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Abstract Petrological and geochemical investigations of
the sedimentary Lasala formation in northwest Mindoro,
Philippines, offer new insights into the origin of this geo-
logically contentious region. Mindoro island’s position at
the boundary between Sundaland and the Philippine
Mobile Belt has led to variable suggestions as to how much
of it is continent derived or not. The Eocene Lasala for-
mation overlies the Jurassic Halcon metamorphics, a
regionally metamorphosed suite generally thought to have
formed as a result of arc-continent collision processes. The
sedimentary formation consists mainly of sandstones and
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shales interbedded with mudstones, basalt flows, and sub-
ordinate limestones and conglomerates. Petrographic
information on the Lasala clastic rocks demonstrates a
uniform framework composition that is predominantly
quartzose. Major oxide, trace element abundances, and
various elemental ratios similarly impart a strongly felsic
signature. These characteristics are taken to indicate a
chiefly continental, passive margin derivation and deposi-
tion of the Lasala sediments during the Eocene. The weak
indication of active margin influence is suggested to be an
inherited signature, supported by paleogeographic models
of the southeastern Asian margin area during the pre-
Cenozoic.

Keywords Major and trace elements - Passive margin -
Palawan microcontinent - Mindoro - Philippines

Introduction

In recent years, much of the progress made in provenance
research of sedimentary rocks has been in the geochemical
examination of these rocks as a complementary tool to
petrographic analysis. Although sedimentary rocks cannot
abscond from factors such as chemical weathering, sedi-
ment recycling, metamorphism and other diagenetic pro-
cess (McLennan 1982; Nesbitt and Young 1996; Nesbitt
et al. 1996), trace elements such as Ce, Cs, Co, La, Nb,
Sc, Ta, Ti, V, Y, and Zr that are known for their low
mobility and low residence time in water (Fedo et al.
1996; Liu et al. 2007; Rahman and Suzuki 2007), usually
preserve the original source rock characteristics and
therefore can be useful provenance and tectonic setting
indicators. Furthermore, rare earth elements (REE) are
relatively stable and are least affected by chemical
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weathering and can therefore supplement the trace ele-
ments in retaining the source rock properties of a sedi-
mentary suite (Reatigui et al. 2005; Kasanzu et al. 2008).
As a result, recent geochemical studies of sedimentary
rocks have been applied in plate tectonic delineation and
reconstructions (Moss 1998; Asiedu et al. 2000; Suzuki
et al. 2000; Tam et al. 2005; van Hattum et al. 2006). For
instance, Gu et al. (2002) successfully presented that the
suturing of the Yangtze and Cathaysia blocks in South
China did not occur until the Late Proterozoic time as
evidenced by the geochemical characteristics of the Hunan
Proterozoic turbidites. In northwest Panay, Philippines,
geochemical signatures of the Buruanga Peninsula clastic
rocks suggest a silicic provenance in contrast with the
Antique Range mafic provenance that is just adjacent to it.
Such information helped delineate the extent of the con-
tinental fragment in this part of the Philippines (e.g., Gabo
et al. 2009).

In the Philippines, numerous studies have been carried
out in western central Philippines to delineate the juxta-
position of two primary tectonostratigraphic terranes: the
Philippine Mobile Belt which is a seismically active region
of island arc affinity and the aseismic Palawan continental
block that migrated from the southern margin of Mainland
Asia during the mid-Oligocene as a consequence of the
Eocene to Miocene opening of the South China Sea
(Fig. 1a) (Taylor and Hayes 1983; Hall 2002; Hsu et al.
2004). Mindoro island, being situated in the western part of
central Philippines, has long been investigated for its part

in the collision zone. Two contrasting models exist on how
much of the island is, in fact, continental in character
(Fig. 1b). One model proposes that only the southwestern
portion is associated with the Palawan continental block
and that the remaining region belongs to the Philippine
Mobile Belt (Hamilton 1979; Taylor and Hayes 1983;
Sarewitz and Karig 1986). Hashimoto and Sato (1968)
suggested that Mindoro has a pre-Jurassic basement since it
is unconformably overlain by the ammonite-bearing con-
tinent-derived mid- to upper Jurassic Mansalay Formation.
Furthermore, Sarewitz and Karig (1986) believed that a
high-angle NW-SE structural boundary termed as the
Mindoro Suture Zone that divides the island into two:
the Mindoro block and the North Palawan block (Fig. 1b).
They further argued that exposures of the Mansalay For-
mation were only restricted within the lower block
(southeastern portion) of the island. The second model,
however, suggests that the whole Mindoro island is of
continental affinity (Holloway 1982; Rangin et al. 1985;
Bird et al. 1993; Yumul et al. 2008). However, this rec-
ognition was based largely on structural and geophysical
data.

To determine the more viable model, an examination of
the Late Eocene Lasala Formation, the oldest sedimentary
sequence in northwestern Mindoro (Hashimoto and Sato
1968; MMAIJ-JICA 1984; Faure et al. 1989), is carried out.
In particular, the petrographic and geochemical attributes
of this formation are presented in this study, providing new
insights into the geological evolution of this part of the
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Fig. 1 Mindoro Island in central Philippines has long been an area of
interest especially in the light of its possible role during the collision
between the Palawan continental block (gray area bounded by broken
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lines) and the Philippine Mobile Belt (unshaded area). The
northwestern tip of Mindoro Island (boxed area) was the site of this
geological/geochemical/geophysical investigation
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Philippine island arc system and assisting in the delineation
of the extent of the boundary of the arc-continent collision
in the country.

Geology of northwest Mindoro

The island of Mindoro lies to the south of Luzon along the
western edge of the Philippine Mobile Belt abutting Sun-
daland. Its position at this collision boundary is instru-
mental to the preservation of various terranes on the island.
In northwest Mindoro, the oldest of these terranes is the
Jurassic Halcon metamorphics that is widely exposed
in Paluan, Abra de Ilog, and Mamburao (Teves 1954;

Hashimoto and Sato 1968). It consists mostly of chlorite,
quartz mica, talc—chlorite, and graphite schists with minor
phyllitic metasediments (Fig. 2). Exposures of extremely
sheared and pervasively serpentinized harzburgites, isotro-
pic gabbros, sheeted dikes, and pillow basalts were previ-
ously mapped as the Mangyan Series. However, recent
mapping revealed that these crust—mantle units to occur as
mega blocks within the Halcon metamorphics. Thus, we
interpret these megablocks to have been incorporated into
the Halcon metamorphics before it underwent regional
metamorphism. As such, it appears that the Halcon meta-
morphics was originally a mélange, consisting of sedi-
mentary, volcanic, and ophiolitic materials, which was
subjected to regional metamorphism sometime after the

Fig. 2 Recent mapping
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Cretaceous period. Unconformable on the Halcon meta-
morphics is the sedimentary Eocene Lasala Formation
(Fig. 2). This sedimentary unit is extensively exposed as
interbeds of medium-grained sandstones and mudstones
with minor basalt flows, conglomerates, and limestones.
This is the oldest sedimentary sequence in northwest
Mindoro and was deposited prior to the collision of the
Palawan continental block with the Philippine Mobile Belt.
In thrust, contact with both the Halcon metamorphics and the
Lasala Formation is the Middle Oligocene Amnay Ophiolite
Complex that is strewn along the western coast of northwest
Mindoro in a northwest—southeast trend (Fig. 2). This em-
placed oceanic lithosphere exposes residual peridotites and
pyroxenites, isotropic and cumulate gabbros, dike complex,
pillow lavas, and pelagic mudstones. Because of its age and
location, the Amnay Ophiolite Complex is believed to rep-
resent an onramped piece of the South China Sea crust
(Rangin et al. 1985; Jumawan et al. 1998; Yumul et al.
2009). Capping all these older units is the Plio-Pleistocene
Balanga Formation (Agadier-Zepeda et al. 1992) that is
limited in exposure to low-lying areas, particularly along the
northeast—southwest basin connecting Abra de Ilog and
Mamburao (Fig. 2). This sedimentary unit consists of int-
erbedded tuffaceous sandstones and siltstones with minor
conglomerates and coralline limestones.

Lasala formation

The Lasala Formation was first reported by Hashimoto
(1981) for the sequence of rocks exposed along Lasala
River in northern Mindoro. The sequence is made up of
gray sandstone that is rhythmically interbedded with dark
gray shale. Minor conglomerates, mudstones, and lime-
stones are also observed along with basalt flows. Forami-
nifera (Pellatispira mirabilis, Operculina cf. saipanensis,
Amphistegina radiata, Rotalidae sp. and Spherogypsina
sp.) from the limestone found in Lubang island limits the
age of this formation to Late Eocene (Faure et al. 1989). In
the study area, it specifically outcrops along the rivers of
Abra de Ilog, Liwliw, Sinambalan and Mamburao rivers in
the east, along Talusungan, Tuay, Mamara, Maalis-is, and
Tuguilan rivers in the west and along Sta, and Cruz and
Pagbahan rivers in the south (Fig. 2). An exposure of this
formation in northern part of Mindoro is considered as the
type section for the Lasala Formation. Very good expo-
sures of this unit were also mapped along the Pagbahan
River in northwest Mindoro.

Outcrops of the Lasala Formation along the Pagbahan
River are approximately 50 m in height and extend up to
200 m. Beds vary in thickness from less than a centimeter
to about 50-cm-thick beds. Sandstone beds encountered
along the Pagbahan River strike NE and dip NW. Outcrops
were also observed along Tuguilan River. These consist of
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fine- to medium-grained sandstone and shale interbeds. The
sandstone beds are approximately 0.5-meters thick and the
shale beds vary in thickness from 3 to 5 cm. The beds
strike N60—-85°W and dip 30-50°NE.

The fine-grained clastic rocks (0513-PAG-02, 040408-7A-
LF, 0407-DVE-7, 0512-MAAL-05, 0407-KLQ-7, 0404-
KLQ-7A) that include dark gray shales and red mudstones
yielded fossils that assigned a Late Eocene—earliest Oligo-
cene age to the Lasala Formation. The presence of the cal-
careous nannofossils taxa Sphenolithus spp., Coccolithus
pelagicus, Cyclicargolithus floridanus, Dictyococcites bisec-
tus/Reticulofenestra bisecta, and Reticulofenestra umbilicam
was noted (Table 1). These nanno-organisms suggest a deep
marine environment that received influence from sediment
inflow coming from the shallow portions of the sea.

Sampling and analytical methods

Medium-grained sandstone samples from the Lasala For-
mation were examined petrographically. At least 400 grains
were counted per sample to identify the proportions of
quartz, feldspar, and lithic fragments present. Adopting the
Gazzi-Dickinson method, the grains are separated into fine
(diameter < 0.0625 mm) and coarse components (diame-
ter > 0.0625 mm) (Table 2). The point count data are
plotted on total quartz-feldspar-lithic (Qt-F-L) and mono-
crystalline quartz-feldspar-total lithic (Qm-F-Lt) diagrams.
These diagrams are used to discriminate among sandstones
deposited in different provenance terranes (Dickinson and
Suczeck 1979). Samples collected during the fieldwork
comprise mudstones, fine- to medium-grained sandstones.
Thirty-six of the collected samples were trimmed to remove
weathered surfaces and were subsequently crushed in a jaw
crusher to reduce their size to approximately 1.0 mm. The
crushed fragments were pulverized in an agate crusher and
were coned and quartered. Approximately 2.0 g of each
powdered sample were sent to the Department of Earth
Resource Engineering, Kyushu University, Japan, to
determine the major element compositions using a Rigaku
RIX 3100 X-Ray Fluorescence spectrometer. The analysis
was carried out following the procedure of Soejima (1999).
Seventeen of these samples were analyzed for trace and rare
earth element compositions using an inductively coupled
plasma—mass spectrometer at the Chemex Laboratory. The
major and trace element compositions of representative
samples are shown in Table 3. Accuracy is 1% for major
elements, and detection limits for trace and rare earth ele-
ments range from 0.01 to 10,000 ppm. Loss on ignition
(LOI) was determined from the weight loss after the sam-
ples were dried in the oven at 1,050°C for 2 h. Several
samples analyzed at the National Taiwan University and
University of Hongkong are also included in the plots.
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0407-  0408-  040408-
JAG-2 07**

0411-

0512-

0414-

0412- 0414-
RAT-4 GRP4-6 GRP7-4 GRP2-1 ADI-17 GRP3-6 KQ-4

0409-

MIN-0408-
KQ-1

MIN-0411-

0512- 0512-
GRP5-4 TALU-19 WOMM-11 GRP2-3

0412-

0409-
RAT-3 KLQ-1

0407-

ARC-
041108-12*

Table 3 continued
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3.74
3.00
81.30
0.60
0.65
3.54
0.29
0.98
112.00

2.81
1.00

44.40

1.99
1.00
68.60

5.70
2.00
98.20
0.70
0.74
14.65
0.30
2.87
35.00
1.00

20.10

4.09

3.05
1.00

258.00

4.86
2.00

124.50

2.06
1.00

44.70

4.44
2.00
58.60

2.48
1.00

101.50

2.60
1.00

101.00

4.46
2.00
78.70

4.77
2.00

16.60
147.50

8.16
3.00

4.64
90.30

Sm

Sn

1.00
54.70
0.50
0.67
4.84
0.26

2.00
28.50

53.04

Sr

0.40
0.42
5.25
0.18
1.30
38.00

0.30
0.28

4.45

0.40
0.44
6.50
0.16
1.91
24.00

0.80
0.68
8.12
0.27
1.77
55.00

0.50
0.20
7.37
0.12
1.37
32.00
1.00
6.40
0.93
14.00

147.00

0.70
0.58
8.02
0.26
1.72
31.00

0.40
0.36
5.53
0.19

0.40
0.40
5.71
0.21
1.24
41.00

0.70
0.56
8.39
0.26
1.73
44.00

0.60
0.77
6.22
0.28
1.54
48.00

0.80
223
8.53
0.51
1.84
48.00

0.80
0.72
7.94
0.24
1.41
45.00
1.00
13.50
1.68
31.00

166.00

0.92
0.59
7.85
0.26
1.98

45.95

Ta

Tb

Th

0.16
1.07
42.00

Tm

1.33
91.00

1.11
39.00
1.00
11.40
1.29
19.00

130.00

\%

1.00
22.60

1.00
12.60

1.00
8.50
1.14
31.00
110.00

1.00
19.20

1.00

12.70

2.00
19.70

1.00
17.20

1.00
12.10

2.00
16.00

1.00

21.80

2.00
42.10

17.18

Y

1.96
70.00

1.24
27.00

2.03
23.00

297.00

1.68
68.00
76.00

1.18
34.00
115.00

1.92
61.00

162.00

1.80
34.00

301.00

1.48
42.00

142.00

1.80
46.00

217.00

1.77
81.00

144.00

3.10
90.00
179.00

1.75
53.90

201.10

Yb

Zn

119.00  99.00

Zr

Major elements are in wt%. Trace and rare earth elements are in ppm. *041108-12 was analyzed at the University of Hongkong, and **040408-07 was performed at the National Taiwan University

Results
Petrography

Compositional variations between sandstone suites can be
determined through the use of ternary diagrams, the most
common of which are the Qt-F-L and Qm-F-Lt diagrams of
Dickinson (1985). Plots of the Lasala clastic rocks in these
diagrams provide useful information regarding their source
rocks and provenance terranes that can aid in understand-
ing the geologic history of Mindoro Island, in general, and
northwest Mindoro, in particular. Samples that were sub-
jected to petrographic analysis consist of medium-grained
sandstones that were mostly collected along Tuguilan,
Mamara, Liwliw, Maalis-is, Talusungan, and Pagbahan
rivers (Fig. 2). Twenty samples were carefully chosen
ensuring that they are of almost similar grain sizes in order
to maintain coherence and to avoid misleading results, as
framework minerals in very fine-grained sandstones are so
minute that sometimes they are regarded as part of the
matrix. Three (0412-LTA-8, 0412-GRP4-6, 0412-GRP4-7)
out of the 20 samples were gathered along the Pagbahan
River. Results of the petrographic examination were plot-
ted in the sandstone nomenclature diagram of Folk (1965).
Due to the high content of quartz minerals compared with
other components, most of the samples are classified as
sublitharenites, arkoses, and quartz arenites (Fig. 3a, b).

The samples are generally medium-grained with grain
sizes ranging from 0.15 to 0.7 mm. Angular to subangular
grains are embedded in 16% average clay matrix. Further-
more, the samples generally contain 5% cement and this is
commonly in the form of carbonates and quartz overgrowth.
In terms of composition, majority of the samples consist
of quartz (50-95%). Most of these are monocrystalline
(45-80%) but several samples (e.g., 0412-GRP4-6, 0408-
JAG-2, 0411-GRP2-3 and 0415-GRP2-2), containing abu-
ndant polycrystalline (55-70%) quartz minerals and few
monocrystalline quartz grains (10-30%). Feldspars in the
samples, which exhibit prominent twinning and sometimes
zoning, have a wide range of abundance (0.5-30%). Albite
and oligoclase are the most common feldspars present. Some
of these plagioclases have already been partially altered to
calcite.

A small amount (2-12%) of lithic component is
observed and is predominantly in the form of basaltic
fragments. Some sedimentary rock fragments are also
observed composed mainly of chert. Other detrital rock
components present in the samples include opaque miner-
als and micas.

Modal analyses of the Lasala sandstones were plotted
using the ternary discrimination diagrams of Dickinson
(1985) (Fig. 3c). The point count data indicate two major
provenance terranes. In the Qt-F-L diagram, most of the
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Fig. 3 a Using the sandstone A Qt
classification diagram of Folk
(1965), the Lasala samples
(solid circles) are mostly
classified as sublitharenites,
arkoses, and quartz arenites.
b Photomicrograph of a
representative sample (0412-
GRP4-7) showing abundant
quartz minerals. Qm-quartz
monocrystalline; Qp-quartz
polycrystalline; Lv-lithic
volcanic fragment. ¢ On the
Qt-F-L (b) and Qm-F-Lt

Subarkose

Lithic

Sublitharenit

Litharenit

Quartzarenit

(d) diagrams of Dickinson
(1985), the Lasala Formation F
clastic rocks plot mostly within

the continental block (craton

interior, transitional continental)

and recycled orogen fields

D Continental Block
D Magmatic Arc
: Recycled Orogen

samples fall under the craton interior and transitional
continental, whereas nine samples occupy the recycled
orogen field. In the Qm-F-Lt diagram where quartz poly-
crystalline (Qp) minerals are counted as lithic fragments,
the same provenance terranes emerged (Fig. 3d).

Geochemistry

Relatively high SiO, contents (62.5-87%) characterize the
clastic rocks of the Lasala Formation (Table 3). The TiO,
values are distributed within a narrow range (0.16-0.90%),
but a wide spread is observed in the values of Al,O3
(5-17.5%) and MgO (0.70-4.65%). One sample (0409-
RAT-11) displays unusually high MgO contents (~ 10%).
Most of the samples have low MnO (<1%) and Na,O
(0.05-3%) values. The FeO plus MgO contents vary from
~ 1.5 to 7% with Na,O/K,0 ranging from 0.01 to 6. The
Mindoro Lasala sandstone samples are characterized by
similarly high SiO, contents as the Cretaceous to Eocene
Palawan sandstones (73-81%) and the Buruanga, north-
west Panay clastic rocks (65-85%). The Palawan samples
have TiO, concentration between 0.15 and 0.30%, Al,O5 is
from ~9 to 11% but low MnO (<0.1%) and MgO (<0.7%)
contents. In the case of the Buruanga clastic rocks, TiO,
ranges from 0.30 to 1.00%, Al,O5; is 7-17%, MnO

0.02-0.10, and MgO 0.30-2.7% (e.g., Suzuki et al. 2000;
Gabo et al. 2009).

Various ratios are used as indicators of the original
composition of the source rocks. One such ratio is the
Al,03/TiO, that ranges from 3 to 8 for mafic rocks, 8-21
for intermediate rocks, and from 21 to 70 for felsic rocks
(e.g., Nagarajan et al. 2007). This is based on the
assumption that sedimentary rocks derived from an island-
arc setting usually contain more Ti-bearing mafic phases
such as biotite, chlorite, and ilmenite and less Al-bearing
minerals (e.g., plagioclase) than continent-derived sedi-
ments (Chakrabarti et al. 2009). With Al,05/TiO, varying
from 14 to 44, derivation from intermediate to felsic source
rocks is inferred for the Lasala clastic rocks. The Buruanga
samples are similarly characterized by Al,O5/TiO; from 15
to 47, whereas the Palawan samples have a little bit higher
Al,O5/TiO, ratios from 35 to 64 (e.g., Suzuki et al. 2000;
Gabo et al. 2009).

Among the trace elements, Co, Ni, Cr, Sc, and V and the
ratios Cr/Ni and Ni/Co have been utilized as indicators of
ferromagnesian minerals. These elements are compatible
during igneous fractionation processes. Hence, these trace
elements are generally enriched in mafic to ultramafic
rocks but are generally depleted in felsic rocks (e.g.,
Hunstman-Mapila et al. 2005; Kawano et al. 2006). The
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Lasala sandstone samples have variable but generally low
abundances of Co (0.6-15 ppm), Cr (20-120 ppm), Ni
(876 ppm), and V (24-112 ppm). These concentrations
are comparable with upper crustal and post-Archean
average shale values that contain <30 ppm Co, <120 ppm
Cr, <100 ppm Ni, and <150 ppm V (e.g., Taylor and
McLennan 1985). The low abundances of these ferro-
magnesian trace elements, therefore, indicate the minimal
contribution of mafic components in the source rocks (e.g.,
Gu et al. 2002; Armstrong-Altrin and Verma 2005).
Overall, the geochemical characteristics of the Lasala
clastic rocks suggest derivation chiefly from a continental
source.

Discussion
Weathering history of the source area

Chemical weathering which sedimentary rocks undergo
strongly influences their mineralogy and geochemical
characteristics (e.g., Nesbitt and Young 1982; Faundez
et al. 2002; Mongelli et al. 2006). The most common
indicator of weathering as a result of the chemical changes
that took place in the source area is the Chemical Index of
Alteration (CIA) proposed by Nesbitt and Young (1982),
which is defined as Al,Os/(Al,O5; + CaO* + Na,O +
K50) x 100 (molar contents, with CaO* being CaO con-
tent in silicate fraction of the sample). This index accounts
for the amounts of mobile cations such as K*, Ca™, Na™ as
well as the less mobile cations such as Al’" that are present
in the samples. High CIA values imply increasing removal
of K, Ca, and Na relative to the more stable Al cation, and
these consequently reflect the intensity of weathering.
Fresh rocks that experience nearly absent to very little
chemical alteration have CIA values ranging from 50 to 60,
whereas those that are close to 100 indicate intense
weathering (e.g., Fedo et al. 1995; Lee and Lee 2003;
Kasanzu et al. 2008; Liang et al. 2009).

The Lasala clastic rock samples generally indicate a
moderately weathered source area with CIA values ranging
from 60 to 77. Grain size poses a major effect on the
calculated CIA values of the samples. Mudstones tend to
have been subjected to extreme weathering conditions
compared with sandstones so higher CIA values are usually
associated with mudstones and finer-grained sandstones,
whereas coarser sandstones show lower values (e.g.,
McLennan et al. 1980; Faundez et al. 2002). This grain size
correlation is demonstrated by the Lasala samples as finer
clastic rocks show high values (69-77) whereas coarser
sandstones register lower values (60—-68) (Fig. 4).

In the Al,O3 — (Na,O 4+ Ca0O) — K,0O (A-CN-K) ter-
nary diagram (Fig. 4), a best fit line drawn through the data
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Fig. 4 The chemical index of alteration (CIA) values for the Lasala
mudstones and sandstones vary from 60 to 77. The solid arrow
corresponds to the ideal weathering trend extending from an upper
continental crust composition toward the A-K join to illite. UCC
composition is from Taylor and McLennan (1985)

runs almost parallel to the ideal weathering trend. Lasala
clastic rocks that lie above the ideal weathering trend
reflect the scarcity of alkali feldspars in these samples
(Fedo et al. 1995; Deru et al. 2007). Petrographic exami-
nation shows that plagioclase crystals make up most of the
feldspar grains. Several samples, especially the mudstones,
plot toward the K-apex and exhibit CIA ratios slightly
lower than the premetasomatized trend that indicates mild
post-depositional K-metasomatism (Fedo et al. 1995;
Faundez et al. 2002; Lee 2009; Hossain et al. 2010).
However, this post-depositional effect is only restricted to
the Lasala mudstones.

Nature of source rocks

The A-CN-K diagram helps discern the nature of the
source area composition. The best fit line through the
Lasala samples connects to the plagioclase—alkali feldspar
join where a higher proportion of plagioclase compared
with alkali feldspar is noted (Fig. 4). This is indicative of
a granodiorite source composition consistent with what is
reported for the upper continental crust (e.g., Fedo et al.
1995; Deru et al. 2007). Moreover, two discriminant dia-
grams that are helpful in the classification of the prove-
nance of a sedimentary suite have been proposed by Bhatia
(1983) and Roser and Korsch (1988). Calculated discrim-
inant function scores (F1, F2) of the samples are plotted
within the four established source rock fields based on
TiO,, Al,O3, MgO, CaO, Na,0, and K,0. The majority of
the Lasala clastic rocks when plotted on these diagrams
occupy the quartzose sedimentary and felsic igneous
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Fig. 5 a, b Function diagrams
proposed by (a) Bhatia (1983)
and (b) Roser and Korsch
(1988) to discriminate the Y
nature of source rocks. A
quartzose sedimentary and
felsic igneous provenance for
the Mindoro clastic rocks (black %
square) is suggested by the
plots. Buruanga (stripes),
Palawan (black), Nanxiong
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discriminant fields in both diagrams (Fig. 5a, b). This result
represents derivation from granite-gneiss basement terranes
and quartz-rich sedimentary rocks that make up a conti-
nental crust (Tucker 2001; van Hattum et al. 2006). These
kinds of rocks are characterized by abundant felsic min-
erals such as quartz and feldspars. Petrographic analysis
confirms these findings as the samples that are noted to be
dominantly quartzose. A high proportion of quartzose
material usually implies a continental source area (e.g.,
Crook 1974; Roser and Korsch 1986, 1988; Tucker 2001;
Rahman and Suzuki 2007; Yan et al. 2007). It is also
important to note that a few of the samples fall within
the intermediate igneous provenance field in the second
diagram. This is because these samples contain more
Ti-bearing minerals (e.g., biotite, chlorite) than the other
samples, and so their calculated function discrimination
scores are different from the rest of the samples. This could
indicate that, in addition to the dominantly felsic or
quartzose source rocks of the Mindoro Lasala clastic rocks,
island arc rocks were also being eroded and their detritus
were incorporated in the Lasala Formation.

The fields for the clastic rocks from Palawan and
Buruanga Peninsula, which recent studies propose to be
part of the Palawan microcontinental block, are shown in
these discrimination diagrams (Fig. 5a, b). The Palawan
clastic rocks occupy the felsic igneous provenance field
whereas the Buruanga clastic rocks generally plot within

(HfIYb) x 10

source

100 0

Buruanga [] Nanxiong
Il Palawan 73 Baguio

the felsic igneous provenance and quartzose recycled
provenance fields and occupy the same fields as the Lasala
samples. To further ascertain the continental provenance of
the Lasala clastic rock samples as suggested by the dis-
crimination function diagrams, plots of the Nanxiong Basin
sedimentary rocks (from Yan et al. 2007) from South
China, which is where the Palawan continental block is
believed to have been derived, are also incorporated as
fields in these diagrams. The Nanxiong Basin samples plot
within the quartzose sedimentary provenance field of the
F1-F2 discriminant diagram of Bhatia (1983). The same
samples straddle the quartzose sedimentary, felsic igneous,
and intermediate igneous provenance fields of the Roser
and Korsch discriminant diagram (Fig. 5a, b). Samples
from the Klondyke Formation in Baguio, Northern Luzon,
are also plotted in these diagrams. The Baguio clastic
rocks, which are derived from an oceanic island arc source,
fall clearly within the mafic igneous provenance fields in
stark contrast to the continent-derived sedimentary units
(e.g., Tam et al. 2005; Yumul et al. 2008).

In addition to major element compositions, trace ele-
ment data are also useful indicators of provenance. The
continental character of the samples is substantiated by the
La/Th versus (Hf/Yb) x 10 and La/Th versus Hf plots
(Fig. 5c, d). It is an inherent property of the continental
crust to have high Th. This reflects its Proterozoic transi-
tion from a relatively undifferentiated mafic upper crustal

@ Springer



284

Int J Earth Sci (Geol Rundsch) (2012) 101:273-290

composition to a more differentiated felsic composition. It
is expected that the La/Th ratio will be low (<5) in con-
tinental rocks but elevated in mafic rocks (Meinhold et al.
2007; Chakrabarti et al. 2009). The clastic rocks from the
Lasala Formation are generally characterized by La/Th
ranging from 2.6 to 7.3. Other examples of clastic rocks
sourced from quartzose sedimentary rocks in a continental
margin setting are the Buruanga clastic rocks from north-
west Panay and the Tertiary sedimentary units from the
Nanxiong Basin in South China. The Buruanga samples are
characterized by La/Th from 1.5 to 5, whereas the latter
samples have ratios of ~2. In contrast, clastic rocks from
an oceanic island arc source like the Klondyke Formation
in the Baguio District have La/Th values ranging from ~4
to 15.

Whole-rock rare earth element (REE) patterns are also
used as indicators of source rock compositions. Taylor
et al. (1986) did a study on post-Archean terrigenous sed-
imentary rocks taken from different source rock terranes
with varying degrees of chemical weathering, sorting, and
diagenesis. It was pointed out that there is uniformity of
REE patterns regardless of sedimentation and diagenetic
factors because REEs are immobile and are not soluble in
water. Therefore, no interelement exchange can take place.
In Fig. 6, a multielement diagram shows the element
concentrations of the Lasala clastic rocks normalized to
chondrite (Boynton 1984). This allows direct comparison
of the Lasala samples to the average upper continental crust
(UCC) (Taylor and McLennan 1985). Element patterns of
the Lasala samples are similar with the UCC that are
characterized by enrichment in LREEs and depletion in
HREEs. Comparable multielement patterns are noted for
the clastic rock samples from the Buruanga Peninsula in
northwest Panay as well as for samples from the Nanxiong
Basin in South China. In contrast, the field for the Baguio
clastic rock samples displays a more flat character and the
distinct absence of a Eu anomaly (Fig. 6). Such a pattern as
shown by the Baguio clastic rocks is characteristic of
sediments deposited in island arc environments (e.g.,
McLennan 1982; McLennan and Taylor 1984).

A distinct depletion in Eu relative to other REEs is
also observed in the patterns, and this is usually attributed
to silicic source rocks. A negative Eu anomaly is corre-
lated with the transition of the upper continental crust
from a mafic Archean one to a relatively silicic post-
Archean variety through intracrustal differentiation (e.g.,
Fedo et al. 1996). This change produced K-rich granites,
granodiorites, and other silicic rocks depleted in Eu
which were then incorporated in terrigenous sedimentary
rocks. The pronounced negative Eu anomaly observed in
the patterns is due to the input of Eu-depleted granitic
detritus into the sediments that formed the Lasala clastic
rocks (e.g., Taylor and McLennan 1985; Rollinson 1993).
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Fig. 6 a (Top) Chondrite-normalized multielement plot of the Lasala
samples (black square) normalized to chondrite. Normalizing factors
are from Evensen et al. (1978). The patterns showing enrichment in
LREE, depletion in HREE, and negative Eu anomaly are consistent
with derivation from a granodiorite upper continental crust compo-
sition. b (Bottom) Similar patterns are observed for the Nanxiong
Basin and Buruanga clastic rocks. Samples derived from mafic
igneous rocks show a more flat pattern and are marked by an absence
of a distinct negative Eu anomaly. Nanxiong, Buruanga, and Baguio
data are from Yan et al. (2007), Gabo et al. (2009) and Tam et al.
(2005) respectively. See text for details

Provenance discrimination diagrams, REE patterns, and a
negative Eu anomaly all point to a felsic provenance for
the Lasala clastic sedimentary rocks.

Tectonic setting

Based on the Qt-F-L and Qm-F-Lt diagrams, the Lasala
clastic rocks mostly plot within the craton interior and
transitional continental field (Fig. 3¢, d). These sedimen-
tary rocks are derived from continental sediments depos-
ited on either passive or active continental margin (e.g.,
Moss 1998; Tucker 2001). Some samples that occupy the
recycled orogen field are attributed to derivation from the
Halcon metamorphics which is believed to represent a
metamorphosed piece of the Mainland Asia continental
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crust. The interpretation of the latter is due to some sam-
ples that contain abundant polycrystalline quartz (Qp)
compared with monocrystalline quartz (Qm) (e.g., Tucker
2001; Das et al. 2008). Consequently, these grains exhibit
undulose extinction indicative of metamorphism. Petro-
graphic analysis of Lasala clastic rocks, therefore, shows a
continental source deposited on either passive or active
continental margin. Modal plots of Palawan and Buruanga
samples that are both continental in origin are shown
together with the plots of the Lasala clastic rock samples to
further affirm the continental signatures of the Lasala
samples (Suzuki et al. 2000; Gabo et al. 2009) (Fig. 3c). In
contrast, samples from the oceanic island arc-derived
Klondyke Formation in the Baguio District clearly occupy
the magmatic arc field (Fig. 3c).

Various studies involving geochemical discrimination
parameters have proven useful in characterizing tectonic
settings of terrigenous sedimentary rocks. On the basis of
major oxides, Roser and Korsch (1986) utilized KO,
Na,0, and SiO, to establish the tectonic settings of sand-
stone and mudstone suites. Felsic rocks tend to have high
concentrations of these compounds compared with mafic
rocks. However, this tectonic diagram must be employed
with caution because K,O, Na,0, and SiO, contents may
be obscured by post-depositional processes such as silici-
fication and K-metasomatism (Cullers et al. 1993; Fedo
et al. 1995; Sugitani et al. 2006). Results from this diagram
may only be deemed reliable if it complements the
petrography of the samples (Roser and Korsch 1986).
Significant hydrothermal veins that can be a source of
secondary silica (e.g., Van den Boorn et al. 2007) were not
encountered in the field during geologic mapping. There-
fore, influence from silicification in the Lasala clastic rocks
is unlikely. Petrographic analysis also confirms that the
quartz crystals present in the samples are detrital rather
than replacement silica due to silicification. Based on the
A-CN-K ternary diagram (Fig. 4), six mudstone samples of
the Lasala clastic rocks underwent slight K-metasomatism,
and so these samples are excluded in the K,O/Na,O versus
SiO, diagram. Plots of the Lasala clastic rocks on this
diagram show passive and active continental margin tec-
tonic settings (Fig. 7a). On the Th-Co-Zr/10 plot proposed
by Bhatia and Crook (1986) for tectonic setting discrimi-
nation, most of the samples are found within the conti-
nental island arc (CIA) and passive margin (PCM) fields
(Fig. 7b).

Although the Lasala clastic rock samples point to a
chiefly continental tectonic setting, the plots straddle
between active continental margin (ACM) and passive
margin (PM). Middle Jurrasic to mid-Cretaceous tectonic
reconstructions of Holloway (1982) suggested an active
continental margin setting for the southeastern portion of
Mainland Asia where a northwest-dipping subduction zone
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Fig. 7 a The Mindoro samples when plotted on the K,0/Na,O versus
Si0, diagram mostly fall within the active continental margin (ACM)
and passive margin (PM) tectonic settings. The fields for Nanxiong,
Palawan, and Buruanga also plot within the same ACM and PM
fields. In contrast, samples from the Klondyke Formation in Baguio
distinctly fall within the arc field. b On the Th-Co-Zr/10 diagram, the
majority of the Lasala samples occupy the CIA and PCM fields. ACM
active continental margin, OIA oceanic island arc, CIA continental
island arc, PCM passive margin

commenced as a consequence of a spreading event
involving Australia and a continental fragment down south.
This subduction episode on this part of Mainland Asia
produced a subparallel magmatic arc of calc-alkalic
extrusive and intermediate to acid intrusives preserved in
southeastern Vietnam and eastern China (Hamilton 1979;
Holloway 1982). However, this active tectonic setting
ceased during the Late Cretaceous in exchange of a new
northward-dipping subduction zone in Sumatra-Java-
southeast Borneo (Holloway 1982). Reconstructions during
the Paleocene in the southeastern portion of Mainland Asia
revealed a relatively passive margin (Holloway 1982; Hall
2002; Queano et al. 2007). This implies that the Eocene
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Lasala Formation was deposited in a chiefly passive con-
tinental margin, and samples that plot within the ACM field
are believed to have received detritus from rocks generated
at an older active margin. Petrographic expression of this
inherited active margin signature is the basaltic lithic
fragments (2-12%) that were incorporated in the samples.

Tectonic implications
Mindoro continental block

Although several papers have suggested that only south-
western Mindoro is continental (e.g., Hall 2002; Queafio
et al. 2007) and northeastern Mindoro is of Philippine Sea
Plate affinity (e.g., Rangin et al. 1990; Pubellier et al.
1996), the Lasala Formation provides the first tangible on-
land proof that it is in fact the entire island that is conti-
nental. The Palawan continental block is widely accepted
as a continental fragment that rifted off from the southern
margin of Mainland Asia consequent to the opening of the
South China Sea. This idea is supported by paleomagnetic
data (e.g., Alamasco et al. 2000), seismic and seafloor
magnetic anomaly data (e.g., Taylor and Hayes 1980;
Holloway 1982), and stratigraphic correlation across the
region (e.g., Holloway 1982; Zamoras and Matsuoka
2004). The oldest rock suite in the Palawan continental
block is a Middle Permian sedimentary sequence of sand-
stones, tuff, and slates whose metamorphosed equivalent is
believed to be the Halcon metamorphics of Mindoro
(Hashimoto and Sato 1968; Holloway 1982). Holloway
(1982) suggested that the slightly metamorphosed shales
and siltstones and minor fossiliferous carbonates also of
Permian age exposed in eastern China, Hongkong, and
eastern Guangdong are related to this sedimentary suite.
Late Triassic Indosinian orogeny brought about by the
suturing of Indochina and South China blocks produced
acidic igneous intrusions near the Red River suture zone
and within Palawan and Mindoro (Holloway 1982; Knittel
et al. 2010). A northwest-dipping subduction zone along
the southeastern Mainland Asia margin transpired in the
Middle Jurassic to Mid-Cretaceous and was manifested
through a series of calc-alkalic extrusions and intermediate
to acid intrusions exposed only in southeastern Vietnam
and eastern China (Hamilton 1979; Holloway 1982; Yu
et al. 2006). Subduction ceased in Late Cretaceous and
marked the beginning of continental crust attenuation in the
southern margin of Mainland Asia that continued until
Eocene (Holloway 1982). This created sedimentary suc-
cessions of passive continental setting in both Mainland
Asia and Palawan and Mindoro (Holloway 1982; Suzuki
et al. 2000; Yan et al. 2007). Neither tectonic occurrences
nor sedimentary rock deposition events were observed

@ Springer

common to Mainland Asia and Palawan continental block
in the late Paleogene because it is believed that Palawan
continental block completed its last phase of rifting from
Mainland Asia and began its southeastward motion up to
its present position as a consequence of the opening of the
South China Sea (Holloway 1982). Based on magnetic
lineations, Taylor and Hayes (1983) proposed that seafloor
spreading of the South China Sea started during the mid- to
late Oligocene up to Middle Miocene. A more recent study
suggests an older age of late Eocene for the rifting and
opening of the oceanic basin due to the recognition of
magnetic lineations in the northernmost South China Sea
near the Formosa Canyon and the northern end of the
Manila Trench (Hsu et al. 2004). Subduction of the South
China Sea crust beneath the Manila Trench brought the
Palawan continental block in collision with the Philippine
Mobile Belt during the late Early Miocene to early Middle
Miocene (Holloway 1982).

The Eocene Lasala Formation is the oldest sedimentary
sequence in northwest Mindoro which Sarewitz and Karig
(1986) mapped as part of the Philippine Mobile Belt.
Because of its age, it is assumed that the Eocene Lasala
Formation was deposited prior to the collision event. Pet-
rographic study shows that the sandstones were mainly
derived from silicic or felsic source rocks. Whole-rock
major and trace element analyses also point to a felsic and
quartzose recycled provenance. The continental character
of the Lasala clastic rocks is further supported by tectonic
discrimination diagrams that indicate a chiefly passive with
inherited active continental margin paleo-setting. Because
of the wide distribution of the Lasala Formation across the
island, it is concluded that the whole island of Mindoro is
continent derived and therefore forms part of the Palawan
continental block.

Locating the collision boundary

Considering the entirety of Mindoro, as being continental
and part of the Palawan block implies that the collision
boundary between the Palawan continental block and the
Philippine Mobile Belt should be located farther east of
Mindoro. Several previous geophysical studies have looked
into establishing the position of this collision margin in
central Philippines. Available geophysical data were thus
culled in order to look at anomalies that may help delineate
the collision boundary. Based on seismicity, shear wave
velocity and regional gravity data, thickened crust is noted
from Bicol extending southwestward to Panay island
through the Sibuyan—Masbate area (Wu et al. 2004;
Dimalanta and Yumul 2008). When the crustal thickness
data were first evaluated, it was reported that the collision
did not seem to have resulted in crustal thickening because
thickened crust was not observed in the Mindoro-Romblon
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region, which is the site of collision (Dimalanta and Yumul
2004). Recent geological and geochemical data from the
Romblon Island Group have suggested that the easternmost
boundary of the collision lies further east of Sibuyan
Island. It is at this site where thickened crust can be
observed (e.g., Dimalanta and Yumul 2003, 2004; Wu et al.
2004). On the bathymetric map, a depression or trough of
up to ~ 1,000 m is observed in the area between Sibuyan
and Masbate islands. This bathymetric low is characterized
by a low Bouguer anomaly value, i.e., 50 mGal, compared
with the 100 mGal to the west and east of this depression
(Sonido 1981). These variations in bathymetry and gravity
values along with the observed variations in crustal thick-
ness within the central Philippine region may offer addi-
tional constraints in delimiting the boundary of the
collision zone.

Regional correlations and recommendations

In the context of Southeast Asia’s tectonic development,
Mindoro island, together with the islands of Taiwan, Pal-
awan, and western Panay, formed a contiguous group of
landmasses along the southeastern margin of the Asian
Continent. Most palinspastic reconstruction studies suggest
that during the early part of the Mesozoic, this margin was
the site of active subduction (e.g., Holloway 1982).
Reconstructions for the Paleogene period show that as late
as the Eocene, this continental periphery was relatively
passive, with most tectonism occurring farther south along
the Philippine Sea Plate—Australian block boundary (e.g.,
Hall 2002; Queafio et al. 2007). Hence, considering these
tectonic models, the Lasala Formation would have been
deposited in a basin flanking southeast China, Taiwan, and
Palawan. This implies that sedimentary rocks of correlat-
able age, character, and history to the Lasala Formation
may be present in those areas as well.

Eocene sedimentary rocks in northern Taiwan (Hsitsun
and Szeleng Formations) are suggested to have been
derived from Jurassic-Cretaceous and Paleozoic granitic
plutons of southeast China (Shao et al. 2009). The older
Hsitsun Formation is composed of well-foliated dark gray
slate and phyllitic slate with interbeds of dark colored, fine-
grained, hard quartzose sandstone that are more abundant
in the lower part of the formation (Central Geological
Survey of Taiwan 2010). The younger Szeleng Formation
is generally arkosic to subarkosic and is characterized by
thick-bedded, light gray quartzitic sandstone, or quartzite
intercalated with dark gray argillite or slate (Central Geo-
logical Survey of Taiwan 2010).

Correlation of these rocks, and others of similar age and
characteristics in the region, can provide a more complete
understanding of east and southeast Asian margin tecton-
ics. The position of this formation within the regional

stratigraphy has the potential to provide crucial information
on the poorly documented Cretaceous-Tertiary boundary of
the Philippines and southeast Asia as a whole. Therefore,
province-link investigations that include southeast China,
Taiwan, Palawan, and Malaysia can likely address this
research gap.

Conclusions

Petrographic and geochemical analyses have distinguished
the Lasala Formation of northwest Mindoro as being
derived from a continental source developed in a conti-
nental margin tectonic setting. The mineralogical assem-
blage, dominantly characterized by the abundance of
quartz minerals, suggests felsic sources which effectively
indicate a continental origin. Ternary petrographic and
tectonic function discrimination diagrams similarly point to
continental tectonic settings. Geochemical characteristics
such as high SiO, content, low Al,03/TiO, and La/Th, low
Co, Cr, and Ni elemental abundances, negative Eu anom-
alies and depletion in LREEs indicate a felsic or silicic
provenance. The best fit line through the data points on the
A-CN-K diagram is also consistent with a granodioritic
upper continental crust composition. Tectonic discrimina-
tion diagrams similarly indicate that the sediments of
Lasala Formation were derived from continental sources,
but they straddle both active and passive margin charac-
teristics. Correlation of this mixed signature with previous
paleogeographic studies of southeast Asia shows that the
Lasala sedimentary rocks were deposited in a passive
margin setting where products of older active margin tec-
tonic processes were also being shed. Results from this
study provide the first tangible on-land proof that the whole
island of Mindoro is continent derived and forms part of
the Palawan Block.
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