
Tectonophysics 832 (2022) 229362

Available online 19 April 2022
0040-1951/© 2022 Elsevier B.V. All rights reserved.

Neotectonics of the volcanic Kuei-Shan Tao island, and geodynamic 
implications (NE Taiwan - SW Okinawa Trough) 

Benoit Deffontaines a,b, Kuo-Jen Chang a,c,*, Pichun Huang d, Ho-Han Hsu a,e, Shu-Kun Hsu a,d, 
Char-Shine Liu a,e, Chyi-Tyi Lee a,f, Samuel Magalhaes g, Gérardo Fortunato g 

a International Research Project « From Geodynamic to Extreme Events » G2E, CNRS-MOST France, Taiwan 
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A B S T R A C T   

What are the geodynamic processes during the transition from the onshore NE Taiwan collision to the offshore 
southwest Okinawa back-arc basin opening associated to the Ryu-Kyu subduction? What is the local neotectonic 
scheme of this transition (e.g.: structural sketch map of the outcropping volcanic edifice highlighting major faults 
and their associated earthquakes)? These are some of the fundamental questions adressed to the Kuei-Shan Tao 
volcanic island (KST hereafter) which is the unique emerged volcanic outcrops situated within this geodynamic 
transition area. 

Several incompatible KST geological mappings had been published without any faults, nor dykes, nor feeders 
(Ichikawa, 1934; Hsu, 1963; and Chiu et al., 2010) that needed to be updated and completed on the structural 
point of view. In order to do so, we acquired a new high resolution UAS-drone topography (Digital Surface 
Model) through photogrammetric processing, with a ground resolution <10 cm. We analyse and interprete it in 
detail using morphostructural photo-interpretation methods. Field works on KST is restricted due to technical 
and administrative reasons, so we compare our morphostructural map to the shoreline outcrops observed from a 
boat survey. Then, we have updated the Kuei-Shan Tao geological mapping (lava flows and pyroclastic falls), and 
the structural scheme as well as the major erosionnal landslide processes. Taking into account the re- 
interpretation of surroundings offshore bathymetry, old and new seismic profiles, the different drillings done 
in the Kuei-Chia northern flank, previous geophysical works, the existing massive andesite datings), as well as the 
inferred stress regimes deduced from the earthquake’s focal mechanisms, we propose a KST neotectonic map. We 
propose also a new scenario for the recent KST volcanic evolution. Kuei-Shan Tao geology and geodynamics may 
have a so great importance for the 0.5 millions citizens of the so close flat lying Ilan Plain in terms of natural 
hazards (eruptions, tsunamis, earthquakes…).   

1. Introduction 

Among the geodynamic problems that remains unsolved in Taiwan, 
there is the tectonic processes that brings the NE Taiwan plate tectonic 
collision to the opening of the SW Okinawa trough (SWOT below) which 
correspond to the back-arc basin associated to the RyuKyu/Okinawa 
subduction. 

Kuei-Shan Tao volcanic island (KST hereafter) is the unique outcrop 
within this transition area situated in between both the onshore Taiwan 
collision (Ho, 1986; Teng, 1996; Hsu et al., 1996a, 1996b, Hsu et al., 
1998, 2001; Wu et al., 1997, 2009; Kao et al., 1998; Lallemand and Liu, 
1998; Shyu et al., 2005; Clift et al., 2008; Angelier et al., 2008…) and the 
offshore Okinawa back-arc extensive basin (Letouzey and Kimura, 1986; 
Sibuet et al., 1987, 1995, 1998; Hsu et al., 1996b; up to Tsai et al., 2021). 
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Kuei-Shan Tao (surface 2.7 km2) is situated offshore the northeastern 
Taiwan Ilan Plain (≈10 km). It is a small calc-alkaline andesitic volcanic 
island located also at the western tip of the southwest Okinawa Trough 
(Fig. 1). But we noticed that previous KST geological mappings lack of 
any faults, dips and structures. Our aim herein is to precise and provide 
the KST structural schemes and the neotectonic map and their geo
dynamic implications. 

One may note that volcanic areas in the world are often difficult to 
study from the geological and structural point of views due to their 
heterogeneity. For instance, lava flows of each eruption may cover only 
locally contrasting to pyroclastic falls that cover large surrounding 
areas. Volcanic topographies are then regularly « smoothed » and « 
renewed » during each eruption and consequently the previous 
geological features (deposits as well as their deformation) are masked, 
buried and hidden. Then thicknesses of any volcanic deposits might 
change abruptly (increase or decrease) locally quickly as they depend on 
the previous topography. Effectively, as lava flow from top to bottom 
following the steepest slope and settle in the lower part of the volcanic 
edifice topography (e.g. former drainage) that lead sometimes to com
plex mapping geometries. From the structural point of view, lava flows 
are quite complexe areas to study as cool joints may interfer with tec
tonic joints. As an example, brecciated areas situated beneath and 
laterally of the lava flows are almost impossible to access and to study. 
Moreover, the unconsolidated soft pyroclastic falls do not preserve fault 
planes nor slickenlines. Massive lava flows also do not register easily 
slickenlines. Sometimes and seldom oriented mineralisations highlight 
the deformation and reveal the relative motions on fault planes if the 
faulting is associated with fluids circulation (Dauteuil and Bergerat, 
2005, and pers. comm.). In general, relative motions and displacements 
are difficult to infer in a volcanic environment, except in the case of 
vertical offsets revealed by the different displacements of the alternance 
of lava and pyroclastic fall on both sides of the fault. Consequently, any 
structural studies in volcanic environments are quite difficult to handle. 
Deciphering the structures in a volcanic environment is like a complexe 
puzzle to solve. 

In this manuscript, we will look for the structures (dips, faults, 
providing arguments) to supply an updated geological mapping and 
propose a neotectonic map that have geodynamic implications. 

So, we first focus on the KST geology and published geological 
mappings. The latter settle the lithologies which are described and re- 
analysed thanks to two drills situated on the northern flank of Kuei- 

Chia in order to precise locally the sequence of the volcanic layers. 
Then, we acquired a high resolution UAS photogrammetric survey that 
cover the whole island which enable us to get the KST digital Surface 
Model (DSM) with a 7.5 cm ground resolution. With morphostructural 
methods we updated previous geological mapping adding fractures and 
landslides that affect the volcanic Kuei-Chia and Kuei-Shou volcanic 
edifices. In addition, an oceanic research survey give us the chance to 
monitor from the boat the KST shoreline cliffs geology highlighting li
thologies as well as some structures. Many fault zones were then evi
denced that lead us to update the previous geological mapping. Finally, 
we were able to propose a scenario for the progressive edification and 
dismantling of KST island. We conclude by the importance of the 
monitoring of such volcanic island so close to the Ilan Plain and the 
Taipei city. 

2. Kuei-Shan Tao geography and geology 

Kuei-Shan Tao so called « Sea turtle » due to its morphology, is 
composed of (1) Kuei-Shou (« turtle-head », 200 m high) an eroded 
volcanic fall deposits edifice situated at its eastern tip; (2) Kuei-Chia (« 
turtle-shell », 401 m high) the main volcanic edifice situated in the 
central part of the island; in between both Kuei-Chia and Kuei-Shou 
there is the pass also called « turtle-neck ». The Kuei-Wei (« turtle-tail 
»), situated at its western tip, is an elongated gravel bar/ridge WNW 
trending which is 1 km long, 50 m large, 4 to 5 m high; It is closely linked 
with the sedimentation linked to the Kuroshio Sea currents. 

2.1. Geology 

From the petrographic point of view, lava flows, agglomerates or 
pyroclastic flows and xenoliths of Kuei-Chia are described below 
respectively (see Hsu, 1963; Chiu et al., 2010).  

- The andesite lava flows are preponderant in amount. Porphyritic 
they belong to dark two-pyroxene andesite invariably with white 
plagioclases phenocristals (hypersthene and augite), sometimes with 
olivine. Unweathered facies are dense, bluish to grayish in colour 
contrasting to the weathered facies more porous, reddish to brownish 
in colour as the phenocrysts are rimmed with reddish iron ore. The 
latter is weathered, get easily pulverized under fingers and is easy to 

Fig. 1. Location of the Kuei-Shan Tao volcanic island (KST). Notice its situation in between the Ilan plain (onshore NE Taiwan) and at the SW tip of the Okinawa 
Trough; (Yonaguni S.: Yonaguni Sima/island). The major structures (red heavy barbed lines) come from Deffontaines et al., 2001). (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version of this article.) 
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erode. Andesite flows show an increase of thickness approaching the 
center of eruption.  

- The Agglomerates or Pyroclastic Flow (PF for Chiu et al., 2010) are 
composed of small, thin and clast-supported angular blocks and 
lapilli of the previously described andesite lava flows facies (unal
tered and weathered) with glass fragments cemented by tuffaceous 

materials. Each Agglomerate (PF) layer seems coarsely sorted with 
larger andesite block at the base and become fine grained and even- 
sized to the top. With regards to the thicknesses of Kuei-Chia Ag
glomerates, one may notice that contrasting to the lava flows, they 
decrease upward and thicken downward (see for example the A-B 
geological cross-section on Fig. 2A). The PF should come from « 

Fig. 2. Published geological mapping of Kuei-Shan 
Tao volcanic island. Both figures have the UAS-DTM 
hill-shade in background. A: KST Geological map
ping modified from Hsu (1963): Al: Alluvium; An: 
Agglomerates; Fn: Flows with n ranging from n = 1 
(older and outcropping base of the volcanic edifice), 
up to n = 5 (the last eruption lithological alternance). 
A-B and C–D representative geological cross- 
sections. Top left quadrangle: First « Kizanto » 
geological mapping of Yuichi Ichikawa, 1934 – 
detailed from « Toi » Geological map - N◦15. 
B: KST geological mapping modified from Chiu et al. 
(2010): All: Alluvions; Alt: Alteration; FD: Fall de
posits; PF: un-differenciated Pyroclastic Flows; LFn 
with n from 1 (older LF) to 6 (latest lava flow). 
Quadrangle in blue: lake. Same representative 
Geological cross-sections A’-B′ & C′-D′: One may 
compare Fig. 2A and B especially the inferred ge
ometries of the volcanic deposits as the absence of 
faults. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web 
version of this article.)   
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small » explosion of the summit of the volcanic neck (Chiu et al., 
2010).  

- The xenoliths are ubiquitously and randomly distributed in both 
Flows and Agglomerates. They are composed of cordierite-pyroxene 
hornfels (gray or brownish colour, dense and compact, with quartz 
grain, patches of cordierite, diopside pyroxene, biotite, even sphene 
may be recognized with hornfels), wide distribution of quartzites, 
and some diopside-quartz-schists grain, corundum-spinel-gedrite- 
cordiérite rocks and some black streaks of graphite and sandy pelite. 
The study of xenoliths (caught during the ascension of the andesitic 
magma) is of major importance as they consist in the unique way to 
get to the KST basement lithology. The latter should be the same than 
the NE Taiwan as Quartzite and Quartz hornfels xenoliths show the 
same petrography than the sandstones and shales of the Paleogene 
strata and of the metamorphic rocks of the NE Taiwan. 

Dealing with Kuei-Shou volcano (the « head of the turtle » situated at 
the eastern tip of the island), it is made of thick bedded « Agglomerates » 
with the same mineralogy than Kuei-Chia. The blocks of the lower part 
of the edifice are coarse and angular contrasting to those gradually finer 
at the top (200 m high). They are clearly overlying above the F3-A3 
lithological alternance on the C–D geological cross-section (see 
Fig. 2A - Hsu, 1963) and should be overlying the more recent Kuei-Chia 
lava Flow (F5) by interpreting its geological map. Consequently Kuei- 
Shou is the last KST volcanic activity. 

On the structural point of view, Hsu (1963) notice only on the 
northern flank of Kuei-Chia few minor normal faults radially distributed 
less than 5 m vertical offsets. Hsu (1963) mentionned what he inter
preted as the collapsed crater rectangular in shape which is a coarse 
preliminary description of the graben that we will describe hereafter. 
Chiu et al. (2010) also highlight the SW dipping of some Kuei-Chia lava 
flow which lead them to locate the Kuei-Chia eruptive center at the 
summit of the island. Consequently, the volcanic Kuei-Chia volcano 
appears to be highly dissymetric in all directions with a volcanic feeder 
(LF6 - see the geological cross-sections) situated at the Kuei-Chia 
summit. 

On the hydrothermalism point of view, the formation situated in the 
Kuei-Chia southern cliff is locally mineralized and recemented with 
irregular veinlets and joints of anhydrite, gypsum, and epidote due to 
hydrothermal percolations and alterations (Hsu and Ku, 1962). The 
three areas (NW, E and South of Kuei-Chia) of hydrothermally altered 
rocks are also enriched in chalcedony and christobalite silicate minerals, 
Chiu et al. (2010). 

From the geomorphological and erosional point of view, Chiu et al. 
(2010) noticed some lahar deposits, which are composed of eroded 
volcanic rounded materials poorly sorted and transported by watersheds 
especially on the northwest and Western flank of Kuei-Chia. Moreover, a 
concave edifice was described in the NE flank (Chiu et al., 2010, see their 
Fig. 2) which they may interprete as the onshore crown of a landslide. 

2.2. Previous geological mapping 

Three geological mapping had already been published on Kuei-Shan 
Tao. The oldest one had been settled by the japonese Yuichi Ichikawa 
(1934) see Fig. 2A quadrangle top left: « Kizanto » geological mapping, 
1:50,000 scale, « TOI » sheet - N◦15; « Toi » is now Toucheng city sit
uated in the Ilan Plain. Y. Ichikawa (1934) distinguished only two ver
tical lithogical alternance of Tuff agglomerate (equivalent of the 
Agglomerate of Hsu (1963) or Pyroclastic Flow of Chiu et al., 2010) and 
Two pyroxens (augite and hypersthene) andesite (plagioclase felspar 
andesine) with a glassy groundmass (Lava Flows). For Y. Ichikawa these 
formations are coarsely flat lying as shown on the C–D geological cross- 
section with lateral variation of Tuff agglomerate thicknesses. 

Since then, Kuei-Shan Tao has conducted two detailed geological 
mapping (Hsu, 1963; and Chiu et al., 2010). Their description help to 
decipher the geological arguments and facts put forward by these 

authors. The Geological mapping of Hsu (1963) appear to be influenced 
by the N-S topographic dissymmetry of the Kuei-Chia edifice. Kuei-Chia 
has a slightly sloping northern flank underlained by volcanic strata 
contrasting with the very steep southern flank. The southern flank of the 
volcano is missing (see also Fig. 2 A-B geological cross section). Hsu 
(1963) distinguished five alternance of associated Flows and Agglom
erates on the northern flank of Kuei-Chia volcano. He noticed their same 
mineralogical and chemical compositions suggesting a volcanic setting 
within a short-inferred Pleistocene time period. Hsu also note that the 
strata are dipping parallel to the topography with dip angle varying from 
15 to 20◦ radially north, east, and west of Kuei-Chia which implies that 
the volcanic neck (the feeder or the volcanic center) is situated close to 
the south of the island. Chiu et al. (2010) conducted the last 1:5000 scale 
geological map, using the 2 m ground resolution LIDAR Digital Terrain 
Model of the Central Geological Survey in order to reconstruct the KST 
volcanic sequence. On Kuei-Chia, they newly distinguished six Aa Lava 
Flows (LF below) with brown reddish surface from LF1 (base of the 
edifice) up to the latest LF6 (that corresponds to the F5 of Hsu, 1963). 
They interpret LF2 (SW of Kuei-Chia) as a lava dome with volcanic or
gans with cooling joints. 

Looking more carefully those geological mappings shows uncon
sistencies. For instance, one may notice on Chiu et al., 2010 that LF2, 
LF3 and LF4 are situated only on the southwestern side of the Kuei-Chia 
edifice close to the Kuei-Wei lake. It seems also difficult to distinguish 
the relative ages of those three massive lava flows. Another example 
show close to the southern shoreline West of Kuei-Chia, LF3 is mapped 
below LF2 (so LF3 should be older than LF2!). One may also note the 
lack of lithological continuity on both sides of the crest south of the Kuei- 
Chia summit. Moreover, on this geological mapping the pyroclastic falls 
are not differenciated and not associated with Lava flows. One may note 
also the great variation of thicknesses of LF5 on the two geological cross- 
sections (Fig. 2B A’-B′ & C′-D′). 

Dealing with Kuei-Shou, Chiu et al., 2010 confirm Hsu (1963), the 
independant volcanic Kuei-Shou edifice is overlying above Kuei-Chia 
LF5 (see the eastern part of the geological C′-D′ cross-section on 
Fig. 2B) so Kuei-Shou erupted later than LF5. The bedding of the western 
part of the Kuei-Shou edifice is generaly dipping 25◦ to the West. We 
know now, from bathymetric sea surveys and dives that the missing part 
had just been eroded forming a flat eroded marine terrasse just below 
the sea level which is the result of the high erosionnal actions of the 
Kuroshio sea current against soft non-consolidated Kuei-Shou Agglom
erates. Kuei-Shou edifice is composed of Pyroclastic Flow at the base and 
Fall-Deposits at the top. Contrasting to the drawings of Hsu (1963) 
where the Kuei-Shou deposits paralell the topography, on the Chiu et al. 
(2010) C′-D′ geological section the volcanic deposit appear to be oblique 
to the topography (looks like truncated?) and so seems to have been 
eroded which is not the case in the fields (see below Fig. 2 & Hsu, 1963). 

2.3. Inputs from the Kuei-Chia cores (drilling GSI-01A & 01B) 

The northern flank of the Kuei-Chia volcanic edifice had been drilled 
by the Taiwan Central Geological Survey (MOEA) with two comple
mentary closed by cores GSI-01A and 01B (see Fig. 3) were summarized 
and located by Chiu et al. (2010). Core A give a description of the vol
canic strata from the surface to -140 m depth whereas core B completed 
the previous core from -70 m and extend down to -290 m. Chiu et al. 
(2010) distinguished twelve (12) layers of lava flows interlayered with 
Pyroclastic Flows and lahar deposits. In addition, numerous xenoliths 
had been evidenced and are increasing from -110 m up to the surface. 

We have re-interpreted herein the core GSI-01B from the initial field 
observations, whereas Core GSI-01A is only slightly modified from Chiu 
et al. (2010) observations. From these two cores we deduce the 
following succession of a typical volcanic sequence of a Kuei-Chia 
eruption described below from bottom to top: at the base it is 
composed of a volcanic breccia then above a massive lava flow (MLF or 
LF) with sometimes at its top a layer of columnar lava flow that is made 
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Fig. 3. Core GSI-01A (description from Chiu et al., 2010) and Core GSI-01B from the northern Flank of Kuei-Chia. Fig. 3A and 3B photographs that locate the drilling 
area (yellow star) and the down-stream outcrops at the sea-cliff. Fig. 3C: Inferred structural scheme of the massive lava flow and pyroclastic flows that may link the 
outcrops and the two cores. Fig. 3D: General view of the Sea cliff showing the lithologic al alternance of massive lavaflow and Pyroclastic falls; Fig. 3E: Detailed KST 
typical volcanic sequence. From base to top: volcanic breccia (begining of the eruption with degassing, base of the lavaflow reworking pre-existing materials), 
massive lava flow, columnar massive lava flow (columnar when it is quickly cooling), then Pyroclastic flow/fall (PF, corresponding to volcanic ash deposits asso
ciated to the decreasing of the volcanic eruption activity) with then development of soil on top of PF and vegetation growing (quiescent period in between two 
volcanic crisis). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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by numerous cooling joints. Above it, there is Pyroclastic Fall (PF) (and 
not Pyroclastic flow) deposits that consist of a large coverage of volcanic 
ash deposits. Soils/Paleosoils develop on top of the PF corresponding to 
quiescent volcanic periods (see Fig. 3A, B, C, D & E). 

One may notice the presence at depth around -110 m on the two 
cores of the presence of a black hydrothermal clay level characteristic of 
a major fault plane (inferred as corresponding at depth to an eastern 
dipping NE-SW trending normal fault). The three silicified volcanic 
breccias (in blue, Fig. 3) on core GSI-01B are interpreted as faults 
associated with percolation of fluids from deep origin. Based on the 
thicknesses, we propose to link the thickest volcanic series to the one 
outcropping at the sea-cliff of the northern KST shoreline. The major 
point is that we get herein a vertical lithological succession of the Kuei- 
Chia northern flank through these two cores. 

The previous KST geological mappings lack the structural point of 
view as no dips, nor faults had been recognized and located. As KST 
structural field work is difficult due to both military restrictions and high 
cliffs so it is impossible to access by boat, we decided to use UAS to get a 
precise topography of the edifice. We consequently proposed herein to 
up-date previous works using the structural analysis of our new hill- 
shade high resolution UAS DSM in order to provide a detailed struc
tural sketch map associated with the KST neotectonic map. Below then 
we precise the way we get the UAS DTM and how we made the mor
phostructural analysis in order to propose a KST structural sketch map. 

3. First Kuei-Shan Tao UAS survey 

An airborne Lidar Digital Terrain Model (2 m ground resolution) had 
been acquired all around Taiwan generated for the Central Geological 
Survey of the Ministry of Economic Affairs (CGS-MOEA). But this Lidar 
DTM has strong access restrictions and it is not available for foreign 
scientists. Consequently, we decided to acquire, process and analyse a 
new high-resolution digital terrain database from our UAS/drones. 

In order to get the UAS High Resolution Digital Surface Model (UAS- 
HR-DSM hereafter) of the volcanic Kuei-Shan Tao, we carried out a 
photogrammetric survey in June 2017 from the Ilan coast plain, about 
10 km distance from KST. Our final HR UAS DSM is much more precise 
(7.5 cm ground resolution (GR) to compare with the 2 m GR of the Lidar 
DTM) which is so convenient for a structural analysis. 

From a technical point of view the drone used in this study was a 
modified already-available Skywalker X8 fixed-wing aircraft reinforced 
by carbon fiber rods and Kevlar fiber sheets. Launched by hand, flies, 
takes photos, and landing autonomously by using a pre-programmed 
flight plan. The autopilot system is composed and modified from the 
open-source APM (Ardupilot Mega 2.6 autopilot) firmware and open- 
source software Mission Planner, transmitted by ground-air XBee radio 
telemetry. The Sony ILCE-QX1 camera and 16 mm SEL16F2.8 lens was 
used, > 85% endlap and > 55% sidelap by autonomous equal distance in 
fly mission. The flight missions were planned with 200-400 m above 
ground level (AGL). Overall 597 photos were matched, adjusted and for 
model reconstruction from a total of 619 images. The data sets, 
including orthomosaic images (Fig. 4A), Digital Surface Model (Fig. 4B 
& 4C, DSM hereafter), and true 3D model, were generated and processed 
by ContextCapture commercial software with a grid spacing of 7.5 cm. 
By using rigid registration of photo positioning data, global errors after 
aerotriangulation from automatic tie point for 169,637 total number of 
points, average of 1399 points per photo, and a median number of 4 
photos per point. The root mean square (RMS) of reprojection errors is 
0.55 pixel. The RMS of distances to rays is 0.068 m. In this study, we 
have used the same drone than in Deffontaines et al. (2017, 2018 and 
2019), Chang et al. (2018) and Mouyen et al. (2020). To get more 
processing information refer to Chang et al., 2018; Deffontaines et al. 
(2016, 2017, 2018, & 2019). 

The final UAS-HR-DSM ground planimetric resolution corresponds to 
a ground sampling distance (GSD) of 7.5 cm and the total area covered is 
about 2.7 km2. Unfortunately, we were not able to validate our UAS-HR- 

Fig. 4. UAS high resolution orthophotos and digital surface model of Kuei-Shan 
Tao: Fig. 4A: KST Orthophotos mosaic. One may note the grayish/yellowish 
areas that correspond to erosionnal areas in the southern shoreline contrasting 
to the general vegetation coverage in green. Fig. 4B: Black and white UAS HR 
DSM hill-shade (light from the NW, no vertical exaggeration); Fig. 4C: Iso
contours (vertical equidistance: 10 m for the isoaltitude orange lines whereas 
the isoaltitude red lines are each 50 m) superimposed to the black and white 
UAS HR DSM hill shaded (with a transparency). Perspective views of the KST 
UAS HR DSM covered by the orthophotos view from the NE (Fig. 4D), and view 
from the south (Fig. 4E). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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DSM by Ground Control Points (GCP’s) nor previous topographic survey 
on the island due to restricted area for military reasons. That is why we 
have only processed herein the Digital Surface Model (DSM), and 
highlighting both the ground and the top of the vegetation (when it is 
covered) and not only the Digital Terrain Model (corresponding to the 
ground surface). But our long-time experience and our numerous pre
vious UAS surveys reveal a planimetric accuracy of 7 to 12 cm and a 
vertical accuracy less than 40 cm. 

The Fig. 4A (KST mosaic orthophotos), 4B (KST black and white hill- 
shade DSM), 4C (KST topographic isocontours above the B&W hill- 
shade), highlight planimetric views; whereas Fig. 4D and E illustrate 
two 3D-views from both north and south of our new KST UAS DSM. 

This high resolution UAS survey allow us to do a structural sketch 
map using a detailed photo-interpretation and morphostructural ana
lyses (Deffontaines, 1991; Deffontaines and Chorowicz, 1991; Deffon
taines et al., 1992a,b, 1993, 1994…) to define structures that affect the 
topography, which are validated locally by the observations of coastline 
topographic outcrops from a boat. 

With a decimeter ground resolution Digital Surface Model, it is 
possible to analyse and propose an updated geological mapping of the 
KST volcanic cone using the geometry of the topographic isocontours, 
the decametric vertical displacement of the volcanic strata of the out
crops all along the KST shoreline as well as the thicknesses of the 
different lava flows. We will first refine the morphostructural analysis 
methodology used herein before applying it to the KST. 

4. Morphostructural inputs 

4.1. Morphostructural principles 

Based on the previous geological observations and mappings, and in 
order to interprete the high resolution (HR) UAS DSM, we have applied 
herein the morphostructural principles of geological mapping in a vol
canic edifice environment:  

1. Lava flows and pyroclastic falls are deposited radially all around 
the volcanic cone from the caldera summit providing parallel 
topographic concentric isocontour centered on the volcanic 
caldera.  

2. Lava flows run perpendicular to the topographic isocontour lines, 
from the caldera following the initial down-dip slope directions 
toward the sea following the shortest way.  

3. It is possible to locate the caldera by tracing perpendiculars to the 
parallel topographic isocontour or contour lines of the volcanic 
flank.  

4. The structural surface of pyroclastic falls deposits smoothed the 
topography contrasting to the slightly hummocky and chaotic top 
of Aa massive lava flows.  

5. Active weathering and pedological processes smoothed quite 
rapidly the volcanic flanks of volcanic edifice situated in tropical 
climate.  

6. Dealing volcanic Pyroclastic falls deposits thicknesses: we infer 
that thickness of pyroclastic fall increase downwind of the dom
inent winds directions. Pyroclastic falls are sorted and their 
thickness decrease slightly from the caldera (top of the edifice 
characterized by proxymal, larger blocks) to the bottom (distal 
finer deposits).  

7. Lava flows thickness might vary downward of the volcano due to 
the decreasing of slope, flow reduction, the cooling of tempera
ture, the lateral lava spreading storage downward, etc.; Due to the 
fluidity of the lava flow, we infer also that thick lava flows have a 
larger lateral extension downward.  

8. Watersheds/Rivers/Talwegs are flowing radially from the top to 
the bottom of the volcano follwing the shortest way and the 
deepest slope perpendicular to the topographic isocontours. They 

should present the same incision on both sides. Those rivers may 
be used by lahars deposits sedimented all along and downstream.  

9. Unique/isolated steep slope separating two dipping sub- 
rectilinear planimetric surface may correspond to the lateral 
edge of lava flows, or recent tectonic fractures and faults that split 
and offset the same lava flow. Then we interprete offset of parallel 
isocontours which are not centered to the caldera, by vertical 
faults that offset the same volcanic lava flow.  

10. Watershed/rivers flowing obliquely to the parallel topographic 
isocontours are obviously guided by alternance of lithologies, 
faults or landslides (see below and Deffontaines et al., 1992a, 
1992b, 1993, 1994, 2016, 2017); 

11. A landslide should be characterized by numerous parallel topo
graphic isocontours which are oblique to the regional radial 
downdip slope AND does not fit with the inferred location of the 
caldera, AND are bounded by rivers with an « horse-shoe concave 
shape to the sea geometry corresponding to the crown of the 
landslide. 

Applying these morphostructural principles to the KST volcanic is
land, we were able to simplify the geometry of the volcanic apron by 
adding fractures and faults that offset the volcanic deposits. 

The detailed morphostructural analysis of the topographic iso
contours (Fig. 4C) with a 10 m vertical equidistance helps to get to the 
general structural overview of the KST volcano. For instance, the planar 
areas (planeze) with parallel isocontours radially distributed toward the 
summit (the caldera) should correspond to structural surface of lava 
flow and Pyroclastic Fall (quadrangle 1, 2 and 3 of Fig. 5). The quad
rangle 4, 5, 6 and 7 highlights normal faults that affect the topography 
with 2 beheaded rivers situated on the northeastern flank of Kuei-Chia. 
The fracturation observed from the quadrangles 8 to 13 corresponds to 
normal faults revealed by the detailed analysis of the HR UAS-DSM on 
the southern and eastern flank of Kuei-Chia (see especially the 3D 
sketch-views 9 and 11). Those normal faults may be also re-activated by 
landslides if they are facing a suitable erosive potential, they should be 
re-activated as crown of landslides (quadrangle 8 and 10). Landslides 
have typical upstream « horse-shoe » shape geometry corresponding to 
the landslide crown. The latter is characterized by a U-shape connected 
steep slope with a concavity directed to the dip-slope. It is often high
lighted by the arcuate planimetric geometry of the drainage pattern (see 
the NE and NW part of Kuei-Chia and quadrangle 13). The upper part 
corresponds to the outcropping sliding surface (normal fault due to 
gravity). Moreover quadrangle 13 to 17 highlights the presence of ver
tical massive lava sheet which is interpreted as a vertical fresh volcanic 
dyke within the weathered/altered southern flank of the Kuei-Chia 
volcano. The quadrangle 18 (Fig. 5) shows a set of two normal faults 
that affect both NNE and W flanks of the Kuei-Chia volcano. 

Certainly, this morphostructural analysis present uncertainties: for 
instance, the UAS-DSM without ground control point (GCP’s) provides 
the canopy of the vegetation and consequently does not provide with 
great accuracy and precision the lava flows boundaries, edges, lateral 
and maximal extension. Consequently, it is difficult to distinguish the 
different volcanic sequence from this UAS-DSM only despite its deci
metric high resolution. But in another way the vegetation is in an « 
equilibrium state ». Most of Kuei-Chia is covered by the same species 
with same hight, same maturity, without human actions in this military 
area with strictly restricted access. So the DSM should reflect the ground 
surface (digital terrain model - DTM). Most of the structures cited herein 
had been also confirmed with structural arguments taken from a near 
shoreline morphostructural survey of the sea cliffs and all the KST flanks 
from the famous « Ocean Researcher 1 » first oceanic Taiwan research 
vessel. There is no possibility to get to the elongated and narrow boul
ders beaches situated at the base of the sea cliffs. 
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4.2. Summit level map applied to Kuei-Chia volcano 

So, we first draw a theoretical volcanic cone using concentric green 
isocontour lines that best fit the geometry of all the topographic iso
contours of the volcano. We infer that the topographic isocontours also 
correspond to structural surface (top fo the PF – see Fig. 2, 3 and Fig. 6). 
It is like to create a « summit level map » of the volcanic cone (see 
Deffontaines, 2000). The location of Kuei-Chia caldera is then revealed 
and is located with a heavy black circle close to the Kuei-Chia summit 
(Fig. 6). Then we qualitatively analyse the direction of the topographic 
isocontours toward the summit level green lines that characterize the 
theoretical KST volcanic edifice. We infer that as soon as their directions 
diverge for more than 45◦ it means that there are obviously guided by an 
external factor such as the tectonic or a slide (Deffontaines et al., 1992a, 
1992b, 1993, 1994, 2001). We especially focus herein on both drainage 
network and dips of the DSM surface. Then on Fig. 6 the dips in black are 
coherent with the caldera situated on top of Kuei-Chia contrasting to the 
dips in red which are incosistent with the inferred location of the 

caldera. Moreover, we draw the drainage in blue that fit with the theoric 
radial centrifugal drainage of a volcanic cone. But we highlight in black 
the anomalous drainage wich does not fit with the theoric volcanic cone 
(green isocontours) flow direction. Anomalous red dips and black 
drainage are guided by tectonic structures, or erosionnal ones. In order 
to distinguish in between both interpretation we followed the mor
phostructural principles described in the paragraph 4 above and we 
propose the following structural scheme above the Kuei-Chia summit 
level map (Fig. 6). The anomalous drainage of the SW part of Kuei-Chia 
correspond to the dismantling of the southern part of the Kuei-Chia 
volcanic edifice as previously suggested by Hsu (1963, « collapsed 
crater »). Consequently, using the morphostructural principles cited 
above we are able to locate, characterize, and partially quantify faults 
(heavy red lines of Fig. 6 with ticks on the downthrown side) and 
landslides (light transparent red areas in Fig. 6). 

Moreover, from Fig. 6, we distinguished in Kuei-Chia two different 
kind of landslides: (1) a massive lava flow sliding above the pyroclastic 
flow and ash falls acting as a sliding surface in northern Kuei-Chia (see 

Fig. 5. Example of morphostructures on Kuei-Shan Tao volcanic cone. 
Quadrangle 1, 2 &3: A volcanic serie composed from bottom to top of a breccia, massive lava flow, columnar lava flow (LF), pyroclastic fall (PF) and (paleo)soil in 
northern Kuei-Chia; Quadrangle 4, 5, 6 and 7: Normal faults oblique to the cone with two beheaded rivers. Quadrangle: 8, 9, 10, 11, 12, and 13 normal faults and 
landslides. Quadrangle 14, 15, 16, and 17 vertical dyke. Quadrangle 18: Fracturation multiple on NE and W Kuei-Chia. 
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also Fig. 5 quadrangle 13 for the 3D view); and (2) a more important 
landslide in the NE part of Kuei-Chia (Chiu et al., 2010, and Huang et al., 
2021). Whereas close and linked to the Kuei-Shou volcanic activity, we 
noticed only solifluction processes affecting the Pyroclastic falls (see 
Fig. 5 quadrangle 12). 

The summit level map leads us also to estimate the total volcanic 
volume emitted by Kuei-Shan Tao which is 0.434 Km3 above sea level. 
Two terrasic levels had been recognized all around KST below sea level 
(see figure Huang et al., 2021) that might correspond to the base of the 
volcanic edifice at -60 m which provide a volcanic volume of 0.797 km3, 
and the deeper terrassic level at -140 m providing a volcanic volume of 
2.08 km3. One may bear in mind that the Kuroshio Sea currents erosion 
is not taken into consideration herein consequently they correspond to 
minimize the volcanic volumes. 

The summit level surface (Deffontaines, 1985 and 1991) applied to 
recent volcanic cones reveal the location, the characterization and 
quantify the active faults that affect the volcanic edifice. This method 
should be applied to other volcanic edifices in order to prove its struc
tural and landslide interest. 

5. Kuei-Shan Tao structures from a boat 

In June 2017, an oceanic survey onboard R/V Ocean Researcher 
Number 1 (Taiwan) was supervised by both S–K.Hsu and P.Huang 
(Oceanographic Lab. National Central University) all around Kuei-Shan 
Tao. Numerous Sparker seismic profiles were acquired that lead us to get 
a whole geological bird’s eye view of the offshore structures (Huang 
et al., 2021). During that offshore survey, the northeastern and the 
ssouthern shorelines were then precisely monitored, observed and 
described only from the boat offshore as the outcrops situated at the 
lower part of the Sea-cliffs are practically impossible and highly 
dangerous to reach (see Fig. 7 and 8). 

Contrasting to the previous observation lacking faults on the pre- 
existing geological mapping, we note the presence of numerous faults 
(red heavy lines) that offset vertically the continuity of the lithologies all 
along the sea-cliffs of the Kuei-Chia northern flank (bird’eye view 
Fig. 7A and detailed of Kuei-Shou 7B, where white dashed lines corre
spond to lithological boundaries). Fig. 7C confirms that Kuei-Shou cor
responds to the last KST volcanic episode as it is overlying Kuei-Chia 
deposits (already seen by Hsu, 1963, and Chiu et al., 2010). The heavy 
red surface corresponds to a major normal fault east dipping with 
numerous splays such as the 7D scarp. One may notice at sea that this 
area corresponds to numerous offshore volcanic events and fumaroles. 
Fig. 7E, 7F and 7G reveal the presence of numerous faults with deca
metric offset and their associated drag folds (see white dashed lines) on 
both sides of the fault plane (red lines) provides a clear normal fault 
motion. It is not possible to get the lateral displacement (if any) from 
these observations. 

From the various outcrops situated along the northern KST shoreline 
(Fig. 7), we can photo-interprete and deduce the relative constant 
thickness of the massive lava flows that should reflect their relative 
fluidity and may explain their wide lateral extension around the volca
nic Kuei-Chia edifice. Locally close to the fault zones, drag-folds modify 
the bedding revealing the normal motion on the fault planes and high
light the recent tectonic (as the last Kuei-Chia volcanic sequence is 
affected, Fig. 7E, 7F, 7G) and the landsliding activities (7A). Moreover, 
contrasting to Chiu et al. (2010), we have not recognized in the fields 
specific massive lava flow ridges. Some elongated ridges that we 
recognized are situated within a landslide and we interpreted those 
alignments as chaotic brecciated volcanic materials» in the Kuei-Chia 
northern flank (see the ridges Fig. 5.1, 5.4, and on Fig. 6). Other 
ridges correspond to the lateral boundary of a rather flat landslide in 
northern Kuei-Chia (see Fig. 5.13). 

The southern flank of KST is made of huge sea cliffs made of 

Fig. 6. Summit level map of the Kuei-Chia volcanic cone (green lines that best fit with the topographic isocontours situated all around the volcano). Heavy black 
point: Inferred Kuei-Chia Caldera / summit; Blue lines: normal drainage network flowing perpendicular to the green summit level lines. Black lines: anomalous 
drainage that flow obliquely to the theoretical volcanic cone (green lines). Dips in black: lava serie flowing normally from the caldera following the shortest 
downstream dip slope to the shoreline. Dips in red: Anomalous dips individualizing faulted blocks. Dips in purple: anomalous dips highlighting inferred rotational or 
plan landslides. The southern flank of Kuei-Chia is weathered and altered (Hsu, 1963). (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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previously described weathered volcanic materials (Hsu, 1963; Chiu 
et al., 2010). Our observations reveal the presence of numerous lithos
tratigraphic boundaries (white dashed lines on the detailed photo
graphs) highlight by variations of deposits, different coulours which are 
offset vertically by rather vertically dipping joints and faults (red lines 
and red surfaces) and some NW-SE trending volcanic dykes (purple 
surface) (see quadrangles 1, 2, 3, 5, 6, 7, 8, 9, 10 & 11). The trending of 
faults and dykes are deducted from the trending of the fault and dyke’s 
planes surface. Some of them are trending NW-SE. Then these field ob
servations from a boat support our previous UAS DSM analyses of a NW- 
SE vertical dyke (Fig. 5-14, 5-15, 5-16, 5-17). One may also notice the 
specific teeth morphology of the summit of volcanic dykes (top left 
quadrangle of Fig. 8, dyke situated south of Kuei-Chia that may be seen 
from the Ilan Plain). Moreover, it is normal from a geological point of 
view to find a continuity of the volcanic deposits on both sides of the 
crest of Kuei-Chia. The inferred sommital Kuei-Chia caldera (Fig. 6) 
corresponds to a becciated dyke (volcanic neck of the quadrangle 10). 
The southern flank is also affected by numerous landslides which in
crease the dangerousness of the access (Fig. 8-3 and 8-11). 

To conclude, this photo-interpretation of the southern flank of KST 
from a boat clearly revealed the presence of numerous structures such as 
almost vertically dipping faults and volcanic dykes that offset vertically 
the continuity of the volcanic depsits all around KST island. Conse
quently, our aim herein is to precise the structural scheme and deal with 
their neotectonic activity. Then we combine our different previous ob
servations.in the following synthetic KST structural sketch map and 
propose below a model of its recent activity with the KST neotectonic 

map. 

6. Updated Kuei-Shan Tao geological mapping and neotectonic 
map 

Taking into consideration the previous geological observations, and 
previous works, our new morphostrutural analysis of the high-resolution 
UAS-DSM and structural field observations, we are consequently able to 
propose a structural scheme of the KST. 

6.1. Lithological geometry 

One may bear in mind that it is not possible to distinguish geomet
rically the different andesitic volcanic series drilled on the northern 
flank of Kuei-Chia from the used UAS-DSM dataset (see above). The 
latest Kuei-Shou pyroclastic falls have slightly covered the whole KST 
island that smoothed the topography and masked the superposition of 
the alternance of lava flows and pyroclastic falls. Moreover, it is difficult 
for us to connect the two cores A and B with the downstream outcrops on 
the shoreline (see the infered correlation of core A and Fig. 3-D based on 
the same thicknesses of the two volcanic sequences). 

So we decided herein to simplify all the conic volcanic series by using 
a single colour: O-VC for « old volcanic cone facies». It corresponds to 
the outcropping volcanic series partially recognized within the 2 cores of 
Fig. 3. They have dips (T in black, Fig. 8) dipping normally along the 
downward slope of the Kuei-Chia volcano. The southern part of the 
volcanic cone is missing. It is down faulted by numerous NW-SE vertical 

Fig. 7. Photo-interpretation of the northeastern shoreline of Kuei-Shan Tao: One may see the faults (heavy red lines/surface) that offset vertically the volcanic 
deposits; Normal fault with ticks on the down-faulted part and their associated drag folds, reddish zone: fault scarp, LF (purple areas, white letters): massive Lava 
flows; PF (white letters): Pyroclastic fall, the coarse sorting is highlighted by white dashed lines; Black T: bedding dips; Ls: Landslide scarp, Ls dts: landslide 
brecciated deposits. 
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Fig. 8. Photo-interpretation of the southern shoreline of Kuei-Shan Tao (photographs taken from the boat): as for fig. 7 the central photograph gives the bird’eye 
view of the southern KST flank and shoreline. The photographs situated on top and bottom lines have a number located on the central full view. They precised specific 
structural views that document the morphostructural analysis above. The top left picture shows the dissymetry of the Kuei-Chia volcano with a structural surface 
slowly dipping to the north contrasting to the scarps and sea cliffs of its southern shoreline. The white dash lines highlight the stratigraphic volcanic sequence. The 
red lines or surface correspond to fault zones. The purple surface corresponds to the inferred vertical dykes that offset the stratigraphic boundaries. Faults/Fault Zone 
(FZ) (heavy red lines); Fb: Fault brecciated; Fs (red areas): Fault Scarp; Db: brecciated dyke; Ls: Landslide scarp, LF purple areas: massive Lava flows LFb Lava Flow 
Brecciated; PF: Pyroclastic fall, Sd: Solifluction deposit; Black and white T: bedding dips. 

Fig. 9. Kuei-Shan Tao Neotectonic map: Kuei-Shou: P–F Pyroclastic Fall (cover the top), LF: Massive Lava-Flow (at the eastern base); Kuei-Chia: Y-VF: Younger 
volcanic fissural facies; D: vertical Dyke; I-VF = Intermediate in age Volcanic fissural facies; O-VC: Older volcanic cone facies. L: Lake; Yellow star: cores A & B sites; 
Green star: Dating site Chen et al. (2001). Surficial geology: All: Thinner small boulders, gravel, & sand shoreface marine deposits; B: Boulders and Coarser shoreface 
marine deposits; S: Solifluction processes reactivating the Kuei-Shou Pyroclastic-fall; LsS: Landslide and Fault Scarps; LsT: Landslide toe (accumulation of fallen 
materials to be removed by sea curents, waves, & tides actions), Large purple arrows highlight the downstream displacements of the lithologies. One may notice the 
two set of perpendicular faults that offset the KST volcanic island. 
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volcanic dykes and highly dipping normal faults. Despite we miss their 
different ages, we distinguish in the SW KST, two other strips of volcanic 
rocks NW-SE trending corresponding to the previous Kuei-Chia volcanic 
apron (older strata) offset by vertical NW-SE dykes and faults (the so- 
called intermediate in age Volcanic Fissural (IVF in yellow) and in red 
the Younger volcanic fissural facies (OVF). There tectonic attitude cor
responds to a « graben-like » geometry and their relative ages is only 
proposed from their altitude and the lava geometries in the field (see 
Fig. 8 - quadrangle 5 bottom left). It is definitely needed to do much 
more datings in the near future to precise their ages. 

6.2. Structure 

Kuei-Chia corresponds to a volcanic cone affected by large faults that 
crosses the island. They are visible on its northeastern and its south
western sides. The northeastern part is affected by NE-SW faults with a 
normal component reactivating a dissymmetric rotational landslide (see 

Chiu et al., 2010; Huang et al., 2021). The southwestern part is faulted 
by numerous WNW-ESE trending major vertical faults differenciating 
blocks dipping generally to the NW. It gives a horst-graben-like struc
tural geometry that fits with the basin structures of the SWOT offshore. 
The SW part is also intersected by numerous vertical NW-SE dykes seen 
on the UAS-DSM, the orthophotos and in the fields (observations from a 
boat). Consequently, Kuei-Shan Tao reveals two very contrasting vol
canic and tectonic setting: the setting of a volcanic cone then its frac
tured by two fault sets NE-SW and WNW-ESE trending. At least, the « 
bayonet » geometry of the southern shoreline highlights the interaction 
of these two perpendicular fault sets which explains also the weathering 
of the Kuei-Chia southern flank. The discussion below will precise this 
aspect. 

6.3. Erosion processes in the KST evolution 

The strong Kuroshio Sea curents (one of the strongest in the world) 

Fig. 10. Seismicity around Kuei-Shan Tao. Fig. 10 left: Epicenters of shallow earthquakes depth 0 to 50 km, see the two clusters located East and south of KST - 
source: http://seismology.gl.ntu.edu.tw/download.htm?fbclid=IwAR0ncf1jPLt1jaAeE58_JBwsa0YDcsJ0A0AQwJb4GORZEN3Cs2wGLnO5UNI. Fig. 10 right: Focal 
mechanism of larger Earthquakes, modified from Konstantinou et al. (2013, their Fig. 12, p. 31). 1: Normal focal mechanism; 2: Strike-slip focal mechanism; 3: 
Compressive focal mechanism. All those focal mechanisms, the 3 directions of the stress axes are the same. There are only permutations in the magnitudes (herein σ3 
is NW-SE for the normal and the strike-slip state of stress, there is just a permutation of σ1/ σ2: σ1 vertical for Normal focal mechanism) to σ1 horizontal (Strike-Slip 
focal mechanisms). 

Fig. 11. left: State of stress deduced from the earthquake focal mechanisms. Red lines: major faults (modified from Deffontaines et al., 2001); 1: Red arrows: location 
of the major state of stress in NE Taiwan & Kuei-Shan Tao (modified from Konstantinou et al., 2013); 2: Purple arrows: deduced relative displacements due to the 
active tectonic set of faults recognized herein. Three states of stress with unchanged directions but with magnitude permutations: from compressive (NE Taiwan 
collision), Extensive (Ilan plain), to strike-slip regime (East of KST). Only permutations prevail. Fig. 11 right: GPS motions around Kuei-Shan Tao (Eurasia fixed). One 
may note the absolute SSE centimetric/year average KST displacement which is situated in between the low motion of the Hsueshan shoreline (NE Ilan Plain) and the 
contrasting higher GPS displacements of the southeast Ilan Plain. 
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erode actively the KST shoreline removing any fallen materials and 
blocks. Moreover, the large fault zones are heavily weathered and 
altered that favor landsliding processes. Kuei-Chia made of volcanic 
series containing massive lava flow is harder to erode contrasting to the 
younger in age Kuei-Shou Pyroclastic edifice which is easily eroded by 
sea curents, sea waves and tides actions. With the precise UAS-DSM we 
may reconstruct the geometry of lava flows by interpolating offshore 
data and onshore outcrops geometry and consequently propose an ero
sionnal rate for the construction of marine terraces under the Kuro-Shio 
Sea currents environment (P. Huang et al. work in progress). 

7. Discussion: the Kuei-Shan Tao geological mapping 
implications on geodynamics and neotectonics 

If we want to better understand the transition in between the Taiwan 
collision and the opening of the southwest Okinawa Trough, several key 
arguments should be added and discussed in regards to the updated KST 
geological mapping. 

7.1. Kuei-Shan Tao andesite datings (Chen et al., 2001) 

Some geochronological datings had been acquired on the NE Taiwan 
volcanic island with various methodologies. For instance, Juang and 
Chen (1989) dated the KST andesite by K–Ar method, they found an age 
of 20 ± 10 ka BP. Then, Chen et al. (1993) using U–Th method dated 
pumices « in the Okinawa Trough » and revealed three major eruptions 
dated 10, 30 and 70 ka BP. The problem is that for theses two publica
tions we miss the sample locations. 

More recently Chen et al. (1998, 2001) dated with a thermolumi
nescence method a heated sedimentary siltstone xenolith embraced 
within the underlying massive andesite (7 ± 0,7 ka BP so Holocene in 
age). If Chen et al., 1998, 2001) miss their sampling location, Chiu et al. 
(2010) propose their inferred location East of the KST wharf. But 
following the Chen et al. (2001) description, the sampling location 
should correspond to the massive « LF5 » lava flow whereas Chiu et al. 
(2010) locate the sampling site (green star see their Fig. 4) in the py
roclastic flow « PF5 » which does not match really. This sampling 
location is important as it is the unique reliable and precise existing KST 
Lava Flow dating. 

This dating is important for at least two reasons: (1) It gives the ages 
of the latest Lava-Flow of conic geometry of the Kuei-Chia volcano as it 
is one of the summital and latest lava flow succession getting out of the 
Kuei-Chia caldera, on one hand. So this age gives an approximate dating 
when was the jump in the structural geometry: from a cone-like to a NW- 
SE graben-like geometry; on the other hand (2) Kuei–Shou («head of the 
turtle» eroded pumice volcano situated at the eastern tip of KST) is 
overlying the same lava flow volcanic strata (as already observed by 
Hsu, 1963; and Chiu et al., 2010). It means that Kuei-Shou is younger 
than this 7 ± 0,7 ka age. One may realise also that the Pyroclaste de
posits PF of Chiu et al. (2010) that overly the whole island may be linked 
to both Kuei-Chia and then Kuei-Shou volcanic activities. It is conse
quently important to date different Lava Flows especially in the SW part 
of the island if possible, in the near future. Due to the recent age, Chen 
et al. (2001) conclude that KST is an active volcano and may be sub
mitted to future eruptions. 

7.2. Seismicity (Konstantinou et al., 2013) 

The Ilan Plain and the SWOT area (all around KST) is submitted to an 
intense shallow earthquake activity (EQ below). (Fig. 10A, http://seis 
mology.gl.ntu.edu.tw/download.htm?fbclid=IwAR0ncf1jPLt1jaAeE58 
JBwsa0YDcsJ0A0AQwJb4GORZEN3Cs2wGLnO5UNI - shallow EQ, 
magnitudes (>2), monitored from 1990 to 2016). We notice two clusters 
of earthquake epicenters offshore the Ilan plain. Numerous previous 
authors studied the earthquake focal mechanisms of NE Taiwan (e.g. 
Tsai et al., 1975, 1977, 1981; Yeh et al., 1989; Yeh et al., 1991 / Fig. 4; 

Kao et al., 1998 / Fig. 2a; Ku et al., 2009)/ Fig. 2; Lai et al., 2009, Fig. 2; 
Wu et al., 2009 / Fig. 4; Huang et al., 2012 / Fig. 4; Konstantinou et al., 
2013/Fig. 12, Kang et al., 2015/Fig. 2). All their results are compatible 
with a NW-SE extension all around Kuei-Shan Tao. In order to charac
terize the state of stress, we re-analysed herein also the focal mecha
nisms of the 31 earthquakes (max Magnitude 4.4 and with a depth 
shallower than 30 km) acquired with a local temporary network form 
January to december 2008 by the Institute of Earth Sciences (Academia 
Sinicia, cf. Konstantinou et al., 2013, see Fig. 10 right). (Konstantinou 
et al., 2013) settled a local sismic network active during one year (2008). 
425 monitored shallow earhtquakes (depth ranging from 2.5 to 10 km), 
31 focal mechanisms were calculated (Fig. 10 right). If we re-analyse 
these focal mechanisms from a tectonic point of view, we notice two 
major clusters of EQ on the eastern and southern part of KST charac
terized two major sets of contemporaneous state of stress:  

(1) A cluster of earthquakes is located E and SE close to KST (see 
Fig. 10A & B). Already recognized by Huang et al. (2012), who 
noted its position, depth shallower than 15 km and magnitudes 
larger than 3.5. Konstantinou et al. (2013) process Strike-slip 
focal mechanisms (15 green circles, Fig. 10 right) are gathered 
and located East of Kuei-Shan Tao. They reveal a general state of 
stress with σ2 vertical and both NE-SW σ1, and NW-SE σ3 hori
zontal axes.  

(2) Numerous earthquake focal mechanisms highlighting a state of 
stress of normal faults (13 red circles, Fig. 10 right) with σ1 close 
to the vertical and slighlty tilted generally to the SE whereas both 
horizontal component σ3 trends NW-SE and σ2 is trending NE- 
SW. Those normal focal mechanisms are gathered generally 
south of KST. This direction of stress tensor is coherent with the 
initial NW-SE regional trending of the SWOT structures (Sibuet 
et al., 1998; Fabbri and Fournier, 1999; Deffontaines et al., 2001; 
Sibuet et al., 2002). This normal state of stress is compatible with 
the NE-SW set of faults that we recognized onshore the eastern 
flank of Kuei-Chia geological mapping and should correspond to 
the settling of Kuei-Shou (East of the island) pyroclastic falls 
volcanic cone. It might be associated with the 
activation/re-activation of the major landslide situated to the 
northeast of Kuei-Chia (Hsu, 1963; Chiu et al., 2010; Huang et al., 
2021).  

(3) Very few compressive earthquake focal mechanisms (only three 
(3), see blue circles of Fig. 10B) can be seen in one year moni
toring time period (horizontal component: σ1 trending ENE- 
WSW, and σ2 slightly tilted trending NNW-SSE, whereas σ3 is 
almost vertical and sligthly tilted to the north. They are also 
grouped close to the east of KST. This « compressive » state of 
stress oblique to the inferred structures in that area is more 
difficult to understand. As we observed already, all these focal 
mechanisms have the same axes directions for the stress axes. 
This compressive state of stress is anyway a bit surprising, as we 
did not recognize in the KST outcrops NW-SE trending thrusts. We 
just notice the vertical and highly dipping faults, and some 
reverse drag-folds along normal faults in the northern KST 
shoreline that may be interpreted as due to tectonic inversion 
(Fig. 7F and 7G) and should be confirmed by more field work in 
the near future. 

(4) At last, SW of KST, we wait for a direction of extension compat
ible with the settings of the NW-SE volcanic dykes and the asso
ciated WNW-ESE graben-like faults (see the neotectonic map of 
KST). In contrast, all the numerous normal focal mechanisms 
reveal σ3 WNW-ESE trending, so perpendicular to the inferred 
structural horst and graben geometry! We see different possible 
explanation: either the stress trajectories should turn at the SWOT 
tip, or the monitoring time period is too short to get the whole set 
of deformation and the whole seismic cycles of the place. 
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So, in between these 31 focal mechanisms, we just note permutations 
in the magnitudes of the state of stress (e.g.: strike-slip and compressive 
state of stress have the same axes directions with only a vertical/hori
zontal permutation of the σ1/σ3 stress axes, σ2 is unchanged NNW-SSE 
trending). If we look closely, we could notice that all the axes of those 
focal mechanisms are not exactly horizontal & vertical but slightly tilted 
which is in favor of the re-activation of previous faults and structures. 
Consequently, both nodal planes of the normal focal mechanisms are 
almost vertical and horizontal which favor either the settings of active 
vertical tension joints ENE-WSW (which are perpendicular to the dykes 
observed herein south of KST), or the settings of active sills filled by lava 
within the southern offshore graben. The large lateral extension of the « 
normal » focal mechanisms location may be in favor of this assumption. 

The presence of graben-like structures NW-SE trending situated 
onshore and offshore situated on both side of KST, added with both high 
normal and strike-slip earthquake activities with their associated tec
tonic regime are in favor of a large « pull-apart » geometry guided by the 
trantensionnal right lateral ENE-WSW faults that correspond to the 
offshore extension of the Lishan fault (Lee et al., 1997). KST appears to 
be in the middle of this “pull-apart basin geometry” dividing in two 
active grabens NW-SE trending situated northeast and southwest of KST. 
The two KST directions of faults WNW-ESE and NE-SW faults (Fig. 11 
left) are fully compatible with this large pull-apart structural geometry. 
The relative displacements (purple arrows) is supported by the absolute 
GPS measurements with an Eurasian reference frame (Fig. 12) where 
KST is moving with an average displacement of several centimetre/year 
to the SSE (see Yu and Tsai, 1979; Yu and Lee, 1986; Yu et al., 1997; Rau 
et al. (2008, Fig. 2), Angelier et al. (2008); Industrial Technology 
Research Institute – Central Geological Survey, 2013, …). One may 
notice the much higher magnitudes of the absolute displacements to the 
SE of the northeastern tip of the Central Range (see south of the Ilan 
Plain, Fig. 12), and the much smaller displacements of the Hsueshan 
Range along the NE-SW shoreline facing the northern flank of KST. 

The strike-slip state of stress with the horizontal σ3 (NW-SE) is fully 
compatible with the SE extension of the Ryu-Kyu accretionnary prism 
GPS displacement (southern boundary of the SWOT, see Fig. 11 right). 

7.3. Aeromagnetic survey, volcanic activity and earthquake clusters 

Interesting findings, a detailed aeromagnetic survey along the 
southwestern tip of the Okinawa Trough and the Ilan Plain (NE Taiwan 
see Fig. 12 modified from Tong et al., 2013a, 2013b, Industrial Tech
nology Research Institute - CGS, 2013) had been shot by the Central 
Geological Survey (see Industrial Technology Research Institute – Cen
tral Geological Survey (2013). The major magnetic positive anomalies 
correspond to the two earthquake clusters described above. KST is sit
uated at the western tip of the northern positive magnetic anomaly that 
should correspond to the KST volcanic chamber at depth. This positive 
magnetic anomaly is ENE-WSW trending which is compatible with the 
NW-SE extension already recognized by the focal mechanisms of 
earthquakes (NW-SE trending σ3). 

Moreover there is very high heat flow value around KST (Chiang 
et al., 2010) and the island is bounded to the east and the south by 
numerous offshore fumarolles (Marumo and Hattori, 1999; Kuo, 2001; 
Lee, 2005; Yang et al., 2005; Zeng et al., 2007; Chen et al., 2018; Huang 
et al., 2021). These fumarolles should correspond to the different fault 
outcroping above this positive magnetic anomaly. 

The second positive major magnetic anomaly is E-W trending and 
extend from the Lishan fault onshore crossing the Ilan Plain and extends 
to offshore above the Ilan ridge. Its geometry is much simpler and cor
responds to the settling of E-W dykes (Lai et al., 2009). It should be the 
signature of the beginning of the NW-SE extension. It ends abruptly 
eastward offshore but the aeromag survey should be extended further 
southeast. 

7.4. Landslide activities and reactivation 

As 0.45 millions of inhabitants are living in the flat lying Ilan Plain, 
situated in front of KST, it is an important issue to characterize the 
landslides motion: may they be tsunamogene (or not)? Pichun Huang 
et al., 2021 taking into account sparker seismic profiles north of Kuei- 
Chia offshore study the seismic signature of the landslide (see Huang 
et al., 2021). 

7.5. KST volcanic settings 

In the light of all previous arguments, we propose the following 
scenario for the Kuei-Shan Tao volcanic evolution. 

First, the Kuei-Chia volcanic cone geometry had been constructed 
through numerous eruptions consisting of alternance of Lava Flows and 
Pyroclastic falls with a summit caldera (Fig. 13A). Then later, the Kuei- 
Chia volcanic cone was progressively fractured and dismantling by two 
sets of normal faults that should be still tectonically and volcanically 
active: (1) one is WNW-ESE situated to the southwest of the Kuei-Chia 
edifice, and (2) the NE-SW trending situated east of Kuei-Chia and 
who is responsible of the settling of Kuei-Shou and responsible of the 
destruction of the caldera (Fig. 13B and Fig. 13C). These two sets of 
normal faults evoke a “rhombohedral-like” geometry which in tectonic 
studies is usually associated with a “pull apart” geometry dominated by 
the right lateral NE-SW faults that should correspond to an eastward 
offshore extension of a branch of the Lishan Fault (see Fig. 11left). But 
one may bear in mind, that this “rhombohedral-like” structural geom
etry of these two sets of normal faults may also be explained by two sets 
of perpendicular NW-SE and NE-SW extensions (but we miss the NE-SW 
extension presently!). 

As a consequence, if this dismantling of the Kuei-Chia volcanic cone 
is confirmed, the NW-SE graben like structures offshore southwest of 
Kuei-Chia will be reactivated in the near future. This is documented by 
the following arguments: (1) the location of the epicenters of shallow 
earthquakes are located offshore east and south of KST (Fig. 10 left and 
right), (2) the focal mechanisms of larger earthquakes are also situated 
offshore east and south of KST (Fig. 10 right), (3) the present position of 
the positive magnetic anomaly associated with the KST magmatic 

Fig. 12. Ilan Plain and SWOT aeromagnetic survey (modified from Industrial 
Technology Research Institute – Central Geological Survey, 2013). One may 
notice the magnetic positive anomalies that correspond to the earthquake 
clusters (Fig. 10 left and right). 
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chamber is situated east of KST and beneath Kuei-Shou; and (4) the 
important fracturing of the two sets of normal faults should favor lava 
flows in the near future either east of Kuei-Chia (around Kuei-Shou) or 
offshore in the graben-like structure south of Kuei-Chia. 

Taking into account the KST neotectonic map, and to summarize 
(Fig. 13A, 13B and 13C), all these structural arguments are in favor of 
the edification of an initial Kuei-Chia volcanic cone geometry with a 
summit caldera, due to extensive tectonic regime(s) (O-VC, see Fig. 9). 
Then it is followed by both (1) the NW-SE normal faults that create the 
set of horst and grabens southwest of Kuei-Chia (I-VF & Y-VF of Fig. 9) 
and which are associated with vertical dykes (outcroppping in the 
southern KST shoreline); and (2) the NE-SW normal faults on which is 
settle Kuei-Shou. There is fluids percolations and mineralisation occur 
along those fault zones with numerous fumarolles along the shoreline 
and offshore. 

7.6. Geodynamic implications 

Since decades, many authors discussed about the relations in be
tween the NW-SE and the N-S extension in the SWOT (Kimura, 1985; 
Letouzey and Kimura, 1986; Sibuet et al., 1995, 1998; Wang et al., 1999; 
Fabbri and Fournier, 1999…). We show on KST that two sets of normal 
faults prevail already in the early stage of the opening of the SWOT 
back-arc basin which are associated with the volcanic and tectonic ac
tivities. The structural geometry of KST volcano reveal the simultaneity 
of these two perpendicular sets of normal faults. Consequently, we 
propose herein a right lateral pull-apart structural geometry along the 
NE-SW sets of major trantensionnal faults for the progressive opening of 
the SWOT which may be slightly different than the proposed clockwise 
rotation of 25◦ of the Ryukyu arc given by Fabbri and Fournier (1999). 
Following our assumptions, the Ilan ridge/Ryukyu arc should corre
spond to the progressive dismantling of the northern tip of the Taiwan 
Central Range (Shyu et al., 2005). If it is so, it has geodynamic impacts 
on the geology of japonese islands. 

Further studies should focus on the quantification of the displace
ments for instance using the Interferometric point of view in order to 
quantify the line of sight (LOS) component. As a perspective point of 
view, it is now a key issue to much better estimate the earthquake cycles 
in order to distinguish the creeping and earthquake components on this 
active volcanic tectonised area. 

7.7. Limit and uncertainties of a morphostructural study 

Morphostructural interpretations (interpretations from the topog
raphy, from aerial photographs or satellite images, from slides or field- 
photographs…) always face the same criticisms from readers: « where 
are the field evidences »?; where are the « solid data » that may confirm 
your views?; where are the « uncertainties »? what are the alternatives 
possible morphostructural interpretations? 

Of course, any results need to be validated in « some ways and to 
some degree ». In geology both the volcanic environment as well as the 
muddy/clayey/turbiditic environments are difficult to study in the fields 
from the structural point of view for different reasons (Deffontaines 
et al., 2018, 2019 and see the introduction above). Morphostructural 
analysis with a pluricentimetric digital topography is a good (unique?) 
preliminary approach in such active environment to reach a compre
hensive reliable structural scheme. This KST study where numerous 
geological mappings had been done in the fields by good geologists 
(Ichikawa in the 1930s, Hsu L.C., in the 1960’s and more recently Chiu 
et al. (2010) geologists of the Central Geological Survey did not provide 
any structural scheme of this area despite its high earthquake seismic 
activity. Only our detailed morphostructural analysis propose a docu
mented structural scheme of this area. It will surely be discussed, 
questioned, and/or refined in the future and a new and more convincing 
structural scheme will then be established on the basis of previous 
works. 

8. Conclusions 

We have updated the geological mapping of the andesitic Kuei-Shan 
Tao volcanic island (northeastern Taiwan and southwestern tip of the 
Okinawa Trough) taking into account our new High Resolution UAS 
Digital Surface Model (7.5 cm ground resolution) combined to the pre- 
existing published geological maps. Using morphostructural principles, 
we revealed the locations of two major sets of normal faults (WNW-ESE 
and NE-SW trending) that offset the Kuei-Chia volcanic cone. We precise 
the location of the previous caldera and the geometry of two major 
landslides situated in northern Kuei-Chia. We propose also a KST 
structural sketch map that helped us to reconstruct the recent volcanic 
and tectonic history. Kuei-Chia is a simple volcanic conic fractured by 
both active WNW-ESE and NE-SW trending highly dipping normal 
faults. Those sets of normal faults should behaved as younger as it affects 

Fig. 13. Evolution of Kuei-Shan Tao volcanic island. Fig. 13A (top): Initial 
Kuei-Chia with a volcanic « cone-like » geometry with the NW-SE settings of 
dykes under a transtensionnal right-lateral strike-slip tectonic regime; Fig. 13B: 
Progressive dismantling of the Kuei-Chia volcanic cone (post 7 ka) with a 
WNW-ESE « graben-like » geometry developping offshore SW KST. Fig. 13C: 
(bottom): setling of Kuei-Shou (in light green) above the latest volcanic Kuei- 
Chia volcanic cone activity. Red areas: Fault planes; Purple: massive lava 
flow, Yellow: sediment deposits. 
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the last higher lava flows (LF5 and LF6 of Chiu et al., 2010) which are 
associated locally with vertical volcanic dykes that are inferred to be 
local KST feeders. These dykes had been filled with andesitic lava flow 
and are still standing above the southern shoreline. The thermolumi
nescence age (TL) of 7 ± 0.7 ka that date the major northern KST vol
canic lava flow give a major constraint to the transition in between the 
two volcanic geometries: from the « cone-like » to the « graben-like » 
geometries. 

The two earthquakes’ clusters are situated above magmatic cham
bers. The focal mechanisms studied herein highlight both the NW-SE 
extension and the strike-slip regimes (with σ1 NE-SW) that reactivate 
conjugate sets of WNW-ESE and NE-SW highly dipping normal faults. 
We propose that KST island is situated in a large “right lateral NE-SW 
transtensive pull-apart”. 

From the geodynamic point of view, Kuei-Shan Tao is the unique 
outcropping area that gives some tectonic arguments to the transition in 
between the NW-SE compressive tectonic regime prevailing in the 
Taiwan collision and the N-S extension of the southwest Okinawa 
Trough. 

The KST earthquake cycle and their associated volcanic hazard has a 
special importance for the local citizens due to the presence of numerous 
earthquakes and the existing KST landslide activity situated on both 
sides of the island. Some studies focus on the landslide affecting the 
northern side of KST facing the densely populated flat lying Ilan plain as 
well as the sensitive industrial infrastructures such as the Gongliao nu
clear power plant situated NE of Taiwan. Moreover, one may consider 
the importance to monitor any active volcanic island situated around 
northern Taiwan in order to prevent volcanic eruptions. 
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