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Coral reef growth and relative sea-level record for the early mid-Holocene are established from three
boreholes drilled on a raised Holocene reef at Currimao, northwestern Luzon, Philippines. Age control is
provided by 23°Th dates of 13 corals mostly in living position. The cores cover a depth interval from 3.8 m
above to 26.7 m below present mean sea level (MSL) and consist of four lithofacies including (1) reef facies,
(2) bioclastic facies, (3) clayey facies and (4) tuffaceous facies. The ages of dated corals vary from 6588 +
27 ya at 1.4 m below MSL to 9855442 ya at 22 m below MSL. Results of this study indicate that the reef

:_([?;‘évcoerg: started growing about 9.9 ka when the minimum sea level, relative to the western Luzon coast, was about
Sea level 27 m below MSL after tectonic correction. During 9.2-8.2 ka, reef accretion rate was as high as 10-13 m/ky.
Coral reef Coral reef developed to near paleo-sea level at about 6862 4 28 ya and emerged due to tectonic uplift. The
Philippines sea-level curve of Currimao is generally similar to that of the Western Australia coast but at least 8-11 m

South China Sea

higher than that of Tahiti from 10 to 8.5 ka.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Holocene reefs have long been a focus of geological research
because they serve as an analogue of ancient reefs and preserve the
archives of eustatic sea-level changes and neotectonics (Montaggioni
and Macintyre, 1991; Ota and Chappell, 1999; Cabioch et al., 2003;
Taylor et al., 2008). Although explorations started as early as 19th
century and continued to this century (see reviews by Steers and
Stoddart, 1977; Montaggioni, 2005; Hopley, et al., 2007, p.5-14),
tropical Pacific reefs remain far less understood than their Atlantic
counterparts except for the Great Barrier Reef (GBR) (Camoin and
Davies, 1998; Kennedy and Woodroffe, 2002; Montaggioni, 2005).

Among the Indo-Pacific Holocene reefs, the Philippines has
received particularly little attention compared to other Indo-Pacific
sites such as the GBR, the Ryukyu Islands, Hawaiian Islands and
Polynesian islands. Montaggioni (2005) provided an extensive review
of case studies of Indo-Pacific coral reefs, none of which were located in
the Philippines. There are two reasons why Philippine coral reefs are
important. First, the Philippines is located in the Indo-Pacific center of
coral diversity (Veron and Fenner, 2000; Licuanan and Capili, 2004).
Second, the Philippines is located within the Western Pacific Warm
Pool (WPWP) where the temperature was still suitable for coral
growth even during the early Holocene when seawater was colder
than present (Pelejero et al.,, 1999; Gagan et al., 2004). The Holocene
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reefs in the Philippines may provide valuable information toward a
better understanding of reef growth responding to early Holocene sea-
level rise in the Indo-Pacific region. The Philippines, however, presents
some challenges for sea-level study. First, the region is an active island
arc where vertical tectonics potentially has displaced paleosea-level
indicators and influenced reef growth. Fortunately, it is possible to
estimate the tectonic signal by comparing the reconstructed sea-level
record with those established in tectonically stable regions. Second,
modern Philippine coral reef studies are scarce, and they usually focus
on fishery or reef management when available. Analogues for
environmental interpretation of fossil corals are still lacking in the
Philippines. Interpretations are especially challenging because many
reefs have already been modified by human activities.

In most cases, only the tops of Holocene reefs are exposed, thus it is
important to drill the reef sequences to study the tectonic or sea-level
history. This study examined three cores drilled into Holocene reefs at
Currimao, Ilocos Norte. Lithological facies and sequence of the cores
were identified and selected corals were 23°Th-dated. The objectives
of this paper are to reconstruct: (1) the Holocene reef growth at
Currimao and (2) the Holocene sea-level record using coral reef
stratigraphy. This work is the first shallow drilling in Philippine coral
reefs since Grobe and other's (1985) pioneering effort and the first
coral-based sea-level record in the South China Sea.

2. Geological settings

Luzon is bounded by the Manila Trench on the west and the
Philippine Trench on the east (Yang et al., 1996; Yumul et al., 2003),
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and consists of a complex of volcanic arcs and accreted terranes
resulting from subduction and strike-slip faulting (Fig. 1). Between
the two trenches, the strike-slip Philippine Fault extends from
southern Mindanao to northern Luzon (Barrier et al., 1991). All
three major tectonic elements of the Philippines are still active in the
Quaternary (Yumul et al.,, 2003).

Currimao is located at 1802’N, 12028’E on the coast of
northwestern Luzon, facing the South China Sea (Fig. 1). Tides in
the area are mixed diurnal and semi-diurnal with a tidal range of
0.57 m (NAMRIA, 2001). The dry season is from October to May with
an average temperature of 30 °C and the wet season falls during the
months of June to September. Annual rainfall is about 2000 mm.

Holocene reefs crop out at Currimao, extending about 3.2 km along
the coast, and 100 to 150 m perpendicular to the coast. The coastal
geomorphology is characterized by three terraces (Figs. 1 and 2). The
outer and lowest terrace, Terrace 3, lies at mean sea level (MSL) and is
now covered mainly by seaweeds. The highest terrace, Terrace 2, is
located just landward of Terrace 3 with a well-defined flat top and an
elevation up to 3.7-3.9 m above sea level in its northern portion and
descending to about 3.1 m southward. The surface of the previous reef
flat is very well preserved with most corals in their original living
positions. There are no signs of erosion on the surface. Detailed
features of corallites are well preserved. The representative corals are
Acropora robusta and Pocillopora eydouxi, both extensively observed
on the top and on inner (landward) cliff of the terrace. Terrace 1
occurs at 1.2-1.5m above sea level along the coastline and is
separated from Terrace 2 by a depression. Terrace 1 is not as well
defined as the other two terraces, and is capped by erosional surfaces,
patch reefs, or beachrock depending on the location. Heliopora
coerulea and Porites are the most common corals on Terrace 1.
Pleistocene limestones are exposed along road cut of the coastal road
but cannot be dated because fossil corals are already calcified.

Maeda et al. (2004) reported two notches, one at 2.3 m and
another at 0.5 m above sea level respectively, on the seaward cliff of
Terrace 2 and used them to identify Holocene sea-level standstills in
the area. The upper notch is comparable to notches 2.3 to 2.8 m above

present MSL in several locations in Palawan, which were dated to be
5466 and 5758 cal BP at Miniloc Island, Palawan (Maeda, et al., 2004),
and probably represent the mid-Holocene highstand. The lower notch
may correlate to a notch 0.5 m above MSL in Bacuit Bay, Palawan, on
the floor of which a fossil coral was dated to be 3.58 ka (Maeda, et al.,
2004).

A Pliocene unit, Laoag Formation, occurs as the basement below
the Quaternary units and outcrops along the coastal road of Currimao.
The typical lithology is calcareous siltstone and claystone interbedded
with tuffaceous sandstone, and occasional limestone.

3. Material and methods

This study recovered three cores, each 6 cm in diameter, from each
of the three terraces with a geotechnical rig (Fig. 1). The depths of
cores CRM-1, CRM-2 and CRM-3 are 15.0 m, 22.2 m and 26.7 m from
ground surface respectively. Two supplementary short cores were
drilled by a portable electrical driller, CRM-1a next to CRM-1, and
CRM-2C on top of Terrace 2 next to CRM-2 to provide data from above
sea level for Terrace 2. Cores were split, photographed and described.
Thin sections were made to aid core examination. Fossil coral oriented
in growth position and relatively larger size were selected for U-Th
chemistry (Shen et al., 2003) and 2*°Th dating (Frohlich et al., 2009;
Shen et al., 2009). A sample for analysis was carefully picked and cut
from each selected coral with its aragonitic composition confirmed by
X-Ray diffractometry.

The U-Th isotopic compositions of fossil corals, physically cleaned
with ultrasonic methods (Shen et al., 2008), were determined on a
multi-collector inductively-coupled plasma mass spectrometer (MC-
ICP-MS) with single secondary electron multiplier protocols in the
High-precision Mass Spectrometry and Environment Change Labora-
tory (HISPEC), Department of Geosciences, National Taiwan Univer-
sity. The developed MC-ICP-MS technique offers an accurate
determination of uranium and thorium isotopic ratios and concentra-
tions with a precision of + 1-2%. (20) for abundance determinations
of 50-200-fg 2>*U (1-4-ng 28U) or 23°Th (Frohlich et al., 2009; Shen
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Fig. 1. Location of the study area and boreholes drilled on three terraces. Location of the profile in Fig. 2 is indicated by the straight line.
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Fig. 2. Coastal geomorphologic profile in Currimao, modified from Maeda et al. (2004). See Fig. 1 for its location.

et al.,, 2009). The observation that there is no significant difference
between standards measurement compared to the coral and spe-
leothem samples on ICP-sector-field-MS (ICP-SF-MS; Shen et al.,
2002) and on MC-ICP-MS certifies the validity of the MC-ICP-MS
methodology. Uncertainties in the U-Th isotopic data and 23°Th dates
given in this paper are calculated at the 20 level or two standard
deviations of the mean (20,,,) unless otherwise noted.

4. Lithofacies

Four lithofacies were defined from the borehole cores: reef facies,
bioclastic facies, clayey facies and tuffaceous facies. Lithofacies
delineation was based on biolithologic components and fabric of
rock or sediments.

4.1. Reef facies

The Reef facies consists of coral boundstones and coral floatstones/
rudstones (Fig. 3A,B). Corals are often bored. The matrix between coral
skeletons or in bored cavities may be micritic, red algal encrustation, or
loose bioclastics. Two subfacies can be distinguished in terms of coral
fauna. In the robust branching subfacies, the major coral components
are robust branching corals such as Acropora robusta, A. digitifera and
Pocillopora eydouxi (Fig. 3A), while the domal/Heliopora subfacies
includes mostly domal corals, such as Porites and Faviids as well as
Heliopora (Fig. 3B). The robust branching subfacies is best developed in
Terrace 2 as shown in the short borehole CRM-2C. It also occurs in the
lower and upper part of borehole CRM-3, and sparsely in Terrace 1 as
shown in CRM-1a. This subfacies is equivalent to the Robust branching
coral facies as described by Montaggioni (2005), and is interpreted to
represent the outer reef flat, upper reef slope or patch reef where the
current was relatively strong as suggested by general habitat of A.
robusta, A. digitifera and P. eydouxi (Wallace, 1999; Veron, 2000). In
their modern coral reefs of two nearby areas, Palau and Papua New
Guinea, the coral assemblage are typical of high energy reef-crest
environment (Nakamori et al., 1995; Kayanne et al., 2002).

The domal/Heliopora subfacies, best developed in the uppermost
part of CRM-3, is interpreted to occur in deeper and calmer water in
the lagoon or the fore-reef environment.

4.2. Bioclastic facies

The Bioclastic facies is characterized by unconsolidated bioclastic
packstones and coral rubbles with a winnowed bioclastics matrix
(Fig. 3C). The dominant constituents are finger-like corals, mostly
Acropora and Heliopora, mollusk fragments and benthic foraminifera,
especially Calcarina sp. This facies typically occurs in association with the

reef facies as infilling in crevices between reef frameworks or as back-
reef sands. This facies is best represented in the upper part of CRM-1.

4.3. Clayey facies

The Clayey facies consists of algal-coral boundstones, coral rubbles
and bioclastics in a clayey matrix. The representative corals are
Heliopora in boundstones, or Heliopora and Acropora corals as coral
rubbles (Fig. 3D,E). Encrusting red algae also occurs in this facies with
occasional rhodolith. In some intervals, the clayey matrix is cemented,
but in other intervals it is still soft and thus could have been washed
away during the drilling operation. This facies is best developed in the
middle part of borehole CRM-3, the lower part of CRM-1, and upper
part of CRM-2. We interpret this facies corresponds to a protected,
back-reef environment. The boundstones with clayey matrix are
interpreted to be patch reefs in the back-reef environment where the
current was weak.

4.4. Tuffaceous facies

The Tuffaceous facies consists of volcanic ash and bioclastics with
occasional red algal binding (Fig. 3F). Other than the volcanic
sediments and better lithification, it appears similar to the clayey
facies. This facies, with maximum thickness of 1.3 m in borehole CRM-
1, overlies the Laoag Formation and underlies the other carbonate
facies. The volcanics imply a large volcanic eruption in the early
Holocene or late Pleistocene in northern Luzon.

5. Coral ages and facies geometry

The U-Th measurement results are summarized in Table 1. The
absence of secondary carbonates in the intra-skeletal structure, the
238 levels of 2.3-3.6 ppm, and the initial 6*3*U values of
144.5-149.5%. as in modern corals, suggest that the selected coral
samples are well preserved. Agreement of duplicate 2>°Th dates for
sample 7.8 m of CRM-3 (CRM-3-7.8 m-R, Table 1), also confirms our
U-Th methodology and sample quality. Fig. 4 gives the lithocolumn
with ages of fossil corals. The depth error of each coral is determined
with the thicknesses of covered and unrecovered interval in each
coring run. The oldest sample is dated as 9855 + 42 ka at a depth of
22 min borehole CRM-3, and youngest as 6588 + 27 ka at 1.4 m below
sea level of CRM-3.

Interpreted facies geometry and time lines are displayed in Fig. 5.
Coral-reef development in Currimao started at least as early as 9.86 ka
on a bioclastic substrate (Figs. 4 and 5, Table 1). The reef accreted
vertically with the crest near the site of CRM-3. A back-reef
environment with some patch reefs developed behind the reef crest
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Fig. 3. Photographs of lithofacies of the Currimao cores. (A) The robust branching subfacies showing an Acropora robusta, CRM-3, 8.3-8.4 m. (B) The domal/Heliopora subfacies
showing boundstone with a Heliopora, CRM-3, 4.6 m. (C) Bioclastic facies showing coral fragments, sand-sized bioclastics were washed away during drilling operation, CRM-1, 0.3 m.
(D) Clayey facies, a Heliopora in clayey matrix, CRM-3, 10.3-10.5 m. (E) Clayey facies, bioclastics in clayey matrix and binded by red algae encrustations, CRM-3, 14.1-14.3 m.

(F) Tuffaceous facies, CRM-1, 13.1-13.2 m.

as revealed in boreholes CRM-1 and CRM-2. The reef crest pro-graded
seaward around 9 ka and shifted landward again toward 8 ka. The sea
level and reef growth continued to rise till about 6.86 ka. The site was
then uplifted to about 3.8 m above MSL. After that, the reef continued
to develop at the site of CRM-3 till about 6.59 ka.

6. Discussion
6.1. Reef accretion rate

Holocene reefs throughout the world's tropical ocean have shown
variable vertical accretion rates. Caribbean reefs typically exhibit
higher vertical accretion rates with an average 6 m/ky (Dullo, 2005).
The faster cases are: 12 m/ky in Alcaran, Mexico 8.9-7 ka (Macintyre
et al, 1977), 13 m/ky in Barbados 8.8-7 ka (Fairbanks, 1989) and
15 m/ky in St. Croix 9.4-5 ka (Adey et al., 1977) with an average 6 m/
ky in the Holocene (Dullo, 2005). In contrast, Indo-Pacific reefs

typically grew at an average rate of 4.4 m/ky (Dullo, 2005).
Apparently, Indo-Pacific reefs commonly developed at lower rates
than Caribbean reefs. The faster growing reefs in the Indo-Pacific are:
8.57 m/ky in Mayotte 9.6-7.2 ka, (Dullo, 2005), 8 m/ky in central
Great Barrier Reef 7.5ka (Davies, et al., 1985), and 7.6 m/ky in
Abrolhos Island 9.9-8.0 ka (Eisenhauer et al., 1993). Short-term
vertical accretion rate of Palau could be 30 m in about 240 years in
conventional *C ages but the average is 8.5 m/ky in a 1-ky period
(Kayanne et al., 2002). The exception is Tahiti where early Holocene
reefs developed at a vertical accretion rate of about 12 m/ky during
10.8-8.5 ka in borehole P7, or even as high as 15 m/ky during a period
from 10.1 to 9.5 ka in borehole P6 (Bard et al., 1996). However, all
these data only reveal vertical accretion rates but not progradational
rates due to the nature of cores.

Figs. 6 and 7 show that the CRM-3 reef grew upward at about
10 m/ky from 9.86 to 8.23 ka, or even 13 m/ky from 9.16 to 8.23 ka.
CRM-2 exhibits a vertical accretion rate of about 10 m/ky from 9.2 ka
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Table 1

U-Th isotopic compositions and “Th ages for fossil coral samples of Currimao, Philippines by MC-ICPMS.
Sample Depth 28y 220t 5§20 [°Th/*8U) [3%Th/**2Th) Age Age A By
D (m) (ppb) (ppt) Measured® Activity® {(ppm)? Uncorrected Corrected™®  Corrected”
CRM-1a-0.5m  +0.7 3396.8+2.7 591+24 1433214 0.07404 £ 0.00013 70221 + 2809 7301 £16 7300+ 16 1463+ 1.4
CRM-1-3.4m -28+0.6 2306.6+1.7 366.6 +2.2 1447+ 1.5 0.07659 + 0.00013 7958 +49 7552 £16 7548 £17 1478 £1.5
CRM-1-5.1m -5.1 34242 +34 813134 1418+ 1.6 0.08263 + 0.00014 57480 + 2424 8191 +19 819119 1451 +£1.7
CRM-1-124m -12.2+0.2 27533 +28 21211 1416+ 1.6 0.08957 + 0.00020 19164 + 962 8909 + 25 8907 £ 25 1452 1.7
CRM-2C-top +3.8 22584 +44 423+1.9 144.4+2.6 0.06979 + 0.00022 61568 + 2775 6863 + 28 6862 £28 147.2£2.7
CRM-2-2.2m -18+04 3321.0+£28 196.4+2.7 1415 1.5 0.07573 £ 0.00012 21149 + 296 7486 £ 16 7485 £ 16 1445+ 1.5
CRM-2-7.3m -7.1+0.2 3568.8 +3.4 501.4+82 144.1+ 1.6 0.08317 +0.00017 9774 + 160 8228 +21 8225+21 1475+1.7
CRM-2-17.5m -16%1.5 32483+238 15085+6.2 1435+1.4 0.09261 + 0.00027 3293 +16 9207 £30 9196 £32 1473 +1.5
CRM-3-1.4m -1.2+0.2 2394.5+3.7 28.0+1.1 143.6+2.4 0.06703 +0.00022 94671 + 3825 6588 + 27 6588 27 146.3+24
CRM-3-5.7m -53+04 3292.7+3.1 123111 1423£1.7 0.08317 +0.00020 3673 £33 8242 +24 823325 1457 £1.7
CRM-3-7.8m -7.6+0.2 3535.0+29 1122421 1455+ 1.4 0.08285+0.00013 43114 +820 8185+ 16 8185+ 16 1489+ 14
CRM-3-7.8m-R -7.6+0.2 3653.5+3.6 1576.0+2.8 1424+ 1.7 0.08273 + 0.00019 3167+9 8196 £23 8186 +25 1458 + 1.7
CRM-3-187m -184+0.3 3226.1+28 230417 1440+ 1.7 0.09225 +0.00012 21330+ 162 9165 £ 19 9164 £ 19 1478 +1.7
CRM-3-222m -21.8+04 3281.5+6.3 1644.8+7.0 1454+ 2.8 0.09913 £ 0.00030 3265+ 16 9866 + 41 9855 £ 42 1495+29

Depth annotated with “—"or “+ " sign indicates depth below or above present sea level after tectonic correction.
Chemistry was performed during November 2008-March 2009 and instrumental analyses on MC-ICP-MS (Shen et al., 2009). Analytical errors are 20 of the mean.

25U = ([234U/238U]activity —1)x1000.

O [20Th/238U cgiviey = 1 — € N30T + (6324 easurea/1000)[Aa3o/(Aa30 — Na3a) | (1—e =20~ 0 )T), where T s the age. Decay constants are 9.1577x 10~ ¢ yr~" for 2°Th, 2.8263x 10 Cyr~!

for 24U, and 1.55125x 10~ 1 yr~ " for 238U (Cheng et al., 2000).

¢ The degree of detrital *°Th contamination is indicated by the [*3*°Th/?*2Th] atomic ratio instead of the activity ratio.
d Age corrections were calculated using an estimated atomic 22°Th/2*?Th ratio of 4 -+ 4 ppm. Those are the values estimated from shallow corals with an arbitrarily assumed error

of 100% (Shen et al., 2008).
€ 5234 isial corrected was calculated based on 23°Th age (T), i.e., 82**Uipitiar = 62>4

to 8.23 ka. CRM-1 also displays a vertical accretion rate of about 10 m/
ky from 8.9 ka to 8.19 ka. Such fast rates, exhibited in 3 cores by 6 to 7
fossil corals based on accurate 23°Th ages, indicate that the chance of
sampling artifact is very slim. The rates are among the fastest vertical
accretion rate in the western Pacific and Indian Ocean, and are
comparable to the fastest rates of the Caribbean region or the early
Holocene reefs of Tahiti.

This study suggests that the apparent lower accretion rate of Indo-
Pacific reefs is still an open question at least for the early Holocene.
The area, including Indonesia, New Guinea and the Philippines, has
the highest coral diversity and is referred to as “coral triangle” where
Holocene reefs occurred extensively yet very few studies have been
conducted. Higher vertical accretion rates could be established in the
area with more data available.

6.2. Landward shift of the reef crest at 7.48 ka

Figs. 5 and 6 show a landward shift of the reef crest of about 40 m
from the CRM-3 site to the CRM-2 site some time after 7.48 ka. This
shift is revealed by the change of lithology in CRM-2 change from
bioclastics in a clayey matrix to coral boundstone dominated by
robust branching corals (Fig. 4). These robust branching corals are also
observed along Terrace 2 that extends for almost 3 km. In the
meantime, the coral fauna of CRM-3 shifts from a very shallow-water
species Acropora robusta to domal corals and blue coral, and the
accretion rate declined significantly after 8.18-8.23 ka (Figs. 4 and 6).

Reef backstepping has been reported at some time during the
interval 8-7 ka in Caribbean Sea (Blanchon and Shaw, 1995; Blanchon
et al,, 2002) and in the Pacific (Kayanne et al., 2002; Engels et al.,
2004), and attributed to a pulse of sea-level rise about 7.6 ka
(Woodroffe and Horton, 2005), although there is uncertainty in the
timing and amplitude of the event. Other studies questioned the
importance of a sea-level event at 7.6 ka (Bard et al., 1996; Hubbard et
al., 1997; Montaggioni et al., 1997; Toscano and Lundberg, 1998) and
even considered it a sampling artifact (Toscano and Lundberg, 1998).
The landward shift of the reef crest in Currimao can be explained by
the same event that caused the reef backstepping documented in
other places (Blanchon and Shaw, 1995; Blanchon et al., 2002;
Kayanne et al., 2002; Engels et al., 2004). However, the older reef crest
is only shown in one core. Further studies must be done to confirm the
existence of an older reef crest near the edge of Terrace 1.

A234*T
measuredX €

,and T is corrected age.

6.3. Deglacial sea-level rise

Fig. 6 plots the ages and depths of corals in all three cores. All cores
show that ages generally increase with increasing depth, and the
three cores agree with each other in general. This pattern certainly
reduces the possibility of redeposited corals or sampling artifact to a
large degree. However the curves should be considered as accumu-
lation curves rather than sea-level curves.

Corals do not always live just below sea level. Some species may
live in water below 20 m deep. In addition, Luzon is still tectonically
active, and tectonic effects must be addressed before any meaningful
discussion of Holocene sea-level history. To represent paleo-sea level
as much as possible, only Acropora robusta, A. digitifera and Pocillopora
eydouxi ((highlighted in Table 1 and printed in bold in Fig. 4) were
selected as a sea-level proxy because these species typically live on
the outer reef flat or upper reef slope and are therefore considered
better sea-level indicators than others (Wallace, 1999, p.115; Veron,
2000, v.1, p.216, 328; v.2, p.44). The only exception is the Acropora at
22 m of CRM-3 where we cannot determine the species. This sample is
still included because it is the oldest and deepest datable coral. A total
of seven coral ages, printed in bold in Fig. 4, are included in a sea-level
reconstruction. Even though the corals were carefully selected, the
coral depths should be considered to be the minimum sea level. The
paleo-sea level could be a few of meters higher than the depths of the
dated corals.

The site of CRM-2, a 6.86-ky-old reef flat is now emerged to 3.8 m
above sea level, which could be attributed to two possible scenarios;
either the paleo-sea level was near + 3.8 m above MSL around 6.86 ka,
or the reef flat was mainly uplifted by tectonic activity, or a
combination of both. Among the Philippines sites where mid-
Holocene sea-level records are available, Palawan is considered
relatively stable in terms of active faulting and seismic activities
(Bautista and Oike, 2000; PHIVOLCS, 2001a,b). That the elevation of
MIS 5e sea level is at 6.8 m above MSL in northwest Palawan (Omura
et al.,, 2004) is a strong argument for a very minimal uplift since late
Pleistocene. Sea-level records of Palawan with ages similar to Terrace
2 were identified at the Caparri as 0.5 m above MSL at 6.7+ 0.1 ka
with 23°Th/?**U dating, and 0.3 m above MSL in Lagen Island at
6.8+0.1 ka with “C dating (Maeda et al., 2004). By comparing the
sea-level records of Palawan, a scenario in which most of the 3.8 m of
reef emergence due to tectonic uplift is preferred. The observations
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Fig. 5. Schematic profile of facies geometry with time lines reconstructed from the Currimao cores. The depth and lithocolumn of cores are shown in Fig. 4. See Fig. 1 for core

locations.

indicate that the Currimao reef flat developed near paleo-sea level
that was at 0.3-0.5 m above MSL, and then elevated 3.3 to 3.4 m by
tectonics to its present elevation at + 3.8 m. The average uplift rate
would be about (3.3-3.5)/6.86 or 0.5 m/ky. The depths of the
Currimao corals therefore can be corrected by about —0.5 m/ky to
compensate for tectonic uplift. If uplift prior to 6.86 ka was episodic,
then the correction for samples between 9.85 ka and 6.86 ka could
deviate from the average uplift rate. Given the short time span from
9.85 to 6.86 ka, we assume that the mean uplift rate from 6.86 ka to
present is valid for the interval from 9.85 to 6.86 ka as well.

The uncertainty in the water depth at which each coral grew is a
more significant issue. The fauna of A. robusta, A. digitifera and P.
eydouxi typically occur in water depth less than 6 m in Palau, Papua
New Guinea and most of Indo-Pacific area (Nakamori et al., 1995;
Kayanne et al., 2002; Montaggioni, 2005). If we use 3 +3 m for the
living depth of our samples, uncertainty in tectonic correction should
be less than a 43 m uncertainty in water depth. We herein only
corrected tectonic uplift using an average uplift rate of 0.5 m/ky,
bearing in mind that the paleo-sea level might be a few meters higher
than the coral depths.

The age versus depth plot of Currimao corals, with the depth of
corals corrected for uplift, are presented in Fig. 7. The minimum sea
level of Currimao was about 27 m below MSL at 9.86 ka and rose to
about 4 m below MSL at 7.3 ka (Fig. 7). 23°Th-dated coral records of
Tahiti (Bard, et al., 1996) and Abrolhos Island, offshore from Western
Australia (Eisenhauer et al, 1993) are also plotted in Fig. 7 for
comparison. The subsidence rate of the Tahiti data was originally
considered to be 0.2 m/ky by Bard et al. (1996) but later by Dickinson
(2004) be 0.55 m/ky. Both rates were used in constructing Fig. 7 (see
caption). The Abrolhos data were not corrected because the area is
considered tectonically stable (Eisenhauer et al., 1993). We chose
Tahiti and Abrolhos records because they are also coral-based with
230Th dates, overlap with the Currimao record in ages, and are not
contaminated much by tectonic activity. Fig. 7 shows that the
minimum sea-level curve in Currimao generally agrees with that of
Abrolhos. But there is a significant discrepancy between Currimao and
Tahiti during the overlapping period approximately from 9.9 to 8.5 ka.
The differences are at least 8 m if using 0.55 m/ky as the subsidence
rate (Dickinson, 2004), or even 11 m if using 0.2 m/ky (Bard et al.,
1996).

The discrepancy between Currimao and Tahiti could be attributed
to the corals dated by Bard et al. (1996), which lived in waters 8-11 m

deeper than Currimao corals. However, the fossil assemblage
indicated that the dated corals in Tahiti were from reef front or
upper reef slope less than 6 m in living depth (Bard et al., 1996;
Montaggioni et al., 1997; Cabioch et al.,, 1999). The dominant corals
are A. robusta, A. danai and Pocillopora verrucosa, basically similar
environment as corals dated in this study.

Another possible explanation is that the tectonic uplift of Currimao
prior to 6.86 ka is underestimated. There could be additional 2 or 3 m
uplift for Currimao samples assuming a faster-than-0.5 m/ky uplift
rate before 6.86 ka. However, our samples are only distributed in a
time span from 9.85 to 6.86 ka, and the uplift of 3.3-3.5m after
6.86 ka is well constrained. Unless there was much faster uplift from
9.85 to 6.86 ka, it is difficult to attribute the difference between
Currimao and Tahiti records totally to tectonics.

A third possible explanation is hydro-isostasy. Spatial variations in
regional sea levels could mainly result from redistribution of ice
meltwater caused by effects of “equatorial ocean siphoning” and/or
hydro-isostatic adjustment (Mitrovica and Peltier, 1991; Mitrovica
and Milne, 2002). Differences in the response to meltwater loading
will create different accommodation space for seawater, and
consequently modify the sea level in any particular region. The
rheological behavior of crust also plays a significant role in regional
sea level in addition to the distance from ice sheets and continents
that respond differently than oceanic islands to sea-level rise (Nakada,
1986). Scientists already noted that paleosea-level records after 7 ka
revealed two broad patterns (e.g., Camoin, et al., 2004). Continental
margins and large islands typically exhibited sea level higher than
present during 6-4 ka, while volcanic islands in oceanic basins tended
to show a continuously rising sea-level curve or a mild mid- to late
Holocene highstand (Nakada and Lambeck, 1989; Grossman et al.,
1998; Camoin, et al, 2004). Such a pattern can be explained by
different responses of oceanic lithosphere and continental lithosphere
to meltwater loading. When an island size exceeds about 10 km, its
mantle rheology begins to behave like a mini-continent (Nakada,
1986).

Currimao and Abrolhos are located near island arc or continental
lithosphere while Tahiti is located on oceanic lithosphere. As
mentioned in Section 2, notches 2.3 to 2.8 m above MSL and '“C-
dated to be 5466 and 5758 cal BP were identified in Palawan (Maeda
et al., 2004). The mid-Holocene highstands of the large islands in
western Pacific were at most +2.4 to +2.6m from 5 to 1.5ka
(Grossman et al., 1998; Dickinson, 2001). The Palawan notches are at

Fig. 4. Lithocolumn of the Currimao cores. See Fig. 1 for their locations. 2*°Th ages of fossil corals are also shown at depth where the coral was recovered. Depths were below the
ground surface. The elevation of CRM-1 is 1.2 m above MSL. CRM-2 and CRM-3 are near MSL while CRM-2C is 3.8 m above mean sea level. Only ages printed in bold are plotted in

Fig. 7.
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Fig. 7. Comparison of sea-level records of Currimao, Abrolhos Island (Eisenhauer et al,,
1993) and Tahiti (Bard et al., 1996). Currimao data were corrected tectonic uplift by
0.5 m/ky, and CRM-1 corrected for wellhead elevation. Errors in ages and depths of
Currimao data are indicated by length of crossbar. Tahiti data were corrected using
subsidence rate of 0.55 m/ky (Taihiti-A) after Dickinson (2004) and 0.2 m/ky (Taihiti-B)
after Bard et al. (1996) respectively.

comparable elevations and ages, hence probably represent mid-
Holocene highstands in the Philippines. On the other hand, Tahiti sea
level reached only + 0.35 during the same time span (Grossman et al.,
1998), but the leeward Society Islands recorded mid-Holocene
highstands at 0.9-1.1 m (Dickinson, 2003), which may be a better
sea-level record for the region because the leeward Society Islands are
not affected by the load of Mehetia Volcano (Dickinson, 2003).
Therefore, the hydro-isostatic effect seems to be responsible for only
1.2-2.4 m difference between western Pacific and Tahiti for the mid-
Holocene, apparently not enough to explain the difference between
Luzon/Australia and Taihiti sea levels (Fig. 7). However, when
extrapolated to early Holocene, Nakada and Lambeck (1989)
demonstrated that spatial variations in mantle rheology between

Australia and Tahiti could caused sea-level differences to be as much
as about 10 m given certain assumptions (Fig. 14 of Nakada and
Lambeck, 1989). Thus, the differences between Albrolhos and Tahiti
records can be explained by hydro-isostasy and mantle rheology.
Given the size of Luzon and its island-arc setting, it is anticipated that
the sea-level records of Luzon will be similar to those of continental
margins rather than oceanic islands. Therefore, the discrepancy
between Currimao and Tahiti records can also be attributed to
difference in hydro-isostatic adjustment between Luzon and Tahiti
using Nakada's model (Nakada, 1986; Nakada and Lambeck, 1989).

7. Conclusions

1. Holocene reefs of Currimao in northwestern Luzon, Philippines
developed in an overall aggradation mode from 9.86 ka to 6.59 ka
during deglacial sea-level rise. During 9.2-8.2 ka, the accretion rate
of Currimao reefs was as high as 10-13 m/ky as revealed by 3
cores.

2. Shortly after 7.48 ka, the reef crest shifted landward by about 40 m,
from CRM-3 site to Terrace 2, accompanying facies change and low
accretion rate at CRM-3 from robust branching corals to domal
corals after about 8.18-8.23 ka.

3. The reef reached the paleo-sea level of about 0.5 m above MSL
about 6.86 ka after that continued to be uplifted by about 3.3-3.5 m
by tectonic activity. The coral reef pro-graded and continued to
grow till about 6.59 ka.

4. The minimum sea-level curve of Currimao, as indicated by the ages
and depth of very shallow-water coral species, is similar to that of
Abrolhos, offshore Western Australia. The minimum sea level was
likely about 27 m below the MSL at 9.86 ka and rose to about 4 m
below the MSL at 7.3 ka. The Currimao sea-level record is at least
8-11 m higher than that of Tahiti between 9.9 and 8.5 ka.

Acknowledgements

This study was supported by NSC grant 96-2116-M-178-003. 2*°Th
dating at the HISPEC was supported by the NSC grants 94-2116-M-
002-012, 95&96-2752-M002-012-PAE, and 97-2745-M-002-009 to CCS.
Authors thank the municipal government of Currimao, Ilocos Norte for
granting the permit for the drilling operation. The authors thank Dr. Yasuo
Maeda for valuable discussions, and Peter Zamora for administrative and
field help. Gratitude is given to Dr. William R. Dickinson and an
anonymous reviewer for their help in improving an early version of the
manuscript.

References

Adey, W., Macintyre, I.G., Stuckenrath, R., 1977. Relict barrier reef system off St. Croix:
its implications with respect to late Cenozoic coral reef development in the western
Atlantic. Proceedings 3rd International Coral Reef Symposium, 2, pp. 5-21.

Bard, E., Hamelin, B., Arnold, M., Montaggioni, LF,, Cabioch, G., Faure, G., Rougerie, F., 1996.
Deglacial sea-level rise record from Tahiti corals and the timing of global meltwater
discharge. Nature 382, 241-244.

Barrier, E., Huchon, P., Aurelio, M., 1991. Philippine fault: a key for Philippine
kinematics. Geology 19, 32-35.

Bautista, M.L.P., Oike, K., 2000. Estimation of the magnitudes and epicenters of
Philippine historical earthquakes. Tectonophysics 317, 137-169.

Blanchon, P., Shaw, J., 1995. Reef drowning during the last deglaciation: evidence for
catastrophic sea-level rise and ice-sheet collapse. Geology 23, 4-8.

Blanchon, P., Jones, B., Ford, D.C,, 2002. Discovery of a submerged relic reef and
shoreline off Grand Cayman: further support for an early Holocene jump in sea
level. Sedimentary Geology 147, 253-270.

Cabioch, G., Montaggioni, LF., Faure, G., Ribaud-Laurenti, A., 1999. Reef coralgal
assemblages as recorders of paleobathymetry and sea level changes in the Indo-
Pacific province. Quaternary Science Review 18, 1681-1695.

Cabioch, G., Cutler, K.B., Beck, J.W., Burr, G.S., Correge, T., Edwards, R.L., Taylor, FW.,
2003. Continuous reef growth during the last 23 ka in a tectonically active zone
(Vanuatu, Southwest Pacific). Quaternary Science Reviews 22, 1771-1786.

Camoin, G.F., Davies, P.J., 1998. Reefs and carbonate platforms in the Pacific and Indian
oceans. IAS Special Publication, 25. (328pp.).

Camoin, G.F., Montaggioni, L.F., Braithwaite, CJ.R., 2004. Late glacial to post glacial sea
levels in the Western Indian Ocean. Marine Geology 206, 119-146.



C.-C. Shen et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 292 (2010) 465-473 473

Cheng, H., Edwards, R.L., Hoff, J., Gallup, C.D., Richards, D.A., Asmerom, Y., 2000. The
half-lives of uranium-234 and thorium-230. Chemical Geology 169, 17-33.

Davies, PJ., Marshall, J.F., Hopley, D., 1985. Relationships between reef growth and sea
level in the Great Barrier Reef. Proceedings 5th International Coral Reef
Symposium, 5, pp. 95-103.

Dickinson, W.R., 2001. Paleoshorline record of relative Holocene sea levels on Pacific
islands. Earth-Science Reviews 55, 191-234.

Dickinson, W.R., 2003. Impact of mid-Holocene hydro-isostatic highstands in regional sea
level on habitability of islands in Pacific Oceania. Journal of Coastal Research 19, 489-502.

Dickinson, W.R., 2004. Impacts of eustasy and hydro-isostasy on the evolution and
landforms of Pacific atolls. Palaeogeography, Palaeoclimatology, Palaesoecology 213,
251-269.

Dullo, W.C., 2005. Coral growth and reef growth: a brief review. Facies 51, 37-52.

Eisenhauer, A., Wasserburg, G.J., Chen, ].H., Bonani, G., Collins, L.B., Zhu, Z.R., Wyrwoll, KH.,
1993. Holocene sea-level determination relative to the Australia continent: U/Th
(TIMS) and '“C (AMS) dating of coral cores from the Abrolhos Islands. Earth Planetary
Science Letter 114, 529-547.

Engels, M.S., Fletcher III, C.H., Field, M.E., Storlazzi, C.D., Grossman, E.E., Rooney, ].].B.,
Conger, C.L.,, Glenn, C., 2004. Holocene reef accretion: Southwest Molokai, Hawaii,
U.S.A. Journal of Sedimentary Research 74, 255-269.

Fairbanks, R.G., 1989. A 17,000-year glacio-eustatic sea level record: influence of glacial
melting rates on the Younger Dryas event and deep-ocean circulation. Nature 342,
637-642.

Frohlich, C., Hornbach, M., Taylor, EW., Shen, C.-C., Moala, A., Morton, A.E., Kruger, J.,
2009. Huge erratic boulders in Tonga deposited by a prehistoric tsunami. Geology
37,131-134.

Gagan, M.K.,, Hendy, E.J., Haberle, S.G., Hantoro, W., 2004. Post-glacial evolution of the
Indo-Pacific Warm Pool and El Nifio-Southern Oscillation. Quaternary International
118-119, 127-143.

Grobe, H., Willkom, H., Wefer, G., 1985. Internal structure and origin of the double reefs of
north Bohol and the Olango Reef Flat (Philippines). The Philippine Scientist 22, 83-94.

Grossman, E.E., Fletcher, C.H., Richmond, B.M., 1998. The Holocene sea-level highstand
in the equatorial Pacific: analysis of the insular paleosea-level database. Coral Reefs
17,309-327.

Hopley, D., Smithers, S.G., Parnell, K.E., 2007. The Geomorphology of the Great Barrier
Reef. New York, Cambridge, p. 532.

Hubbard, D.K.,, Gill, I.P., Burke, R.B., Morelock, J., 1997. Holocene reef backstepping,
southeastern Puerto Rico shelf. Proceedings 8th International Coral Reef Sympo-
sium, 2, pp. 1119-1784.

Kayanne, H., Yamano, H., Randall, RH., 2002. Holocene sea-level changes and barrier
reef formation on an oceanic island, Palau Islands, western Pacific. Sedimentary
Geology 150, 47-60.

Kennedy, D.M., Woodroffe, C.D., 2002. Fringing reef growth and morphology: a review.
Earth Science Review 57, 255-277.

Licuanan, W.Y., Capili, E.B., 2004. New records of stony corals from the Philippines
previously known from peripheral areas of the Indo-pacific. Raffles Bulletin
Zoology 52 (2), 285-288.

Macintyre, 1.G., Burke, R.B., Stuckenrath, R., 1977. Thickest recorded Holocene reef
section, Isla Perez core, Alacran Reef, Mexico. Geology 5, 749-754.

Maeda, Y., Siringan, F., Omura, A., Berdin, R., Honsono, Y., Atsumi, A., Nakamura, T.,
2004. Higher-than-present Holocene mean sea level in Ilocos, Palawan and Samar,
Philippines. Quaternary International 115-116, 15-26.

Mitrovica, ].X., Milne, G.A., 2002. On the origin of late Holocene sea-level highstands
within equatorial ocean basins. Quaternary Science Review 21, 2179-2190.

Mitrovica, J.X., Peltier, W.R., 1991. On postglacial geoid subsidence over equatorial
oceans. Journal of Geophysical Research 96, 20053-20071.

Montaggioni, L.F,, 2005. History of Indo-Pacific coral reef systems since the last glaciation:
development patterns and controlling factor. Earth Science Review 71, 1-75.

Montaggioni, L.F., Macintyre, 1.G., 1991. Reefs as recorders of environmental changes.
Coral Reefs 10, 53-54.

Montaggioni, L.F., Cabioch, G., Camoin, G.F.,, Bard, E., Laurenti, AR., Faure, G., Pascale
Déjardin, P., Jacques Récy, J., 1997. Continuous record of reef growth over the past
14 ky. on the mid-Pacific island of Tahiti. Geology 25, 555-558.

Nakada, M., 1986. Holocene sea levels in oceanic islands: implications for the
rheological structure of the Earth's mantle. Tectonophysics 121, 263-276.

Nakada, M., Lambeck, K., 1989. Late-Pleistocene and Holocene sea-level change in the
Australian region and mantle rheology. Geophysical Journal International 96,
497-517.

Nakamori, T., Campell, C.R., Wallensky, E., 1995. Living hermatypic coral assemblages at
Huon Peninsula, Papua New Guinea. Journal of Geography (Japanese) 104,
743-757.

National Mapping and Resource Information Authority (NAMRIA), 2001. Tide and
current tables Philippines 2001. Oceanography Division, Coast and Geodetic
Survey. NAMRIA, Manila. (256pp.).

Omura, A., Maeda, Y., Kawana, T., Siringan, F.P., Berdin, R.D., 2004. U-series dates of
Pleistocene corals and their implications to the paleo-sea levels and the vertical
displacement in the Central Philippines. Quaternary International 115-116, 3-13.

Ota, Y., Chappell, ., 1999. Holocene sea-level rise and coral reef growth on a tectonically
rising coast, Huon Peninsula, Papua New Guinea. Quaternary International 55,
51-59.

Pelejero, C., Grimalt, J.0., Heilig, S., Kienast, M., Wang, L., 1999. High-resolution U¥s,
temperature reconstructions in the South China Sea over the past 220 kyr.
Paleoceanography 14, 224-231.

Philippine Institute of Volcanology and Seismology (PHIVOLCS), 2001a. Distribution of
active faults and trenches in the Philippines. PHIVOLCS Database. PHIVOLCS,
Manila.

Philippine Institute of Volcanology and Seismology (PHIVOLCS), 2001b. Seismicity of
the Philippines from 1907 to 2000. PHIVOLCS Database. PHIVOLCS, Manila.

Shen, C.-C, Edwards, R.L,, Cheng, H., Dorale, ].A,, Thomas, R.B., Moran, S.B., Weinstein, S.E.,
Hirschmann, M., 2002. Uranium and thorium isotopic and concentration measure-
ments by magnetic sector inductively coupled plasma mass spectrometry. Chemical
Geology 185, 165-178.

Shen, C.-C,, Cheng, H., Edwards, R.L., Moran, S.B., Edmonds, H.N., Hoff, ].A., Thomas, R.B.,
2003. Measurement of attogram quantities of 2*'Pa in dissolved and particulate
fractions of seawater by isotope dilution thermal ionization mass spectroscopy.
Analytical Chemistry 75, 1075-1079.

Shen, C.-C,, Li, K.-S,, Sieh, K., Natawidjaja, D., Cheng, H., Wang, X., Edwards, R.L,, Lam, D.D.,
Hsieh, Y.-T., Fan, T.-Y. Meltzner, AJ., Taylor, FW., Quinn, T.M, Chiang, H.-W.,
Kilbourne, K.H., 2008. Variation of initial 2>°Th/?**Th and limits of high precision U-Th
dating of shallow-water corals. Geochimica et Cosmochimica Acta 72, 4201-4223.

Shen, C.-C., Wu, C.-C,, Cheng, H., Gallet, S., Chang, C.-C., Edwards, R.L,, Li, T., Lam, D.D.,
2009. U-Th isotopic determinations in femtogram quantities and high-precision
Th-230 dating on MC-ICP-MS with SEM protocols. The 6th Annual AOSG Meeting,
August 11-15, Singapore.

Steers, J.A., Stoddart, D.R., 1977. The origin of fringing reefs, barrier reefs and atolls. In:
Jones, O.A., Endean, R. (Eds.), Biology and Geology of Coral Reefs: Geology 2.
Academic Press, pp. 21-57.

Taylor, F.W., Briggs, RW., Frohlich, C., Brown, A, Hornbach, M..,, Papabatu, AK.,
Meltzner, AJ., Billy, D., 2008. Rupture across arc segment and plate boundaries in
the 1 April 2007 Solomons earthquake. Nature Geoscience 1, 253-257.

Toscano, M.A., Lundberg, J., 1998. Early Holocene sea-level record from submerged
fossil reefs on the southeast Florida margin. Geology 26, 255-258.

Veron, J.E.N., 2000. Corals of the World. Australian Institute of Marine Science,
Townsville, Australia.

Veron, J.EN,, Fenner, D., 2000. Corals (zooxanthellate Scleractinia) of the Calamianes Islands,
Palawan Province, Philippines. In: Werner, T.B. and Allen, G.R. (Eds.), A rapid marine
biodiversity assessment of the Calamianes Islands, Palawan Province, Philippines. RAP
Bulletin Biology Assessment 17, 24-26.

Wallace, C.C., 1999. Staghorn Corals of the World. CSIRO Publishing, Australia. (421 pp.).

Woodroffe, S.A., Horton, B.P., 2005. Holocene sea-level changes in the Indo-Pacific.
Journal Asian Earth Science 25, 29-43.

Yang, T.F, Lee, T., Chen, CH., Cheng, S.N., Knittel, U., Punonbayan, R.S., Rasdas, AR.,
1996. A double island arc between Taiwan and Luzon: consequence of ridge
subduction. Tectonophysics 258, 85-101.

Yumul, G.P., Dimalanta, C., Tamayo, R.A., Maury, R., 2003. Collision, subduction and
accretion events in the Philippines: a synthesis. Island Arc 12, 77-91.



	Sea-level rise and coral-reef development of Northwestern Luzon since 9.9ka
	Introduction
	Geological settings
	Material and methods
	Lithofacies
	Reef facies
	Bioclastic facies
	Clayey facies
	Tuffaceous facies

	Coral ages and facies geometry
	Discussion
	Reef accretion rate
	Landward shift of the reef crest at 7.48ka
	Deglacial sea-level rise

	Conclusions
	Acknowledgements
	References




