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ABSTRACT

Seismic reflection profiles and well data are used to determine the Cenozoic stratigraphic and tectonic
development of the northern margin of the South China Sea. In the Taiwan region, this margin
evolved from a Palaeogene rift to a latest Miocene—Recent foreland basin. This evolution is related to
the opening of the South China Sea and its subsequent partial closure by the Taiwan orogeny.

Seismic data, together with the subsidence analysis of deep wells, show that during rifting
(~ 58-37 Ma), lithospheric extension occurred simultaneously in discrete rift belts. These belts form a
> 200 km wide rift zone and are associated with a stretching factor, f3, in the range ~14-1.6. By
~ 37 Ma, the focus of rifting shifted to the present-day continent—ocean boundary off southern
Taiwan, which led to continental rupture and initial seafloor spreading of the South China Sea at
~ 30 Ma. Intense rifting during the rift—drift transition ( ~ 37-30 Ma) may have induced a transient,
small-scale mantle convection beneath the rift. The coeval crustal uplift (Oligocene uplift) of the
previously rifted margin, which led to erosion and development of the breakup unconformity, was
most likely caused by the induced convection.

Oligocene uplift was followed by rapid, early post-breakup subsidence ( ~ 30—18 Ma) possibly as the
inferred induced convection abated following initial seafloor spreading. Rapid subsidence of the inner
margin is interpreted as thermally controlled subsidence, whereas rapid subsidence in the outer shelf
of the outer margin was accompanied by fault activity during the interval ~ 30-21 Ma. This extension
in the outer margin (ff ~ 1.5) is manifested in the Tainan Basin, which formed on top of the deeply
eroded Mesozoic basement. During the interval ~21-12.5 Ma, the entire margin experienced broad
thermal subsidence. It was not until ~12.5 Ma that rifting resumed, being especially active in the
Tainan Basin (§ ~ 1.1). Rifting ceased at ~ 6.5 Ma due to the orogeny caused by the overthrusting of
the Luzon volcanic arc.

TheTaiwan orogeny created a foreland basin by loading and flexing the underlying rifted margin.
The foreland flexure inherited the mechanical and thermal properties of the underlying rifted
margin, thereby dividing the basin into north and south segments. The north segment developed on a
lithosphere where the major rift/thermal event occurred ~ 58—30 Ma, and this segment shows minor
normal faulting related to lithospheric flexure. In contrast, the south segment developed on a
lithosphere, which experienced two more recent rift/thermal events during ~30-21and ~12.5-

6.5 Ma. The basal foreland surface of the south segment is highly faulted, especially along the previous
northern rifted flank, thereby creating a deeper foreland flexure that trends obliquely to the strike of
the orogen.

INTRODUCTION

The Taiwan region (Fig. 1) in the present day comprises an
orogenic belt that has overthrust the northern margin of
the South China Sea (Teng, 1990). This margin has re-
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corded a complete Wilson cycle that begins with the forma-
tion of an adjacent ocean basin (i.e. the South China Sea) by
continental breakup and ends with subsequent oceanic
closure by collision (i.e. the LLuzon arc—south China margin
collision). This evolutionary cycle was achieved within just
~ 58 Myr and the collisional processes are still active.

A large quantity of seismic reflection and borehole data
have been collected in theTaiwan region during the past 30
years in order to establish a framework for petroleum ex-
ploration. These data have been used in previous studies
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to either schematically outline the regional basin frame-
work (e.g. Sun, 1982) or to determine the tectonic develop-
ment of individual basins and platforms; for example, the
Taihsi Basin (e.g. Huang ez al., 1993; Shen et al., 1996), Tai-
nan Basin (e.g. Yang ez al., 1991; Lee et al., 1993b; Tzeng
etal.,1996), Penghu Basin (e.g. Hsiao ez al., 1991), Nanjihtao
Basin (e.g. Chow ez al., 1991) and the Penghu Platform (e.g.
Tang, 1977). The purpose of this paper is to determine the
Cenozoic stratigraphy and tectonic development of the
Taiwan region using seismic reflection and borehole data
(inset figure in Fig. 2). To this end, well-log sequence cor-
relation, backstripping and tectono-stratigraphic se-
quence mapping have been applied to the subsurface data
set. This analysis reveals the spatial and temporal tectonic
development of the Taiwan region, from syn-rift
through post-breakup into foreland basin development.
We argue that some of the ‘anomalous’ features of the mar-
gin, such as the margin-scale uplift associated with
the formation of the breakup unconformity, vigorous
volcanism, anomalously rapid early post-breakup subsi-
dence and post-breakup extensions, can be accounted
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Fig.1. Bathymetry and tectonic
framework in and around the
South China Sea. The thick line in
the northern margin of the South
China Sea across the Dongsha Rise
(DR) and along the eastern
transect (ET) reported in Nissen
et al. (1995a) shows the position of
the high-velocity (70-75kms ™ ")
lower crustal layer. The star off SW
20 Taiwan shows the location of thick
extrusive rocks reported in Sibuet
etal. (2002). The ages for the
seafloor magnetic anomalies (bold
lines, Cl1 to C5, Taylor & Hayes
(1983); Briais et al. (1993)) of the
South China Sea are shown in Fig.
14. Water depths are shown in
kilometres. The 0.2- and 3-km
isobaths are plotted as solid lines
and other isobaths are shown as
dotted lines for a 1-km contour
interval. The topography (in km)
on theTaiwan island is shown for
0.2 (dashed line), 1and 2 km
contours (solid lines), respectively.
COB = continent—ocean
boundary, DG = Dangerous
Grounds, DR = Dongsha Rise,
MB = Macclesfield Bank,

MT = ManilaTrench,

NPB = North Palawan block,

OT = Okinawa Trough,

RB = Reed Bank, RT = Ryukyu
Trench.
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for by induced mantle convection during the rift—drift
transition.

GEOLOGICAL SETTING

The South China Sea (Fig. 1) is bounded in the north by
the passive south China continental margin (Taylor &
Hayes, 1980, 1983). To the south, small continental blocks
that were rifted off mainland Asia, i.e. the terrains of North
Palawan (NPB), Reed Bank (RB) and other shoal areas
(Dangerous Grounds, DQG), separate the basin from an
extinct subduction zone along Palawan and northwest Bor-
neo (Holloway, 1982; Taylor & Hayes, 1983). To the east, a
westerly moving Luzon arc-trench system, the leading
edge of the Philippine Sea plate, borders the South China
Sea basin, with its northernmost segment over-riding the
South China Sea margin in theTaiwan sector.

The South China Sea is associated with seafloor-spread-
ing-type magnetic anomalies Cl1 to C5C, suggesting an age
of 30—16 Ma for the basin (Taylor & Hayes, 1980, 1983). (Note

© 2003 Blackwell Publishing Ltd, Basin Research, 15, 453—478
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Fig. 2. Geological framework of theTaiwan region. The Cenozoic sediment isopach (in km) shows the superimposed development of a
foreland basin on top of a rifted margin. The present-day foreland basin is delimited by the Taiwan orogen in the east and the eastern
boundary of the foreland forebulge in the west (the red line along the middle of the Taiwan Strait). The inset figure shows the subsurface
data set used in this study. The geology of theTaiwan orogen is according to Ho (1986) and the bathymetry (in km) is shown as dashed
lines. Seismic reflection profiles AA’ to DD’ are shown in Figs 5-8, respectively. West Taiwan basins/highs: CUZ = Central Uplift Zone,
KYP = Kuanyin Platform, ND = Northern Depression, NJB = Nanjihtao Basin, PHB = Penghu Basin, PHP = Penghu Platform,
SD = Southern Depression, TNB = Tainan Basin, TB = Taihsi Basin. Taiwan orogen: BR = Backbone Range, CoR = Coastal Range,
HR = Hsuehshan Range, WF = Western Foothills. Major faults: CF = Chaochou, CHF = Chuchih, L.SF = Lishan,

LVF = Longitudinal Valley.
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that the magneto-chronology is based on Cande & Kent
(1995)) On the basis of the magnetic lineation pattern, Lee
& Lawver (1992, 1994) restored the positions of southward
drifted terranes back to anomaly Cl11 time (mid-Oligocene)
and placed the Reed Bank and North Palawan blocks up
against the China margin near SW Taiwan.

Overthrusting of the Luzon arc on the northern South
China Sea margin since the late Miocene (Teng, 1990) has
exhumed material that was previously located in the outer
part of the rifted margin (Figs 2 and 3). The Taiwan oro-
genic belt presently comprises four geological provinces.
From east to west, they are the Coastal Range (CoR), Back-
bone Range (BR), Hsuehshan Range (HR) and Western
Foothills (WF) (Ho, 1986). The terrains are of Eurasian
plate affinity, with the exception of the Coastal Range,
which incorporates the accreted volcanic arc and belongs
to the Philippine Sea plate. The Backbone Range and
Hsuehshan Range are collectively referred to as the Cen-
tral Range, which comprises the main body of the Taiwan
orogen. The Central Range consists of pre-Tertiary conti-
nental basement unconformably overlain by metamor-
phosed Eocene to Miocene clastics deposited during the
Palaeogene rifting and Oligocene-Miocene post-breakup
phases. The WF province is a west-vergent, fold-and-
thrust belt comprising an Oligocene—Pleistocene silici-
clastic sequence that accumulated on a passive margin
and, subsequently, in a foreland basin setting.

To the west of the orogen, the rifted margin structures are
overlain by a foreland basin sequence in the regions of the
Taiwan Strait and western Coastal Plain (Figs 2 and 3). A
Cenozoic succession, up to 10 km thick in places, floored with
a block-faulted pre-Tertiary basement, underlies this region.

Figure 4 summarises the Cenozoic stratigraphy in the
Taiwan region. The figure shows that three major uncon-
formities (the late Palaeocene rift-onset, early Oligocene
breakup and latest Miocene basal foreland) bound tecto-
no-stratigraphic units deposited during the three stages
of syn-rift, post-breakup and foreland basin.

Four basins separated by basement highs can be recog-
nised from the Cenozoic sediment isopach map (Fig. 2).
These are the Nanjihtao (N]B), Penghu (PHB), Taihsi
(TB) and Tainan (TNB) Basins (Sun, 1982). The Penghu
(Fig. 5) and Nanjihtao (Fig. 7) Basins, situated on the inner
shelf, are two en echelon, NE-trending half-grabens and are
bounded by normal faults to the SE (Sun, 1982). Both ba-
sins feature a tilted Palacogene rift-graben structure that
is truncated by flat-lying Miocene post-rift sediments.
The inner basins are either situated on the present-day
foreland forebulge, such as the Penghu Basin, or are par-
tially buried by a distal foreland basin sequence, such as
the Nanjihtao Basin (Figs 2 and 3b and d). TheTaihsi (Figs
6 and 7) and Tainan (Fig. 8) Basins are separated by a base-
ment high — the Penghu Platform (PHP) (Fig. 2). The Taih-
si Basin features a broadly subsided region deepening
eastwards and bounded by the Kuanyin Platform (KYP)
and the Penghu Platform to the north and south, respec-
tively. It shows three phases of superimposed basin
development: from bottom to top, Palacogene rift, Oligo-
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cene—Miocene post-breakup and latest Miocene—Recent
foreland basin (Figs 2 and 3a—c).

To the south of the Penghu Platform, a series of short
E-W trending normal faults (Yang ez al., 1991) downthrow to
the south and border theTainan Basin. These E-W trending
normal faults are shown, for simplicity, as one continuous
boundary fault, the Yichu Fault (Fig. 2). Unlike the rest of
the neighbouring basins, the Tainan Basin is largely devoid
of the Palaecogene syn-rift sediments (Lee ez al., 1993b). In-
stead, boreholes in the basin only recovered Oligocene—Re-
cent strata overlying Mesozoic basement, and these record
the post-breakup and foreland basin development phases.

The Kuanyin Platform in the north and the Penghu
Platform in the south are two ‘stable’ areas and were rela-
tively sediment-free during the Cenozoic. These two shal-
low-basement highs preserve thin Miocene post-breakup
sediments draping the Mesozoic basement that now un-
derlies an eastward deepening foreland basin.

STRATIGRAPHIC DEVELOPMENT

The first stage of this study was to determine the strati-
graphic development of the Taiwan region using about
200 boreholes and ~20000 line-km seismic reflection
profiles (Fig. 2). To this end, we correlate the three major
unconformities (i.e. rift-onset, breakup and basal foreland)
in the study area using the subsurface data set. The results
are a series of time—structure maps for the major uncon-
formable surfaces. The time-structure maps were then
converted to depth maps using velocity information from
about 23 well check-shot surveys (Lin, 2001). Additionally,
the Oligocene—-Miocene post-breakup succession was di-
vided into 16 well-log stratigraphic sequences as detailed
in Lin (2001). The main results of these correlations and
interpretations are a series of isopach maps showing the
spatial distribution of sediments accumulated during the
Palacogene syn-rift (Fig. 9), Oligocene-Miocene post-
breakup (Figs 10 and 17) and the latest Miocene—Recent
foreland basin (Fig. 11). This section summarises the stra-
tigraphic development in the Taiwan region as it evolved
from rifting to orogenic loading.

Palaeocene—Eocene syn-rift episode
(~58-37 Ma)

Pre-rifi strata and the rifi-onset unconformiry

The Mesozoic pre-rift strata consist of continental to shal-
low-marine deposits. The rift-onset unconformity (ROU in
Figs 5-7) marks the inception of the Palaeogene rift episode
and separates the syn-rift strata from the underlying pre-
rift Mesozoic sedimentary (or basement) rocks (Fig. 4). Ac-
cording to the well data, the oldest sediments that lie above
this unconformity are of late Palacocene age (i.e. zone NP5 at
THSI well (Huang & Chi, 1979)), whereas the age of the se-
diments underlying the unconformity is generally early
Cretaceous (Aptian) (Huang, 1978). Hence, the rift-onset
unconformity may represent a missing stratigraphic section

© 2003 Blackwell Publishing Ltd, Basin Research, 15, 453—478
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Fig. 3. Profiles showing the upper crustal structures across the northern margin of the South China Sea in the Taiwan region. The

profiles in offshore regions are from depth-converted seismic sections and the structures beneath the Taiwan orogen are schematic
plots. Some of the seismic sections (AA’ to DD’) used for constructing the upper crustal structure are shown in Figs 5-8. The inset
figure shows the locations of the profiles. ROU = rift-onset unconformity, BU = breakup unconformity, BFU = basal-foreland

unconformity. Other abbreviations are as in Fig. 2.

of upper Cretaceous to lower Palacocene (about 110—-60 Ma)
representing a duration of ~ 50 Myr.

The equivalent rift-onset unconformity has been ex-
posed by late Cenozoic orogenic processes in the Back-

© 2003 Blackwell Publishing Ltd, Basin Research, 15, 453—478

bone Range, onshore Taiwan, where an unconformity
separates the pre-Cenozoic basement rocks, or the Tana-
nao Complex, from the overlying Pilushan Formation of
Eocene age (Figs 2 and 4).
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Fig.4. Cenozoic stratigraphy (sources: this study; Huang, 1982; Ho, 1986) and tectonic phases in the Taiwan region suggested in this
study. The post-breakup succession is further divided into four (A, B, C and D) sequence sets. U/C = unconformity.

Syn-rift tectonic development

Oligocene breakup at their top. On the basis of drilling evi-
dence, the syn-rift sequence is dominantly shale interca-

The Palacogene syn-rift strata are bracketed by unconfor-  lated with few sandstone beds and volcanic rocks, laid
mities of the late Palacocene rift-onset at their base and down in shallow-marine to continental environments as
458 © 2003 Blackwell Publishing Ltd, Basin Research, 15, 453478



Cenozoic stratigraphy of Taiwan

Penghu Basin
DW35

DWw4

140 km

DWI1 DW3

~ z
= =
E E
= =
=& =

¥

5

0 = 0

| Seabed| — | I I
Miocene
_ | IPost-breakup | G
_\-\\‘ B -"'—-.--_ i | %
= Sl |
IRU | |
- 2 - .. 2 =
Z g “‘l'd el - '
E I’alacogcncl E
;5_ . Syn-rift |- - Z
Mesozoic =
Pre-rift
4 @ Up o 100-m thick congloimerate
bed consisting of basall, sandstone.,
and shale clasis
5 5

Fig. 5. Seismic section AA’ (see Fig. 2 for location) across the Penghu Basin. Note (1) the absence of crustal tilting toward the Taiwan
orogen in the east and (2) the development of intra-rift unconformity (IRU) and a local sedimentary wedge on top of the Palacogene

syn-rift strata.

judged from fossils content. The syn-rift succession accu-
mulated in the fault-bounded Nanjihtao, Penghu, Taihsi
and Tainan Basins in the west offshore basins (Fig. 9).

In the Penghu Basin (Fig. 5) and southern Taihsi Basin
(Fig. 6), there is a local, angular unconformity termed ‘in-
tra-rift unconformity’ (IRU) in the syn-rift succession,
which appears to be truncated by the later breakup uncon-
formity. The development of this local unconformity is in-
terpreted to mark the end of Palacogene rifting and the
onset of regional crustal uplift and erosion at ~ 37 Ma prior
to continental breakup at ~ 30 Ma (Lin, 2001). The isopach
map for the pre-breakup strata (Fig.9) was prepared by sub-
tracting the depth structure map of the breakup unconfor-
mity from that of the rift-onset unconformity. Up to 5 km of
pre-breakup strata accumulated in the Nanjihtao, Penghu
and Taihsi Basins. In addition, thin Palacogene sediments
are also present in the Penghu Platform and the northern
"Tainan Basin, but the syn-rift sequence there is not mapped
in this study because of uncertainty in defining its base.

Equivalent Palacogene sediments have also been ex-
posed by later collisional processes in the Backbone and
Hsuehshan Ranges (Figs 2, 4 and 9). The exposed lithology
is similar to the subsurface equivalent in the west. In the
Backbone Range, the age of this syn-rift sequence is
mainly early-middle Eocene (~ 53—40 Ma, NP12-NP16)
as determined from studies on nannofossil biostratigraphy
(Huang, 1980a, b). The age of the lowermost syn-rift depo-
sits is unknown, however, due to the lack of age-diagnostic

© 2003 Blackwell Publishing Ltd, Basin Research, 15, 453—478

fossils. The earliest syn-rift sediments in the Backbone
Range are therefore at least early Eocene (NP12) age, 1.e.
> 53 Ma, and probably older (late Palacocene?).

In summary, extension occurred more or less simulta-
neously in theTaiwan region during late Palaeocene at dis-
crete loci. The rift centres include the Nanjihtao, Penghu
and Taihsi Basins, as well as the more distal rift setting that
is now exposed in the Backbone Range. A few shallow rift
structures also developed in the Penghu Platform and,
possibly, in the northern Tainan Basin. This rift zone is at
least >200km in width from the inner rift basins (the
Nanjihtao and Penghu Basins) to the Backbone Range.
The age of initial rifting is taken to be, in this study, the
base of zone NP6 (58 Ma) in the late Palacocene, which is
about 1 Myr younger than the oldest syn-rift sediments
(NP5) that lie directly on the Mesozoic basement and
were found at THSI well on the Penghu Platform
(Huang & Chi, 1979). Syn-rift sedimentation is accom-
panied by volcanism. The volcanic activity was also dated
to occur during the period ~ 57-38 Ma according to
Lo etal (2000).

Oligocene—Miocene post-breakup episode
(~30-6.5 Ma)
Breakup unconformiry (~ 37-30 Ma)

The Oligocene breakup unconformity (BU in Figs 5-8),
the most pronounced unconformity in the Taiwan region,
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top of the Palacogene syn-rift sequence.

is present in all regions on the Eurasian plate around Tai-
wan, with the exception of the Hsuehshan Range, where
relatively continuous Oligocene sedimentation has been
suggested (e.g. Teng et al., 1991). The unconformity sepa-
rates the underlying Palacogene syn-rift strata from
the post-breakup sequence and marks the inception
of seafloor spreading in the South China Sea at 30 Ma
(see below).

In the syn-rift depocentres, the breakup unconformity
is characterised by a pronounced stratigraphic gap and
strong lithological contrasts across the unconformity. In
the rift centre of the northern Taihsi Basin, for example,
the breakup unconformity brings upper Oligocene
(NP25) sandstone hundreds of metres thick into contact
with middle Eocene (NP17) shale (Huang, 1982).

The age of the first sediments overlying the Oligocene
breakup unconformity shows a progressively younger age
from the outer (i.e. mid-Oligocene, ~30Ma at the base
of zone NP24 in theTainan Basin) toward the inner margin
(i.e. early Miocene, ~ 23 Ma at the base of NN2 in the Pen-
ghu Basin). Strata lying directly beneath the Oligocene
breakup unconformity span from late Palaecocene in the rift
shoulders to middle Eocene in the rift depocentres. The
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Oligocene breakup unconformity therefore represents a
missing section ranging at least 37-30 Ma as judged by
the ages of its youngest underlying and oldest overlying se-
diments in theTaiwan region. The suggested upper-bound
age for the breakup unconformity coincides with the age
(~30Ma) of the oldest magnetic anomaly Cl1 found in
the vicinity of the continent—ocean boundary (Taylor &
Hayes, 1983; Briais et al., 1993) (see Fig. 1).

Post-breakup strata

Figure 10 shows the isopach of the Oligocene-Miocene
post-breakup strata. This sedimentary package accumu-
lated between the initiation of the seafloor spreading of
the South China Sea at ~30 Ma and the onset of the arc—
continent collision at ~ 6.5 Ma (6.5 Ma is the age for the
basal foreland unconformity, see later). The post-breakup
sequence is thus floored by the breakup unconformity
and topped by the basal foreland unconformity.

The Oligocene-Miocene post-breakup succession shows
a sharp increase in thickness across the ENE-trending Yi-
chu Fault in the south (Fig. 10). The Yichu Fault clearly se-
parates the post-breakup sedimentary thickness into inner

© 2003 Blackwell Publishing Ltd, Basin Research, 15, 453—478
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(BFU). Figure 12 shows the transitional stratigraphy from the rifted margin to the foreland basin along and in the vicinity of the eastern

portion of this seismic section.

and outer regions. In the inner region, up to 3 km of fluvial
to marine strata blanket the entire region, with sediments
gradually thickening toward preceding rift centres and thin-
ning toward basement highs. This is especially evident in
theTaihsi Basin. The rather uniform thickness of the post-
breakup strata and the lack of Oligocene-Miocene normal
faulting in the inner region can also be seen from various
seismic sections (see Figs 5-7, for example).

In contrast, in the outer region, marine sediments up to
6 km thick were ponded in the Tainan Basin (Fig. 8). The
post-breakup sequence in the Tainan Basin appears, on
the basis of seismic and borehole data, to be a thick, Mio-
cene marine shale floored by a thin upper Oligocene trans-
gressive sandstone unit, which rests unconformably
upon the Lower Cretaceous. We interpreted that the
thick post-breakup strata in the outer margin is a
result of multiple stages of lithospheric extensions (see
later).

Latest Miocene—Recent foreland basin
(~6.5—-0Ma)

The basal foreland unconformity separates an onlapping
foreland basin sequence above from passive margin se-
quences below, and was first reported by Lin (2001) and
Yu & Chou (2001) to mark the base of the Taiwan foreland
sequence. The unconformity is best shown in the Taihsi

© 2003 Blackwell Publishing Ltd, Basin Research, 15, 453—478

Basin and the Penghu Platform (Figs 6 and 7). In the Taihsi
Basin, the basal foreland unconformity passes laterally
into conformity toward the orogen where the basal fore-
land surface separates the Nanchuang Formation from
the overlying Kueichulin Formation (Fig. 12). The age of
this basal foreland surface is estimated, in this study, to be
about 6.5 Ma and is in the upper part of zone NNI1 ac-
cording to (Fig. 12) (1) a recent K—Ar age determination
(7.6-71 Ma) from a basalt layer ~ 25 m beneath the bound-
ary (Juang, 1996), (2) an age-diagnostic nannofossil, Dis-
coaster quinqueramus first-occurrence/last-occurrence 8.6/
5.6 Ma identified from a sidewall core sampled from the
upper Nanchuang Formation, and (3) D. quinqueramus
occurrence in the lower Kueichulin Formation.

The depth map of the basal foreland unconformity (Fig.
11) is obtained by correlating the basal foreland unconfor-
mity in the Taiwan region. The base of the foreland se-
quence (Fig. 11) generally forms a simple flexural
downwarp, increasing its depth toward the orogen. The
foreland flexure shows two segments distinct in terms of
their geometry. These two segments are divided near Fault
B in the east-central part of the Penghu Platform. The
north segment of the foreland flexure lies on the Kuanyin
Platform, Taihsi Basin and the northern part of the Penghu
Platform, where a rift and thermal event occurred during
~ 58-30 Ma, and exhibits minor normal faulting related to
foreland flexure (Figs 6 and 7).
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post-breakup basin superimposed by the late Cenozoic foreland sequence. The basin infills are block-faulted.

By contrast, the south segment of the foreland basin has
developed mainly on top of the southern Penghu Platform
and the Tainan Basin, where the lithosphere had experi-
enced two more recent rift/thermal episodes from ~ 30 to
21Ma and from ~12.5 to 6.5 Ma (see below). The south
segment exhibits three fundamental differences from its
northern counterpart: (1) the basal foreland surface is pe-
netratively faulted and the normal faulting is clustered
especially at the NE region along the Yichu Fault and
bounded to its north by Fault B; (2) the strike of the fore-
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land flexure is concordant to the strike of the previous rift
centre and is oriented at a high angle to the NS-trending
Taiwan orogen; and (3) the curvature of flexure is high,
as seen by the flexure at the thrust front, which is some
6km deep as opposed to ~3km deep in the north
segment.

The development of the foreland basin is strongly influ-
enced by the thermo-mechanical structure of its underly-
ing passive margin. This aspect is discussed fully in a
separate paper (Lin & Watts, 2002).

(© 2003 Blackwell Publishing Ltd, Basin Research, 15, 453—478
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Fig.9. Sedimentary thickness (in
km) of the Palacogene pre-breakup
sequence (~ 58-30 Ma). In the
inner margin, syn-rift strata have
accumulated in the Nanjihtao
(NJB), Penghu (PHB) and Taihsi
(TB) Basins. In the distal margin,
few truncated rifts are present in
the Penghu Platform and the
northern extreme of theTainan
Basin. An Eocene sequence has
been sampled from one of the
truncated rifts at the I'T1 well at the
SW Penghu Platform. The
equivalents are also exposed in the
Backbone and Hsuehshan Range
(see Fig. 2 for the geologic map).
Seismic sections AA’ to DD’ are
shown in Figs 5-8.
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TECTONIC SUBSIDENCE AND UPLIFT
HISTORY

Backstripping techniques (Watts & Ryan, 1976) were ap-
plied in order to determine the tectonic subsidence and
uplift history of the South China Sea margin. This techni-
que involves two main steps: decompaction and unload-
ing. Decompaction seeks to restore the sediment
thickness and density of individual layers throughout their
burial history under the assumption of a porosity vs. depth
curve that does not change through time. The porosity vs.
depth relationship for individual basins and highs in the
Taiwan region is constructed using the following steps:
(1) the sonic velocity log (in the form of interval transit
times) is converted to porosity and plotted against depth
following the method of Raiga-Clemenceau et al. (1988)
and Issler (1992), and (2) the average porosity—depth rela-
tion is determined by best fitting a mechanical compaction
model curve (Audet, 1995, 1996) to the converted data.
Figure 13 shows five representative theoretical porosity—
depth curves from five basins/platforms and an example
(the FJ1 well) of the conversion of sonic velocity to porosity.
Figure 13 shows that the porosity—depth relationship can
be reasonably well predicted by the mechanical compac-
tion model of Audet (1995, 1996).

According to Audet (1995, 1996), two mechanical para-
meters are sufficient to describe a realistic porosity—depth
function: the compression index (C, representing sedi-
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ment strength) and the void ratio (e1g0) at an effective stress
of 100 kPa (ey99 = @/(1 — @), where ¢ is the porosity). The
log-derived C_ — e values can be checked by experimen-
tally derived results. In doing so, the derived C, — ¢1¢q pairs
were superimposed on plots of two empirically deter-
mined trends of Parasnis (1960), which tends to be more
representative of calcareous sediments, and that of Bur-
land (1990), which is more descriptive of clays (Fig. 13).
Data points of C, — e1gg pairs shown in Fig. 13 cluster along
a well-defined linear trend and closely parallel the results
for triaxial tests on clays of Burland (1990). The consis-
tency of the log-derived and experimental results has
further validated the use of the soil mechanics theory of
Audet (1995, 1996) in predicting the porosity—depth rela-
tionship; also the compaction curve predicted in this way
has provided an improved and physically based alternative
in describing sediment compaction other than the classic,
simple exponential porosity vs. depth relationships (e.g.
Athy, 1930).

The predicted curves (Fig. 13) show an exponential re-
duction in porosity with increasing depth. The good
agreement of the observed porosity and the model curves
based on mechanical compaction also shows that mechan-
ical compaction is the primary control on the reduction of
porosity in the Taiwan region, reflecting the fact that the
Taiwan Cenozoic sediments are predominantly siliciclas-
tics in which the porosity reduction is due mainly to
mechanical compaction (cf. Issler, 1992).
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Figure 14 shows the tectonic subsidence obtained by
backstripping the sediments at a selection of wells aligned
along the strike of the west Taiwan foreland basin and ob-
liquely across the south China margin. The wells were
backstripped according to their respective porosity—depth
functions for individual tectonic regions shown in Fig. 13.
The fully compacted basement was selected either at the
top of the Mesozoic (basement) rocks or at the total well
depth. The water depth at the time of deposition for the
backstripped strata was also considered in calculating the
tectonic subsidence. The range of palacobathymetry esti-
mates was shown as an error bar at each point on the tec-
tonic subsidence curve. Because the entire Cenozoic
sediments in the west Taiwan basins accumulated in a flu-
vial to shelfal setting (e.g. Ho, 1986), the range for the pa-
lacobathymetry is therefore small. Finally, the resulting
tectonic subsidence and uplift has been corrected for the
effect of eustatic sea level change using the ‘smooth’sea-le-
vel curve of Watts & Steckler (1979).

There are three main features of the subsidence pat-
terns (Fig. 14): (1) initial subsidence (Palacogene): there is
arapid initial subsidence during late Palacocene to Eocene
at wells that penetrated the fault-bound syn-rift deposits;
(2) rapid post-breakup subsidence (mid-Oligocene to
Miocene): following a period of uplift and erosion asso-
ciated with the Oligocene breakup unconformity (see la-
ter), a second relatively rapid subsidence recommenced in
the mid-Oligocene, which was succeeded by a generally
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Fig.10. Sediment isopach of the
Oligocene-Miocene post-breakup
sequence (~30-6.5 Ma). Seismic
section DD’ (Fig. 8) illustrates the
structure of theTainan Basin. Other
seismic sections (AA’ to CC') are
shown in Figs 57, respectively. See
Fig. 17 for post-breakup tectonic
== development.

exponentially decaying subsidence during the Miocene;
and (3) rapid foreland basin subsidence (latest Miocene—
Recent): the generally slow subsidence during the Miocene
is followed by a relatively rapid concave-down subsidence
since at least the early Pliocene.

Initial subsidence: palaeogene syn-rift

Figure 15 compares five representative subsidence curves
from five basins/highs with theoretical subsidence curves.
The theoretical curves were calculated using the finite-
rifting model of Cochran (1983) by assuming a lithospheric
stretching factor, f3, in the range 1.1-2.2. The initial rifting
event is assumed to have occurred during the interval
58—30 Ma, prior to the opening of the South China Sea.
From the comparison (Fig. 15), the subsidence pattern
at the deepest wells, BD1 and DW1, can be explained by a
rifting model with initial rifting at 58 Ma and a rift dura-
tion of 28 Myr. The lower bound of 5 can be estimated as
~ 145 at BD1 and ~1.55 at DWI (solid lines for the BD1
and DW1 curves) if the Oligocene unconformity is treated
as a nondepositional hiatus. The model curves, however,
cannot explain all the subsidence patterns of all the wells.
Main departures of the observed subsidence patterns
from the theoretical curves are during (1) the Oligocene—
Miocene post-breakup stage and (2) the Pliocene—Pleisto-
cene. The late Palacocene—Focene rapid initial subsidence
is localised to the rift centres of the Penghu Basin (DW1)

© 2003 Blackwell Publishing Ltd, Basin Research, 15, 453—478



Fig.11. Depth structure map of
the basal foreland unconformity.
The dashed bold lines show the
pre-existing crustal
inhomogeneity in terms of the
2km/3 km (north/south segment)
isopach of Cenozoic sediments
that accumulated prior to
orogenic loading. Seismic
sections AA’ to DD’ are shown in
Figs 5-8, respectively. A 93
stratigraphic cross-section for the -
lower part of the foreland

sequence and its underlying -
upper post-breakup succession

across an east—west array of wells

in the vicinity of seismic section

CC/ is shown in Fig. 12. The b
subsidence pattern for the ==
foreland basin at the labelled well

locations is shown in Fig. 14. 118 19

and the Taihsi Basin (BDI) as well as in the Nanjihtao
Basin.

Anomalous post-breakup subsidence

The post-breakup subsidence (~ 30—6.5 Ma, Fig. 15) at the
BD1 well appears anomalously rapid when compared with
the predicted thermal subsidence, whereas the subsidence
curve at the DWI1 well closely resembles a post-breakup
thermal subsidence curve.

Anomalously rapid post-breakup subsidence is also ob-
served in most of the backstripped wells as shown in Fig.
14. In particular, the Oligocene-Miocene rapid subsidence
in the outer part of the margin formed the fault-bounded
Tainan Basin containing a block-faulted Oligocene-Mio-
cene sequence. It is therefore reasonable to suppose that
the rapid subsidence at the wells from the Tainan Basin
(Fig. 14) may be due to some form of lithospheric extension
that occurred following the commencement of seafloor
spreading, i.e. post-breakup extension.

To test this possibility, a suite of observed subsidence
curves at the outer margin are compared with theoretical
ones in Fig. 16. The observed subsidence curve at FC6
shows a strong concave-up shape and a late Miocene hia-
tus, whereas other curves show a more linear, early subsi-
dence pattern succeeded by a stepwise increase in
subsidence rate in the late Miocene. The fact that the

© 2003 Blackwell Publishing Ltd, Basin Research, 15, 453—478
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subsidence pattern changed within a short distance (for ex-
ample, 16km is the distance between the FC6 and FJ1
wells) indicates that the tectonic process(es) that drove the
post-breakup subsidence was locally focused rather than
regional.

The theoretical curves were calculated by assuming one
or two episodes of extension (Fig. 16 and Table 1). We ac-
knowledge that the thermal model assuming two rifting
events is not a complete model because the thermal effect
generated by the first rift event is not considered in calcu-
lating the subsidence during the second rift episode. The
results therefore are first-order approximations, especially
for the second rift episode. The early (first) post-breakup
extension is best seen at the FC6 well. At this well, a strong
concave-up curve of 30—-15Ma duration can be predicted
by a model curve, assuming that the lithosphere was
thinned by a factor of 1.5 during 30-19 Ma immediately fol-
lowing the onset of seafloor spreading of the South China
Sea. Nevertheless, the theoretical curve depicting thermal
subsidence fails to fit the observed curve at the FC6 well,
which shows a slight uplift during the middle Miocene fol-
lowed by a hiatus in the late Miocene. The late Miocene ra-
pid subsidence at other wells can be best explained by a
renewed extensional event with a rift duration of
12.5-6 Ma. The spatially varied subsidence and uplift pat-
tern during the late Miocene suggests that the former rift
centre in the vicinity of the FC6 well was at the rift flank
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Fig.12. Transitional sedimentation from a passive margin to a foreland basin setting on the north foreland segment. The basal foreland

unconformity (BFU) separates the underlying upper Miocene post-breakup and fault-bounded fluvial to paralic strata from the

eastward thickening, shallow-marine foreland strata that onlapped progressively onto the basal foreland unconformity in the west. See

seismic line CC’ in Fig. 7 for the onlapping feature. Well locations are shown in the inset figure.

(© 2003 Blackwell Publishing Ltd, Basin Research, 15, 453—478

466



Cenozoic stratigraphy of Taiwan

Porosity Porosity Porosity
0.00.10.20.3040.50.6 0.10.20.3040.50.6 0.10.20.30.40.50.60.7
0 Amum\hmHmiuHumhummhmumimmmhHH\HL\HHHuhHHHHhHmmh\HHH\h\HHmhmumhmmu‘mmmhmmuhmHmhHHHuhmmuhmmuhm\HHV 0
i Cl10 i1 BD1
14 . . 2
~ ] Penghu 7 Kuanyin J Taihsi F s
E = Platform; Platform§ Basin E2 &z
s 5 5 -
e, 3 $=0.664 E| E| ¢ =0.645 E =%
o 3 0 E E 0 F3 o
aTE C.=0.51179 3 C.=0.48119 3 C=045710 £ ° A
E €100 = 146578 €100= 1425193 e00= 136297
43/ Observed - E E4
% — Fitted curve g g g
0 :‘ ‘ ‘ Hmh‘mm‘:‘HHHH‘HWW‘ bl Sonic l()g
1 DWI1 1 FJ1
14 | .
2 Penghu
g 024 Basin 4
g ]
8—4 3 ‘f ¢0=0.634 é ¢0=0.630
a o C.=0.44185 3 C,=0.42442
E €100 = 1287955 €,00= 1:28087
4 4 1
Tainan Basin
S L e B B B B |
60 80 100120 140 160 180200
Interval transit time (ps i)
0 :w . 4 L L L L | L L L L
! 3
] : 34
EEE .
=N Eov 2T
& 3 E i
A i
E E 1 -
+ 3
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.5 1.0
Porosity C.

Fig.13. Porosity—depth curves for the Cenozoic sediments from five tectonic regions. The initial porosity (), compression index (C,)
and void ratio (eygo) for individual wells together with one example (FJ1) for converting sonic interval transit time to porosity are also
shown. The bottom-left figure shows a comparison for the five porosity—depth curves. The bottom-right figure shows that the derived
five Cc—eygp pairs plot along a roughly linear trend. The inset figure shows the well locations and a 3-km isopach for the Cenozoic

sediments depicting the depocentres and basement highs.

and experienced flank uplift during the second rift episode
(see Fig. 17). Moreover, the first extension appears to be
more widespread and greater in the amount of litho-
spheric stretching than that for the renewed late Miocene
extension. Overall, the total stretching factor decreases to-
ward the inner margin and f§ ranges from 1.58 to 1.22.

The anomalous early post-breakup subsidence in the
outer margin can be largely explained by lithospheric
stretching as has been shown above, and is evidenced by
normal faulting; however, the contemporaneous rapid
subsidence in the inner margin as seen in wells ACI,

CTHI4, PS11, TCS34+39 and PKS2 (Fig. 14) is associated

© 2003 Blackwell Publishing Ltd, Basin Research, 15, 453—478

with a lack of major normal faulting. Instead, seismic re-
flection profiles and well data show that the early post-
breakup strata in the inner margin have onlapped onto
the neighbouring basement highs and have formed a clas-
sical ‘steer’s head’ basin geometry (cf. Watts ez al., 1982),
indicating a thermally controlled rather than fault-con-
trolled subsidence following the development of the break-
up unconformity.

In addition, there was a stage of rapid subsidence during
the second rift episode (~ 12.5-6.5 Ma) as seen in the wells
FJ1and EY1 in the Northern Depression (ND) of the Tai-
nan Basin (Fig. 16) and the wells PSI1 in the Taihsi Basin
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(TB) (Fig. 14). The renewed extension in theTaihsi Basin is
relatively mild and involved only normal faulting of several
hundred metres as judged by the stratigraphic offset across
faults (see Fig. 12, for example). In between, the rift flanks
are characterised by an unconformity associated with non-
deposition or uplift and erosion, such as the Central Uplift
Zone of theTainan Basin in the distal margin and the Pen-
ghu Platform bordering two rift centres.

The localised extension has segmented the west Taiwan
basins into realms of rift centres and flanks as shown in the
said subsidence pattern (Fig. 14). This subsidence pattern
is further confirmed by sediment isopach maps shown in
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Fig. 17. Stratigraphic data from ~ 200 boreholes have been
used to establish the Oligocene-Miocene post-breakup
stratigraphy (detailed in Lin, 2001). This succession is
divided into 16 sequences, which can be grouped into four
sequence sets (A, B, C and D). Sediment isopachs from
these four sequence sets show that sequence sets B and C
are of uniform thickness and drape the entire margin (Fig.
17b), whereas sequence sets A and D thicken into the fault-
bounded troughs particularly in the Tainan Basin (Fig. 17a
and ¢).

The post-breakup tectonic development can therefore
be divided into three stages according to the above argu-

(© 2003 Blackwell Publishing Ltd, Basin Research, 15, 453—478
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Fig.15. Comparison of observed and theoretical subsidence curves for the five representative wells (C10: Penghu Platform; ACl:
Kuanyin Platform; FJ1: Tainan Basin; BDI1: Taihsi Basin; DW1: Penghu Basin). Theoretical subsidence curves are shown for stretching
factors, f, in the range 1.1-2.2. The dashed line for the subsidence curves of BD1and DW1are based on the ‘restored’ stratigraphy, taking
into account the amount of erosion registered at the Oligocene breakup unconformity shown in Fig. 19.

ments (Fig. 17): (1) ~30-21 Ma, first post-breakup exten-
sion; (2) ~21-12.5Ma, thermal subsidence; and (3)
~12.5-6.5 Ma, second post-breakup extension.

There is also a correlation in the timing of volcanism
and lithospheric extension. The post-breakup volcanism
in the Taiwan region has been grouped into two major
eruptive phases, the Kungkuan Stage (23-20 Ma) and the
Chiaopanshan Stage (1371 Ma) (Ho, 1986; Chung ez al.,
1994; Juang, 1996). Between these two Stages is a period of
subdued basaltic eruption termed the Chienshih stage by
Ho (1986). The two major basalt eruptive phases of the
Kungkuan and Chiaopanshan Stages correspond approxi-
mately to the suggested two-stage post-breakup extension
during the intervals ~30-21 and ~12.5-6.5 Ma, whereas
the intervening thermal subsidence period from ~21 to
125Ma correlates to the Chienshih Stage with minor
basaltic eruptions.

Coeval with the late Miocene Chiaopanshan volcanism
in the Taiwan margin was a phase of thermal metamorph-
ism of greenschist facies (<12 Ma, Lan et al., 1990) that is
observed in the Mesozoic complex in the Backbone Range.
This thermal event has since been attributed to initial arc—
continent collision in the then outer continental margin
(e.g. Lan er al., 1990; Teng, 1990; Lo & Yui, 1996), even
though the sedimentary records appear to indicate that
the arc—continent collision was initiated at a later time at
~ 5Ma (cf. Teng, 1990) or at ~ 6.5 Ma as suggested in this
study. An apparent alternative cause for this thermal event
prior to initial orogenic loading is the ~12.5-6.5Ma
extension that occurred primarily in the outer margin.

Foreland basin subsidence

The rapid subsidence since the early Pliocene departs from
the backstripped curves typical of extensional basins, as it is
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Fig.16. Observed and calculated subsidence curves at the outer
margin wells (C10 for the Penghu Platform; EY1, FJ1and FCé for
theTainan Basin).

concave down. A subsidence curve that is concave down is
characteristic of (although not exclusive to) foreland or com-
pressional basins (e.g. Watts, 1992; Haddad & Watts, 1999).
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Tablel. Durations and stretching factors, f3, of two post-break-
up extensions in the outer margin.

Total
stretching
Well First extension Second extension factor
C10 2L6-17Ma(ff = 117) 125-6Ma (= 1.04) 122
EYl 24-17Ma(f = 1.3) 125-6Ma (= 111) 144
FJ1  275-125Ma(f = 145) 12.5-6Ma(f=1.09) 158
FC6 30-19Ma(f = 15) None (flank uplift) 1.50

The concave-down subsidence pattern that begins in the
early Pliocene can be interpreted as the result of loading in
theTaiwan orogen caused by the collision of the rifted mar-
gin and the Luzon arc (e.g. Teng, 1990). The loading event has
formed a foreland basin to the west of the Taiwan orogen
since about 6.5 Ma, as suggested from the age of the basal
foreland unconformity. Rapid foreland subsidence did not
start, however, until about 4 Ma. Foreland subsidence was

(a) Rifting (~30-21 Ma)

therefore initially slow, but accelerated through time because
of the progressive advancement of the orogenic loads onto
the passive margin. The foreland subsidence has occurred,
however, at places within about 100 km from the thrust front.
In contrast, the Penghu Basin (DWT1) has been at the foreland
forebulge, where the upper Miocene sediments have been
exposed on the seabed (Fig. 5), and hence no synchronous
Pliocene—Recent subsidence is seen at the DWI1 well. The
porosity—depth relationship at the DW1 well (Fig. 13) shows
a normal compaction curve, suggesting that the upper Mio-
cene sequence has remained near the present position ever
since its deposition.

RIFT-DRIFT TRANSITION AND THE
DEVELOPMENT OF BREAKUP
UNCONFORMITY

The establishment of normal compaction curves in the
Taiwan region (Fig. 13) allows the amount of erosion asso-
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Fig.17. Post-breakup tectonic development in the Taiwan region ( ~30-6.5 Ma). Arrows indicate rift flanks. See Fig. 10 for the total
thickness of the post-breakup sequence and Fig. 14 for the subsidence pattern at wells shown in (b).
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ciated with the development of major unconformities to
be quantified. The amount of uplift and erosion can be
estimated by comparing observed and normal compaction
curves, provided the following assumptions hold: (1) Por-
osity reduction with increasing burial depth is caused so-
lely by mechanical compaction. Other factors, such as
diagenesis and dissolution, do not affect porosity variation
with depth. (2) Depth-controlled compaction is irreversi-
ble. Hence the porosity is not reversed by subsequent
uplift. (3) All stratigraphic units follow a normal poros-
ity—depth curve. The above assumptions are largely justi-
fied in the study area as the Taiwan Cenozoic sediments
comprise mainly siliciclastics with low contents of total or-
ganic carbon.

There is a sharp offset in the porosity—depth curve
across the breakup unconformity when shallowly buried
(e.g. <1000 m, Fig. 18). Porosity is much lower below the
unconformity than above it, suggesting that the breakup
unconformity is associated with uplift and erosion. Only
wells that penetrated the breakup unconformity, which se-
parates Palacogene syn-rift sediments from the overlying
post-breakup strata (diamonds in Fig. 19), are used in esti-
mating the amount of erosion. The anomalously low por-
osity zone of the Palaeogene sediments is only observed
in the Penghu Platform and the southern Taihsi Basin (so-
lid diamonds in Fig. 19), where the depth of post-Oligo-
cene re-burial is shallower than the maximum burial
depth that the Palacogene sediments experienced.

The amount of material removed is estimated by the
following steps (Fig. 18): (1) Overlay the observed porosity
data and normal compaction curves. Two end members of
compaction curves, i.e. DWland FJ1 curves, are plotted for
reference. The DW1 curve, which lacks the foreland infill
component, is taken as the normal compaction curve that
best describes the state of sediment compaction prior to
continental breakup. (2) Move the anomalously low poros-
ity zone beneath the breakup unconformity vertically
down along the depth axis until a good fit of the observed
data and DW]1 reference curve in terms of root mean
square (rms) residual is achieved. (3) The amount of mate-
rial that has been removed by erosion can be taken as
the depth difference between the present-day sea level
and the restored upper surface of the anomalous porosity
zone.

At the inner margin wells, the deeper post-Oligocene
re-burial (e.g. > 1300 m) has resulted in an apparent ‘nor-
mal’ porosity—depth curve, which shows no abrupt change
in porosity across the breakup unconformity. In this case,
the amount of material removed is considered to be less
than the present-day depth of the breakup unconformity.
The depths of the breakup unconformity at selected wells
showing ‘normal’compaction trends and shallow post-Oli-
gocene re-burial (e.g. at CT1,DA3 and DW1 wells, unfilled
diamonds in Fig. 19) are therefore used as an upper bound
for the amount of material that has been removed by Oli-
gocene uplift and erosion. Finally, the Oligocene continu-
ous sedimentation, i.e. no uplift and erosion, in the
Hsuehshan Range (Teng ez al., 1991) is restored to its origi-
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Fig.18. Plots of observed porosity (unfilled circles), log curves of
gamma ray and sonic interval transit time of the I'T1 well together
with reference porosity—depth curves of DW1and FJ1. The root
mean square (rms) residual between the DW1reference curve and
‘restored’ porosity is 0.02 (or 2%).

nal position according to a retrodeformed (balanced)
cross-section suggested by Suppe (1980) (solid triangle,
HR, in Fig. 19).

Figure 19 shows in map form the amount of material re-
moved by the uplift and erosion associated with the devel-
opment of the Oligocene breakup unconformity. The
erosion is of long wavelength and large amplitude, with a
cumulative amplitude of up to 4500 m centred at the I'T1
well. It also trends parallel to the strike of the South China
continental margin, with the largest erosion running
along the southern Penghu Platform, where the average
amount of cumulative erosion is in the order of some
2500-3000 m. Fuh (2000) also concluded that an Oligo-
cene erosional event affected the Taiwan region with up to
3500 m of erosion on the Penghu Platform using a sonic ve-
locity vs. depth relationship, but assuming a linear rather
than exponential trend for compaction curves.

There are two points worth noting: (1) the scale of the
uplift and erosion, especially the amplitude, is a cumula-
tive effect spanning ~ 37-30 Ma and should not be consid-
ered the result of an instantaneous event; and (2) there
may be a contribution to the uplift/erosion from local
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Fig.19. Contours (thick line, in metres) of the amount of erosion associated with the development of the Oligocene breakup

unconformity during the rift—drift transition (~

37-30 Ma). More or less coeval events with the development of the Oligocene breakup

unconformity were magmatic underplating (unfilled stars) beneath the Dongsha Rise (cf. Nissen et al., 1995b), extrusive (filled star) off
SW Taiwan (cf. Sibuet e al., 2002), mafic dike intrusion and a possible thermal metamorphism in the Backbone Range (Jahn et al., 1986;
Lan ez al., 1990). These known coeval events all occurred in the outer margin and near the continent—ocean boundary (COB). The
seafloor magnetic anomalies (ClIn to C7a) and continent—ocean boundary are from Briais ez al. (1993).

fault-block rotation and uplift that predates the breakup
unconformity. For example, Yielding (1990) suggested
footwall erosion of the tilted fault blocks in the northern
North Sea to be between 100 m and 1.4 km.

A contributing, rather than an alternative, cause of the
large amount of erosion associated with the breakup un-
conformity is a eustatic sea-level fall in the mid-Oligo-
cene. The sea-level fall has been variously estimated as
400m (Vail et al., 1977), 130m (Haq et al, 1987) and
30-50m (Miller ez al., 1985), and occurred at ~30Ma
(Millerezal., 1998). Although the estimated magnitude var-
ies, the sea-level fall will certainly enhance the amount of
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erosion during crustal uplift. However, it cannot explain
the relative large amount of erosion (up to 4500 m) along-
strike of the South China margin.

One problem with backstripping is restoring the strati-
graphy in the presence of major unconformities. The esti-
mated erosion associated with the Oligocene breakup
unconformity was then added back to restore the
stratigraphy in estimating the stretching factor, f3, at deep
wells (dashed curves of DWI and BDI1 in Fig. 15).
The ‘restored’ tectonic subsidence curves at the above two
wells show that the stretching factor is in the range
~ 1.55-1.7.
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DISCUSSION

We have shown that the west Taiwan basins have evolved
from a Palacogene rift to a latest Miocene—Recent foreland
basin, and that this evolution is related to the opening of
the South China Sea and its closure by orogeny in the Tai-
wan region. The development of the South China margin
in the Taiwan region, however, appears to be anomalous
when compared with other Atlantic-type passive margins
(e.g. East USA margin, Steckler & Watts, 1978). The ‘nor-
mal’ passive margin generally lacks evidence of further ex-
tension following the inception of the seafloor spreading
and undergoes regional thermal subsidence (e.g. Steckler
& Watts, 1978). Also, a margin-scale uplift during rift—drift
transition is rarely documented in the literature for a ‘nor-
mal’ passive margin, although the presence of an extensive
breakup unconformity in these margins is a norm (e.g.
Falvey, 1974; Hubbard ez al., 1985; Hubbard, 1988; Grow
et al., 1988). In this sense, the anomalous features in the
north South China Sea margin in the Taiwan region in-
clude: (1) a margin-scale uplift and erosional event is as-
sociated with the formation of the Oligocene breakup
unconformity (Fig. 20b); and (2) two stages of rapid subsi-
dence associated with rifting occurred following the conti-
nental breakup (Fig. 20c and e). In this section, a possible
mechanism is discussed to explain the tectonic develop-
ment of theTaiwan rifted margin prior to orogenic loading.

The Oligocene uplift and erosion event (~ 37-30 Ma,
Fig. 20b) post-dates the late Palacocene-Eocene rifting
(~58-37 Ma, Fig. 20a) by at least 20 Myr. The Oligocene up-
lift also occurred several Myr prior to the onset of seafloor
spreading, ~30Ma, in the south along the continent—
ocean boundary. During the rift—drift transition and final
continental breakup, all the preceding loci of crustal thin-
ning in the Taiwan region were abandoned and elevated as
flank mountains with respect to the future site of continen-
tal rupture. The flank mountains, however, were a transient
feature. They were lowered quickly below sea level by the ra-
pid subsidence (~ 30-18 Ma) that followed the initiation of
spreading in the South China Sea (Fig. 20c).

In addition, during the rift—drift transition (Fig. 20b),
there was thermal metamorphism accompanied by mafic
dike intrusions in the outer margin and vigorous magma-
tism producing both extrusive and underplated igneous
bodies near the continent—ocean boundary.

Recent deep seismic surveys (EW9509) off SW Taiwan
have revealed extrusive bodies (up to 3.5 s in two-way travel
time in ‘thickness’ reported in Sibuet et a/. (2002)) in the
continental slope (Fig. 19). High-velocity material beneath
the Dongsha Rise off SW Taiwan (Nissen ez al., 1995a, b)
(Fig. 19) is interpreted, in this study, as magmatic bodies
that underplated the stretched continental crust (see later).

Lin (2001) correlated the seismic reflectors of the
EW9509 seismic sections reported in Sibuet ez al. (2002) to
the geology beneath the adjacent shelf and found that the
top of the extrusive body corresponds approximately to the
Oligocene breakup unconformity. For this reason, the ex-
trusive igneous body is most likely to be associated with
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the development of the Oligocene breakup unconformity,
and is interpreted to be emplaced during the rift—drift
transition or shortly following the opening of the South
China Sea.

Seismic refraction data across the Dongsha Rise off SW
Taiwan (Nissen ez al., 1995a,b) (Fig. 19) suggest the exis-
tence of a high-velocity lower crust there (70-7.5kms ).
The thickness of this high-velocity layer varies from a
minimum of 2.8km at ESP 2 to a maximum of between
12.2 and 17.2km at ESP 7. Nissen et al. (1995b) interpreted
the high-velocity material in the vicinity of ESP 2 as an un-
derplated igneous body during rifting because of its asso-
ciation with a small packet of fan-shaped seaward-dipping
reflectors at the base of the crust. Nissen ez al. (1995b) con-
sidered, however, the other high-velocity layer to be a re-
sult of pre-existing crustal material or of a composite of
pre-rift lower crustal material and intrusions of mantle in-
stead of invoking magmatic underplating. Nissen ez al.
(1995b) rejected magmatic underplating as the sole cause
for this body because of its anomalously large thickness
(up to 13 km) and the apparent lack of accompanied extru-
sive volcanism. It is worth noting that the large extrusive
body off SW Taiwan, reported in Sibuet ez al. (2002), was
previously unknown to Nissen ez al. (1995b).

Consider the following: (1) As a result of melt enhance-
ment, thickunderplated layers, with thickness up to 15 km,
are present beneath some margins, e.g. Hatton Bank and
Rockall Plateau (White ez al., 1987), and these margins
commonly exhibit significant amounts of extrusive vol-
canism. (2) The extrusive volcanism at the EW9509 line
oft SW Taiwan, which occurred adjacent to the high-velo-
city lower crust beneath the Dongsha Rise, may indicate
that the high-velocity lower crust material and the extru-
sive body are related features and have been emplaced
more or less during the same period of time. (3) The spa-
tial distribution of the high-velocity lower crustal bodies
coincides with a band of positive magnetic anomalies
(>100nT) over the Dongsha Rise (e.g. Hsu ez al., 1998).
This band of positive magnetic anomalies extends north-
eastwards along the southern flank of the Penghu Platform
and the northern Tainan Basin and reaches, at least, into
south-central Taiwan. Close to Taiwan, Lee e al. (1993a)
argued that magmatic underplating may have taken place
in the Cenozoic based on studies on xenoliths that are con-
tained in the Miocene Penghu basalts in the Taiwan Strait.
This correlation indicates that the ENE-trending positive
magnetic anomalies may be related to the presence of mag-
matic material in the crustal level. (4) Ludmann & Wong
(1999) suggested that two stages of crustal uplifting oc-
curred in the Dongsha Rise at the time of the Miocene/
Pliocene boundary and post-Pliocene, respectively, based
on an interpretation of a reflection seismic data set. They
also interpreted these two uplift events to be associated
with magma intrusion into the upper crust.

The above points indicate that the high-velocity lower
crust beneath the Dongsha Rise is most likely to consist
of magmatic rocks and is neither pre-existing crustal ma-
terial nor a composite of pre-rift lower crustal material and
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intrusions of mantle as perceived by Nissen ez al. (1995b).
The anomalously large thickness of these high-velocity
bodies may be attributed to the following two causes or a
combination of these two: (1) an enhanced mantle melting
by introducing ‘extra’ heat during the rift—drift transition,
which promotes mantle melting and produces an anoma-
lously thick underplated igneous body; and (2) repeated
magmatic underplating, possibly during the rift—drift
transition (~37-30Ma), early post-breakup extension
(~30-21Ma) and late Miocene post-breakup extension
(~12.5-6.5 Ma) according to the tectonic development of
theTaiwan region suggested in this study.

A phase of mafic dike intrusion in the Mesozoic base-
ment complex in the Taiwan Backbone Range during
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metamorphism, up = underplated
igneous bodies, PHB = Penghu
Basin, TNB = Tainan Basin,

TB = Taihsi Basin.

~ 37-32 Ma (Jahn ez al., 1986; Juang & Bellon, 1986) and a
possible thermal (metamorphic) event about 40-35Ma
(Jahn ez al., 1986; Lan et al., 1990) have been reported (Fig.
19). Jahn ez al. (1986) related the ~40-35 Ma thermal event
to the opening of the South China Sea. The sudden in-
crease in the temperature of this thermal event did not oc-
cur in the main phase of extension in the Taiwan margin
during ~58-37Ma. It occurred instead during the final
stage of continental rifting and prior to the onset of sea-
floor spreading of the South China Sea at ~ 30 Ma.

All the above features (margin-scale uplift, vigorous
magmatism and thermal metamorphism during the
rift—drift transition as well as rapid early post-breakup
subsidence) may be linked to an addition of heat and its
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subsequent decay when final continental breakup became
concentrated at (or jumped to) the present continent—
ocean boundary. A heating event would have promoted
transient (dynamic and/or isostatic) crustal uplift followed
by rapid subsidence as heated lithosphere cooled; it can
also explain the thermal event in the outer margin and
vigorous magmatism that occurred adjacent to the conti-
nent—ocean boundary during breakup.

The margin-scale uplift in the Taiwan region may also
be caused by magmatic underplating. This process is,
however, considered as a subordinate mechanism because
underplating tends to produce crustal uplift of a persistent
rather than transient nature (cf. White & Mckenzie, 1989)
and so does not explain the rapid subsidence following un-
derplating. However, underplating may be an important
mechanism in the Dongsha Rise (Fig. 19), as the Dongsha
Rise has remained a positive feature since at least the
Oligocene (e.g. Zhou et al., 1995).

The introduction of extra lithospheric heat during the
rift—drift transition may be an intrinsic part of the rifting
process associated with the onset of seafloor spreading.
Alternatively, the injection of heat may be due to a mantle
plume impinging on the base of the lithosphere. However,
there is little or no evidence of the existence of a mantle
plume in and around the South China Sea (Tu ez al., 1992).

It has been shown that secondary convection beneath
continental rifts may be generated if a strong lateral ther-
mal gradient has been established as a consequence of rift-
ing (e.g. Keen, 1985; Buck, 1986; Mutter et al, 1988;
Boutilier & Keen, 1999). Although the dynamics of such
convection are poorly understood, its effects have been
proposed to explain (1) margin-scale uplift bordering a
continental rift zone, such as the margins bordering the
Gulf of Suez (Buck, 1986; Steckler ez al., 1998); (2) the gen-
eration of excess magmatism and thick oceanic crust dur-
ing the initial oceanic spreading phase, i.e. the generation
of a volcanic continental margin (Mutter ez al., 1988; Zehn-
der ez al., 1990; Holbrook & Kelemen, 1993; Kelemen &
Holbrook, 1995; Keen & Potter, 1995); and (3) an anoma-
lously thick oceanic crust in young ocean basins (Martinez
etal.,1999).

As noted earlier, Palacogene rifting occurred simulta-
neously in a >200-km wide rift zone in the Taiwan region
(Fig. 20a). Also, Zhou et al. (1995) have reported that
Palacogene rift structures exist in the conjugate margin
to the south in the continental terranes of the Reed Bank
and the northern Palawan block (Figs 1 and 20a). A wide rift
is unlikely to be associated with rift-induced convection
because the lateral thermal gradient and the topography
of the asthenosphere/lithosphere boundary tend to be
subdued (Mutter et al., 1988). During the final stage of con-
tinental breakup, however, the intensive rifting became
concentrated at (or jumped to) the present continent—
ocean boundary in the south. It is therefore possible that
during this phase, which led to the complete rupture of
the continental lithosphere, a strong lateral thermal gradi-
ent and a pronounced topography of the lithosphere/asth-
enosphere boundary may have been created due to a
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change from a wide rift to a narrow rift, thereby causing
strong secondary convection cells in the asthenosphere
centred beneath and along the shoulders of the present
continent—ocean boundary.

We therefore speculate that secondary mantle convec-
tion may have been responsible for a number of anomalous
features of the rift—drift transition in the Taiwan region.
These include (Fig. 20b and ¢) (1) Oligocene dynamic up-
lift of the rift flanks, (2) vigorous magmatism producing
excess amounts of both extrusive and underplated igneous
bodies adjacent to the continent—ocean boundary, (3) dike
intrusions accompanying underplating in the outer mar-
gin, (4) thermal metamorphism in the outer margin and
(5) rapid subsidence in the entire margin as the convection
cell decays. In addition, the convection may also induce lo-
cal rifting in the outer margin following the Oligocene up-
lift event. Local rifting may have also been assisted by a
lateral pressure gradient caused by the preceding crustal
uplift. This is similar to the case of ‘active’continental rift-
ing, which is preceded by a convecting mantle plume (e.g.
Bott & Kusznir, 1979). As the effects of secondary convec-
tion decayed in theTaiwan margin, ‘normal’ thermal subsi-
dence prevailed in the entire region (Fig. 20d).

Another anomalous feature is a phase of renewed post-
breakup extension in the interval ~12.5-6.5Ma that oc-
curred especially on the outer part of the margin (Fig.
20e). We speculate that recommenced sub-lithospheric
convection cells may explain the renewed extension as well
as other more or less coeval features: (1) An episode of dif-
fusive intraplate volcanism (<16 Ma) that followed the
cessation of seafloor spreading in the South China Sea at
~ 16 Ma (Briais et al., 1993), affecting large parts of the
continental margin of the South China Sea and intruding
oceanic basement and relict continental fragments (Tu
et al., 1992; Chung et al., 1994; Hoang et al., 1996). The early
stage of this volcanism is correlated to the Chiaopanshan
volcanic episode (~ 13-71 Ma) in the Taiwan region. (2) A
<12Ma thermal metamorphism (Lan ez al, 1990) re-
corded in the Mesozoic basement of the Backbone Range.

CONCLUSIONS

West Taiwan basins have evolved from a rift setting
through a post-breakup setting into a foreland basin. The
temporal and spatial variability for this tectonic develop-
ment has been constrained using an extensive subsurface
data set. This analysis reveals the following:

1 Rifting (~ 58-37 Ma): Lithospheric extension occurred
simultaneously in discrete rift belts. These belts form a
>200-km-wide rift zone and are associated with a
stretching factor, f3, in the range ~14-1.6. A nonmarine
to marine, upper Palacocene-middle Eocene syn-rift suc-
cession ponded in a series of fault-bounded rift grabens.
These rift centres, if preserved, include the Nanjihtao,
Penghu and Taihsi Basins. The Palaeogene syn-rift succes-
sion, now exposed in the Backbone and Hsuehshan Ranges
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in Taiwan, represents the sediment deposited in the outer
part of the margin.

2 Rift—drift transition (~37-30Ma): As rifting pro-
gressed, the focus of rifting became concentrated at the
present-day ocean—continent boundary off southern Tai-
wan, ~ 37 Ma, which led to continental rupture and initial
seafloor spreading at ~ 30 Ma. The intense rifting during
the rift—drift transition ( ~37—-30 Ma) may have induced a
transient, small-scale mantle convection beneath the rift.
The immediate effects for the convection were (1) crustal
uplift and erosion of the previously rifted margin (Oligo-
cene uplift), (2) mafic dike intrusions (Jahn ez al., 1986;
Juang & Bellon, 1986) accompanied by a phase of thermal
metamorphism (Jahn ez al., 1986; Lan et al., 1990) in the
outer part of the previously rifted margin, and (3) vigorous
magmatism that emplaced extrusive igneous bodies (cf.
Sibuet ez al., 2002) and underplated igneous rocks (cf. Nis-
sen et al., 1995a,b) near the continent—ocean boundary.
The Oligocene uplift and erosion (~ 37-30 Ma) led to the
development of a pronounced Oligocene breakup uncon-
formity. The large amount of erosion (up to 4500 m in the
outer margin) partly eroded or completely overprinted the
previous rift structures, especially in the outer margin
where pronounced uplift/erosion occurred.

3 Post-breakup (~30—-6.5 Ma): The Oligocene uplift was
followed by rapid, early post-breakup subsidence (~ 30—
18 Ma) possibly as the inferred induced convection abated
following initial seafloor spreading. Rapid subsidence of
the inner margin is interpreted as thermally controlled sub-
sidence as evidenced by a lack of significant fault activities
and a ‘steer’s head’ basin geometry that shows younger
sediments progressively onlapping onto the basin margin
along the breakup unconformity. Rapid subsidence of the
outer margin, however, was accompanied by normal fault-
ing during the interval ~30-21 Ma and is interpreted as
the initial subsidence associated with a new phase of rift-
ing. This rifting event (f ~ 1.5) formed theTainan Basin on
top of the deeply eroded Mesozoic basement. During the
interval ~21-12.5Ma, the entire margin experienced
broad thermal subsidence. It was not until ~12.5 Ma that
rifting resumed, being especially active in the outer mar-
gin (f ~ 1.1). The ~12.5-6.5 Ma renewed extension in the
outer margin created a major rift centre, the Northern De-
pression of the Tainan Basin, which was bordered by two
rift flanks in the north and south, respectively (i.e. the Pen-
ghu Platform and the Central Uplift Zone of the Tainan
Basin). Rifting ceased at ~6.5Ma due to the orogeny
caused by the over-riding of the LLuzon volcanic arc.

4 Foreland basin development (~ 6.5—0 Ma): The Taiwan
orogeny has created a foreland basin by loading and flexing
the underlying rifted margin. The foreland flexure inher-
ited the mechanical and thermal properties of the under-
lying rifted margin, thereby dividing the foreland flexure
into north and south segments. The north segment devel-
oped on a lithosphere where the major rift/thermal event
occurred ~ 58-30 Ma, and this segment shows minor nor-
mal faulting related to lithospheric deflection. In contrast,
the south segment developed on top of the lithosphere,
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where it experienced two more recent rift/thermal events
during ~30-21 and ~12.5-6.5Ma. The basal foreland
surface of the south segment is highly faulted, especially
along the previous northern rifted- flank, thereby creating
a deeper foreland flexure that trends obliquely to the strike
of the orogen.
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