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Program
Day 1 - 9.2.2017 Thursday
Zürich – Amsterdam – Taipei (time zone: MEZ+7h)
Group meets at 12.00 in Zürich at the check-in counter
KL1960 from Zürich to Amsterdam
14:15 - 15:50
KL807 from Amsterdam to Taipei
20:50 - 15:45
Day 2 - 10.2.2017 Friday
Zürich – Amsterdam – Taipei
Group arrives at 15:45 in Taiwan Taoyuan International Airport
Transfer with public transport to Taipei (1h)
Accommodation in Taipei at Backpackers Hostel - Taipei Changchun
Day 3 - 11.2.2017 Saturday
Coastal landform of the northeast island: erosion and weathering features of sedimentary rocks, gold mining industry and history in Ruigang District
Taipei – Yehliu – Jinguashi & Jiufen (total 1.5h drive)
Morning:
Pick up cars, visit Yehliu Geopark
Afternoon:
Visit Benshan Geopark, the Gold Museum
Evening: 		
Enjoy Lantern Festival
Hotel in Jiufen at Hui Ming Homestay
Day 4 - 12.2.2017 Sunday
Transect along the Central Cross-Island Highway, Late Paleozoic and Mesozoic metamorphic rocks in the
Central Range
Jiufen – Taroko – Tiensiang (total about 4.5h drive)
(Eternal Spring Shrine – Yentzukou – Tunnel of Nine Turns – Tiensiang)
Morning:
4.5 h drive along coast to Taroko National Park
Afternoon:
Transect along the Central Cross-Island Highway
Accommodation at Tiensiang Youth Activity Center
Day 5 - 13.2.2017 Monday
Highly deformed Permian marble, serpentinite and Taiwan jade mine in Eastern Taiwan
Tiensiang – Hualien city (total 1.5h drive)
Morning:
Shakadang Trail or landslides above Tiensiang
Afternoon:
finding Taiwan Jade in Hualian River (Laoshi)
Hotel in Hualien at Pianist Homestay
Day 6 - 14.2.2017 Tuesday
Transect and cross-section of the Coastal Range along the Hsiukuluan River: Miocene Chimei volcanism,
Pleistocene forearc turbidites, Chimei Fault, agglomerates and Kangkou limestones
Hualien City - Linting - Shihmen - Shihtiping – Ruisui (total 1.5h drive)
Beihuiguixianbiaozhi Park (Tropic of Cancer mark)
Accommodation in Ruisui
Day 7 - 15.2.2017 Wednesday
The geometry of a subduction zone, marine and fluvial sedimentary sequences in the Coastal Range
Ruisui - Derwu - Yuli - Chihshang - Luyeh - Beinan - Xiaoyeliu (total 2.5h drive)
Morning:
Derwu terrace, rapid creeping of the Chihshang Fault, rapid uplift and river incision in Luyeh
			Terrace
Afternoon:
Badland topography in Lichi Geopark (Lichi Melange including East Taiwan Ophiolite), Pein			
anshan Conglomerate, and a classical turbidite block (Fukang Sandstone)
Accommodation in Taitung City at I’m Here B&B - Peng’s family

4

Program

Day 8 - 16.2.2017 Thursday
Structural geology: East-west striking antiform (Taimali beach)
Taitung – Taimali – Kenting (total 3h drive)
Morning:
Drive with stops for structures
Rest of the day off in Kenting to swim, snorkel, hike or just relax
Accommodation in Kenting at Island on the Sea B&B
Day 9 - 17.2.2017 Friday
Geomorphology and subduction history in southern Taiwan: high uplift rates in Hengchun Western Terrace, Miocene turbidites and deep-sea sandstones and Plio-Pleistocene limestones (coral reef), a mega-shear
zone (Kenting Melange)
Kenting (total 0.5h drive)
*Fossils were found in this region
*Natural Fire
Accommodation in Kenting at Island on the Sea B&B
Day 10 - 18.2.2017 Saturday
Hydrothermal activity: mud volcanoes, sedimentology and source-to-sink transport of carbon from surface
to deep-ocean
Kenting – Kaohsiung – Tainan (total 3h drive)
Visit mud volcanoes (2h drive from Kenting to Moon World Landscape Park)
Sampling river sediments at Kao-Pei River; Erosion and sedimentation features; landslides?
Accommodation in Tainan at DiDi House
Day 11 - 19.2.2017 Sunday
Active faults and earthquakes: the Chi-Chi Earthquake, erosion features and landscape evolution of Taiwan
Tainan – Nantou – Taichung (total 2.5 drive)
Visit Chelungpu Fault Preservation Park and 921 Earthquake Museum of Taiwan
Earthquake related landslide and river knick point
Accommodation in Taichung at Green Hotel
Day 12 - 20.2.2017 Monday
Visit of the Tatun Volcanoes, gas sampling
Taichung – Taipei (total 3.5h drive)
Morning:
Drive to Tatun Volcano
Noon until evening: Excursion to the Tatun volcanoes in Yangmingshan National Park and visiting volcanic gas
			monitor equipment
Evening: 		
Return cars
Accommodation in Taipei Beitou at Empire Hotel
Day 13 - 21.2.2017 Tuesday
Taipei: Natural hazards
Beitou – Taipei – Taoyuan (40 min to downtown, 1h to airport)
Morning:
Visit Taipei 101 building and its earthquake protection
Evening: 		
Transfer to the airport by public transport
Sleeping on airplane
Day 14 - 22.2.2017 Wednesday
Taipei – Amsterdam –Zürich
KL808 from Taipei to Amsterdam
KL1957 from Amsterdam to Zürich

00:20 - 06:55
09:30 - 11:00
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Anna
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Shou-Cheng Wang (PhD student)
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Su-Ying Chien (Dr.)
*Jiun-Yee Yen (Prof.)
*Shao-Yi Huang (Dr.)
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Field of Expertise
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NDHU
NDHU
NCKU
NCKU
IES, AS
NCKU
NCKU
NTU
IES, AS
NMNS
NCKU
NTU
IES, AS
IES, AS
IES, AS
NCKU

Geochemistry, Geothermal
Geochemistry
Mineral Physics
Geomorphology, Remote Sensing
Paleoseismology, Geomorphology
Geology, Geochemistry
Exp. Petrology, Mineral Physics
Geochemistry, Oceanography
Geochemistry, Oceanography
Minerology, Geology
Environmental engineering
Isotope Geochemistry
Mineralogy
Structural Geology
Volcanology, Geochemistry
Volcanology, Geochemistry
Seismology, Geophysics
Geochemistry, Petrology
Mineralogy, Geology

Joining Date (Feb.)
11 12 13 14 15 16 17 18 19 20 21

?

?

*Local guides. Abbreviations: NTOU: National Taiwan Ocean University, NCKU: National Cheng Kung University, IES, AS:
Institute of Earth Sciences, Academia Sinca, NDHU: National Dong Hwa University, NTU: National Taiwan University, NMNS:
National Museum of Natural Sciences
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Accommodation
Day 1: Friday 10.2.2017
Backpackers Hostel - Taipei Changchun 背包客棧旅店-台北長春店
2F, No.6, Lane. 258, Changchun Road, Zhongshan District, 14085 Taipei, +886 2 2518 0188
1 x 12 bed room, 1 x quadruple room
Day 3: Saturday 11.2.2017
Jiufen Hui Ming Homestay 九份輝明民宿, No. 35, Qiche Road, 224 Jiufen, +886 953 217 143
6 x double room, 2 x quadruple room
Day 4: Sunday 12.2.2017
Tiensiang Youth Activity Center, No. 30 Tiensiang Rd., Xiulin Township, Hualien County, +886 3 869 1111
5 x quadruple room, with breakfast
Day 5: Monday 13.2.2017
Pianist Homestay 小小鋼琴家民宿, No. 23, Minguo Road, Hualien City, +886 982 000 776
4 x double room, 3 x quadruple room, with breakfast
Day 6: Tuesday 14.2.2017
Coco Forest Hotspring 椰子林溫泉店,
No. 199, Section 3, Wenquan Rd, Ruisui Township, Hualien County, +886 937 912 051
5 x quadruple room, with breakfast, hotel has a hot spring
Day 7: Wednesday 15.2.2107
I’m Here B&B Peng’s family 艾希兒民宿-彭家民宿,
No. 1-5, Lane 101, Anhe Road, Taitung City, +886 965 155 188
1 x 6 bed room, 3 x quadruple room, with breakfast
Day 8 and 9: Thursday 16.2.2017 and Friday 17.2.2017
Island on the Sea B&B 海的小嶼渡假旅店, No. 330-12, Kending Road, Kenting, +886 975 710 389
4 x quadruple room, 1 x double room
Day 10: Saturday 18.2.2017
DiDi House-Tainan, No. 1068, Gongyuan Road, North Disc., 704 Tainan, +886 982 050 400
1 x 6 bed room, 2 x quadruple room, 3 x double room
Day 11: Sunday 19.2.2017
Green Hotel 葉綠宿旅館, No. 1068, Gongyuan Road, North Disc., 704 Tainan, +886 982 050 400
2 x quadruple room, 6 x double room
Day 12: Monday 20.2.2017
Empire Hotel 東皇渡假旅店, No.108, Wenquan Road, Beitou District, Taipei, +886 2 2891 3027
1 x double, 5 x triple room, with breakfast

Emergency Numbers
Ambulance and Fire
Police
Directory Assistance (English-speaking)
Ministry of Foreign Affairs
Tourist Service Center (Taoyuan International Airport, Tourism Bureau)
Terminal 1
Terminal 2
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110
106
(02)2348-2999
(03)383-4631
(03)398-3341

Introduction to Taiwan

Chapter 1:

An Introduction to Taiwan
Sascha Winterberg and Ying-Jui Hsu
The official name of the country is the Republic of China中
華民國, but “Taiwan” is preferred. Tái literally means “terrace” or “table”, wān means “bay” or “river bend”.
The history of Taiwan can be traced back as far as 5000 BC.
Between 7,000 and 400 years ago, Austronesians, ancestors
of the island’s indigenous peoples, arrived in small groups
and became the earliest known inhabitants of Taiwan.
Since the 16th century, the island has also been known by
the name Ilha Formosa (“beautiful island”) as it was discovered by Portuguese sailors. Today, Taiwan has a diverse
culture with a variety of ethnic groups living on the island.

1. Geography
Taiwan is 394 km long and 144 km wide and the total land
area is 36,000 km2. Taiwanese sometimes refer to Taiwan’s
shape as a sweet potato. Two thirds of the island are very
mountainous, with elevations of up to 3952 m (Yu Shan).
Taiwan lies on the western edge of the Pacific “ring of fire”.
To the northwest, the shallow Taiwan Strait separates it
from mainland China. The South China Sea lies to the
west, the Luzon Strait to the south, and the East China Sea
to the north. The first Japanese islands lie 170 km to the
northeast.
1.1 Climate
Taiwan lies on the tropic of Cancer and has a clear differentiation between seasons, which in general can be described as subtropical, humid, monsoon climate. Due to its
dramatic topography, the climate varies strongly from one
side of the island to another. Winters are dry and sunny;
temperatures in Taipei can drop to 10°C, whereas average
temperatures in cities in the south are usually above 15°C.
In summer, temperatures of 35°C are normal. Annual precipi-

tation in the northern Taipei hills exceeds 6000 mm. During a
typhoon, 2000 mm of rain can fall in less than 48 hours, which
causes major landslides in the mountains and often disrupts
transport systems. August is the wettest period. Although the
mountains sometimes have snow, it is not enough for skiing.
1.2 Sea and Tides
In the north, the water temperature of the sea is 18°C in
January and 28°C in July. On the southern tip, the sea has
an average temperature of 21°C in January. The maximum
tidal range on the east coast is about 1.80 m and the minimum is 70 cm. Spring tide is around February 11th, and
neap tide is around February 16th in 2017.
1.3 Hydrothermal springs
The unique tectonic setting of Taiwan leads to not only volcanic but also hydrothermal activity. Numerous hot springs
are found in north, east and southwest regions, sometimes
with water temperature up to 45°C. These temperatures require a slow acclimatisation when entering the hot water!
1.4 Flora and Fauna
Taiwan was once completely forested. During Japanese
colonization and after the Kuomintan moved to Taiwan in
1949, wood was extensively used for logging, altering the
landscape of the island. Today, cypress, juniper, fir, pine,
spruce, bamboo, and azalea are the dominant trees. More
interestingly, Taiwan is an ideal land for growing all kinds
of fruit: star fruits, wax apples, green mangos, sugar apples
(aka Buddha’s head), guavas, dragon fruits, pipa, dragon
eyes, and many more!
There are rare or endangered species of wildlife on the island: the land-locked salmon, Taiwan serow, Formosan
rock monkey, Formosan black bear, blue magpie, Mikado
pheasant, and Hsuehshan grass lizard. There is a huge biodiversity of birds and reptiles, many of which are endemic. Recently, scientists reported the coral reef ecosystem
in Kenting National Park is threatened by human activity
and natural disasters. The percentage of coral cover in the
ocean has decreased 63% over the last 26 years.

2. People and Religion

Fig. 1: Annual precipitation in Taiwan

Taiwan has 23 million residents. The Taiwanese can be
split up in groups according to the time when their ancestors settled on the island: 2% are from one of the 16
indigenous aborigines; 70% are Hoklo Chinese and 14%
are Hakka Chinese that settled between the 16th and
19th century; about 14% are Chinese from all provinces
that moved to the island after World War II (mainly in
1949).
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Taiwan is one of the most densely populated countries of
the world, and most people live in the western coastal plain.
Taiwan is characterized by a diversity of religious beliefs
and practices, and freedom of religion is described in the
constitution. The predominant religions are Buddhism
and Daoism (ca. 35% and 33%) whereas the population of
Christianity (4%) and Islam (0.2%) have been growing in
recent years.

past, only the elite of society were able to write. After
the fall of the Qing dynasty, reformers started to make
the written language accessible to the whole population
and to use it for all aspects of daily life. In 1956, the
committee of the communist party accepted a proposal
to radically reform the writing. Many characters were
simplified, often according to the handwriting people
already knew. The traditional characters are still used
for paintings or advertisements. Taiwan, Hong Kong,
and other Chinese speaking areas outside the Peoples
Republic have not adapted the reforms and still write
with the traditional characters. Recently, some people
on the mainland have started using traditional characters again.
There are about 87000 characters. The average Chinese
person knows 2000-6000 of them. Each character has a
radical (a part of the character), which often gives a hint
to its meaning, and the rest of the character often provides a hint for its pronunciation. Traditionally, texts
are written from top to down and from right to left.
Readers must take care and start reading from the right
side. The order and direction the individual strokes of
a character have to be drawn is also defined. To clarify
the proper way to write a character, names are often indicated or signed with the hand, thereby avoiding confusion amongst names with identical pronunciation.
Typing into a computer or mobile phone is done either
with Pīnyīn or other methods (e.g. in Taiwan, Zhuyin
is the most common system) that then prompt possible
characters.
Zhuyin, or known as Bopomofo, is the national phonetic system in Taiwan for teaching the pronunciation
of Chinese characters, especially in Mandarin. The system uses 37 special symbols to represent the Mandarin
sounds.

Fig. 2: Population density in Taiwan

3.1.2 Spoken Language
During most of China’s language history, very different
dialects were spoken. In 1924, a common spoken language was defined. Mandarin is roughly the language
from the Beijing area. Since 1950 in mainland China, a
Latin transcription named Hànyǔ Pīnyīn has been used
to teach this language in schools. Since 1982, Pǔtōnghuà is the official transcription that must be used in
public and its use has since spread to the south of mainland China. Yet in Taiwan and Singapore they call it
Guóyǔ or Huáyǔ respectively. Western languages have
their own transcriptions that are often still used to represent the names for cities. The English transcription is
often quite different from Pīnyīn and makes it hard to
find a place on a map.There are only about 450 possible syllables in Pǔtōnghuà, but there are five different
tones to stress a syllable, which produces five different
words. Emotions, questions, and punctuation are not
expressed as a different stressing of a word, which is
strange for non-Chinese speakers.

3. Languages
3.1 Chinese Language
Chinese speakers generally differentiate between written
language (中文 zhōngwén) and spoken language (漢語
hànyû). They can read any Chinese text, but probably cannot understand the author if the text is spoken in a different dialect. This is possible because the characters represent whole meanings. Using non-Latin symbols like 
has the same effect in Europe. Everybody understands that
it is a toilet but the words used to express these symbols are
different in German and French.
3.1.1 Written Language
The Chinese written language is one of the first written
languages on Earth. For more than 3000 years, the characters have the same appearance. Korea and Japan have
also used Chinese characters for a long time. In the
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3.2 Languages in Taiwan
Since Taiwan has a diversity of ethnic groups, different
languages are spoken by different groups of people. The
official language of Taiwan is Mandarin Chinese, and is
spoken fluently by almost the entire Taiwanese population. However, Taiwanese (about 70% of the population)
and Hukka (about 14% of the population) are also widely
spoken. The smaller groups of indigenous tribes have also
preserved their own languages. Many elderly people can
also speak some Japanese, as they were subjected to Japanese education before Taiwan was returned to Chinese rule
in 1945 after the Japanese occupation.

Survival Taiwanese Phrases
English
Hello (General greeting)
Hello (on phone)
Have you eaten? (Common greeting)
How are you?
(I’m) fine, thanks, and
you?
(I’m) not bad, thanks,
and you?
Cheers!
Bon appetite/ en Guete
Do you understand?
I understand.
I don’t understand.
I don’t know
Do you speak Taiwanese?
How much is this?
Sorry
Thank you
Where’s the toilet?
Near Year greetings

台語 / Tâi-gí (Taiwanese)
你好 (lí-hó)
喂 (ôe)
你吃飽了嗎？ (lí chia̍h pá
bōe)
你好嗎? (lí-hó-bò)
(我)很好, 多謝, 你呢？
((góa) chin-hó, to-siā, lí ne?)
(我)還可以, 多謝, 你呢？
((góa) bē-bái, to-siā, lí ne?)

Information source: http://www.omniglot.com/language/
phrases/taiwanese.php
(modified by Ying-Jui)
References
Wikipedia: Religion in Taiwan. https://en.wikipedia.org/
wiki/Religion_in_Taiwan
Tourism Bureau, Ministry of Transportation and Communications: http://eng.taiwan.net.tw/m1.aspx?sNo=0002004
Lee I Chia, Kenting Park’s coral reefs disappearing: researchers, TAIPEI TIMES, Sept 12 2012.
Wikipedia: Demographics of Taiwan: https://en.wikipedia.org/wiki/Demographics_of_Taiwan
Climate Source: Mean Monthly and Annual PrecipitationTaiwan
https://www.climatesource.com/tw/fact_sheets/fact_precip_tw.html
Wikipedia: Chinese language: https://en.wikipedia.org/
wiki/Chinese_language

乾杯! (kan poe/pe!)
呼乾啦! (ho͘ ta là!)
食卡飽 (chia̍h kah pá)
你聽有無？ (lí thiaⁿ-ū-bô?)
我聽有 (góa thiaⁿ-ū)
我聽無 (góa thiaⁿ-bô)
我毋知影 (góa m̄ chai-iáⁿ)
你會講台語? (lí ē-hiáu kóng
tâi-gí)
若多錢？(wōa-chē chîⁿ)
失禮 (sit-lé)
歹勢 (phái-sè)
多謝 (to-siā)
感謝 (kám-siā)
撈力 (ló làt)
便所佇佗位？ (piān-so tī
tó-ūi?)
新年快樂 (sin-nî khòai-lo̍k)
恭喜發財 (kiong-hí hoatchâi)
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Chapter 2:

The History of Taiwan
Max Mandl
When we try to pick out anything by itself, we find it hitched to everything else in the Universe.
- John Muir(1)

1. Human History on a Geologic Timescale
Taiwan’s geologic setting and its role in human history
are inevitably intertwined. During the late Pleistocene,
around the time of the last glacial maximum 26,500 years
ago, sea levels were approximately 125 m lower than today, giving rise to a land bridge between what we now refer
to as mainland China and the Island of Taiwan (2). Land,
which is now, on average, submerged 60 m (3) under the
Taiwan Strait, allowed the first hominins to migrate from
the mainland onto the island. After their migration, some
10,000 to 30,000 years ago, these aboriginal tribes lived relatively undisturbed on the island while Chinese Dynasties
on the mainland rose and fell for centuries.

2. Taiwan’s History up to World War II
The people of the barbaric landmass, as it was considered
by the Chinese government, had established trading with
South-East Asia(4), but the island did not come to the attention of colonializing Europe until Portuguese explorers “discovered” the beautiful land and named it Formosa (Portuguese: beautiful) in 1544 (Fig. 1). Subsequently,
the Dutch-East-Indian Company and a Spanish party
founded first colonial settlements in the mid-1620ies. The
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Fig. 2: The national flag of the Republic of Formosa, a
short-lived period of Taiwanese independence in 1895.

now-eradicated malaria and aboriginal attacks put significant strain on the small European outposts. In 1642, a
week-long battle between the Dutch and the Spanish finalized the end of the Spanish colony, granting the Dutch
exclusivity on the island. The Dutch colonial stint on the
island lasted for another 20 years, when transitions from
the Ming to the Qing dynasty in mainland China led to the

Fig. 1: An early map of Taiwan (Portuguese: Formosa) (6)

History of Taiwan

invasion and subsequent rule of Ming-loyalists in Taiwan,
forming the Kingdom of Tungning in 1661. With the death
of the ruler Zheng Jing in 1683, the Qing dynasty used the
brief power vacuum on the island to extend their empire to
Taiwan. The Qing dynasty lasted for more than 200 years
and Chinese migration, while restricted by the ruling government, populated the island with people of Chinese heritage nevertheless. The first Sino-Japenese war ended the
Qing dynasty with a Chinese defeat and people on Taiwan,
seeing a brief window to attain independence, exclaimed
the republic of Formosa in 1895. The republic was short
lived, however, and ended with the invasion of Taiwan by
the Japanese, forming another colonial outpost on the island. In the years from 1895 to 1945, the Japanese presence
modernized the island’s industry and infrastructure, even
if primarily for its strategic importance during the world
wars. It was this period that added a lot of Japanese influence to the Taiwanese culture, such as the Shintu religion
and associated temples, many of which are still visible and
important today. The complete surrender of Japan on August 14th, 1945, changed Taiwan’s fate again. This can be
best summed up by H. Trumans statement on the matter:
”Accordingly I have ordered the 7th Fleet to prevent any attack on Formosa. As a corollary of this action, I am calling
upon the Chinese Government on Formosa to cease all air
and sea operations against the mainland. … The determination of the future status of Formosa must await the restoration of security in the Pacific, a peace settlement with
Japan, or consideration by the United Nations.” Despite
the good intentions, the island fell back to China over the
course of the coming years.

3. Taiwan Today: The Island after World War II
At this point, one cannot separate the history of 20th century China from Taiwan’s fate. The ongoing civil war between the communists (PRC) and the prevailing government (ROC, party in control: Kuomintang) during WW2
overshadowed the concurrent Japanese invasion of the
country. Only in 1941, when the two adversaries put the
internal power struggle to rest, a united Chinese front opposed the land-grabbing Japanese, with detrimental consequences for the Chinese army. The civil war started back
up again right after the end of WW2, with the initially underlying PRC gaining strength. At this point, the ROC fled
to Taiwan, bringing the entire Chinese gold reserve as well
as the political elite along. While both the PRC and ROC
claim that they are the true government of all of China, the
two entities are de-facto separated countries. Military assurances by the United States have prevented potential invasions or attempts to recapture the Island from the ROC.
The gold reserve was a good start for a new gold-standard
currency in Taiwan, the New Taiwan Dollar. The ROC,
while seeking refuge in Taiwan, suppressed any kind of
anti-ROC sentiment, with bloodshed and years of whitedeath quietly reducing the numbers of non-loyalists on the
island. The Chinese Great Cultural Revolution from 1967

to 1977 created another strong influx of intellectual elites
from the mainland to the island, setting Taiwan up for
rapid economic growth. The gross national income of the
country increased disproportionally during that time: In
1952, Taiwan’s GNI of $170 put it between Zaire and Congo, and but rose to $35,227 in 2010, on par with countries
such as the UK, Ireland, or Japan. In 1987, the ROC finally ended the martial law, under which it had been ruling
the island for the decades before. The first free elections
took place in 1996, and the win of an opposition party in
2000 can be counted as the final milestone to Taiwanese
democracy. However, in light of recent political developments across the globe, Taiwan’s status in the world order
is difficult: The US, a strong enemy to communism globally, switched its diplomatic relations from the ROC to the
PRC in 1979 (“One China Policy”). Even today, Taiwan is
not allowed to join international governing bodies, such as
the UN, as currently only 22 nations have ratified Taiwan
as an independent nation, but ongoing US military aid to
Taiwan guarantees the liberties and distinct freedoms (e.g.,
visa-free travel to Europe) that sets Taiwan apart from the
rest of China.
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Chapter 3:

The Geology of Taiwan
Sascha Winterberg and Ying-Jui Hsu

Why is Taiwan a paradise for geologists?
•

Taiwan is located on the active convergent boundary between the Philippine Sea Plate and the Eurasian
Plate where the plate boundary and subduction tectonics show complex geodynamics.

•

It offers a unique example of arc-continent collision in
the world, providing the best opportunity to study tectonic, subduction and orogenic processes.

•

The mountain building process is still alive from the
tectonic geomorphology, rapid uplift and denudation;
as a result, young tectonic landforms, active faulting
and numerous earthquakes are well documented and
worth to study.

1. Tectonics of the Region

1.1 Tectonic Setting
Taiwan is situated at the convergent boundary between
Eurasian plate and Philippine Sea plate. Both continents
are once upper and lower plate so that the subduction direction flips below Taiwan. The island itself is where the
Philippine Sea plate collided obliquely from SE into the
continental margin of the Eurasian plate. The Luzon Arc a
volcanic island arc is accreted to east coast of Taiwan. The
south is an emerged accreted ridge with marine sediments.
The Longitudinal Valley is considered to represent the suture between the Luzon arc and the Eurasian continental
margin. The onset of the collision mountain belt started
about 5 My ago (Chang et al. 2001).
1.2 Tectonic History
The tectonics history of the island is assumed to be represented by sections away to the south from the ocean continent collision. The first stage (Fig. 2a) represents the Miocene on the island where South China Sea oceanic crust
(Eurasian continent) was subducting beneath Philippine
Sea plate. The second stage (Fig. 2b) which corresponds to
Late Miocene to Pliocene shows how the Luzon arc collided
with the Eurasian continent. During the third stage (Fig. 2c)
which happened in Late Pliocene in Taiwan the subduction
transforms into a thrusting system. The fourth stage (Fig.
2d) represents the Quaternary situation where the island arc
is accreted onto the uplifted Eurasian continent and formed
the Coastal Range (Chang et al. 2001).

2. Main Tectonic Units/Geological Provinces

Fig. 1: Block diagram showing arc–continent collision and tectonic setting of Taiwan. Taiwan is situated in the active arc–continent collision region between the Eurasian continent and the
Philippine Sea plate. South of Taiwan, the oceanic crust of the
South China Sea (32–15 Ma) is subducting beneath the Philippine Sea plate along the Manila trench. To the east, the Philippine Sea plate is being consumed beneath the Eurasian continent
along the Ryukyu trench. The Philippine Sea plate is moving
north-westward at 310° at a rate of 82 mm/y (Yu, Chen & Kuo,
1997). The Luzon arc (trending at about 355°) on the Philippine
Sea plate is colliding with the Asian continent (trending at about
060°) and formed the Coastal Range in eastern Taiwan. Because
the Quaternary collision that forms Taiwan is a typical oblique
arc–continent collision, the orogenic belt has been propagating
southward (Suppe, 1981). On land in Taiwan, one observes the
outcome of this collision; in the area off south-eastern Taiwan,
the process of subduction is still ongoing. FK – Fukang Sandstone; HTR – Huatung Ridge; LS – Loshui Sandstone; LV – Longitudinal Valley fault zone; NLR – North Luzon Ridge; NLT
– North Luzon Trough; SLT – Southern Longitudinal Trough
(Chang et al. 2001)
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The tectonostratigraphic belt of Taiwan comprises five
geological provinces (Ho, 1986; 1988). From east to west,
there are the Coastal Range (CoR), the Central Range
(CR), the Hsuehshan Range (HSR), the Western Foothills (WF) and the Coastal Plain (CP).
The Coastal Range in eastern Taiwan represents as the
northern extension of Luzon volcanic arc and the forearc basin of the North Luzon Trough. It consists mainly
Miocene andesitic flows, agglomerates, tuffs, and associated turbidite sediments; towards southeast, Pliocene
to early Pleistocene volcanism is found in two offshore
islands (Lutao and Lunyu). The Lichi Melange (3.5-2.5
Ma) is exposed along the tectonic suture on the overriding plate resulting in arc-continent collision (Teng,
1990). The eastern Taiwan ophiolite (ETO) formed at
about 15 Ma and embedded itself into the Lichi Melange.
The ETO also represents one of the youngest ophiolite
complexes in the world (Suppe et al., 1981; Chung and
Sun, 1992).

Geology of Taiwan

Fig. 2: Tectonic evolution of Taiwan Island. The block diagrams show the general morphology and main crustal structure of the
subduction, the initial collision and the advanced collision stage of Taiwan area. a, b, c and d are cross-sections summarizing the evolution of the North Luzon Ridge (volcanic arc) and Hengchun Ridge (former accretionary prism) into the Coastal Range and Central
Range of Taiwan (respectively), with evolution of intermediate basins and ridges (Chang et al. 2001).

The Longitudinal Valley (LV) separating the east Coastal
Range and the Central Range is considered as the suture zone
between the Luzon arc and the Chinese continental margin
(Ho, 1988, Tsai, 1986).
The Central Range is commonly sub-divided into the eastern
Central Range (ECR) and the western Central Range (WCR).
The eastern Central Range, also known as the Tananao Schists,
comprises the metamorphic Pre-Tertiary basement complex,
representing Asiatic continental crust and the oldest lithotectonic unit of Taiwan. It consists of green schist, black schist,
siliceous schist, and marble; scattered gneiss and amphibolite
bodies are found mainly in the northern part (e.g. Yen, 1967).
The western Central Range, also named the Backbone Range,
contains mostly Eocene to Miocene slates. The common associations with mylonite zones are observed, which resulted
from shear movement and overprinted the Palaeocene and
Oligocene unconformities (Lee and Yang, 1994). The area
also has the highest mountains of the Island. The Hsuehshan
Range (HSR) is covered by widespread occurrence of thick
carbonaceous sandstones (mostly Eocene to Oligocene). It is
separated by the Lishan fault to its east and the Chuchih fault

to its west, respectively. Importantly, these two units (WCR
and HR) are recognized in the argillite-slate belt based on
the difference in lithology and the degree of metamorphism.
They are composed of metamorphosed and deformed marine
sediments of the Chinese passive margin with the metamorphic grade increasing progressively eastward.
The Western Foothills are typical foreland fold-and-thrust
belts due to the convergence between the Philippine Sea plate
and Eurasian plate. They consist of Miocene-Pliocene shallow
marine to shelf clastic sediments with Pleistocene andesitic
extrusives. The Coastal Plain is part of the present foreland
basin consisting of alluvial sediments and poorly consolidated of clastic deposits.
In addition, the Hengchun Peninsula is the narrow southernmost segment of the Central Range that forms the southern
tip of the Island. It is underlain mainly by Miocene turbidite
sequences. Since the arc-continent collision is propagating
southward from northern Taiwan to the Hengchun Peninsula in the south, the Hengchun Peninsula can be marked the
most recent exposed portion of the accretionary complex
(Huang et al., 2006; Zhang et al., 2016).
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Fig. 6: Major geological units of the island of Taiwan. CoR:
Coastal Range; LV: Longitudinal Valley; ECR: East Central
Range or Tananao Schist complex; WCR: West Central Range or
Backbone Range; HSR: Hsuehshan Range; WF: Western Foothills; CP: Coastal Plain (after Ho, 1986).
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Chapter 4:

Geophysics and Geodynamics of Taiwan
Ilya Fomin and Antonio Manjón-Cabeza Córdoba
Taiwan is located on an active convergent margin between
the Eurasian plate and the Philippine Sea plate. This setting provides various geological processes such as active
orogeny, subduction-related earthquakes, volcanism and
dynamic surface processes related to steep, mountainous
topography.

1. Geodynamic Summary
The geodynamics of Taiwan (Figs. 1 and 3 from chapter 3)
are essential to carry out any detailed study of the island.
To infer the regional tectonics, some of the most relevant
geophysical studies about Taiwan are presented here.
Seismic tomography is based on the dependence of the
of seismic wave velocity on the density of the rocks (i.e.,
greater velocity in higher density materials). If the spatial
concentration of seismic stations on the surface is high
enough, one can image various velocity anomalies that
stand in the paths of seismic waves. First, an initial model
must be proposed. A tomographic model can be generated
using seismic waves either from local earthquakes or from
distant ones. Alternatively, one can use different types of
seismic waves, but this will affect the depth and the resolution of the final result. With fundamentally different models, one can then test different parameters to tackle specific
geological situations.
Apart from imaging the current situation, plate velocities
are crucial to draw any geodynamic model (either schematic or numerical). GPS data from Yu et al. (1997) is shown in

Fig. 1: From Lallemand et al., 2001. Notice the two slabs imaged
beneath the island.

Fig. 2: From Huang et al., 2014. Notice that in the interpretation of the authors, none of the cold isolated bodies corresponds to the Eurasian Plate (EP).
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Fig. 3, and demonstrates that any tectonic explanation for
the geological features in the area has to explain horizontal
velocities up to 100 mm/yr east of the island, and little to no
movement in the west. This data corresponds to the model
proposed by Lallemand & Tsien (1997), where collision is
nearly finished in the very south of the island (and some
ophiolites have been brought up to the ground surface). Additional data can be obtained from other geophysical techniques. For example, Bouguer gravity anomalies and Moho
depth determination by first teleseismic receiver functions
are shown in Fig. 4. Here, it is shown how one can arrive at
the same conclusions from different approaches, and how
both techniques agree with geological data.
In the west, Moho depths are greater (~32-53 km) and the
gravity anomalies are also more intense and negative. This
correlates with the greatest thickness of sediments, indicating greater crustal subsidence (Wang et al., 2010). In the
east, however, lower Moho depths concentrate along the
Longitudinal Valley, where a suture is hypothesized. High
gravity anomalies located further to the east of this feature
probably correspond to the heavy and dense magmatic
bodies associated with the Luzon arc.
These are only some of the geophysical techniques that have
been applied to the area around Taiwan. Some have been
left out for being less relevant either because the precision is
small, or because they contradict more recent studies with
higher data quality. Even more techniques have yet to be
applied. Some additional geophysics and its interpretation
(in particular off-shore seismic reflection) will also be described in the next chapters, and hence are not explained
here.

2. Numerical Simulations
Numerical simulations of geodynamics do not provide the
only correct answer to a particular question. Rather, they
simulate a possible development of tectonic structures in
the case of a given set of parameters and initial assumptions. Any model to be applied to a real geological setting
should be based on some already known physical parameters and be able to reproduce some observable features.
The real world data described above produces a number
of plausible variants. Geodynamic reconstructions support
the major hypothesis of arc-continent collision (e.g. Chemenda et al., 1997). However, there is also a less popular
model of an arc-arc collision by Sibuet & Hsu (1997).
The most important question is when the collision began.
There are a lot of estimates summarized by Teng (1990)
ranging from 3 to 12 Mya. This is a huge range, and it
should be tested: Numerical simulations provide such an
option, since with addition of more and more data, our
model should converge on a specific value. Agreement between geological and numerical data is a key point to cover
the gaps in observations and to avoid incorrect solutions
based on inappropriate assumptions.
A model of Taiwan area evolution is shown in Fig. 5. It provides an explanation for the formation of all the major tectonic units, but its timescale is under discussion. Results of
numerical simulations are variable and depend on the set
of parameters used by modelers. A comprehensive study
was performed by Kaus et al. (2004), where it was demonstrated how varying the importance the degree of erosion
influences the results of modeling. This shows that a proper model should involve not only “classic” parameters like
mantle viscosity, but also denudation rates and other “surface” values.

Fig. 5: Geodynamic evolution of Taiwan based on geological and geophysical data by Teng (1990).

18

Geophysics and Geodynamics

Fig. 6: Influence of erosion on geodynamic model in numerical simulation by Kaus et al. (2004).
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Fig. 4: Bouguer anomalies (contour) and Moho Depths (big
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Fig. 3: GPS velocities. From Yu et al, 1997.

19

Chapter 5

Chapter 5:

Origin of the Metamorphic Tananao Belt, Central-Eastern Taiwan
Nico Küter and Julian-Christopher Storck

1. Introduction
Taiwan’s young history allows us to investigate a plethora
of exogenic and endogenic geological phenomena that are
all intimately linked to each other by the collisional history
of the island. A first collision phase started in the Mesozoic and lasted to Mid-Cenozoic, when a westward-directed
paleo-subduction folded up mountain ranges whose erosional debris formed massive sedimentary deposits along
the Eurasian Continental margin. As a result of this subduction process, oceanic lithologies, continental sedimentary rocks as well as carbonate platforms have been incorporated into accretionary complexes and mingled together
in a chaotic, tectonic mélange. Within these accretionary
complexes, the westward continent-directed belts are rather unaffected by pressure and temperature while low-temperature high-pressure (LT/HT) metamorphism sets in
towards the east. Recently in a second phase of collision,
the accretion of the volcanic Luzon Arc has uplifted these
records of Taiwan’s young, moved history - oddly by exposing the island’s oldest known rock formations.
In this contribution, we will have a look in the metamorphic rocks of Taiwan’s Central Range and their history,

2. Geological Overview
As the general geological setting is covered by other chapters, we focus here on the anatomy of the Central Range,
comprising the Hsueshan and Backbone Range and the
Coastal Range. Both ranges are separated by the Longitudinal Valley that marks the collisional suture zone between the Luzon Volcanic Arc and the Eurasian Plate.
The central Highlands as well as the Coastal Range are
the result of this collision. The roughly N-S trending
Central Highlands can be divided in the slightly metamorphosed Cenozoic sedimentary cover of the Tayuling
and Heiyenshan Formation to the West and the underlying Tananao metamorphic complex to the East, which
itself is subdivided into the western low temperature-low
pressure Tailuko belt (=Taroko belt) and the eastern high
pressure Yuli belt (Ho, 1988; Ota & Kaneko, 2010, Fig. 1).
These two belts are interpreted by Yui et al. (2012) as a
Late Jurassic to Late Cretaceous forearc accretionary
prism that piled up during the westward-directed subduction of an oceanic lithosphere, the Paleo-Pacific Plate.
The belts of the Tananao metamorphic complex are typically divided by their major lithologies: The Tailuko belt
is a composite of mostly psammitic to pelitic schists and
marbles with minor intrusions of granitoids with surrounding contact aureoles. These rocks appear non-met-
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Fig. 1: Overview of the Tananao metamorphic basement from
Yui et al. (2012).

amorphosed to greenschist-facies overprinted. Rare
amphibolites are often found near or adjacent to granitic intrusions and are interpreted to have formed during
contact metamorphism in the aureole (Yui et al., 2012 and
references therein).
The depositional ages of the sedimentary protolith of the
Tailuko belt are constrained between Permian to Early Cretaceous (Fig. 1). Inherited marbles, interpreted as
former platform carbonates, have been dated to Permian
age using deformed fusulinid and coral fossils (Yen, 1953)
and Sr-isotopes (Jahn et al., 1984). Deposition ages of
psammitic and pelitic protoliths of Qtz-mica schists range
from Late Jurassic to Early Cretaceous as indicated by
dinoflagellate fossils (Chen, 1989). Conversely, youngest
detrital zircon ages from these schists reported by Chen
et al. (2016) infer a maximum deposition age of 110 Ma.

Origin Tananao Belt

Fig. 2: Flattened green pillow basalts on the left and a garnet-glaucophane-rich red-blueish layer on the right of a meter-sized boulder. Vertical width of the picture is c. 4 m. The boulder was found
within the Tamayen mélange. From Tsai et al. (2012).

et al., (1981) and Lo & Yui (1996). Most ages fall between
8 to 14 Ma, which makes the Yuli belt one of the youngest known blueschist-bearing mélanges in the World (Ota
and Kaneko, 2010). However, Jahn et al. (1981) also report ages in the range of 79 to 109 Ma. While the Miocene ages correlate well with the westward subduction of
oceanic lithosphere prior to the Luzon Arc collision (Ota
& Kaneko, 2010), the Cretaceous Rb-Sr ages remain enigmatic and difficult to explain. They may indicate early
HP/LT metamorphism.
Finally, low temperature K-Ar geochronology performed
on illite and muscovite from schists of the Tailuko and
Yuli belt consistently yield ages younger than 5 Ma and are
interpreted as a thermal event created by the Luzon-Arc
collision (Yui et al., 2012 and references therein).

3. The High-pressure Assemblage of the Yuli
Mélange

These authors recognized also a chloritoid-bearing schist
between the Permian marbles and the Cretaceous metasediments, which they interpreted as paleosol based on
the high alumina content. Accordingly, this layer serves
as an explanation for the c. 150 Ma hiatus between these
lithologies. The clastic metasediments have been interpreted as former turbidites and deep-sea shales. Intrusion
ages within the Tailuko belt have been constrained between 90 to 85 Ma by U-Pb on zircon (Yui et al, 2009 and
references therein). Their formation is rather unclear, but
may be connected to partial melting of deeply-subducted
sediments below. Overall, the provenance of the clastic
sedimentary protoliths is predominantly continental.

The HP rocks of the Yuli belt are found as solitary boulders disseminated in a tectonic mélange. They are glaucophane- or sodic-amphibole bearing mafic rocks of
likely basaltic or gabbroic origin. Even primordial pillow-basalt structures have been reported for some of the
blocks (Tsai et al., 2012; Fig 2). Early temperature and
pressure estimates range from 350 to 400 °C and 5-6 kbar
(Lious, 1981) while newer work indicates peak pressures
of 6 to 12 kbar and temperatures between 400 to 530°C
for
glaucophane-epidote-garnet-phengite-albite-felses
(Beyssac et al, 2008; Tsai et al, 2012; Fig. 3). Generally,
these PT-estimates are typical for a low temperature high pressure metamorphic trajectory as it is commonly
met in subduction zones.

The Yuli belt is a composite of metapelitic and -psammitic
chlorite-bearing schists with occasional metabasites and
serpentinites whose geochemistry indicates a likely oceanic lithosphere origin (Liou et al, 1981, Sun et al 1998).
Generally, the lithologies of this belt are assigned to a
deep-sea oceanic environment as they comprise typical
oceanic rock ingredients such as Mn-rich deep sea sediments, cherts, pillow basalts, gabbros and serpentinites.
A special feature of the Yuli belt is the occurrence of intercalated mélange-like domains (e.g. Tamayen complex).
Besides the aforementioned lithologies, these also contain
glaucophane-bearing rocks, inferring a high-pressure
low-temperature (HP/LT) history, as it is typical for subduction settings (Tsai et al, 2012 and references therein).
The geological and structural connection between these
HP-bearing mélanges and the hosting Yuli metasediments is insufficiently constrained but is probably tectonic in nature (Yui et al., 2012; Ota & Kaneka, 2010; Tsai et
al., 2012).
The age constraints on the Yuli belt are less evident, as
neither fossils have been reported nor radiometric dating
of carbonates or intrusions has been performed. Solely
Rb-Sr mineral isochron and 40Ar/39Ar phengite dating has
been performed on the HP blueschist assemblage by Jahn

Fig. 3: PT path estimated for the Tamayen glaucophane-bearing
rocks from Tsai et al. (2012). BS = blueschist, EA: epidote amphibolite, GS Greenschist, AM Amphibolite, Amp-EC amphibolite
eclogite. The grey arrows indicate the retrograde metamorphic
path of the HP/LP.
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Excursion Stops
The aim of this day is to get an overview about the Pre-Tertiary basement rocks and the Eocene to Miocene cover strata. Starting in the afternoon of day 4, we will drive along
Highway 7 and have a look at the Eocene to Miocene cover
sediments of the Backbone Range. On day 5, we will start
in Tiensiang and follow the Central Cross Island Highway
8 towards Taroko, allowing us to make a ca. 20 km transect
through the Tananao metamorphic complex along the eastern part of the Central Cross-Island Highway. If time permits, a stop in the Tamayen mélange (Yuli belt) is envisaged
for the search of HP/LT glaucophane-bearing rocks.

Day 4 - Eocene to Miocene cover strata of the Backbone Range
Stop 1: Tayuling Formation
24°10’49.75”N, 121°18’44.95”E
Slate, phyllites and metasandstones of the Eocene-Oligocene Tayuling Formation

Fig. 4: Schematic sketch of the inferred tectonic evolution of the
Tananao metamorphic complex of Taiwan (modified after Yui et
al., 2012 and references therein). For explanation see text.

4. A Model for the Central Range Evolution (Fig. 4)
(Modified after Yui et al. 2012 and references therein)
a. Starting from Late Jurassic to earliest Cretaceous the
Paleo-Pacific Plate was subducted beneath the active
Eurasian continental margin in the Taiwan region,
forming the Tailuko belt and the arrival of the Permian/Early Jurassic oceanic seamount/plateau/arc assemblage including carbonates (platform and shelf).
b. Ongoing movement of the Paleo-Pacific Plate during
the Cretaceous resulted in the formation of the Yuli belt
and forearc basement sediments. Late Cretaceous felsic
intrusions in the forearc region were emplaced probably due to ridge subduction. Further west, subduction
led to late Yanshanian magmatic flare-up along the SE
China coast.
c. Subduction came to a halt around 40 Ma during the
Eocene when the rifting of the margin initiated.
d. Continuous rifting formed the basin of the South Chinese Sea Plate during the Oligocene. Ongoing migration led to eastward subduction of the South Chinese
Sea Plate beneath the Philippine Sea Plate forming the
Luzon Arc in the Mid-Miocene.
e. During Plio-Pleistocene, the Luzon arc collided with
the Eurasian Plate forming the Island of Taiwan. The
Tailuko belt and the Yuli belt were tilted westwards and
some high-pressure rocks were thrust on top of the
Yuli accretionary prism.
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Stop 2: Heiyenshan Formation (local name Pilushan Fm)
24°11’6.63”N, 121°21’7.82”E
The Pilushan Formation unconformably overlies the Tananao metamorphic complex. We will see sandstone interbeds, the inclusion of volcanic lenses, the presence of
Eocene large foraminifera, and intercalated limestone or
limy conglomerate lenses or layers.

Day 5 - Tananao Metamorphic complex along the
road to Taroko
Stops will depend on outcrop and road conditions.
Stop 3: Tiensiang
24°10’54.44”N, 121°29’40.96”E
Well exposed quartz mica schists and phyllites of the Tiensiang Formation along the Liwu river bed.
Stop 4: Chiuchutung
24°10’16.37”N, 121°31’45.15”E
Gorge, deeply carved into the Chiuchu marble along the
Liwu River. The massive marble is mainly composed of calcite marble and local dolomitic lenses of marble (Chan et
al., 2010).
Stop 5: Yentzukou to Paishachiao
24°10’33.77”N, 121°35’3.02”E
Deformed granitic intrusion of Cretaceous age with marble and schist enclaves. Irregular marble-granite contact
with younger mylonitic deformation features.
Stop 6: Changchunchiao
24° 9’59.49”N, 121°36’11.76”E
Changchun Formation composed of marbles, metacherts,
quartzites, greenschists and amphibolites.
Stop 7: Taroko Park Tourist Centre
24° 9’31.24”N, 121°37’17.21”E

Origin Tananao Belt
Fig. 5: Geologic
road map of the
eastern part of the
Central Cross-Island Highway (after
Chen, 1979; in
Chan et al., 2010
(Field Trip Guide
to the Pre-Tertiary
Tananao Metamorphic Complex
along the Eastern
Part of the Central
Cross-Island Highway, Taiwan))

References
Beyssac, O., Negro, F., Simoes, M., Chan, Y.C., Chen, Y.G.
(2008) High-pressure metamorphism in Taiwan: from
oceanic subduction to arc–continent collision? Terra
Nova 20, 118–125.
Chan, Y.-C., Lee, J.-C., Lan, C.-Y., Yui, (2010) Field Trip
Guide to the Pre-Tertiary Tananao Metamorphic Complex along the Eastern Part of the Central Cross-Island
Highway, Taiwan, Institute of Earth Sciences, Academia
Sinica, Taipei, Taiwan, R.O.C..
Chen, C.H. (1989). A preliminary study of the fossil dinoflagellates from the Tananao Schist, Taiwan. Master
Thesis, National Taiwan University, Taiwan, 89 pp. (in
Chinese)
Chen, W.-S., Huang, Y.-C., Liu, C. H., Feng, H.-T., Chung,
S.-L., Lee, Y.-H. (2016) U-Pb zircon geochronology
constraints on the ages of the Tananao Schist Belt and
timing of orogenic events in Taiwan: Implications for a
new tectonic evolution of the South China Block during
the Mesozoic, Tectonophysics, Volume 686, 68-81.
Ho, C.S. (1988) An introduction to the geology of Taiwan:
Explanatory text of the geologic map of Taiwan (second
edition): Central Geol. Surv., Ministry Economic Affairs, 192pp
Jahn, B.M., Liou, J.G., Nagasawa, H. (1981) High-pressure
metamorphic rocks of Taiwan — REE geochemistry,
Rb–Sr ages and tectonic implications. Memoir of the
Geological Society of China 4, 497–520.
Jahn, B.M., Martineau, F., Cornichet, J. (1984) Chronological significance of Sr isotopic compositions in the crystalline limestones of the Central Range, Taiwan Memoir
of the Geological Society of China, 6, 295–301.

Liou, J.-G. (1981) Petrology of metamorphosed oceanic
rocks in the Central Range of Taiwan. Memoir of the
Geological Society of China 4, 291–341.
Lo, C.H., Yui, T.F. (1996) 40Ar/39Ar dating of high-pressure rocks in the Tananao basement complex, Taiwan.
Journal of Geological Society of China 39, 13–130.
Sun, C.H., Smith, A.D. (1998) Nd–Sm isotopic and geochemical evidence on the protoliths of exotic blocks in
the Juisui area, Yuli belt, Taiwan. International Geology
Review 40, 1076–1087.
Tsai, C.H., Yui, T.F., Chen, W.S., Chung, S.L. (2012) Comment on ‘Geochronologic Evidence for a Cold Arc-Continent Collision: The Taiwan Orogeny’ by R.P. Wintsch,
H.J. Yang, X.H. Li, K.A. Tung [Lithos 125 (2011) 236–
248]. Lithos 132 (133), 193–195.
Ota, T., Kaneko, Y. (2010) Blueschists, eclogites, and subduction zone tectonics: Insights from a review of Late
Miocene blueschists and eclogites, and related young
high-pressure metamorphic rocks, Gondwana Research, (18)1, 167-188.
Yen, T.P. (1953) On the occurrence of the late Paleozoic fossils in the metamorphic complex of Taiwan, Bulletin of
the Geological Survey of Taiwan, 4, pp. 23–26
Yui, T.F., Maki, K., Lan, C.Y, Hirata, T., Chu, H.T., Kon, Y.,
Yokoyama, T.D., B.M. Jahn, W.G. Ernst (2012) Detrital
zircons from the Tananao metamorphic complex of Taiwan: Implications for sediment provenance and Mesozoic tectonics, Tectonophysics, (541–543), 31-42.
Yui, T.F., Okamoto, K., Usuki, T., Lan, C.Y., Chu, H.T., Liou,
J.G. (2009) Late Triassic–Late Cretaceous accretion/
subduction in Taiwan region along the east margin of
South China — evidence from zircon SHRIMP dating.
International Geology Review 51, 304–328.

23

Chapter 6

Chapter 6:

Volcanism in Taiwan
Juliana Troch and Anna Balashova

1. Volcanoes in Taiwan
With Taiwan being an area of active subduction, it is
natural to assume that it may also be a place for active
volcanism. Most of Taiwan’s volcanism focuses on offshore volcanic islands around Taiwan; however, with the
Chilung Volcano Group and the Tatun Volcano Group
(TVG) in direct vicinity of the capital Taipei, there also is
significant activity on the mainland that may pose a considerable hazard in the future. Several small submarine
and subaerial volcanic islands are located north of Taiwan along the shelf edge, some of which have recorded
historic activity. Off the northeast coast in the extension
of the Okinawa Trough, Kueishantao (“Turtle island”), a
scenic stratovolcano with abundant submarine fumarolic
activity, makes a popular tourist destination. Its last eruption occurred in 1780 AD. Along the Ryukyu Arc east
of Taiwan and the Luzon Arc south of Taiwan, two unnamed submarine volcanoes can be found. Additionally,
so-called mud volcanoes are found in the southwest of
Taiwan - even though they have no volcanic origin and
spew mud instead of magma, their cone-like shape reminds of their more dangerous counterparts.

2. The Tatun Volcano Group (TVG)
The TVG is located north of the Taipei Basin and has
had two phases of magmatism, the first one 2.8-2.5 Ma
and the second from 1.5 Ma to recent. The youngest volcanic deposit in the area was dated to 6,010-6,080 BP
(Belousov et al., 2010). The volcanic field consists of 20
domes, among which 5 are tall enough to be considered
stratovolcanoes.

2.1 Tectonic Setting
The domes of the TVG can be divided in six subgroups
based on their distribution (Chutzeshan, Tatunshan,
Chihsingshan, Neiliaoshan, Huangtsuishan, and Tinghuohsiushan), which follow two trends: Domes of the
Tatunshan and Chutzeshan volcanic subgroups erupt
along the Chinshan Fault, whereas the other groups
follow an E-W trend that intersects the Chinshan Fault
close to the Tatunshan volcanic group (Song et al. 2000).
This results in the domes showing an “amphitheatre”-like
(Song et al. 2000) distribution with an opening towards
the Okinawa Trough and are therefore interpreted to be
associated with faulting along the edges of an Okinawa
extension-related rift-basin. Volcanism in the TVG is
thought to be closely related with a change from a compressional stress regime due to arc-continent collision
into an extensional stress regime due to the opening of
the Okinawa Trough 0.5 Mya (Song et al. 2000; Lee &
Wang, 1988).
2.2 Petrology and Physical Volcanology
The deposits in the TVG comprise predominantly calc-alkaline andesitic and minor high-alumina basaltic lava
flows (Chen, 1978; Lo, 1982). Pyroclastic deposits include
tephra fall deposits with pumice fallout, lithic ashfall and
explosive breccias, as well as rare block-and-ash flow and
surge deposits (Belousov et al., 2010). Due to high erosion
rate, secondary deposits are abundant and include lahar
and fluvial redeposition. While the calc-alkaline character of the field points towards a subduction-related origin,
the high effusive to explosive ratio of the deposits (most
of the erupted volume is derived from
lava flows) is rather unusual and may be
more typical of rift-related magmatism
(Song et al. 2000; Yen et al., 1984).
2.3 Evidence for Activity: Deformation, Earthquakes and Gas Emissions
For a long time, Tatun was considered
dormant or extinct. More recently,
however, evidence has grown that the
TVG may not be as inactive as assumed.
Extended quiescence is a typical phenomenon at many volcanoes, but does
not mean they may not erupt again
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Fig. 1: Distribution of volcanic cones in the
TVG (Song et al., 2000) with trend along
the Chinshan Fault (blue) and E-W trend
(green). Inset picture shows location of TVG
within tectonic framework of Taiwan (from
Belousov et al., 2010).
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and thus volcanoes should be considered active, as long
as they still have a working plumbing system (Tilling et
al., 1989). Evidence for a working feeder system in the
TVG includes (1) occurrence of volcanoseismic signals,
(2) high heat flow, (3) geochemical anomalies in the gas
composition of the volcano-hydrothermal system and (4)
deformation of the volcanic edifice.
Seismic studies have revealed extensive activity in the
TVG (Konstantinou et al., 2006; Kim et al., 2005; Lin et
al. 2005), which may be related to tectonic or magmatic/
hydrothermal activity in the subsurface. While the poor
coverage of the seismic receiver network currently does
not allow a clear distinction between these two types, a
low-vp velocity zone at 6-10 km depth points towards a
partially molten region in the crust. Shallow seismic activity at <4 km depth is likely due to circulation of hydrothermal fluids (Konstantinou et al. 2006). A levelling
study by Murase et al. (2014) between 2007-2011 found
significant uplift and deformation around the volcano
Chihsingshan, indicating inflation due to rise of hydrothermal fluids. Abundant hydrothermal activity with
numerous fumaroles and hotsprings in the area suggests
continuing high heat flow and 3He/4He ratios from gas
emission analyses indicate that >60% of He in TVG is
derived of a deep magmatic source (Yang et al. 1999).
Similarly, results from gas compositions, rare gas concentrations (20Ne, 36Ar, 30Ar, 84Kr, 132Xe) and stable isotope
analyses suggest a mixed origin between a deep magmatic and a crustal fluid component dominated by meteoric
water (Ohba et al., 2010). Rontogianni et al. (2012) show
that earthquakes can be linked with higher temperatures
and increased SO2/H2S and HCl in fumarolic gases, indicating that gases with deeper magmatic origin were able
to rise to the surface following faulting. Some authors,
however, prefer the volcanic swarms and geothermal
activity in the area to be related to cooling of residual
magma from the 0.8-0.3 Ma period of activity based on
a seismically imaged high-vp tube-like shape below the
volcanic field that they interpret as the crystallised passageway of feeding magmas (Wen et al., 2012).

3. Mud “Volcanoes”
Mud volcanoes are unique geothermal features in tectonically compressed tectonic regimes and often associated
with subduction zones. They can exist both as submarine
or subaerial vents for a mixture of fluid, gas and sediment.
Mud volcanoes are most typically formed when water is
heated up in the subsurface and dissolves or mixes with
minerals, creating a muddy slurry, which, driven by a pressure gradient, rises along faults and fractures to the surface.
In many cases, mud volcanoes are associated with petroleum deposits. Geological traps can hinder the ascent of
pressurised mud, eventually leading to eruption of mud
and hydrocarbons. 86% of the gas released from mud volcanoes consists of methane, however, muddy fluids heated
in volcanically active areas often emit large amounts of He
and other volcanic gases.

About 17 mud volcanoes occur in southwestern Taiwan,
mainly located within the Western Foothills zone (Wang et
al., 1988). Typical mud volcanoes in Taiwan are characterized by the flow of muddy waters accompanied by vigorous
outgassing of CH4 and CO2 (Shih, 1967). Intense compressional tectonism has caused an extremely high rate of uplift
and erosion (Liu, 1982; You et al., 1988) and consequently abundant mud volcanoes have erupted on land (Shih,
1967) and offshore (Huang et al., 1992; Liu et al., 1997) due
to the focused expulsion of pore fluid. The fluids associated with Taiwanese mud volcanoes show distinct chemical
characteristics in different local geological settings. Fluids
from mud volcanoes distributed along the Gutingkeng anticline axis and Coastal Plain area are characterized by high
Cl contents and up to 2/3 seawater, indicating a marine
sedimentary pore water origin. This fluid was subsequently
expelled to the surface along possible fracture zones. The
fluids sampled from the Chihshang fault show the lowest
salinity and other chemical constituents, but with anomalously high δ18O and 87Sr/86Sr. The Chihshang fault mud
volcanoes are proposed to have formed from mixing of the
original sedimentary pore fluids (like the Gutingkeng fluids) with waters from sediment-water interactions released
at higher temperatures (You et al., 2004).

Excursion Stops
Stop 1: Gas emissions and fumaroles at Tatun Volcano
Locations: (1) Gas monitoring station of the Taiwan Volcano Observatory (大屯山觀測所, Yangmingshan Nationalpark), (2) fumaroles in Siaoyoukeng Recreation Area (小
油坑遊憩區), (3) Thermal Valley (地熱谷) Wenquan Rd,
Beitou District, Taipei City.
Together with local scientists, we will explore the fumaroles around Tatun Volcano, the closest and potentially
most hazardous volcano to Taipei. They will show the gas
monitoring station of the Taiwan Volcano Observatory
and introduce us to gas sampling techniques.
Stop 2: Wushanding mud volcano field
Location: Wushanding Mud Volcano 烏山頂泥火山, 824,
Taiwan, Kaohsiung City, Yanchao District, 金山村

Fig. 2: Large cone in Wushanding mud volcano field (http://
synapticism.com/wushanding-mud-volcano/)
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The Wushanding mud volcano field is the largest and
most impressive mud volcano field in Taiwan. The most
impressive feature at Wushanding is a dormant cone
about 5-6 m in height. Several smaller ponds are distributed throughout the area.
Stop 3: Tianliao Moon World Landscape Park
Location: Moon World Landscape Park, No.36 Yueqiu Rd.,
Chongde Village, Tianliao District, Kaohsiung, Taiwan
Landscape park showing typical badlands topography.
Smaller mud volcanoes can be found in the area. The
Mudstone Geography Center at the park entrance displays some background information.
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Chapter 7:

The Jinguashi Epithermal Au Deposit
Jakub Sliwinski and Alina Fiedrich

1. Introduction to Ore Deposits
Ore deposits are classified genetically into orthomagmatic,
hydrothermal, and surface-related types. Orthomagmatic
ore minerals are crystallized directly from magma, hydrothermal ores precipitate from fluids that circulate in the
Earth’s crust, while surface-related ores require conditions
that can only be found at the surface (Fig. 1). Both epithermal (hydrothermal) and placer (surface-related) ore
deposit are found at Jinguashi. The latter type is formed by
the erosion, reworking and gravitational sorting of minerals/metals by fluvial processes and is perhaps the most
familiar type of ore deposit to general readers. Extraction
involves panning and sluicing of riverine gravels and yields
visible gold nuggets or gold dust. Such operations can be
run by as little as one person at low cost and little or no
technical expertise and technological investment. The extraction of epithermal deposits, on the other hand, is much
more involved and requires large scale mining operations.
Similarly, the physical and chemical ore-forming processes
are a bit more complex and will be the focus of this report.

2. Magmatic-hydrothermal Ore Deposits
Magmatic-hydrothermal deposits (including epithermal deposits) involve both magmatic and hydrothermal components: they concentrate metals or minerals circulating in fluids (hydrothermal) which are
closely linked to a magmatic system. The solubility of a
given metal in a fluid involves a complex interplay between
a number of factors: (1) The metal of interest and its con-

centration in the fluid; (2) the fluid itself —water— as a liquid, vapor or supercritical fluid; (3) a chemical ligand that
enhances the solubility of the metal in the fluid (typically
SO42- or Cl-) and (4) the physical and chemical conditions
of the fluid, including the oxygen fugacity, temperature and
pH.
Typically, fluids that exsolve from magma at depth carry
both the metals and their ligands. Circulation of the fluids through the Earth’s crust is fuelled by steep thermal
gradients between a hot magma reservoir and the surface.
Variations in conditions such as temperature, pH, and redox state change the solubility of the metals in the fluid
and may cause them to precipitate. If this precipitation is
concentrated in a relatively small volume, then economic concentrations of the resource may be generated. Magmatic-hydrothermal deposits can be loosely divided into
porphyry deposits proximal to the magma chamber (high
temperature) and epithermal deposits distal to the magma
chamber (Fig. 2).

3. Epithermal Au Deposits
Epithermal Au deposits are defined as shallow (usually <2
km), low-temperature (usually <300°C) ore occurrences
with a partially magmatic signature. They commonly occur
in subduction-zone settings, where fluid-rich magmas are
generated. However, they can also form in other settings.
Both high-sulfidation and low-sulfidation deposit types
are present at Jinguashi. They originate from fluids of different composition and properties.

Fig. 1: Classification of ore deposits and relation to tectonic settings. From Heinrich & Candela (2014).
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Fig. 2: Circulation of fluids in the upper crust, giving rise to proximal porphyry deposits and distal high-sulfidation and low-sulfidation epithermal deposits. From Hedenquist & Lowenstern (1994).

3.1 High-sulfidation Deposits (HSD), “acid-sulfate type”
Minerals are precipitated from acidic (pH ~2), oxidized
fluids. These are derived from absorption of magmatic
vapor into ground water upon (direct) ascent. Magmatic
components such as SO2 and HCl dissolve in H2O, giving
rise to extreme acidity.
3.2 Low-sulfidation Deposits (LSD),“adularia-sericite
type”
Minerals are precipitated from near-neutral pH, reduced fluids. These are generated by equilibration of
fluids with wall rocks. Fluids that give rise to low-sulfidation deposits are mostly of meteoric source, but isotopic evidence for contribution of magmatic fluids can
still be found.

Distinction between HSD and LSD is important for exploration: the highest ore grades are found in the zone of least
acid alteration in HSD and in the zone of most acid alteration in LSD. They can be distinguished based on (a) ore
mineralogy, (b) gangue mineralogy, (c) textures.
In both deposit types, the most common ore mineral is
pyrite (FeS2). Enargite-luzonite (Cu3AsS4) is only found
in HSD, while arsenopyrite (FeAsS) is restricted to LSD.
Other typical ore minerals comprise: tennantite-tetrahedrite ((Cu,Fe)12As4S13 – (Cu,Fe)12Sb4S13), covellite (CuS),
electrum (Au10-50Ag90-50 ±Cu), native Au, and chalcopyrite
(CuFeS2) in HSD, and sphalerite (ZnS) and galena (PbS) in
LSD. The mineralogies reflect the different sulfur fugacities
in the two deposit types (Fig. 3).
Both deposit types are structurally controlled, i.e. mineralization relies on focusing along/within specific structures.
HSD usually form disseminations in leached wall rock or
veins. They are closely associated with vuggy silica (= acid
alteration of wall rock until only silica is left). Textures of
LSD are more versatile: Ore occurs in cavity-filling veins,
stockworks (= network of veinlets), druse-lined cavities,
and breccias. Banded ore and quartz and breccias indicate
multiple episodes of hydraulic fracturing and mineral precipitation.

4. Jinguashi

Fig. 3: Sulfidation states of minerals characterizing HSD and
LSD. From Einaudi et al. (2003), modified by C. Heinrich (ore
deposits materials).
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The Jinguashi mining district in NE Taiwan includes several high- and low-sulfidation Au deposits which have been
mined extensively between 1894 and 1987. The original
discovery of placer gold in 1890 led to the discovery of the
epithermal deposits, which by 1937 had grown to worldclass proportions (Emmons, 1937). By the time the mines
closed in 1987, they had yielded 94 tons of Au, 120,000
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tons of Cu and 180 tons of Ag (Tan & Wei 1997). Currently,
there are two mining museums at the Jiufen and Penshan
deposits, as well as a mining geopark just south of the Penshan open pit.
The Jinguashi deposits are located near the western extreme of the Okinawa trough, a backarc basin related to
the subduction of the Philippine Sea Plate in the Ryukyu
trench. Deposits are typically hosted in Pleistocene dacitic intrusions, Miocene sandstones and shales of the Shihti
formation or later breccia pipes (Huang 1964; Wang 2010),
typically focused along normal faults. HSD are located at
the dacite-hosted Penshan deposit, the sediment-hosted
Shumei deposit and the breccia-hosted Tsushihshan and
Changjen deposits, while LSD are located further away
from Penshan at the Jiufen, Wutanshan and Tsaoshan deposits.
In all deposits, the alteration history precedes the mineralization history, although it varies in degree and mineralogy.
In the center of the district, silicification is the most prominent, and grades into argillic alteration of the host rock further away. At the extremes of the mining district, chloritic
alteration and carbonization are more prominent (Chen,
1971). More specifically, the alteration mineralogy varies
considerably with host lithology (dacite vs. sandstone),
time and distance from the hydrothermal fluids, as well as
the timing relative to the metallization phase of ore formation. The interested reader is referred to other sources for
such details (Huang 1955; Juan et al. 1959; Chen 1971).
The main ore mineralogy of the HSD in the Jinguashi district (i.e., the Penshan and Shumei deposits) is typical for
high-sulfidation settings: native Au, pyrite (FeS2), enargite
(Cu3AsS4), tennantite-terahedrite (Cu12As4S13) as well
as gangue minerals of alunite (KAl3(SO4)2(OH)6), barite
(BaSO4) and quartz (Wang, 2010 and references therein). LSD deposits contain pyrite, galena (PbS), sphalerite
(ZnS), tetrahedrite (Cu,Fe)12Sb4S13, native gold and gangue
mineralogy of quartz, calcite, rhodochrosite and kaolinite.
Formation temperatures are likewise typical for epithermal
deposits at ~200-300°C (Folinsbee 1972; Wang 1999; Shen
2004).

Excursion Stops
Stop 1: Museum of Gold (Jiufen)
Located in the former Taiwan Metal Mining Corp offices
within the Gold Ecological Park in New Taipei City.
Open 9:30 to 6:00 Friday-Sunday; 9:30-5:00 Monday-Thursday.
Stop 2: Jinguashi Geopark
Located just south of the Gold Ecological Park, this
geopark is situated within the old mining works of the
Penshan deposit and features developed trails, potential
outcrops (keeping in mind that the mine has been out of
commission for 30 years) and historical markers that may
be of interest.
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Chapter 8:

Fengtian Jade
Antonio Manjón-Cabeza Córdoba and Max Mandl
Jade, a term commonly used to describe a greenish rock
in western culture, actually refers to two very different
minerals: nephrite and jadeitite. The word originates
from the Spanish “Piedra de Yjada”, meaning “Stone of
the loins” and referencing the use the indigenous American people had for the rock: to ease stomach pain (Harlow
et al., 2015). The actual word “jade” comes from a mistranslation of the Spanish word to the French language
and the subsequent confusion with the lapis nephriticus
(latin: stone of the kidneys) that was described by Werner
(Harlow et al., 2015). Therefore, the use of the same word
for two minerals was specific to the western culture, as
the Chinese were fully aware of the differences between
their jade (nephrite) and Burma’s jade (jadeitite). Jade, especially the more valuable jadeite, was and is a staple of
the Chinese upper class.
Jadeitite is made of sodic pyroxene (jadeite, NaAlSi2O6)
and is characteristic of fluid replacement and recrystallization associated with serpentinites under high-pressure
(HP) and low-temperature (LT) conditions. Nephrite is
made of calcic amphibole of the tremolite-actinolite solid solution (SS) series (Ca2(Mg,Fe)5Si8O22(OH)2) and is
found in rocks under LP and LT conditions, also by fluid-mediated recrystallization and metasomatism associated with serpentinites (Harlow and Sorensen, 2005; Harlow et al., 2015).

Nephrite constitutes the jade ore found in Taiwan (Figs. 1,
2). In fact, its mineralogical and chemical characteristics
give it the name of “Fengtian” (also: Fengtien) nephrite.
Its origin is related to a fluid-mediated reaction between
serpentinite and a felsic protolith (either igneous or sedimentary) in low grade or retrograde conditions (Harlow
and Sorensen, 2005). The differences of protoliths and fluids give room for many different compositions of nephrite, even though they are based on the same mineralogy.
Particularly, in Fengtian, fluid temperatures are estimated
between ~300-400˚C (Yui et al. 1988). In addition, based
on a study on zircon rims of the surrounding rocks (Yui
et al., 2014), this particular rock post-dates the last part of
the South-China Sea subduction (~6.5 Ma). These two characteristics together give rise to the conclusion that the jade
from Taiwan is the result of low grade Barrovian metamorphism due to collision of the Luzon Arc with the South-China Sea plate, making the Taiwanese jade the youngest known
deposit worldwide (Yui et al., 2014). Although the deposit
was only recently re-discovered by locals for exploitation,
the Taiwanese jade has been exploited during Neolithic
times (Fig. 2, Hung et al., 2007). In fact, the aforementioned
chemical particularities have allowed archaeologists to map
the area of influence of prehistoric commercial relations
(Fig. 3) from Taiwan to as far as Borneo and Thailand. This
underlined what was known previously from genetic and

Fig. 1: Map of the nephrite outcrops of the world. From Harlow and Sorensen, 2005.
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Fig. 2: Different examples of Fengtian Nephrite artifacts found
around South-East Asia from Hung et al, 2007.

linguistic studies: that from the Neolithic era until the second millennium A.D., the indigenous people from Taiwan
had more relations with South-East Asia regions than with
mainland China (Hung et al., 2007).

Fig. 3: Commercial relations between Neolithic cultures inferred from Fengtian Jade
findings. From Hung et al. 2007.
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Chapter 9:

Earthquakes and Seismicity
Quinn Wenning

1. Seismicity and Earthquakes
Seismicity in Taiwan is due to the complex subduction
processes taking place along the Island and to the northeast. Earthquakes are a daily to weekly occurrence, and
some can be devastating with respect to lives lost, damage,
and surface processes that they trigger (i.e., landslides).
The types of events range from creeping aseismic faulting
to large coseismic slip events.

2. The Chi-Chi Earthquake
The most recent ‘large’ event was the 1999 Chi-Chi earthquake that produced a magnitude 7.6 earthquake in central/western Taiwan with the epicenter located in the
Chushan Township. In total, more than 2000 people lost
their lives, thousands of buildings were destroyed, and
many landslides were triggered near the vicinity of the
event. Slip during the Chi-Chi event occurred along the
Chelungpu Thrust, generating a surface rupture spanning
more than 100 km. The hypocenter of the event (Figure
1) is located along a mostly unknown structure (until the
event), which appears to be a continuation of the Taiwan
Main Detachment. During rupture, the slip was accommodated above the hypocenter on the Chelungpu Thrust.
Surface displacements reached as much as 3 to 10 m (Yue
et al., 2005). Slip was mostly from the southeast towards
the northwest, and the largest displacements were recorded along the northwestern segment of the fault. A construction of the time-series evolution of slip suggests that
the fault is compartmentalized, as suggested by segmented slip as a function of fault location and time (Yue et al.,

2005). The Chi-Chi event is located in the fold and thrust
belt in western Taiwan. Prior to the Chi-Chi event, the
1935 Tuntzuchiao earthquake produced a surface rupture
(10’s of km long) on the Sanyi Thrust just to the northwest
of the Chi-Chi surface rupture.
The coseismic slip in the western fold and thrust belt is
contrasted with the aseismic creeping in parts of the eastern Longitudinal Valley Fault on the eastern side of the
island. Fault creep near Chihshang, as measured by surface creep meters, shows that there is seasonal variation
in aseismic slip. Lee et al., 2003 compare precipitation
data near the Longitudinal Valley Fault and show that
fault creep movement is typically observed during the
rainy season (April to October). Recurrent earthquakes
occurred in the seismogenic zone (10-25 km) regardless
of the wet or dry season, indicating that stress relaxation
associated with seismicity does not immediately transfer
up to the surface.
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Fig. 1: Interpreted seismic cross section across an E-W transect in central Taiwan. Location of the cross section shown on the left
insert. Seismic events, including the main Chi-Chi Mw2 7.6 event and subsequent seismicity are overlain onto the seismic-structure cross section. The Interpretation of the failure fault planes is shown in the ‘Duplex Model’ insert (after Yue et al., 2005).
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Excursion Stops
Stop 1: Chelungpu Fault Preservation Park
No. 345, Sec. 2, Chishan Rd., Chushan Township, Nantou
District, Taichung, Tel: (04)92623108; Fax: (04)92623075
Hours: 9am - 5pm; Tuesdays - Sundays (Mondays closed)
The Chelungpu thrust fault is an important active fault
in West Central Taiwan, and ruptured at the surface for
about 90 km in September 21, 1999 during the Chi-chi
earthquake. As implied by its name, Chelungpu Fault
Preservation Park is built for preserving the surface rupture of Chelungpu Fault caused by 1999 Chi-chi Earthquake.
Stop 2: Fault creep near Chihshang, Coastal Range
Chinyuan site (23.104711° N, 121.222564° E)
Location of the active creeping fault and the creep meters.
Three creep meters are installed across active fault scarps
at the edge of the water channel. At the site we will be able
to observe the creep meters, describe their measurement
technique, and potentially observe offset in the water
channel retaining wall and bed of the channel.
Stop 3: Fault creep causing cracks in bridge
22.906376° N, 121.148025° E
May have been repaired in the mean time. Field Guidebook for NTU-Caltech Taiwan Field Trip pg. 6-12: About
200 m from its eastern end, the Luanshan Bridge has been
fractured, with its eastern part displaced relatively westward (Fig.2). View is toward the south.

Fig. 2: A fault creep connoisseur observing damage on the
bridge due to aseismic creeping.
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Chapter 10:

Landslides in Taiwan
Larissa de Palézieux

1. Landslide Classification and Kinematics
Landslides are gravitational mass movements and are
classified by type of movement (fall, topple, slide, flow,
slope deformation (Fig. 1)), by kinematics (translational/rotational/wedge sliding, toppling), and by material
(rock or soil). Typical geomorphological features (Fig. 2)
of landslides include extensional features such as scarps,
counter scarps, grabens, and troughs, which are found towards the top and at the center of the landslide body and
by compressional features such as ridges, toe bulging, and
mass deposits, which are typical in the center and towards
the bottom (Crosta et al., 2013).
Landslides occur, when the driving/destabilizing forces become greater than the stabilizing forces. Often numerous events precondition a slope by weakening the
mechanical properties of the rockmass gradually without
leading to failure. The ultimate trigger induces the failure
by either further decreasing the rockmass strength (e.g.
earthquake) or by adding an additional destabilizing force
(pore water pressure due to intense rainfall, motion from
earthquakes etc.).

2. Landslides vs. Earthquake vs. Typhoon
滑坡 (huápō) / 地震 (dìzhèn) / 颱風(táifēng)
Frequent extreme weather events, high rates of tectonic
uplift, and consequently high rates of weathering, and
erosion makes Taiwan particularly prone to slope instabilities of all types, be it debris flows, rock fall or deep-seated
rockslides (Petley, 2009).
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Fig. 2: Landslide terminology (USGS, 2004)

Fig. 1: Landslide classification after Hungr, 2014 and
Cruden and Varnes, 1996

The spatial distribution of slope instabilities in Taiwan
is linked to topography, tectonic features (e.g. Gelungpu
fault (surface expression)), and climatic conditions (e.g.
typhoon paths). Table 1 summarizes the main events between 1996 and 2009 relating their intensity to the number of triggered landslides and the cumulated area of
failed slopes.

Landslides
Table 1: Main typhoones and earthquakes in Taiwan (19962009)(Dadson et al. 2004; Central Weather Bureau, 2003)
Event

Date

Typhoon Herb

Aug 96 1,736
mm

n/a

n/a

Chi-Chi Earthquake

Sep 99

Mw 7.6

20’000

150

750 mm

30’000

500

22’700

576

Typhoon Toraji Jul 01
Typhoon
Morakot

Intensity Triggered
Landslides

Aug 09 2,777
mm

Disturbed
Area

Excursion Stops
Stop 1: Taroko Gorge Landslide 2015
Coordinates: 24° 9’50.66”N 121°35’17.00”E
With its steep cliffs, the Taroko Gorge is prone to slope
instabilities almost along its entire length. The road leading through it is therefore often blocked or closed. A particularly impressive site is located about half a km into the
gorge.

56% of the area, which had already failed during the ChiChi Earthquake in 1999, was reactivated by Typhoon
Toraji in 2001, while 80% of the surface, which failed
during Typhoon Toraji had not yet visibly been damaged
by the earthquake. However, those 80% cluster spatially
around the area of vertical peak ground acceleration suggesting a preconditioning and weakening of the substrate
by the Chi-Chi earthquake (Dadson et al., 2004).

Fig. 4: Taroko Gorge landslide (Ajay Nandoriya, Panoramio,
©2016 Google (accessed 25.01.2017))

Stop 2: Rainbow Mountain Buddha
Coordinates: 23°01’56.4”N 120°40’03.6”E
One of the many debris flows triggered by Typhoon
Morakot in 2009 occurred in Xinfa in Southern Taiwan.
The Buddha Statue, which had been built on an existing
debris flow cone, seems undamaged.

Fig. 3: Landslide distribution around Gelunpu Fault after ChiChi Earthquake 1999 (Khazai, 2004)
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Fig. 5: Image on previous page: The Rainbow Mountain Buddha
(彩虹山大佛) sitting in the midst of a debris flow cone, which
occurred during Typhoon Morakot in 2009 (Xinfa, Liugui District, Kaohsiung City). This page: The debris flow channel and
the coneshaped deposit are well visible on a Google Earth from
2011 (©2016 Google). Nearby slopes and channels seem similarly active.

Stop 3: Jiuhaocha
Coordinates: 22°41’25.33”N, 120°42’35.31”E
During Typhoon Morakot in 2009, many debris flows and
landslides were triggered in the surroundings of Jiuhaocha, the Tea Village. In addition, the fluvial plane at the
valley bottom was raised by 40 m effectively covering the
entire village, which was set on a low fluvial terrace.

Fig. 6: Jiuhaocha a) in 2001 (before Typhoon Morakot, 2009)
and b) after (same extent in 2011) (©2016 Google)
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Chapter 11:

Erosion Rates and Landscape Evolution
Erica Erlanger

Tectonic Geomorphology focuses on observing and interpreting surface features to understand the origin, dynamics, modification, and destruction of topography. Taiwan
is a natural laboratory for tectonic geomorphology, as it
provides evidence for uplift, deformation, and significant
erosional processes that currently dominate the landscape.
Erosion in Taiwan is driven by fluvial bedrock incision,
landsliding, and debris flow. Earthquakes and typhoons are
catalysts for this erosion; the majority of Taiwan’s average
yearly precipitation is derived from these typhoons. The
highest erosion rates in Taiwan exist where there is rapid
deformation, high storm frequency, and weak substrates,
despite these areas having the lowest topographic relief
(Dadson et al., 2003).

1. Drainage Reorganization
Taiwan’s tectonic setting and its vulnerability to frequent
typhoons have produced a dynamic landscape. Rivers often
show evidence of modifications to the landscape through
drainage reorganization and the presence of transient features in the river channel.
Chi (χ) analysis is an alternative to slope-area analysis for
bedrock rivers. Chi (χ) maps illustrate whether a river network is in steady state, the case in which uplift is equal to
erosion. χ broadly reflects the steepness and therefore, the
erosive power of a river. Adjacent rivers with varying χ values at the channel heads will produce an unstable drainage
divide, which results in drainage reorganization. The river with the greater erosive power (lower χ values shown
in cool colors) will gain area by capturing of a portion of
an adjacent river with less erosive power (higher χ values,
shown in warm colors; Fig. 1).

Fig. 1: Examples of chi maps, illustrating two scenarios (A)
disequilibrium situation where different χ values (colors) exist
at the channel heads, which will ultimately lead to divide migration, and (B) steady state situation where χ values are equal at
the channel heads, producing stationary drainage divides.

The method for determining χ assumes steady uplift, which
is not the case for the entire island. Thrusting in the west
has produced differential uplift west of the main divide, so
that westward draining rivers cannot be compared with
eastward draining rivers on the χ map.

Fig. 2: Chi map of Taiwan (Chen et al., 2016).

At the basin scale, the χ map shows evidence for unstable
divides and river capture. From an analysis of the χ map,
inferred average channel steepness was found to vary
from north to south. The highest river steepness values
were found in Central Taiwan (450 m), decreasing to the
north (240 m) and the south (130 m; Chen et al., 2016).
The discrete regions of river steepness were associated
with the different stages of collision in Taiwan (Fig. 2).
At the mountain range scale, central Taiwan (advanced
collision stage) is considered to be steady state (Chen et
al., 2016). However, steepness, erosion rates, and mountain belt width in southern Taiwan (initial collision stage)
indicate that the topography in this region is growing. In
northern Taiwan (arc collapse stage), decreased channel
steepness is associated with the destruction of topography through back-arc extension. Hence, neither northern or southern Taiwan are considered to be in steadystate.
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2. Transient Landscape Features
A river can respond to a change in uplift or base level by steepening a reach of the channel. The boundary
between the steepened area of the river and the area of
relict topography above defines a knickpoint. The newly
steepened reach of the river has more erosive power, so
the knickpoint will often migrate upstream through the
river channel with time. Knickpoints can be produced
due to differences in lithology, drainage reorganization,
or tectonic activity.

Fig. 4: Collapsed Peifung Bridge over the Tachia River. Uplift due
to the Chi Chi earthquake created a knickpoint in the river (observed as the waterfall in the image). The knickpoint has since
migrated upstream and has largely disappeared.

Excursion Stops
Fig. 3: Knickpoint retreat following co-seismic displacement of
3-4 meters due to the 1999 Chi Chi Earthquake (Burbank and
Anderson, 2011).

Taiwan is the ideal location to observe knickpoints
created through tectonic events. The rupture of the
Chelungpu Fault that produced the Chi Chi Earthquake of 1999 resulted in 2 to 8 meters of vertical offset, effectively producing numerous knickpoints along
rivers crossing the fault (Fig. 3). One of these knickpoints was created on the Tachia River (Da-Jia River)
大甲溪 (Fig. 4), approximately 1.5 km downstream of
the Shihgang Dam 石岡水壩. Over the past 18 years
since the earthquake, this knickpoint has migrated at
over 1 km upstream and has evolved into a more diffuse knickzone.

Stop 1: Da’an River Gorge 大安溪大峽谷
North of the Tachia River, uplift due to the Chi-Chi
Earthquake reorganized sediment transport in the
Da’an River 大安溪, resulting in rapid incision (downcutting) of weaker bedrock by hard river gravels. Due
to this incision, a gorge was initiated and has grown
through knickpoint retreat (Fig. 5), fueled by numerous
typhoons that provided significant rainfall (up to 973
mm from a single event) and transportation of coarse
sediment (Cook et al., 2013). Ten years after the earthquake occurred, the Da’an River “Grand Canyon” 大安
溪大峽谷 was observed to be 20 m deep and ~1200 m
long. Today, the original knickpoint has evolved into a
knickzone within the gorge, which is predicted to disappear entirely within 50 years (Cook et al., 2014), illustrating the transience of such a feature.

Fig. 5: Panorama of Da’an Gorge in September 2009. Coseismic fold scarps (white lines), previous knickpoint locations (black
circles) and knickzone extent (arrows) are shown (from Cook et al., 2013).
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3. Quaternary Marine Terraces

Stop 2: Kenting National Park 墾丁國家公園
Due to the obliquity of the collision between the Luzon
Arc and the Eurasian Plate, the onset of this collision has
propagated from north to south. The Hengchun Peninsula, located at the southern tip of Taiwan, was therefore the youngest area to emerge at ~ 3.5 Ma. Evidence
of uplift along the peninsula can be observed from the
raised coastlines along the west coast and from isolated
peaks. These features were interpreted as marine terraces, which are comprised of reef limestone (west Hengchun Terrace and O-Luan-Pi Terrace) formed during a
sea level highstand. Since the formation of these marine
deposits less than 100 ky (Giletcyz et al., 2015), the terraces have been uplifted to heights of 40 m asl and subsequently tilted or warped (Sung, 1991). These terraces
have been recognized at varying elevations and are primarily exposed on the southern tip of Hengchun Peninsula (Fig. 6).
Holocene marine terraces have also been observed
over 150 km along the Coastal Range of Taiwan, from
Hualien 花蓮市 south to Chenkung 成功鎮. The terraces were identified in ten discrete steps and attributed
to co-seismic uplift, with earthquakes occurring at intervals varying from several hundred to one thousand
years (Yamaguchi and Ota, 2004). A number of these
terraces have been dated with radiocarbon or U-Th series from corals (Ping-Mei et al, 1990), and imply maximum uplift rates of 15 mm/yr south of Shitiping 港
口村 (Yamaguchi and Ota, 2004), which represent the
fastest rates in the world.
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Fig. 6: Geology of the Hengchun Peninsula. Marine terrace units
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Chapter 12:

Sedimentology and Source-to-sink Transport
Thomas Blattmann
The Kao-Pei River (高屏溪) is one of the largest rivers
on Taiwan and flows into the South China Sea. Part of
the river catchment drains a flank of Yushan Mountain
(玉山), which is nearly 4000 m in height making it the
highest mountain on Taiwan. The South China Sea is one
of the largest marginal seas adjacent to the Pacific Ocean.
Taiwan is episodically hit by major Typhoons such as
Typhoon Morakot in 2009, which dumped over 2 m of
rain in certain areas and triggered over 9000 landslides
within a part of the Kao-Pei River catchment (see Fig. 1).
Massive events like these illustrate the forces of nature at
work, which mobilize large amounts of sediment in very
little time.
The continental shelf is very narrow along southern Taiwan, spanning only about 20 km before plunging down to
3000m water depth at 90 km distance from the coast. The
Kao-Pei River channels into the Kao-Pei Canyon through
which most of the sediment is transported. An example
of a turbidity current triggered by the 2006 Pingtung

earthquake propagating along the Manila Trench as detected by submarine cable breaks reported by Talling et al.
(2013) is shown in Fig. 2.
Understanding the source-to-sink transport of background deep sea sedimentation requires knowledge on
the end member characteristics of the respective catchments. In the northeastern South China Sea these include
Taiwan, Luzon, and the Pearl River source terrains. Thermochronological proxies, clay minerals, and radiocarbon
isotopes all offer suitable methods for tracing Taiwanese
sediment input into the northeastern South China Sea
(see table 1). The low thermochronological ages and chlorite and illite dominated clay mineral assemblages reflect
the rapid uplift and erosion of Taiwan with little time for
chemical weathering and soil formation. The contributions of radiocarbon dead organic carbon are the result
of reworking of ancient organic carbon-bearing rock into
recent sediments.

Fig. 1: Zoom-in of mountainous part of Kao-Pei River catchment showing the before (left) and after (right) effects of Typhoon
Morakot in 2009. In the outlined area, 9333 landslides were triggered by this event, which sums up to a total of 22590 ha, an area
nearly the size of Canton Zug. Figures and results from Tsai et al. (2010).
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Table 1: Modified after Clift 2015. Provenance tracing methods with characteristics of sediments from the different sources. Luzon
is dominated by young volcanic rocks and thus carries an elevated Nd signature with smectite-rich soils. The Pearl River is tectonically relatively stable thus giving soil a long time to develop leading to the formation of kaolinite-rich soils with old organic carbon
ages and high thermochronological ages. For fine-grained deep sea sediments, clay minerals, Nd isotopes, and carbon isotopes offer
powerful tools for tracing sediment provenance in the South China Sea.

Method
Clay minerals
Nd isotopes
Apatite fission track

Taiwan
Chlorite and illite
-9 to -11
<3 Ma

Pearl River
Kaolinite and illite
-8 to -11
30-60 Ma

Luzon
Smectite
+4 to +8
<45 Ma

Zircon fission track
Ar-Ar muscovite
U-Pb zircons
14-C organic carbon

<5 Ma
<6 Ma
<500 and c. 1800 Ma
Infinite radiocarbon age
(>50 ka)

90-120 Ma
200-220 Ma
800-1500 Ma
1-5 ka typical

<45 Ma
Modern (0 a)

Excursion Stops
The plan is to make a stop at the confluence of the Laonong
River (荖濃溪) and the Zhuokou River (濁口溪), which
are large tributaries to the Kao-Pei River. In the vicinity
of the confluence, there is a gauging station called Dajin
Bridge (大津橋), which monitors the water discharge of
the Zhuokou River. The Water Resource Agency of Taiwan
has collected and made publicly available time series data
on hydrology and weather events of Taiwan spanning the
last 104 years, including data on precipitation, groundwater, river discharge, etc., making Taiwan one of the best
documented study sites in Southeast Asia. During this
stop, we aim to investigate modern river sediments and
ongoing fluvial and erosional processes. Planned activities
include (1) taking river bed samples with a van der Veen
mud grabber, (2) filtering river water to collect particulate
suspended load, (3) collecting river water for dissolved inorganic carbon, and (4) visiting the river gauging station.
This will give an overview of biogeochemical sampling
techniques to excursion participants.
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Fig. 2: Cable breaks along the Manila Trench triggered by
Pingtung earthquake turbidity currents in 2006. Figure from
Talling et al., 2013.

Fig. 3 (right): Overview of the Kao-Pei River and its major tributaries. The star marks the location we plan to stop (22°53’5.38”N,
120°38’25.06”E).
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Chapter 13:

The Coastal Range
Stéphane Beaussier and Richard Ott
The following text includes extracts from the fieldtrip
guide “Geologic Field Excursion” from the National
Central University, Taiwan (17-22 Jan, 2016).

1. Introduction
The Coastal Mountain Range, also known as the Hai’an
Range (海岸山脈), is a mountain range situated on the
eastern coast of the island of Taiwan. The tallest peak of
the range is Xingangshan (新港山), which stands 1,682
m (5,518 ft) tall. The Coastal Range started forming approximately 6 million years with the collision between
the northern end of the Luzon Island arc on the western
edge of the Philippine plate and the end accretion prism
at the edge of the Eurasian plate. The Coastal Range is
still converging with the Central Mountain Range with
an average speed of 2.3 cm per year.

2. Stratigraphy
The Coastal Range is covered by a 6000 to 8000 m succession of marine and fluvial forearc basin sediments
with volcanic units at its base (Hsu, 1956, 1976; Chang,
1967, 1969). Different authors have divided this se-

42

Fig. 1: Geological map of the Coastal Range

quence into different units. In this field guide we follow
the nomenclature from Teng, 1980 where he divides
these rocks into four stratigraphic units: (1) the upper
Miocene volcanic arc basement of the Tuluanshan Formation; (2) Pliocene-Pleistocene deep-sea turbidites of
the Takangkou Formation; (3) the Pinanshan Conglomerate and (4) the Lichi Mélange. The Takangkou Formation is further divided into Fanshuliao Formation
(arc derived sediments) and Paliwan Formation (Central Range derived sediments) (Teng, 1979; 1982). The
marine Takangkou is unconformably overlain by the
terrestrial Pinanshan and is mostly in tectonic contact
with the Lichi Mélange.
2.1 Tuluanshan Formation
Volcanic clast conglomerates and ignimbrites mixed
with coralline limestones. The coralline limestones indicate deposition in shallow marine environment. The
preservation of rounded non-resistant volcanic clasts
shows short transport and deposition directly at the Luzon arc (Kleinspehn & Paola, 1988).

Coastal Range

Fig. 2: Stratigraphic columns at different location of the Coastal Range

2.2 Takangkou Formation
The Fanshuliao Formation is dominated by fine-grained
turbidites. Slump beds and slide blocks whose dimension
ranges from less than a meter to hundreds of meters are
very common (Chen, 1997b; Teng et al., 2002). Sedimentary features indicate that the Fanshuliao beds are massflow deposits laid down in a base-of-slope setting (Teng,
1980a, Teng et al., 2002). The Fanshuliao sandstones are
characterized by abundant volcanic detritus and fossil
fragments and quartzo-feldspathic grains (Teng, 1979).
In the field, the presence of whitish calcareous sandstones allows clear identification of the Fanshuliao sequences. The age of the Fanshuliao Formation roughly
spans the late Miocene and early Pliocene (Chang, 1967;
Chi et al., 1981; Wei and Cheng, 1982).
The Paliwan Formation consists of various facies of tempestites that overlie both the Tuluanshan and Fanshuliao
Formations with apparently coherent contacts. In general, conglomeratic facies dominate in the north, sandy
facies in the middle, and shaly facies in the south (Teng,
1982). Pebbly mudstones and sandstones associated with
contorted beds are widely distributed in the Paliwan sequences. Sub-metamorphic rock fragments, such as slate
and metasandstone, dominate in the Paliwan deposits
and serve as a lithological characteristic distinctive from
the Fanshuliao sequences (Teng, 1979; 1982). The age
of Paliwan is assigned to late Pliocene to early Pleistocene (Chang, 1967, 1968, 1969; Chang and Chen, 1970;
Huang, 1969; Chi et al., 1981).
2.3 Pinanshan Conglomerate
The Pinanshan Conglomerate includes a number of molassic deposits disseminated in the Longitudinal Valley.

The stratigraphic relationship between the Pinanshan
rocks and other rock units is unknown on account of
the lack of stratigraphic contacts. The only visible contact between the Pinanshan Conglomerate and the Lichi
Formation is generally interpreted as a fault (Page and
Suppe, 1981). Compositionally, all the Pinanshan strata
are dominated by metamorphic rock fragments such as
marble, schist, gneiss, and amphibolite, with some slate
and metasandstone. The age of the Pinanshan is believed
to be middle to late Pleistocene (Chi et al., 1983; Teng,
1987).

3. Basin History
The Tuluanshan formation shows deposition in shallow marine environment. The lowest 200-400m of the
Takangkou are all mudstone and slump deposits, showing a sudden deepening of the basin. This is attributed
to backthrusting along the orogenic belt increasing the
tectonic loading and deepening of the basin before it was
incorporated into the orogenic belt itself (Kleinspehn &
Paola, 1988). The subsequent transition from deep sea
turbidites to tempestites in the Takangkou formation
and the Pinanshan conglomerate show the overall emergence of the coastal range with a clear shallowing upward
trend. The Coastal Range became subaerial about 0.5 Ma
ago and is the fastest uplifting region in the world (Kleinspehn & Paola, 1988; Yamaguchi & Ota, 2004).

4. Tectonics of the Coastal Range
The structure of the Coastal Range is dominated by two
deformation stages. An “en echelon” fold system first
described by Hsu (1956) that is well outlined in the topography as the anticlines axes forms the crest of the
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highest mountains of the range. A series of folds parallel to the Longitudinal Valley localized exclusively the
Western side of the Coastal Range. The “en echelon” fold
system has an axis strike between N30° and N40° while
the folds parallel to the Longitudinal Valley have an axis
trend with a strike of N20°. In the Longitudinal Valley
fault system, the dominant trend corresponds to the high
angle southeast dipping major thrust and reverse fault.
In the Takangkou Formation, a large population of those
faults hold a significant strike slip component (Barrier et
al 1986). Seismic reflection images on the off-shore sections of the Coastal Range show a similar strike although
most of the structures are West dipping backthrusts (Malavieille et al 2002).

5. Mélange Units
In the eastern part of Taiwan two units of high tectonic and geodynamic significance can be found. The Lichi Mélange in the South of the Coastal Range and the
Kenting Mélange in the Western part of the Hengchun
Peninsula. Those two units have been early identified
as mélange and have been the subject of extended controversy about their origin and the relationships to oth-

er units (Hsu, 1956; Wang, 1976; Ernst, 1977; Ho, 1977,
1979; Liou, Suppe & Ernst, 1977; Liou & Ernst, 1979; Page
& Suppe, 1981; Barrier & Muller, 1984; Barrier et al 1983;
Chang et al, 2001, 2009; Biq, 1977).
5.1 Lichi Mélange
The Lichi Mélange is exposed along the southwestern
flank of the Coastal Range (Fig. 1), and is composed of
more than 1000 m (base of the formation is unknown)
disorganized scaly foliated mudstones with many exotic
blocks ranging in size from a kilometer to a few centimeters. The matrix of the melange is an intensely sheared
mudstone without distinctive stratification and a widespread scaly foliation. The large blocks in the Mélange are
mostly angular in shape and undeformed. However, most
of the small blocks are heavily sheared and polished (Teng
et al., 1988). The exotic blocks have 3 different origins: (1)
ophiolitic rocks, from basalts to serpentines; (2) sedimentary rocks, mainly sandstones, sandstone/shale interbeds,
shales, and limestones; and (3) andesitic rocks, including
volcanic breccia, tuffs, and volcanoclastic turbidites from
the Tuluanshan formation (Hsu, 1976; Liou, Lan & Ernst,
1977; Page & Suppe, 1981).

Table 1: Comparison of the Kenting and Lichi Mélange from (Chang et al 2009).
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Based on micropaleontological analyses the mélange
was dated as Miocene to Pliocene in age (Chang, 1967,
1969; Huang, 1969; Chi, 1982) and Teng & Lo (1985)
have proposed a continued mixing from Oligocene to
Late Pliocene. The Coastal range units are in most places overthrusted over the Lichi Mélange (Hsu, 1976), and
the Lichi Mélange is overthrusted over the Central Range
units, but local interfingering with the Takangkou Formation has been reported, suggesting a common depositional environment (Page & Suppe, 1981; Barrier & Muller, 1984; Chang et al., 2000; Chang et al., 2001).
The origin of the Lichi Mélange is still subject to controversy although in the last decade researchers have moved towards a consensus. Early studies concluded that due to the
intense scaly foliation and the existence of the exotic blocks,
the Lichi Mélange was a “subduction complex” associated
with the subduction of the South China Sea oceanic plate
(Biq, 1971, 1973; Karig, 1973; Teng, 1981; Hsu, 1988; Chen,
1991, 1997). Yet, the observation of interfingering with
units of the Takangkou formation and the occurrence of
well bedded blocks in the mélange including coherent turbidites, have led others to consider an “olistostrome” origin
(Hsu, 1956; Wang, 1976; Ernst, 1977; Ho, 1977, 1979; Liou,
Suppe & Ernst, 1977; Liou & Ernst, 1979; Page & Suppe,
1981; Barrier & Muller, 1984). In a recent study, Chang et
al., (2001) have proposed that the Lichi Mélange results
from shearing of lower forearc basin sequences, rather than
from a subduction complex or a mere olistostrome.
5.2 Kenting Mélange
The Kenting Mélange is a 2000 m thick chaotic mudstone
dominated formation widely exposed on the Hengchun
Peninsula at the Southern tip of Taiwan (Biq, 1977). The
mudstone matrix is similar to the Lichi Mélange, yet the
exotic blocks and its relation with the surrounding formations are distinct. The exotic blocks comprise sediments
and basic to ultrabasic rocks (Pelletier, 1985). The sediments are mainly clastics ranging from siltstones to conglomerates with some rare limestones, whereas the magmatic rocks are mainly pillow lavas, volcanic breccias and
peridotite (Huang et al., 1985). The sedimentary units are
mainly derived from the Mutan Formation and have been
deposited from Eocene to Miocene or possibly early Pleistocene (Chang et al 2009 for full references). On the other
hand, dated igneous blocks yield early Miocene U-Pb zircon and K-Ar hornblende ages (25-22 Ma; Pelletier and
Bellon, 1984). From a structural point of view, the Kenting
Mélange has been considered as a large east dipping shear
zone (Chang et al 2003). Based on geochemical data, the
magmatic rocks were formed in the oceanic lithosphere at
a depth of ~10 km (Zhang et al 2016), suggesting that the
Kenting Mélange developed in a deeper tectonic setting as
a part of the Manila trench subduction complex in the late
Miocene. Some authors, however, have advocated for an
olistostrome origin (Biq 1977, Chang et al 2009, Pelletier
et al 1985).

5.3 Comparison of the two mélanges
The Lichi and Kenting Mélanges play a key role in the
reconstruction of the geodynamic history of Taiwan. All
evidence indicates a different origin for both mélanges
(table 1). Latest studies infer that the Kenting Mélange
is a relic of the Manila trench along which the South
China oceanic lithosphere was subducted since the Mid
Miocene. However, the Lichi mélange was formed by
the interaction between the Luzon arc to the east and
the accretionary prism of the Central Range to the west
and is formed by fault reactivation in the forearc basin.
Now it is the main suture of the arc-continent collision.

Excursion Stops
Coastal Range
Stop 1: Volcanic breccia of Tuluanshan Fm and uplifted Holocene shoreline
23.5272° N, 121.5036° E (stop at parking lot)
Mix of monolithic and polylithic breccias. The monolithic breccia has tuffs as matrix, consisting of angular
to subangular blocks with cooling prismatic fractures.
These blocks vary from black to gray, and range from
5 to 50 cm in diameter. Plagioclase and pyroxene predominate in the phenocrysts. The monolithic breccias
are interpreted as being derived directly from volcanic activity. The interbedded polylithic breccias contain
tuff, ignimbrites, limestone and peperites and is interpreted as derived from lahars and epiclastic processes.
Oysters and barnacles can be seen in a fossil band up
tom 5.2 m high. This elevation is interpreted as a paleoshoreline which has been coseimically uplifted 0.9 ka
ago as indicted by a radiocarbon date of a dated intertidal shell.
Stop 2: White tuffs of uppermost Tuluanshan
23.491556° N, 121.511512° E
Lava flows, white ignimbrites and agglomerates of uppermost Tuluanshan Fm. The ignimbrites consist of
predominantly composed of white vesiculated glassy
shards and pumices with eutaxitic texture. Except
“standard sequence”, they also include massive lapillistones, and lenticular lithic breccias. Many sedimentary
structures such as cross bedding, parallel lamination,
normal and reserve graded beddings, impacted sag
blocks, plastic deformations and erosion surface can
be observed in the outcrops. White volcanic bombs are
andesitic to dacitic, and consist of plastic, welded, and
impacted structures in the outcrops. These deformed
structures show that the pyroclastic flows were still
high in temperature during transportation and deposition. This evidence suggests that these pyroclastic flows
erupted and were deposited in a subaerial environment
(Song and Lo, 1988). In some sections, peperite formed
inside the white volcanic bombs because of the hot flow
mingling with water or wet unconsolidated sediments.
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Stop 3: Chimei Fault
23.497119°N, 121.456984° E
The Chimei Fault thrusts the Miocene andesite of the Tuluanshan Formation over the Pleistocene turbidites of the
Paliwan Formation with a fault plane dips 70° towards
southeast. Intense deformations with numerous minor reverse faults, folds, and slickensides could be observed in
the sandstone and shale beds adjacent to the fault plane.
Iron oxides, and sulphur deposits in both Formations in
the fault zone show hydrothermal activity.
Stop 4: Conglomerates of the Paliwan Fm
23.504260° N, 121.435297° E
Conglomerates resedimented by mass flows and deposited
in submarine canyons.
Stop 5: Overview of river terraces from a rest area
23.498750° N, 121.415333° E
The Hsiukuluan River, draining the eastern slope of the
Central Range, is the only river that crosses the Coastal
Range. The river is believed to be antecedent, existing long
before the emergence of the Coastal Range, and has been
capable of incising and checking the uplift of the range
since its emergence. The river shows a magnificent meander pattern in the west where it cuts through soft mudstone. Downward incision left flights of river terraces up
to 150 m in height, these terraces are mostly of strath type,
with capping fluvial sediments generally 5-7 m in thickness. The multiple-step strath terraces west of the Chimei

Fig. 3: Derwu River terraces (gray-shaded areas) with radiocarbon dates (from Shyu et al., 2005). Note that the ages of terraces
A to F decrease northward toward the modern river course.

Fault have recently been studied by Shyu et al. (2005). Dating of multiple terraces indicates that the bedrock incision
rates are in the range 1-2 cm/yr, and may decrease to the
east.

Lichi Mélange
Stop 1: Lichi Village
22.815414° N, 121.138305° E
Typical locality to see the Lichi Mélange. The scaly foliation and exotic sandstone blocks can be observed at the
scale of the outcrop. At this outcrop the scaly foliation as
well as the multiples thrust faults can observe (Fig. 3). It
shows the chaotic state of the Mélange as well as strong
variations of deformation in the different tectonic units.

Fig. 4: (a) Geological map of the southern tip of the Coastal Range. Location in Figure 4. (b) Schematic structural profile of line
A–A’. (c) Outcrop of a boundary between the Fukang Sandstone and the strongly sheared mudstone matrix of the Lichi Mélange.
Three stereographic plots represent the striated scaly foliations on fault 1 (plot 1), fault 2 (plot 2) and the whole area (plot 3).
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Stop 2: Lichi Bridge panoramic view
22.805239° N 121.133719° E
This is a panoramic stop for an overview of the Lich Formation and its contact with the Coastal Range units.

Fig. 8: Stratigraphic column of the East Taiwan ophiolite.

Fig. 5: Panoramic view of the Lichi Mélange.

Stop 3: East Taiwan Ophiolite
22.792088° N, 121.146207° E
In this locality we can observe the ophiolites block of the
Lichi Mélange known as the East Taiwan Ophiolite (ETO;
Liou et al 1977). The ETO comprises all the components
for a typical ophiolite sequence: peridotite, gabbro, serpentine, diabase dike, plagiogranite basalt and red clay
although they cannot be observed as a continuous unit
by as dispersed blocks. Suppe et al (1981) presented a reconstructed stratigraphic column of the ophiolite (Fig. 5).
The ultramafic rocks have a distinctive tholeiitic signature (Suppe et al. 1981). Gabbros have been classified as
norites and lie within the field of oceanic ridge and abyssal tholeiites.

Stop 4: Fukang, exotic sandstone block in the Lichi
Mélange
22.796978° N, 121.196621° E
A huge classical sandy turbidite block (over one km in dimension) is exposed along the coast north of the Fukang
fishing port. The sandstone block is overturned. Its composition is similar to that of Loshui Formation exposed
on the east coast of Hengchun Peninsula. Late Miocene
(NN11) nannofossils have been reported from this sandstone block (Chi, 1981). This age is similar to Hengchun
Peninsula turbidites, but older than the Plio-Pleistocene
forearc turbidites and the muddy matrix of the Lichi
Mélange (3.5-3.7 Ma) in the Coastal Range. Again, fission
track analysis on zircon grains separated from the sandstone block here shows an age pattern similar to those of
the Hengchun Peninsula, but differs from the forearc turbidites in the Coastal Range. At the Fukang (Hsiaoyeliu
scenic area) where the sandstone is polished by long-term
wave actions, this sandstone block is dominated by very
thick sandy turbidites deposited by high-concentration
turbidity currents with abundant climbing ripples and
loading/dewatering structures, such as flames, dishes and
pillars, indicative of rapid deposition. Also, notice that the
sandstone is capped unconformably by uplifted coral-reef
complexes, which have been dated ranging from a few
hundred years to 7.5 ka cal BP (Peng et al., 1977; Yamaguchi and Ota, 2004).

Kenting Mélange
The Kenting Mélange is part of the Hengchun Peninsula
and is recognizable as a highly deformed unit of Mid-late
Miocene age thrusted over the West Hengchun platform
and under the Mutan formation.

Fig. 6: Compositional filed of East Taiwan Ophiolite rocks on
an AFM diagram.

Stop 1: Kenting Mélange (nature fire)
22.007445° N, 120.756868° E
In the bank of the river we can find the best exposed segments of the Kenting Mélange. The scaly foliation contains
many exotic blocks. The main source for these blocks is the
overlying Mutan formation.
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Fig. 7: Geological map of the Lichi Mélange (Page et al. 1981).
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Fig. 11: (A) Geological sketch map of Taiwan and surrounding areas. Taiwan is located between the Manila and Ryukyu subduction
systems. (B) Simplified geological map of the Hengchun Peninsula, southern Taiwan. Three units of Plio–Pleistocene shallow-marine
slope basin sequences (Maanshan Formation), the Kenting Mélange, and the Mid–Late Miocene turbidite sequences (Mutan Formation, main body of the Hengchun Peninsula accretionary complex) can be divided from the west to the east. (C) Cross section of (B)
shows the relationships of each unit. The red lines represent faults (taken from Zhang et al 2016).

Stop 2: Large basaltic column in the Kenting Mélange
22.066953° N, 120.756131° E
Largest basalt block in the Mélange. It has been dated by
Pelletier and Bellon (1984) at 22-26 Ma using K-Ar dating and most likely represents off-scraping of fragments
of the south China sea lithosphere.
Stop 3: Basalt and ultramafic xenolith in conglomerates
22.112194° N, 120.761168° E
Stop to have a look at the ultramafic units in the Kenting Mélange. Blocks of ultramafic rocks are bluish and
vesicular entirely transformed to quartz and calcite with
remains of chromium spinel (Chu et al. 1983). The rocks
have undergone metamorphism of different intensity
ranging from very low greenschist to amphibolite (Page
and Land 1983).

Fig. 12: Stratigraphy and relations between the different formations of the Hengchun peninsula.
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Central Range Tectonics
The central range tectonic history is dominated by the accretion prism formation link to subduction in the Manila
trench that is followed by the collision with the Luzon arc.
Four deformation phases have been identified (Pelletier
and Hu 1984), Po associated to gravity and is mainly characterized by southward dipping slumps, P1 that affect the
whole southern area with large west-verging folds and an
east plunging schistosity S1 (Fig. 9) during late Miocene to
early Pliocene. The two others phases are only observable
in the south-eastern side of the Central Range (see Stop1).
P2 is an eastward back-folding and back-thrusting associated with the collision (Stanley et al 1981). Finally, P3
formed folding with E-W northward verging axis associated to the strike slip movement in the Longitudinal Valley.

Fig. 9: Tectonic summary for the Hengchun Peninsula (Pelletier
and Hu 1984).

Stop 1: Taimali Beach antiform
In this area all four deformation phases of the south central
range can be observed. The main feature is an overturned
anticline with an E-W axis verging northward that belongs
to the P3 deformation phase which is only observed along
the Eastern coastal side of the central range.
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Chapter 14:

Taipei 101 and Seismic Hazards
Adam Sookdeo

Introduction
Taiwan lies in a seismically active zone and is consistently
affected by earthquakes. In the last 100 years Taiwan has experienced over 90 earthquakes leading to billons of dollars
in damages and large loss of life [1]. In early 2016, a 6.4 magnitude shook the southern city of Tainan, resulting in the
collapse of the Wei-kuan building and the loss of 116 lives.
As this was the only building to collapse and result in loss
of life, it sparked wide criticism of the structural integrity
of the Wei-kuan building [2]. Officials later released a statement indicating that developers sometimes cut corners and
neglected to install support beams so that businesses could
occupy the ground floor. According to the Government of
Taiwan soil liquefaction database (http://www.moeacgs.
gov.tw/2016.htm) the Wei-kuan building was situated in
a soil-liquefaction prone zone, which was potentially the
cause of its collapse. Nevertheless, in response to the aftermath, the Taiwanese government announced it would spend
735 million (USD) over the next six years on structural improvements in cities throughout the country. While other
topics included in this field guide will discuss earthquakes
and the geological development of Taiwan, this section will
take a look at Taipei 101 to understand what it takes to make
a building withstand earthquakes and typhoon winds.

Fig. 1: Taipei 101, photo from http://www.taipei-101.com.tw/en/
index.aspx

Fig. 2: Tuned mass damper in Taipei 101, photo credit http://
www.amusingplanet.com/2014/08/the-728-ton-tuned-massdamper-of-taipei.html.

Taipei 101’s glass walls offer heat and UV protection sufficient
to block external heat by 50 percent, and can sustain impacts
of up to 7 tons. The insulation provided by the glass walls
makes for energy-efficient heating of Taipei 101. High-performance columns, including eight “mega-columns” were
used in constructing Taipei 101. In addition, connections
between columns in the building’s core to those on the exterior were created for additional security. Furthermore, the
foundation was reinforced by almost 400 piles driven 80 m
into the ground [4]. But the centerpiece of Taipei 101’s structural ingenuity is its Tuned Massed Damper (TMD; Fig. 2).
The TMD has become such a tourist attraction that it has its
own mascot, the damper baby.
TMD functions are simply to reduce the amplitude of mechanical vibrations. There are four general categories of
TMD: conventional TMD, pendulum TMD (PTMD), bi-lateral directional TMD and tuned liquid column dampers [5].
The TMD in Taipei falls into the category of PTMD.
PTMD’s act like a ball on a pendulum, where the weight of
ball and the distance from the hinge dictate how much it
swings. Mass dampeners are “tuned” in the sense that an optimal weight and distance from the hinge are set, allowing the
pendulum to swing in the opposite direction of an impinging
force and thereby minimize the swaying of the building.

Taipei 101
Taipei is the capital of Taiwan and hosts one-third of the
populous island. Additionally, it featured a metropolitan
skyline including the bamboo-inspired skyscraper Tapei
101 (Fig. 1). Taipei 101 cost an estimated 700 million USD
and took five years to complete. It was designed by engineers from around the world to withstand many natural
disasters from earthquakes to typhoon winds [3].
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Fig. 3: Pendulum TMD, see text for details. Figure from Soto
and Adeli, 2013.

Taipei 101

The physics works as follows: When a force is applied to
a building, the building is displaced by distance x and the
pendulum is displaced by distance u (proportional to its
mass and the mass of building; Fig. 3). The pendulum’s
frequency and displacement are controlled by the length
of the pendulum’s arm. Normally, the angle θ is considered small, so the movement of the pendulum in the
direction u depends only on the mass of the pendulum
(md) and the spring stiffness of the rope (kd), and not on
the length of the arm [5].
The PTMD in Taipei 101 weighs 660 tons and cost 4 million dollars to build. It was built with the intent to withstand <200km/hr winds an hour. The mass block is held
in place by eight cables that are each 42 m in length; however only ¼ of the cables are actually required [6]. Surrounding the base of the TMD, there are eight hydraulic viscous dampers that absorb the shock caused by the
swaying mass block. Lastly, at the base of the TMD there
is a bumper system which limits the sway of the TMD
by 150cm, more than enough to withstanding strong typhoon winds and powerful earthquakes [6]. With all the
safety features included in the design of Taipei 101, it has
been considered one the safest buildings ever built [5].

Excursion Stops
Stop 1: Taipei 101
Taipei 101 can be accessed via public transit: MRT red line
(Xin-Yi line) Taipei 101 station exit no. 4 near the MRT blue
line (Nangang line) about a 10min walk. Buses can be taken
from City hall, World Trade center, Xin-Yi Administrative
center and the Grand Hyatt Taipei directly to Taipei 101.

Located in the heart of Taipei, Taipei 101 has become a
large tourist attraction. At Taipei 101 you will find a mall,
bars and an inside observatory on the 89th floor, which is
accessible using one of the world’s fastest elevators. In addition, there is an outside observatory on the 91st floor but
is only open with favorable weather conditions. The TMD
can be viewed from the 87th-91st floor. Admission costs
600 NT (~20 CHF).
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Table 1: Seismic intensity
scale for earthquakes and
resulting effects, taken
from http://www.cwb.
gov.tw/V7e/earthquake/
quake_preparedness.htm
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Appendix - Tide Forecast

Data source
Marine Meteorolgy
Center, CWB
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