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orange zones in the northern Pacific represent the high-pressure region located east 

of Japan.  The SLP variation in the Pacific Ocean and the Asian continent drives the 

anticyclonic circulation. The 1000 mb (364 ft or 111 m) level vector wind map of the 

region (Fig. 2B) shows that the westward progression of the WPSH would increase the 

eastward and northeastward progression of the low-level westerlies and 

southwesterlies, respectively. This mechanism will facilitate the seasonal march of the 

EASM.  

 

The seasonal march of the summer monsoon also follows the seasonal dynamics of 

the Indo-Pacific Warm Pool (IPWP) and intertropical convergence zone (ITCZ). 

Seasonal composite maps show the mean SST from JJA (Fig. 3A) and DJF (Fig. 3C) 

using NOAA Optimum Interpolation Sea Surface Temperature (OISST) from 1982 to 

2020. The composite maps illustrate how the IPWP expands from 10°N of equator in 

boreal winter (DJF) to 30°N of equator in boreal summer (JJA) reaching the 

northernmost periphery up to southern Japan (Fig 3A). Simultaneously, the ITCZ 

rainbelt expands northward from 15°N of equator in boreal winter (DJF) to 35°N of 

equator in boreal summer (JJA). This phenomenon is shown by the composite maps 

of the mean rainfall from JJA (Fig. 3B) and DJF (Fig. 3D) using Global Precipitation 

Climatology Project (GPCP) from 1982 to 2020.  

 

The East Asian winter monsoon primarily controls the winter SST, SSS, and rainfall in 

the region. The changes of winter monsoon intensity and winter temperature are 

affected by the changes of high latitude low-level tropospheric circulation (i.e. polar jet 

stream, Siberian high and Aleutian low) in boreal winter (Jhun and Lee 2004). The 

expansion of high latitude Eurasian snow cover and intense cooling strengthen the 

Siberian High-pressure region which intensifies the winter variability mode (Li et al. 

2018). Not only the Siberian High, but the development of Aleutian low pressure also 

directly influences the wind circulation and winter climate variation over East Asia (Wu 

and Wang 2002; Jhun and Lee 2004). Mean SLP map during DJF from 1982 to 2020 

demonstrated the occurrence of the Siberian High in the Asian continent and the 

Aleutian low in the North Pacific Ocean within the 40°N to 60°N latitude (Fig. 2C). The 

strong Aleutian low creates a cyclonic wind movement in the North Pacific Ocean 

above 40°N latitude. The strong Siberian high drives the southward wind circulation 

along the marginal northwest Pacific that converges with the southwestward wind 

movement in the north-central Pacific below the 30°N latitude. This winter wind 

circulation with respect to the Siberian high and Aleutian low is shown in Fig. 2D.  

 



https://psl.noaa.gov/data/getpage/




https://psl.noaa.gov/data/getpage/






https://psl.noaa.gov/data/getpage/
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1.4. Coral Growth Parameters and Geochemical Proxies  
 
Corals are natural records of past climatic and environmental changes. The alternating 

high- and low-density bands (Fig. 5) reveal a strong correlation with seasonal variations 

in ocean conditions (Knutson et al. 1972; Barnes and Lough 1989). Spatiotemporal 

variables such as water depth, inshore to offshore, temperature gradients, SST 

variability/anomalies affect coral growth (Lough and Cooper 2011). The coral growth rate 

is different in coral colonies across different geographic locations and taxa. Other factors 

such as sedimentation, turbidity, and hydrographic conditions also affect the calcification 

and upward extension of coral colonies (Buddemeier et al. 1974; Scoffin et al. 1992; 

Cuevas et al. 2009; Lough and Cooper 2011). The linear extension rates of Porites corals 

are positively correlated with the annual changes of SST based on growth data from 

Hawaii, Thailand, Great Barrier Reef, Arabian Gulf, and Hong Kong (Grigg 1981; Scoffin 

et al. 1992; Lough and Barnes 2000; Goodkin et al. 2011). The extension rate and 

calcification rate are linearly correlated while the skeletal density and linear extension rate 

are inversely related (Scoffin et al. 1992; Lough and Barnes 2000). The correlation shows 

that the linear extension rate is the dominant control on calcification rates.  

 

Modern and fossil corals from NW Pacific are sensitive to SST and SSS that are being 

modulated by ocean-climate systems such as Pacific Decadal Oscillation (PDO), ENSO 

and EASM (Morimoto et al. 2007; Kawakubo et al. 2017; Watanabe et al. 2014; Ramos et 

al. 2017; Ramos et al. 2019). Corals incorporates isotopes and trace elements that can 

be used to resolve seasonal SST, SSS, and rainfall changes. The paleothermometer coral 

Sr/Ca has been widely used to track SST changes (Beck et al. 1992). The partitioning of 

Sr and Ca in the aragonite crystal lattice of corals is dependent in 1) the Sr/Ca ratio in 

ocean water and 2) the Sr/Ca distribution coefficient between aragonite and seawater. 

Because of the long residence of Sr and Ca in the oceans thus, the Sr/Ca variability cannot 

be attributed to the variation of Sr and Ca ions in the seawater. Rather, the incorporation 

of Sr and Ca is thermodynamically dependent on the temperature of the seawater. Sr/Ca 

ratios of fossil corals can reconstruct the past SST changes up to seasonal timescales 

(Gagan et.al. 1998). The method allows paleoclimatologists to look at the annual cyclicity 

with clear summer and winter SST shifts using annually banded corals (Fig. 6). Precise 

calibration of modern coral Sr/Ca records and in situ/instrumental SST should be carefully 

done to avoid systematic errors in the reconstruction.  
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Figure 5. Growth parameters in annually banded Porites corals. A. The alternating light and dark bands 

represent seasonal cycles in annual coral growth. B. Linear extension rate is measured from the outward 

growth per year. C. The light and dark bands correspond to the high- and low-density bands, respectively. 
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Figure 7. Geologic map and cross-section of Kikai Island. The Pleistocene Ryukyu Group (green) is 

distributed in the interior part of the island while the Holocene uplifted terraces (yellow) are distributed along 

the coastal zones. The clastic-dominated Shimajiri Group is the basement unit of Kikai Island.  
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Figure 8. Carbonate sedimentological composition of the Holocene limestone in Kikai Island. 

A. Panoramic view of the three-level uplifted marine terraces in Kikai Island. The island is 

predominantly composed of reef-building hermatypic coral genera such as Favites (B), Acropora (C,D), 

and Porites (E,F).  

 
Climate 

SST from Advanced Very High-Resolution Radiometer (AVHRR) recorded maximum SST 

of 28.6°C to 28.7°C in July and August and minimum SST of 20.6°C in February to March 

from 1981 to 2015 (Fig. 9A; 9D). Reanalysis dataset from Simple Ocean Data Assimilation 

(http://apdrc.soest.hawaii.edu/dods/public_data/SODA/soda_3.3.1/) shows that lowest 

average SSS was 34.31 psu in July and highest average SSS was 34.78 psu in February 

from 1980 to 2015 (Fig. 9B;9E). Accumulated monthly precipitation calculated from in-situ 

daily measurements (Figure 9C; 9E) from Northern Kikai Island collected from 2007 to 

http://apdrc.soest.hawaii.edu/dods/public_data/SODA/soda_3.3.1/
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1.5.2. Northwest Luzon Island  
 

Geology  

The active tectonic and geologic setting of the Luzon Island is associated with crustal plate 

interactions to the Philippine Mobile Belt. The Sunda Plate subducts eastward while the 

Philippine Sea Plate subducts westward beneath the Philippine Mobile Belt.  The NW 

Luzon is facing the Manila Trench, a manifestation of the north-south trending subduction 

zone formed by the convergence of Sunda Block and the Philippine Mobile Belt (Aurelio 

2000).  The marine terraces in NW Luzon are attributed to the accumulated uplift by 

aseismic and seismic processes related to the possible earthquake generators such as 

Manila Trench and intraplate offshore faults (Ramos and Tsutsumi 2010; Ramos et al. 

2017).  

 

The coastal towns of La Union in NW Luzon are underlain by the Late Miocene to Early 

Pliocene Amlang Formation, Pliocene Cataguintingan Formation, Pleistocene Damortis 

Formation, and Holocene uplifted marine terraces (Fig. 10). These formations are 

distributed as folded sequences with major fold axis at NNW-SSE direction.  Amlang 

Formation is composed of alternating beds of deep marine mudstones, shale, siltstone, 

and fine-grained sandstones with minor occurrence of conglomerate. Amlang Formation 

is dated late Late Miocene to Early Pliocene (Planktonic Foraminiferal NN17 - NN19 Zone) 

based on the first and last occurrences of Sphaeroidinellopsis seminulina and Globorotalia 

merotumida. Overlying the Amlang Formation, Cataguintingan Formation is described as 

massive to bedded volcaniclastic-dominated suite of tuffaceous sandstone and siltstone 

and lithic tuff, mollusk-rich sandstone strata with minor thin beds of calcareous pelagic 

sediments and conglomerate. The formation is dated Early Pliocene based on the first 

occurrence of Globorotalia tumida, Globorotalia crassaformis ronda, and 

Neogloboquadrina dutertrei and last occurrence of Globorotalia merotumida and 

Globorotalia plesiotumida. The Pleistocene Damortis Formation has two members: a 

clastic member of sandstone and siltstone and a limestone member of coralline 

boundstone, rudstone, floatstone, calcarenite, and calcisiltite.  The Holocene uplifted 

marine terraces are defined by straircase topography characterized by wide platform, 

wave cut notches, tidal inlets, terrace risers. The limestone has main reef facies 

hermatypic genera of Acropora, Diploria, Favites, Galaxea, Favia, and Porites. Coral 

colonial morphology is often preserved but often coral skeletons are diagenetically altered.  
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preserved fossil microatolls made up of dominantly Porites. Microatolls are intertidal coral 

colonies with dead central, flat portions and living corals occur in the perimeter. The growth 

of coral microatolls is typically lateral, different from the vertical growth of massive coral 

colonies. Microatolls are used to determine the past sea level and uplift rate due to 

earthquakes.  

 

The uplifted marine terraces are distributed further north of the NW Luzon coastal stretch. 

Stratigraphically, the Holocene terraces are situated on top of Laoag Formation.  This is 

characterized by the occurrence of interbedded sandstone-siltstone-claystone and 

occasional reefal limestone and limestone breccia. The sandstones are generally well-

bedded, cream to buff color and calcareous in composition. Minor conglomerate beds 

contain abundant molluscan shells with wood and leaf fossils. The Laoag Formation is 

dated late Early Pliocene to Pleistocene. In the town of Currimao, Ilocos Norte, the highest 

marine terrace is situated about 24 to 35 masl dated 108 ± 0.80 kyr to 198.5 ± 1.35 kyr 

(Maxwell et al. 2018). This terrace represents the stratigraphically younger section of 

Laoag Formation dated Late Pleistocene.  

 

 
Figure 11. Geologic Map of Batac Quadrangle, Ilocos Norte where the town of Currimao is in the 

southwesternmost portion. The red circle represents the sampling site. Source: MGB Region 1 (2021) 





http://iridl.ldeo.columbia.edu/SOURCES/.IGOSS/.nmc/.Reyn_SmithOIv2/
http://apdrc.soest.hawaii.edu/datadoc/soda_2.2.4.php
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Figure 14. A. Mean seasonal change of SST in La Union and Ilocos Norte; B. Mean seasonal change of 

SSS in La Union and Ilocos Norte C. Mean monthly rainfall during neutral and warm (El Niño) phases of 

ENSO in La Union D. Mean monthly rainfall during neutral and warm (El Niño) phases of ENSO in Ilocos 

Norte E. Linear correlation of SST in La Union and Ilocos F. Linear correlation of SSS in La Union and 

Ilocos 
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Chapter 2 

MATERIALS AND METHODS 

2.1.  Field survey and Sampling  

 Several field surveys in the reported Quaternary (Holocene and Pleistocene) uplifted 

marine terraces were conducted in Kikai Island, Japan and NW Luzon Island, Philippines 

from 2016 to 2020. Fieldworks and coral sampling in Kikai Island were done in September 

2016 and August 2017. A review of available geological information particularly on the 

geotectonic history and coral reef development in Kikai Island. Available topographic maps 

and geomorphologic survey profiles from previous field surveys were referred during the 

preparation of fieldwork. Several sites on the eastern and western coasts of Kikai Island 

such as Araki, Keraji, Nakaguma, Sateku, Kadon, Shiomichi, Shiitoke, and Somachi were 

surveyed for the occurrence of pristine fossil coral samples. A handheld Global Positioning 

System (GPS) receiver was used to locate and plot the geographic coordinates of the 

coral samples. Ten (10) fossil Porites samples were collected from these surveys (Table 

1). Previously collected modern and fossil corals (age date: 4960 yr BP) from Shiomichi 

Bay were also used in this research.   

Fieldworks and coral sampling in NW Luzon Island were done in February 2018 and 

November 2020. The field surveys were conducted together with the Department of 

Environment and Natural Resources - Mines and Geosciences Bureau (DENR-MGB) 

under the Cenozoic Stratigraphy of the Philippines Project. Topographic basemaps were 

prepared using 5-m resolution Interferometric Synthetic Aperture Radar-Digital Elevation 

Model (IfSAR-DEM) from the Department of Environment and Natural Resources -

National Mapping and Resource Information Authority (DENR-NAMRIA). Geologic maps 

(1:50000 scale) from DENR-MGB were used during the field surveys. Reports on the 

occurrences of Holocene uplifted marine terraces in NW Luzon were reviewed. Several 

sites including Damortis Beach (Santo Tomas-Rosario), Paraoir (Balaoan), Cabarsican-

Quirino (Bacnotan) in La Union, Badoc Island (Badoc), Pangil Beach (Currimao), Pasuquin, 

and Burgos in Ilocos Norte were surveyed.  A handheld Global Positioning System (GPS) 

receiver was used to locate and plot the geographic coordinates of the coral samples. The 

height of the marine terraces and dimensions of fossil coral colonies were measured, and 

relatively well-preserved corals were sampled. Twenty-seven (27) fossil corals and 2 

modern corals were collected from these sites (Table 2). Three (3) fossil coral cores drilled 

from Damortis Beach in 2009 were also used in this research.  
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Figure 15. Selected X-ray photographs of fossil corals from Kikai Island. KINM-20160908-I and NGM03 were collected from Nakaguma; KISK-

20160907-III was collected from Sateku; KIST-20160518-I was collected from Shitooke; KIKJ-20160907-I, KIKJ-20160907-II, and KKEJ-1702_I 

were collected from Keraji 
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Figure 16. Selected X-ray photographs of fossil and modern corals from NW Luzon Island. CuPf-180218-1 and CuPf-180218-4 were collected 

from Currimao, Ilocos Norte; PQPF-180220-4 was collected from Pasuquin, Ilocos Norte; DMT-1, DMT-2, and DMT-3 were drilled from Damortis, 

La Union; and BDC1 and BC2 are modern corals collected from Badoc Island, Ilocos Norte 
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Figure 17. Fieldwork photos in Kikai Island and NW Luzon Island. A. Coral sampling in Sateku, Kikai Island. B. Measurement of fossil microatoll 

in Paraoir (Balaoan), La Union. C. Fossil coral sampling in Pasuquin, Ilocos Norte. D. Terrace measurement in Bacnotan, La Union 












































































































































































































































































































































































