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Abstract We describe a sudden backreef infilling at the

west coast of Luzon, Philippines, which occurred after

324 ± 12 yr ago (year BP, before 1950 AD). Results of 30
230Th-dated fossil corals from the surface and 5 cores,

17–29.1 m in length, recovered from a Holocene reef at

Paraoir show that the reef flat developed in two stages. The

reef margin is dated at 10,256 ± 50 (2r) yr BP at 23.9 m

below mean sea level (MSL) and about 6,654 ± 29 yr BP at

3.7 m below MSL with ages increasing with depth. The reef

flat was formed with sediments of 818–324 yr BP old, which

do not follow an age–depth correlation. The evidence sug-

gests that a backreef moat remained empty throughout the

buildup of the reef for about 6 kyr and was filled abruptly

with a 26-m-thick succession of rubble and bioclastics by an

extreme wave event (EWE) after 324 ± 12 yr BP. Field

evidence, historical records, and tsunami simulation suggest

the EWE sedimentation was likely caused by a single severe

tropical cyclone, although the possibility of tsunami is not

ruled out. The Paraoir reef flat was built up in a mode dif-

ferent from previously reported cases of Holocene reefs.

Keywords Holocene reef � Backreef infilling � Extreme

wave event � Tropical cyclone � Philippines � Coral U–Th

dating

Introduction

The relationship between reef framework growth and

backreef infilling in Holocene reefs is complicated (Ken-

nedy and Woodroffe 2002; Montaggioni 2005; Purdy and

Gischler 2005). The classic view is that the balance

between reef growth and backreef deposition is primarily

controlled by sea level changes and growth rates along the

reef margin, and lagoons will remain unfilled as empty

buckets (Schlager 1993; Yamano 2000; Purdy and Gischler

2005). Most case studies show that a reef crest mainly was

initiated by coral growth in the early Holocene and reached

present levels in association with a Mid-Holocene high-

stand (Yamano 2000; Kennedy and Woodroffe 2002;

Montaggioni 2005), while backreef areas are filled by

bioclastic deposits when sea level stabilized after 6000 yr

BP (relative to 1950 AD) and mostly remain unfilled

(Schlager 1993; Purdy and Gischler 2005; Hopley et al.

2007). Purdy and Gischler (2005) further pointed out that

this ‘‘empty bucket’’ is only temporary status. Neverthe-

less, backreef filling is considered a process that will take

at least several thousand years (Smith et al. 1998; Cabioch

et al. 1999; Yamano et al. 2001; Kayanne et al. 2002;

Kennedy and Woodroffe 2000; Purdy and Gischler 2005).

In the last couple of decades, studies have shown that in
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addition to sea level changes, severe storms play an important

role in redistributing sediments from reef margins landward

and accelerating the process of backreef infilling in fringing

reefs (e.g., Hubbard 1992; Scoffin 1993; Blanchon et al. 1997;

Braithwaite et al. 2000; Macintyre et al. 2001; Yamano et al.

2001; Rasser and Riegl 2002).

In this paper, we describe a Holocene backreef infilling

at Paraoir, La Union Province, Philippines, in which a

26-m-thick section of sediments were deposited by an

extreme wave event (EWE) and the reef flat was built up

abruptly. To our knowledge, such a sudden reef-flat

buildup has not been reported before. We present lithofa-

cies, 230Th age data, historical archives of seventeenth–

nineteenth centuries, and tsunami simulation to document

the backreef deposition at Paraoir and propose that the

EWE at Paraoir was probably caused by a severe tropical

cyclone after 324 ± 12 yr BP.

Study area

Paraoir is located at 16�480N, 120�190E on the coast of La

Union, Luzon, facing the South China Sea (Fig. 1a). The

La Union and adjacent provinces are known for the

occurrence of Holocene raised reefs (Maeda and Siringan

2004; Ramos and Tsutsuni 2010). Tides in the area are

mixed diurnal and semidiurnal types with an average tidal

range of 0.64 m (NAMRIA 2001). The dry season is from

November to April and the wet season falls during the

other months. Annual rainfall is about 2,400 mm and

annual average temperature 25.8 �C.

Modern coral reefs occur extensively along the La Union

coasts from Luna, just north of Paraoir, St Fernando City,

Bauang, all the way to the Lingayen Peninsula (Aliño et al.,

2003). Holocene reefs crop out at Paraoir coast, extending

about 700 m along the coast, and 150–200 m perpendicular

to the coast. The reef is attached to the land in the south and

has a backreef moat in the northern part (Fig. 1b). The top of

the reef flat was slightly truncated by wave erosion and

currently exhibits three elevation levels. The highest level is

represented by a coral rubble rampart occurring only in the

northern part with a height of 2.4 m above mean sea level

(MSL) (as shown in dark gray area in Fig. 1b). The rampart is

already stabilized by partial cementation and vegetation. The

second level includes most of the inner flat that is 0.3–0.5 m

above MSL and about 100–150 m wide perpendicular to the

coast (as shown in light gray area in Fig. 1b). The surface is

already lithified as hard rock, with centimeter-scale karst

developed on the surface. Head corals exposed on the surface

are mostly truncated at their tops, indicating the surface has

been leveled by wave erosion (Fig. 2a). Branch coral shin-

gles are also common on the surface and tend to be less

cemented. The representative corals on the surface are

Acropora, Pocillopora, Porites, and Platygyra. Spurs and

grooves, presumably originating during the Holocene, are

well preserved. Coral rubble is commonly observed on the

groove cliff (Fig. 2b). The lowest level includes the margin

of the Holocene reef and the southern part the reef flat (as

enclosed by a thin line without shade in Fig. 1b); it is just

below MSL, only barely exposed during lower low tides. The

surface is covered by seaweed or exposed rock. Living

Pocillopora verrucosa thrives along the reef edge.

a b

Fig. 1 a Geodynamic setting of

Luzon, location of the study

site, and estimated epicenter of

tsunamigenic earthquakes of the

seventeenth to nineteenth

centuries (stars, Bautista and

Oike 2000). b Map of the study

area with elevation levels

and core locations. The area

bounded by a thin line number
1–5 denotes to core PAR-1 to

PAR-5. Location of Fig. 2a and

b is shown on the map. The

virtual wave gauges used in the

earthquake-induced tsunami

simulation are marked by solid
squares, labeled with P and PE.

The third gauge, PW, not shown

in the map, is 800 m westward

from P
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Materials and methods

We recovered five cores, each 6.1 cm in diameter. These

cores are aligned along two East–West profiles. Their

locations, wellhead elevations, and depths are provided in

Figs. 1 and 4. Cores were split, photographed, and

described.

A total of 30 fossil corals, including three from the

surface near PAR-1 and 1 from the rampart were selected

for U–Th dating. Detailed U–Th chemistry, instrumental

isotopic analysis, and 230Th age calculations were descri-

bed in previous studies (Shen et al. 2002, 2003, 2008,

2012). The absence of secondary carbonates in the intra-

skeletal structure, the 238U levels of 2.3–4.7 ppm, and the

initial d234U values of 139.6–146.8 % as in modern corals

suggest that the coral samples are well preserved. Agree-

ment of replicated 230Th dates (IDs of replicated dates for

coeval samples are given as ‘‘PAR-xxx–R’’ in Table 1)

also confirms our U–Th methodology and sample quality.

Historical archives of typhoons and tsunamis of Philip-

pines from seventeenth to eighteenth centuries were pro-

vided by Spanish missionaries during colonial time and

compiled by Selga (1935), Saderra Masó (1910), and Re-

petti (1946).

Earthquake-induced tsunami simulation was conducted

following the assumption of Liu et al. (2009) and using the

widely validated Cornell Multi-grid Coupled Tsunami

(COMCOT) model that solves the linear shallow water

equations in a spherical coordinate system using a finite

difference algorithm and the leap-frog scheme (Liu et al.

1994; Wang and Liu 2006; Wu et al. 2008; Wu and Huang

2009; Megawati et al. 2009). The computation is carried

out on a 0.5-min grid extending from 118.5 E to 122.5 E,

and from 13.5 N to 19.5 N. Both Coriolis force and

Manning bottom friction force are considered. Conven-

tional radiation boundary conditions are applied to each

domain border. The simulations are preceded in a regional

field determined by scaling law proposed by Yen and Ma

(2011) to derive values of the fault parameters for the 1934

tsunami as: Mw 7.9, length of rupture 82.6 km, width

35.9 km, slip 2.9 m, strike (u) 338�, dip (d) 46�, rake (k)

53�, depth to top of fault 10 km. Half-space homogenous

elastic mode (Okada 1986) is adopted to generate the initial

tsunami profile. In order to observe the free-surface ele-

vation temporally, we install three virtual wave gauges,

PW, P, and PE, to estimate the largest wave heights

(Figs. 1b, 6).

Results

Lithology

Five lithofacies are recognized on the basis of constituents

and texture: (1) boundstone facies, (2) boundstone with

clayey matrix facies, (3) coral rubble facies, (4) coral

rubble with clayey matrix facies, and (5) volcanic and bi-

oclastic facies.

The boundstone facies consists of algal–coral bound-

stones, with some corals partially coated by microbial

cements (Fig. 3a). The representative coral species are

robust Acropora and Porites. The facies occurs in the upper

part of cores PAR-4 and PAR-5 (Fig. 4) that are located

along the reef margin and is interpreted to represent the

reef framework. The boundstone with clayey matrix facies

is composed of algal–coral boundstone but with a soft

clayey matrix. The facies only occurs as short intervals in

the middle of cores PAR-4.

The coral rubble facies comprises coral rubble of several

centimeters up to several tens of centimeters and finer

bioclastics (Fig. 3b). The sediments are better cemented

toward the surface and remain loose or little cemented at

greater depth. Some rubble are partly coated by calcareous

red algae and some by microbial cements but not bounded

together as framework. This facies occurs in the upper and

middle parts of PAR-1, 2, and 3 (Fig. 4). The coral rubble

with clayey matrix facies is similar to the coral rubble

facies but with a soft clayey matrix. This facies mostly

Fig. 2 Photographs of outcrops of the Paraoir reef. a Coral rubble on cliff of grooves on inner flat. b Head coral Platygyra on the inner flat was

truncated on top
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occurs in the lower part of the cores. The representative

corals in the facies are Acropora and Heliopora.

The volcanic and bioclastic facies consists of tuffaceous

matter and bioclastic grains in argillaceous matrix. The

facies belongs to the Plio–Pleistocene Rosario Formation

that underlies the Holocene reef limestones. Cores PAR-1,

3, and 5 did not reach the Rosario Formation because of the

loss of circulation during drilling operation.

Coral ages

The lithological columns and coral 230Th ages (Fig. 4,

Table 1) reveal coral ages fall into two distinct groups.

Coral ages of PAR-4 and PAR-5, located on the reef

margin, range from 10.26 to 6.65 kyr BP, and systemati-

cally increase with depth. Corals of PAR-1, PAR-2, and

PAR-3, located in the backreef area, are much younger

with ages ranging from 803 to 324 yr BP and do not sys-

tematically decrease in ages upward. Samples from the

surface near PAR-1 (PAR-1A, 1B, and 1C) and the rampart

were dated at 634–755 yr BP and 759 ± 11 yr BP,

respectively, consistent to the ages of cores in the backreef
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Fig. 3 Photographs of cores of the Paraoir reef. (a) Algal–coral

boundstones, PAR-4, 1–4 m in depth, length of core box = 1 m.

(b) Coral rubble and bioclastics, PAR-2, depth 2.65–3 m and

3.65–4 m
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Historical archives

A chronology of typhoons in Philippines from records

made by Spanish missionaries was compiled by Selga

(1935). Based on Selga’s report, several devastating trop-

ical cyclones in west Luzon from the seventeenth to early

nineteenth century were identified (Ribera et al. 2008),

including ones on August 5, 1639, October 5, 1649,

October 23, 1767, and October 22, 1831, respectively.

Catalogue of earthquakes and probable tsunamis or

seiches on the basis of Spanish archives was provided by

Saderra Masó (1910) and Repetti (1946). Wiegel (1980)

reviewed the historical records of tsunamis and listed

several tsunamis in the seventeenth to nineteenth century

Fig. 4 Lithocolumn with coral
230Th ages of the Paraoir cores.

Depths are below the ground

surface. The elevation of

PAR-1, PAR-2, and PAR-3 is

0.4 m above MSL. PAR-4 and

PAR-5 are at near MSL
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that might have affected Luzon: a tsunami struck Cagayan

(N. Luzon) in 1627; a seiche in Pasig River, Manila, on

1645; a tsunami hit S and SW Luzon on 1677; a probable

tsunami hit N. Luzon in 1744; a probable tsunami hit Subic

Bay area in 1852; a seiche in the Manila Bay in 1863. None

of those historical records indicated any places near the

study site were among areas affected by the tsunami

events. Two tsunamis in the early twentieth century did

strike northwestern coast of Luzon, one on May 6, 1924

and another on February 14, 1934 (Repetti 1946; Wiegel

1980).

Tsunami simulation

The 1924 earthquake-induced tsunami was reported to be

insignificant (Repetti 1946; Wiegel 1980). The 1934

earthquake (Mw = 7.9) (Fig. 1a), stronger than the 1924

one (Mw = 7), was recorded to have a tsunami on the

nearby coast of Luzon at San Esteban of Ilocos Sur (Repetti

1946), about 65 km north of Paraoir. However, no quan-

tified report was available for this induced tsunami. Okal

et al. (2011) relocated the event using the arrival times

published by the ISS and the method of Wysession et al.

(1991), and the solution converges to 17.47 N, 119.09 W.

They also inverted the momentum tensor of the source and

found that the focal mechanism was able to be interpreted

as an oblique thrust (k = 53�) on a plane striking

u = 338� and dipping d = 46� to the north. Our simula-

tion result shows that the maximum wave height at the

study site is less than 0.4 m (Fig. 6).

Discussion

Backreef infilling and EWE

The facies anatomy and history of Paraoir reef (Fig. 5)

suggest that reef development occurred in two stages. First,

the reef started at least as early as 10.26 kyr BP on a bi-

oclastic substrate along the margin as indicated by the

location of PAR-4 and PAR-5 (Figs. 4, 5). The reef

accreted vertically till about 6.65 kyr BP when it probably

reached the paleosea level. A small lagoon existed behind

the reef throughout its growth. At the second stage, the

lagoon was filled and reef flat built by sediments of about

300–800 years in age.

Holocene reefs throughout the world’s tropical ocean

have shown variable growth patterns. The Paraoir reef

anatomy (Fig. 5) can be characterized as a ‘‘reef with

shallow lagoon’’ (Kennedy and Woodroffe 2002), or as an

‘‘unbalanced aggrading’’ reef using the classification of

Montaggioni (2005). Holocene backreef infilling in the

Pacific Ocean typically started sometime around 7–4 kyr

BP when the rate of sea level rise slowed down (Smith

et al. 1998; Cabioch et al. 1999; Yamano et al. 2001;

Kayanne et al. 2002; Kennedy and Woodroffe 2000; Purdy

and Gischler 2005).

The Paraoir reef formed from 10.26 to 6.65 kyr BP,

while the sediments in the moat were dated to be

818–324 yr BP (Figs. 4, 5). The ages indicate that the moat

was filled about 6 kyr after the reef stopped growing.

Although unbalanced aggrading models are common in

Holocene reefs in the Indo-Pacific region, such an extended

age gap between the reef growth and backreef deposition is

very rare if not unique. Although backreef deposition

started when sea level stabilized after 6000 yr BP, backreef

zones typically remain as ‘‘open bucket’’ as backreef filling

is generally minimal (Purdy and Gischler 2005). The

Paraoir data provided a new style of reef-flat formation in

which it started much later than other cases but completed

within at most a few hundred years.

Core PAR-5 ended almost 10 m short of PAR-5; as a

consequence, the time of reef initiation at the site of PAR-5

is unknown. It is possible that the reef built progressively

from the south to north, or in reverse. Nevertheless, the

oldest coral in the backreef zone is near 6000 years

younger the youngest coral in the reef framework. There is

no doubt that the backreef sedimentation lag far behind reef

growth; even the reef might have progressed laterally from

the south to north or in reverse.

Coral ages and lithofacies suggest that the Paraoir

backreef infilling resulted from an EWE. First, corals from

core PAR-1, 2, and 3 are completely disordered in depth–

age correlation (Figs. 4, 5). Second, the three cores from

the backreef area consist primarily of coral rubble without

any in situ framework. These two features suggest that

those corals did not grow in situ but were totally detrital

and reworked. The sedimentation rates (over 20 m within

several 100 years) are too rapid to be caused by normal

depositional processes, such as tides, normal-weather

waves, or longshore currents. The lack of an age–depth

relationship suggests that those sediments did not accu-

mulate by a gradual process but through a single EWE that

occurred after 324 yr BP.

If there were two or more such extreme events, the

lower part of the backreef sediments would be generally

Fig. 5 Schematic profile of facies geometry with time lines recon-

structed from the Paraoir cores PAR-4, PAR-2, and PAR-3
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older than the upper part, and younger corals would be

absent in the lower part. For example, corals of 500–800 yr

BP occurred in the lower while 300–800 yr BP in the upper

part. But the observation does not support this scenario

(Fig. 4). A single event best explains the age–depth pattern

of corals in the three cores. It is described in the section

‘‘Lithology’’ that the surface of backreef sediments is

already lithified as hard rock and has been leveled by wave

cut for about 100–150 m in width perpendicular to coast.

Lithification and wave erosion are gradual processes and

need time to occur. Therefore, the EWE likely happened

sometime closer to 324 yr BP than the recent few decades.

Tropical cyclone possibility

Among the possible origins for such an EWE, only a tsu-

nami or tropical cyclone could cause catastrophic waves

capable of erosion and deposition of such large amounts of

coral rubble onshore (Ball et al. 1967; Baines et al. 1974;

Nott and Hayne 2001; Fabricius et al. 2008; Frohlich et al.

2009; Scheffers et al. 2009; Goff et al. 2011). Tsunami and

storm deposits share many similar features. Some sedi-

mentary fabrics or structures were proposed to be diag-

nostic of tsunami deposits but only occur in siliciclastic

deposits (Kortekaas and Dawson 2007) and generally, only

a particular characteristic may be present in any specific

tsunami deposit (Dominey-Howes 2007). In coral reef

setting, the most important criterion is reef boulder trans-

portation (Goto et al. 2010). For example, a tsunami can

move reef-limestone boulders of several tens even more

than 100 tons (metric) in weight to depositional positions

10–20 m above sea level and several hundreds meters

inland, or boulders of several tons for 500 m to over

1,000 m (Kelletat et al. 2004; Kortekaas and Dawson 2007;

Frohlich et al. 2009; Scheffers et al. 2009; Goto et al.

2010).

The Ishigaki Island of Japan may also be invaded by

both tsunami and tropical cyclones just like this case, thus

can serve as an analogue of the Philippines. At Ibaruma

reef and Shiraho reef of Ishigaki Island, the reef-rock

boulders deposition by severe storms are mostly\5 tons in

weight and occur 50–200 m away from the reef edge, while

those deposited by tsunamis average often several tens of

tons in weight and scatter widely between 390 and 1,290 m

from the edge (Goto et al. 2010). The Ishigaki reefs offer

an opportunity to document that the transportation of large

reef boulders ([10 tons) can be used as a diagnosis to

identify tsunami deposits in areas where both tsunami and

tropical cyclones occur. No such large boulders were

observed at Paraoir coast. In addition, the inland margin of

the pebble- to cobble-sized backreef deposits, exposed on

the banks of the fishpond (Fig. 1), is only about 350 m

from the reef edge, compared to 390–1,290 m for much

heavier boulders (Goto et al. 2010). Therefore, the Paraoir

backreef deposition seems to be more likely caused by a

severe storm.

A coral rubble in the northern part of reef flat (Fig. 1)

was dated to be 818 ± 11 yr BP. Similar ramparts caused

by severe storms occurred on several Pacific reef islands

(Scoffin 1993). The two observations of (1) the coral rubble

rampart is located in the north of the reef flat and (2) the

present moat opens to the north both suggest that the storm

deposits were most likely brought into their present posi-

tion through the open in the north (Fig. 1). It is mentioned

earlier in the text that modern coral reefs occur extensively

along the La Union coasts (Aliño 2003). These reefs might

well be the source of the sediments now deposited in

backreef zone of Paraoir.

Previous studies have suggested that a single storm can

deposit coral rubble up to several meters thick (Baines

et al. 1974; Scoffin 1993; Nott and Hayne 2001; Rasser and

Riegl 2002). The volume of storm deposits at Paraoir

should be in the order of one million cubic meters based on

the area and thickness of storm-generated backreef deposit

observed on surface and in cores (Figs. 1, 4). An estimated

volume of 1.4 9 106 m3 backreef deposit was generated by

Hurricane Bebe on Funafuti in 1972 (Baines et al. 1974).

The tropical cyclone that hits Paraoir had caused similar

impact as Bebe did to Funafuti. The wind speed of Bebe

was greater than 50 m s-1 and storm surge about 3–4 m

high (Baines et al. 1974), comparable to category 5

typhoons. Typhoons of category 5 in the western Pacific

are hardly rare. During a 20-year period from 1970 to 1989,

a total of 7 super typhoons (wind speed C238 km h-1 or

65 m s-1) struck the Philippine Islands (Shoemaker 1991).

Typhoon-generated waves with significant wave height of

several meters are common in western Pacific or South

China Sea (Ou et al. 2002; Chu and Cheng 2008).

The severe cyclone responsible for Paraoir backreef

infilling should occur sometime in the seventeenth to

nineteenth centuries, based on the age of the youngest

fossil coral, 324 ± 12 yr BP. Ribera et al. (2008) identified

several devastating tropical cyclones in west Luzon from

the seventeenth to early nineteenth century, including ones

on August 5, 1639, October 5, 1649, October 23, 1767, and

October 22, 1831, respectively. One of these severe

cyclones could have caused the backreef infilling at Para-

oir. Unfortunately, there was no instrumental record of

those typhoons. It is not possible to compare those

typhoons to Hurricane Bebe.

Tsunami possibility

A tsunami is another possible agent that caused the abrupt

backreef sedimentation at Paraoir. Several lines of rea-

soning suggest that a tsunami is less likely to be
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responsible for the Paraoir EWE deposition, although we

cannot rule out the possibility.

As mentioned earlier, historical records indicated the La

Union coast was not affected by the tsunamis in sixteenth–

eighteenth centuries. Two tsunamis in the early twentieth

century did hit the La Union coast, one in 1924, another in

1934.

The epicenters of the 1627, 1677, 1852, 1863, 1924, and

1934 earthquakes as estimated by Bautista and Oike (2000)

are plotted in Fig. 1a, which shows that most of those

tsunamigenic earthquakes are not located off the northwest

coast of Luzon except the ones of 1924 and 1934. The

earthquake on May 6, 1924 (Mw = 7) resulted in tsunami

affecting Agno, western Luzon (16.1�N and 119.8�E) with

no significant damage (Wiegel 1980). The one on February

14, 1934 (Mw = 7.9) also generated tsunami to the coast

of San Esteban, north to the La Union Province (Repetti

1946). This tsunami could also have struck the Paraoir

coast. However, our simulation shows that the wave height

generated by this earthquake could be only 0.4 m when it

reached the Paraoir coast (Fig. 6), seemingly too small to

deposit such a large amount of sediments in the backreef

zone. This simulation suggests that the Paraoir EWE

deposition was probably not caused by a tsunami.

In conclusion, the absolute-dated fossil corals of five

cores drilled from a Holocene fringing reef, developing

during 6.6–10.3 kyr BP, at Paraoir of Northwestern Luzon

show an EWE-induced instant 26-m-thick deposition in an

empty moat behind the reef after 324 yr BP. This abrupt

backreef infilling was most likely caused by a severe

tropical cyclone based on field observations, tsunami

simulations, and historic archives. Compared to the Holo-

cene reefs previously reported, the backreef deposition at

Paraoir lagged behind by several 1000 years, yet finished

abruptly. Our finding provides a new mode of reef-flat

development.
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