
§14(’Nd/144Nd = 0.7219) and are reported in relation to
INd/"*Nd = 0.511860 for the La Jolla Nd Standard. Pb isotopic
ratios were corrected for mass fractionation based on average
measured values for NBS 981 using the values of Catanzaro et al.
[1968]

Sample 875y /3081 143N /144Nd 206pp, 204py, 207p}, 204py, 208py, 204py,
B016 Mt. Butay 0.703796 + 25 0.513006 + 17 18.287 £ 1 15545 £ 1 38.243 + 2

G001 Ginsiliban 0.703676 + 25 0.513006 + 18 18.314 £ 1 15.566 £ 1 38.288 £ 1

MO11 Mt. Mambajao 0.703706 + 25 0.512973 £+ 15 18.307 £ 1 15532 £ 1 38.192 = 1

C03-001 Hibok-hibok 0.703726 + 25 0.513016 + 8 18.336 £ 1 15.542 £ 1 38.227 £ 1

HO005 Hibok-hibok 0.703827 + 22 0.513009 + 18 NA NA NA

CO011 Xenolith 0.703227 + 25 0.513021 + 26 18.367 = 7 15.601 + 6 38.346 + 16

and named these lavas “adakites” in special reference to
the rare magnesian andesites from Adak Island in the
western Aleutians. Note, however, that Kay (1978)
proposed the Adak Island magnesian andesites to be
magmas derived from melting of subducted Pacific sea-
floor basalt which had reacted extensively with the
mantle wedge prior to eruption, producing lavas that are
more primitive (e.g., higher MgO, Ni and Cr content)
and have slightly lower Sr/Y and La/Yb than “true”
adakites. Similarly, Yogodzinski et al. (1995) proposed
that the “Adak-type” magnesian andesites in the ex-
treme western Aleutians are not true slab melts but
rather magmas derived from the mantle wedge mera-
somatized by melts of subducted basalts.

Recently, Peacock et al. (1994) showed that among
the proposed locations of recent adakites, only Cook
Island and Cerro Pampa in southernmost Chile, Mount
St. Helens in the U.S. and El Valle in Panama fit the
theoretical thermal structure needed for partial melting
of subducted hydrated basalt, with southernmost Chile
being the least controversial. In this region, the magne-
sian andesites of Cook Island and andesites and dacites
of the Cerro Pampa volcanic center have the distinctive
chemistry and Sr, Nd and Pb isotopic characteristic of a
slab-derived melt with little or no participation from
either subducted sediment or the fairly thin (<35 km)
continental crust (e.g., Stern and Kilian 1996; Kay et al.
1993). More recently, Schiano et al. (1995) reported
possible remnants of melts of a subducted basaltic crust,
preserved as inclusions trapped within, and as interstices
between, minerals in mantle xenoliths from Batan Is-
land, one of the volcanoes in the northern segment of the
western Philippine island arc (Fig. 1). The materials in
the inclusions and interstices are glassy, and hence, most
likely represent liquid compositions, and they have the
chemical signatures expected for melts derived by low-
degree melting of a subducted metabasalt at the garnet
amphibolite-eclogite transition (Schiano et al. 1995).
Thus, the geochemical signatures of adakites from
southernmost Chile and Batan silicic glasses, together
with western Aleutian magnesian andesites, provide

powerful constraints for identifying melts from sub-
ducted basaltic crust and from mantle wedge influenced
by subducted basalt melt in other arc regions, including
the Philippine arc setting.

Sajona and co-workers (Sajona et al. 1993, 1994,
1997; Maury et al. 1996) identified the andesites and
dacites (Si0, > 56 wt%) with high Sr/Y and La/Yb
ratios erupted together with voluminous basaltic to
dacitic calcalkaline lavas in the eastern, central and
western arcs in Mindanao as adakites. Those in the
western arc are formed by melting of the young Miocene
Sulu Sea crust, whereas those in the eastern arc result
from initiation of subduction along the Philippine
Trench (Fig. 1). In the CMA, Sajona and co-workers
proposed the adakites to be products of melting of a
remnant lithosphere detached from the Molucca Sea
plate at 4-5 Ma due to the closing of the collision zone
between the Halmahera and Sangihe arcs in central
Mindanao (Pubellier et al. 1991). Sajona and co-workers
claimed that relatively high Sr/Y and La/YDb ratios and
low Y and Yb contents of the adakites are difficult to
produce directly from the CMA calcalkaline basalts
through normal differentiation processes. In their study,
they analyzed lavas that were collected in temporally
and spatially separated volcanic centers in the CMA,
and were not able to sample a complete spectrum of
lavas from individual volcanic centers.

In this study, we argue that the CMA lavas identified
as adakites were derived through fractionation of more
mafic lavas and that there are no ‘“‘true” adakites or
basaltic crust-derived melts in the CMA. This conclu-
sion is based on the following reasons: (1) Our investi-
gation of Camiguin represents the most detailed
investigation that has ever been done on any volcanic
center in the CMA. In addition, Camiguin lavas have a
more pristine composition than the CMA lavas in cen-
tral Mindanao because the former were injected directly
through the oceanic crust whereas the latter must have
additionally intruded previously erupted island arc
complexes and the Cretaceous to Paleogene basement
consisting of ophiolitic and greenschist facies metavol-
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canic rocks (e.g., Hawkins et al. 1985; Villamor and
Marcos 1981). Results of our investigation strongly
suggest that the Camiguin andesites and dacites that
have high Sr/Y and La/Yb ratios and low Y and Yb
contents (e.g., samples M022, M029, HO10; Table 1 and
Figs. 9A and B), that is, those that are very similar to the
purported adakites in Mindanao, can be derived from
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mixtures of the more mafic and differentiated lavas
through AFC processes. (2) Both the Camiguin differ-
entiated lavas and the CMA adakites (as well as the
other Mindanao adakites) do not have the extremely
high Sr/Y and La/YD ratios possessed by the more likely
slab-derived lavas from southernmost Chile, high-silica
glass inclusions from Batan Island and the magnesian
andesites from Adak Island (Fig. 9B). Moreover, Cam-
iguin differentiated lavas and most of the Mindanao
adakites plot at the extension of the normal basalt-
andesite-dacite association of Camiguin and the CMA
(Fig. 9A and B), suggesting that these adakite-like lavas
can simply be related to the other arc rock types through
shallow level fractionation processes, as is the case in
Camiguin. (3) The CMA adakites are spatially and
temporally coeval with basaltic lavas derived from the
mantle wedge (Sajona et al. 1997). This means that the
CMA adakites must have passed through a mantle
wedge that is capable of melting to produce basaltic
melts, and thus, is hotter than that necessary to produce
silicic slab melts. Hence, it is difficult to imagine that the
CMA adakites were able to survive interactions with hot
mantle peridotite without losing their distinctive slab-
derived chemical signature as they rise through the
overlying mantle wedge (e.g., Kelemen et al. 1993). (4)
All samples analyzed from both Camiguin (this study)
and the CMA (Sajona et al. 1993, 1994, 1997; Maury
et al. 1996) are crystalline, variably phyric rocks that do
not represent true liquid compositions. In particular, the
variable fractionation of plagioclase and amphibole
phenocrysts could easily increase or decrease the bulk
concentrations of Sr and La relative to Y and Yb in
these rocks (e.g., Fig. 9c). (5) Finally, the presence of
accessory phases such as zircon and apatite in the CMA
high-silica lavas (Sajona et al. 1993, 1994) suggests that
these could have variably fractionated from the lavas.
Even a small amount of fractionation of these phases
could easily deplete the heavy-REE and other moder-
ately incompatible trace element contents in the high-
silica lavas, giving them trace element characteristics
similar to adakites. In other words, petrographic data
strongly suggest that it is possible to have a small pro-
portion of lavas that have adakite-like trace element
characteristics and appear distinct from other CMA la-
vas although they are petrogenetically related.

Constraining the source of parental arc lavas in
Camiguin and the Central Mindanao Arc

In addition to forming adakite lavas, Sajona and co-
workers proposed that subducted basalt-derived melts
metasomatized the mantle wedge to produce the more
voluminous calcalkaline and shoshonitic basalt-ande-
site-dacite lava series in the CMA. However, results of
our investigation are more consistent with the mantle
wedge source of Camiguin lavas being metasomatized
mainly by fluids dehydrated primarily from the sedi-
mentary section of the subducted slab. This conclusion is
based partly on the fact that both Camiguin and the
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CMA mafic lavas generally do not share chemical
characteristics with Adak Island primitive magnesian
andesite lavas, which are lavas derived from melts of
subducted Pacific seafloor basalt that reacted with the
mantle wedge (Kay 1978; Yogodzinski et al. 1995), and
mainly on mixing model calculations using trace element
data, as will be shown below.

Schiano et al. (1995) proposed that the Batan Island
glass inclusions in xenoliths with high-silica content
represent low-degree melts of the subducted basaltic
crust whereas the host Batan andesites represent higher
degree melt generated from the mantle wedge previously
metasomatized by the basaltic crust-derived high-silica
melt; interstitial glasses in xenoliths with intermediate
silica content represent a mixture between these two end-
member melt compositions. Thus, the complete chemical
spectrum of Batan silicic glass inclusions and interstitial
glasses provides a unique guide for tracing the liquidus
composition of lavas produced by mixing basaltic crust
melt and melt from a mantle wedge metasomatized by
basaltic crust melt. Based on HFSE data, Camiguin and
the “normal” CMA lavas as well as Mindanao adakites
overlap with such a mixing curve (Figs. 8A and B).
However, the amount of basaltic crust melt needed to
produce the mafic lavas and adakites is fairly small, and
more importantly, this model does not take into account
any increase in Zr, Zr/Y or Zr/Ti due simply to crystal
fractionation of Camiguin and the CMA magmas. In-
deed, the La/YDb versus Sr/Y plot (Fig. 8C) illustrates
that the influence of basaltic crust melt on the petro-
genesis of the mafic lavas is questionable, to say the
least. In this plot, the K value of the mixing curve [where
K = (Y/Yb)mantle wedge/(Y/Yb)basaltic melts ©.8., Lan-
gmuir et al. 1978] produced by the Batan Island silicic
glasses is greater than or equal to 1. On the contrary,
Camiguin lavas, the normal CMA lavas and all Min-
danao adakites have much lower La/YDb for given Sr/Y
ratio requiring that the subducted basalt source of CMA
adakites has a different Y/YDb ratio than the source of
the Batan Island silicic glass. Hence, we believe that the
Sr/Y versus La/Yb variations of Camiguin, CMA lavas
and all Mindanao adakites are due to normal differen-
tiation processes rather than due to mixing processes in
the source.

Finally, mixing models involving La/YDb versus Ba/La
(Fig. 8D) are not only inconsistent with the idea that
basaltic melt influences the mantle wedge, but they also
indicate that it is most likely fluid dehydrated from
subducted sediments that interacts with or metasoma-
tizes the mantle wedge to produce mafic lavas that are
parental to both Camiguin and the CMA lavas. Barium
is enriched in many oceanic sediments (e.g., Kay 1980;
Lin 1991; Plank and Langmuir 1993) and is relatively
poor in the altered basaltic section of the oceanic crust
(e.g., Weaver 1991; Staudigel et al. 1996) and in the
depleted upper mantle (e.g., Ewart and Hawkesworth
1987). Experimental results have shown that Ba is ex-
tremely mobile in fluids during hydrothermal dehydra-
tion of subducted sediments (You et al. 1996) and
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altered basalts (e.g., Kogiso et al. 1997; Brenan et al.
1995) such that Ba is strongly enriched in slab-derived
fluids. It has also been shown that Ba/La in arc lavas
correlates fairly well with '°Be/’Be and B/La (Leeman
et al. 1994), both of which are most likely controlled by
subduction of young sediments (e.g., Morris et al. 1990).
Thus, based on these arguments, the source of primitive
arc lavas coming from the mantle wedge was most likely
influenced by Ba-enriched fluids dehydrated from the
subducted slab or by melts of sediments with extremely
high Ba/La such as the west Pacific chalk (Lin 1991).
Note that direct melting of bulk West Pacific sediments
(Lin 1991) may not necessarily produce high Ba/La arc
lavas as these sediments have fairly low (~13) Ba/La
ratio.

Camiguin lavas show an almost horizontal to slightly
negative trend in the Ba/La against La/Yb plot
(Fig. 8B). Interestingly, the high La/Yb and low Ba/La
end of the trend consists mainly of basaltic andesites and
andesites whereas the low La/Yb and high Ba/La end
consists mainly of andesites and dacites as well as the
most primitive basalt (La/Yb = 7; Ba/La = 20). This
is consistent with the REE behavior discussed earlier
(Fig. 6) that the La/Yb ratio of the lavas initially in-
creases and then decreases with increasing fractionation.
In other words, although it probably has nothing to do
with melting of a subducted basaltic crust, the Camiguin
fractionation array trends toward the fields for adakites
and lavas from slab-melt metasomatized mantle wedge.
On the other hand, the normal CMA lavas generally
have low La/Yb (most <10) but with high and variable
Ba/La. Almost all Mindanao adakites (CMA adakites
are circled) are similar to the normal CMA lavas in
terms of Ba/La and only a few have high La/Yb (> 10)
values.

Collectively, the sources of Camiguin and the CMA
mafic lavas have higher Ba/La and La/Yb ratios than a
simple multiply depleted mantle wedge (Ba/La = 4; La/
Yb = 0.3). Their source most likely is the mantle wedge
that has been metasomatized with a component with
relatively high Ba/La and La/Yb ratios. Of course, an
alternative explanation is that the mafic lavas were
simply produced from the mantle wedge by a very low
extent of melting to give them their high Ba/La and La/
Yb ratios, but many other studies of convergent margin
magmatism (e.g., Gill 1981; Ewart and Hawkesworth
1987; Tatsumi et al. 1991; Maury et al. 1992; Kogiso
et al. 1997) clearly suggest that this can not be the cause
of the high ratios. The field for the mafic lavas, partic-
ularly those from the CMA, overlaps with the mixing
curve between the mantle wedge and a high Ba/La sed-
iments/fluids component released from the slab (Curve #
1 in Fig. 8D) but plots above the mixing curve between
the mantle wedge and the basaltic melt (Curve # 2). This
suggests that the high Ba/La and relatively low La/Yb
component that metasomatized the mantle wedge most
likely comes from subducted sediment/dehydrated fluid
rather from a basaltic melt. The mixing curves also in-
dicate that it is highly unlikely that any of the other
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adakites in Mindanao reported by Sajona and co-
workers (1993, 1994, 1997) are pure melts of subducted
basalt. A few of the Mindanao adakites that have high
Ba/La plot along or close to Curve # 3, indicating their
sources or parental basaltic melts must have mixed with
subducted sediment or dehydrated fluid prior to erup-
tion.

That the mantle wedge was metasomatized by a
component released from subducted sediments is highly
consistent with the subvertical trends of Camiguin, the
CMA and many other Philippine arc lavas in Pb-Pb
isotopic ratio plots (Figs. 7B and C). These subvertical
trends most likeléy represent mixing of the mantle wedge
with variable 2°°Pb/***Pb ratios with a comgonent re-
leased from the subducted slab having high **’Pb/>**Pb
and 2°Pb/?**Pb for a given *°°Pb/***Pb ratio, which is
most likely the upper sedimentary section of the slab
(Castillo 1996; McDermott et al. 1993). Such a high

207pp/2%Pb and 2°*Pb/?**Pb isotopic signature of the
component could not have come from the basaltic crust
alone because altered basaltic crust has lower
207pp/2%4Pb ratios than subducted sediments (Miller et al.
1994; Brenan et al. 1995).

To briefly summarize, model calculations using the
Batan Island silicic glasses and western Aleutian mag-
nesian andesites collectively to represent basaltic crust
melt and mixture of basaltic crust melt and mantle
wedge indicate that the main source of mafic lavas of
Camiguin and the CMA is not subducted basaltic crust,
nor a mantle wedge metasomatized by melts from a
subducted basaltic crust. Rather, these mafic lavas ap-
pear to be mainly a product of a multi-depleted mantle
wedge metasomatized by fluids mainly derived from
dehydration of subducted sediments. This notion is
highly consistent with the Pb isotopic data, which show
a strong sediment (or more appropriately, sediment-de-
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Fig. 8 Plots of: A Zr concentration versus Zr/Y; B Zr versus (Zr/Ti)
*100; C: Sr/Y versus La/Yb; D: Ba/La versus La/Yb for Camiguin
lavas, normal CMA lavas, Mindanao adakites (CMA adakites are
circled), Batan Island silicic glasses and Adak Island high-magnesian
andesites (whenever data are available — Yogodzinski et al. 1995). PM
represents the primitive mantle (Sun and McDonough 1989); MW
represents estimated composition of the mantle wedge, and field for
west Pacific sediments is from Lin (1991) with a west Pacific chalk
having the extreme Ba/La composition. In the insets in A and B,
curves show mixing possibilities between mantle wedge and slab melt
represented by the Batan Island silicic glasses inside xenoliths with the
highest Zr and SiO; values (Schiano et al. 1995). In C, the solid curve
and straight line represent mixing relationship between a pure slab
melt, represented by a Batan Island silicic glass with the highest Sr/Y
and La/Yb ratios, and the metasomatized mantle wedge. The
curvatures of these curves, determined by the K = (Y/Yb)mante wedge
J(Y /Y D)basattic melt Tatio or K, are >to =1. Mindanao adakites have
much less La/Yb for given Sr/Y ratio than Batan Island silicic glasses.
If Mindanao adakites also represent slab melts (or more appropri-
ately, slab melts mixed with the metasomatized mantle wedge), then
the curvature of their mixing curve (dashed) is <1. Inset in plot D
illustrates possible mixing relationships among the mantle wedge and
West Pacific chalk (or sediment-derived fluid with high Ba/La — curve
1), subducted basalt melt and West Pacific chalk (or sediment-derived
fluid with high Ba/La — curve 2) and subducted basalt melt and mantle
wedge (curve 3). Tick marks on curve 1 represents proportions of chalk
(or fluid) in the mixture whereas those in curves 2 and 3 represent
proportions of subducted basalt melt. In all plots, Mindanao adakites,
particularly those from the CMA (circled), plot close to the mantle
wedge rather than the slab melt. More discussion in the text

rived component) imprint. Based on these results we
conclude that, although we cannot completely rule out
melting of subducted basaltic crust beneath the CMA,
the role of basaltic melt in generating CMA lavas is
relatively minor.

Summary and conclusions

Camiguin island is comprised of four stratovolcanoes
that have produced basaltic to rhyolitic lavas. Camiguin
lavas are medium-K, calcalkaline and generally form
coherent major element trends on SiO, variation dia-
grams with no significant differences between volcanoes
except for the extent of differentiation. Trace element
data also show that Camiguin lavas have a typical ca-
Icalkaline arc signature: LILE and light-REE enriched
and HFSE and heavy-REE depleted. Chemical and
isotopic data indicate that all Camiguin lavas share a
single mantle source. Petrogenetic modeling of major
and trace elements suggests that Camiguin lavas were
produced by an AFC process in which fractional crys-
tallization is accompanied by the occasional reinjection
of parental melt into the magma chamber and subse-
quent mixing of differentiated and parental magmas.
Tectonic, major and trace element, and Sr, Nd, and
Pb isotopic data suggest that Camiguin is an extension
of the tectonically complex CMA. The most likely
source of the CMA and Camiguin parental magmas is
the mantle wedge metasomatized by fluids dehydrated
from subducted sediments and oceanic crust. Some
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Fig. 9 Plots of: A Sr/Y versus Y; B La/Yb versus Y for Camiguin
lavas, CMA lavas, Mindanao adakites (CMA adakites are circled),
Batan Island silicic glasses and western Aleutian high-magnesian
andesites. Adakite fields are based on the geochemical characteristics
of lavas presumed derived from partial melting of subducted basaltic
crust (e.g., Defant and Drummond 1990; Drummond et al. 1997),
magnesian andesites from western Aleutian (Kay 1978; Yogodzinski
et al. 1995), and Batan Island silicic glasses (Schiano et al. 1995).
Crystal fractionation paths of the primary minerals are indicated by
arrows for reference. More discussion in the text

Camiguin high-silica lavas are similar to Mindanao la-
vas which have been identified as adakites derived from
direct melting of a subducted basaltic crust. However,
detailed investigation indicates that CMA adakites are
not pure basaltic crust melts. At most, these adakites
may have been derived from a mantle wedge that had
been metasomatized mainly by dehydrated fluids and to
a lesser extent by basaltic crust melts. However, it is
most likely that the CMA adakites, like Camiguin high-
silica lavas, are simply products of an AFC process.
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