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ABSTRACT

Taiwan is located on northern margin of South China Sea, which evolved from
rifting basin to passive margin from Paleocene to Miocene. The northern Hsuehshan
Range exposes the Eocene to Miocene strata, which offers a unique place to study
the rifting basin history. However, the strata ages in the northern Hsuehshan Range
are controversial, particularly for the Hsitsun Formation and Szeleng Sandstone that
may correlate with a proposed break-up unconformity in the Eocene and Oligocene.
Previously, the Hsitsun Formation was considered to be pre-Early to Middle Eocene
in age based on the presence of Nummulites junbarensis in the overlying Szeleng
Sandstone. In this paper, we present new U-Pb ages of detrital zircon grains from
the Hsitsun Formation and Szeleng Sandstone to constrain the depositional ages of
these units. In the Hsitsun Formation, ca. 8% of zircon U-Pb grains are Cenozoic in
age and have a mean age of 35 Ma indicating that the maximum deposition age of
late Eocene for this formation. Combining these results with the ca. 30 Ma age for
Paling Formation indicates the Szeleng Sandstone is between 30 - 35 Ma. The new
ages determinations suggest that the deposition was continuous with no evidence
of a break-up unconformity from Szeleng Sandstone to Paling Formation. Finally,
because much of the stratigraphic interpretations and correlations are based on what
were interpreted to be “in situ” biostratigraphic markers, the new U-Pb dates argue
for recycling and reworking of several key fossil assemblages. This result has impor-
tant implications for other stratigraphic interpretations both in Taiwan and in other
orogenic systems around the world.

1. INTRODUCTION

The continental margin of Eurasia plate started to be-
come a rifting margin in early Cenozoic and changed to
passive margin during the Miocene (Teng 1990; Teng et al.
1991; Lin et al. 2003). Due to the arc continental collision
in late Miocene, the Eocene rifting basin strata was exposed
to surface in Taiwan orogenic belt, providing a unique area
to study the rift basin evolution of the Eurasia continental
margin (Huang et al. 2012; Lee et al. 2015) (Fig. 1). The
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northern Hsuehshan Range exposes the Eocene to Miocene
strata along the Northern Cross Highway, which provides a
good transect to discuss the rifting basin evolution in con-
tinental margin (Fig. 1a). Based on the paleontology and
sedimentology evidences, Huang et al. (2012) proposed a
deposition gap exists between the middle Eocene and Oli-
gocene (39 - 33Ma) in the northern Hsuehshan Range and
this gap resulted from continental break-up associated with
the formation of South China Sea oceanic Crust (Fig. 2).
Other studies, in contrast suggest that no deposition gap
from late Paleocene to Miocene exists (Chang 1975; Chen
2016) (Fig. 2). The different stratigraphic ages for the units
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in the northern Hsuehshan Range also results in different
stratigraphy correlations between the northern to southern
parts of the Hsuehshan Range (Shea 2009; Shea et al. 2011).
Well-constrained stratigraphy ages, therefore, are a key to
better understanding the stratigraphic correlations in the
Hsuehshan range to reconstructing the history of rifting in
the South China Sea.

Previously the stratigraphic ages in the northern
Hsuehshan Range were constrained using field relationship
and paleontology data. In an effort to better constrain the
ages and possibly provide answers to the abovementioned
questions, we applied the zircon U-Pb dating technique to
two previously identified units: the Hsitsun Formation and
Szeleng Sandstone. The closure temperature of zircon U-Pb
dating is ca. 800 - 900° indicating that the U-Pb zircon grain
age is the age of crystallization of the zircon grains and ages
are not easily affected during the diagenetic to metamorphic
processes (Harley et al. 2007). Detrital zircon U-Pb ages,
therefore, are powerful tools for studying to the provenance
problems (Morton et al. 1996; Kosler et al. 2002). In addi-
tion, the youngest zircon ages can constrain the maximum
deposition age (DeCelles et al. 2007; Dickinson and Gehrels
2009; Tucker et al. 2013). In this study, we obtained detri-
tal zircon U-Pb ages and found that ca. 8% of the obtained
data set has Cenozoic zircon grains in the Hsitsun Forma-
tion, which is the oldest mapped unit in northern Hsuehshan
Range. The results provide a unique chance to refine the
stratigraphic ages in this part of the range and they provided
critical constraints on correlating units throughout the rest
of the Hsuehshan Range.

2. REGIONAL GEOLOGY AND STRATIGRAPHY

The Hsuehshan Range is located in northern Taiwan
between the Western Foothills to the west and the Central
Range to the east, and exposes a thick Oligocene sedimen-
tary sequence with minor amounts of upper Eocene and
Miocene sediments (Fig. 1a). These sedimentary sequences
were deposited during the rifting (Paleocene to Eocene) to
post-breakup stage (Miocene) of the formation of the South
China Sea (Teng 1990; Lin et al. 2003). Continuous mag-
matism events have been observed during the rifting stage
(Chung et al. 1995; Lin et al. 2003). Sedimentation occurred
primarily in a half-graben recognized as the Hsuehshan
Trough (Ho 1986; Teng 1990; Teng et al. 1991; Lin et al.
2003; Yu et al. 2013). The Northern Cross-Island Highway
exposes a thick Eocene to Miocene sequence represented by
the Hsitsun Formation, the Szeleng Sandstone, the Paling
Formation, and two overlying Miocene units, the Sule and
Sankuang Formation (Fig. 1).

The Hsitsun Formation crops out in the core of the
Hsitsun anticline and was first described by Ooe (1931).
Before 1980, most researchers interpreted the Hsitsun For-
mation and Szeleng Sandstone to be late Eocene age and

conformably overlain by Oligocene Paling Formation; how-
ever there was no paleontological evidence to support this
interpretation (Chang 1975). Later, in the Szeleng Forma-
tion a dense layer of Nummulites junbarensis foraminifera
was discovered in the Sezleng Sandstone (Fong et al. 1994)
and Matsumaru (2005) correlated N. junbarensis with the
NP 14 nannofossil zone and the P9 - P10 planktonic fora-
minifera zones in Japan, suggesting an Early to Middle
Eocene biostratigraphic age for the Szeleng Sandstone (ca.
47.3 -49.7 Ma) (Fig. 2). This indicated that the Hsitsun For-
mation could be from late Paleocene to early Eocene age
(Huang 2007; Huang et al. 2012; Chen 2016). The Paling
Formation, which overlies on the Szeleng Sandstone, has a
biostratigraphic age of ca. 30 Ma, as evidenced by the pres-
ence of a Globigerina ampliapertura zone (Zone P20/N1;
Chang 1962, 1973). Considering the strata age gap, Huang
(2007) suggested the presence of either an unconformity or
very low sedimentation rates between the Szeleng Sand-
stone and the Paling Formation. Huang et al. (2012) iden-
tified numerous carbonate planktonic foraminifera within
the upper part of the Szeleng Sandstone that suggested a
biostratigraphic ages of Middle Eocene or Middle Eocene
to Oligocene. The last appearance datum (LAD) of these
planktonic foraminifera led Huang et al. (2012) to suggest
that the Middle Eocene age was more accurate and proposed
that the depositional gap was related to breakup unconfor-
mity during the opening of the South China Sea (Fig. 2). A
recent study by Chen (2016) suggests that the stratigraphic
age of the Szeleng Sandstone may extend from middle Eo-
cene to late Miocene and also that there is no deposition gap
between the Szeleng Sandstone and Paling Formation. He
also suggested that the stratigraphic age of the Hsitsun For-
mation may be late Paleocene to middle Eocene (Fig. 2).

3. METHODS AND SAMPLES

Six metasandstone samples were collected along the
Northern Cross-Island Highway from the Hsitsun Forma-
tion and Szeleng Sandstone (Fig. 1). Three of these samples
(T7-13, HT2, and HT4) were obtained from the Hsitsun
Formation. One sample SS3 was collected from the bot-
tom of Szeleng Sandstone based on the 1:500000 geologi-
cal map of Taiwan (Chen 2000) and detailed mapping by
Huang et al. (2012; Fig. 1b). The two remaining samples
(E02 and EO5) were collected from the Szeleng Sandstone.
The U-Pb ages of at least 50 zircons from each sample were
analyzed by laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) at National Chung-Cheng Uni-
versity, Chiayi, Taiwan, following Chiu et al. (2009) and
Knittel et al. (2014). These analyses used an Agilent 7500s
quadrupole ICP-MS equipped with a New Wave UP213 LA
system. The resulting analyses were calibrated using GJ-1
(Jackson et al. 2004) and Plesovice (Slama et al. 2008) stan-
dard zircons, and all U-Th-Pb isotope ratios were calculated



294 Chung et al.

using GLITTER 4.4.2 (GEMOC) software. Common lead
was corrected following Andersen (2002), and weighted
mean U-Pb ages, probability density curves, and concordia
were determined using Isoplot v. 3.0 (Ludwig 2003).

4. RESULTS

A total of 519 U-Pb detrital zircon ages were obtained
from the six metasandstone samples with ages ranging from
2.5 Ga to ca. 33 Ma (Appendix A). Most of the analyzed
zircon grains were 100 - 200 um long, ~100 um wide and are
euhedral. Cathodoluminescence (CL) imaging representative
grains indicate that the majority contain tight oscillatory zon-
ing that is indicative of an igneous origin (Fig. 3). Histograms
of the ages show that about half of the zircons are Mesozoic
in age with ages ranging from ca. 170 - 100 Ma; additional
minor peaks are at 230 - 260, 400 - 450 Ma and some Ceno-
zoic ages (Fig. 4). Age spectra and concordia diagrams for
these zircons are given in Figs. 4 and 5, respectively, and the
age distribution for each sample is discussed below.

(1) EO2 is collected from the top of the Szeleng Sandstone.
100 zircon grains were analyzed and ca. 60% grain ages
are between 88 and 200 Ma (Figs. 4a and b).

(2) EO5 is collected from the eastern margin of the Szeleng
Sandstone (Fig. 1a). 108 grains were analyzed and ca. 60%
grain age are younger than 200 Ma. Two Cenozoic grain
ages were observed at 41 and 51 Ma (Figs. 4c and d).

HT4-29
33.9 + 0.8 Ma

100 um

[Td e (©)
37.5+0.9Ma

-~

€0

100 pm

(&) HT4-8435.3 +0.9Ma (h)

100 pm

Sample T7-13 was collected near the core of the Hsit-
sun anticline (Fig. 1b). A total of 105 zircons from this sam-
ple were analyzed, yielding 14 Cenozoic ages (Fig. 4e) and
43 grains have ages between 90 and 170 Ma (41% of the
zircon population; Fig. 4f). Two mean ages were obtained
from the Cenozoic zircons: 7 zircons with ages between
33.9 and 37 Ma yield a mean age of 35.3 + 0.7 Ma (MSWD
=1.2), and 6 zircons with ages between 37 and 41 Ma yield
amean age of 39.2 + 1.2 Ma (MSWD = 1.4; Fig. 6a). These
ages indicate that sample T7-13 was deposited after ~35 Ma
(i.e., during the Late Eocene).

Sample HT4 was also collected from a few hundred
meters northwest of T7-13 and also near the core of the Hsit-
sun anticline (Fig. 1b). A total of 89 zircons from this sample
were analyzed, yielding 30 zircons with ages younger than
200 Ma (Figs. 4g and h). Seven Cenozoic zircons yielded a
mean age of 35.4 + 1.1 Ma (MSWD = 1.8; Fig. 6b). Samples
HT4 and T7-13 have similar age distributions and similar
youngest mean ages (Cenozoic, ca. 35 Ma) that indicate that
the ages of the detrital zircons in these samples accurately
reflect the provenance of these sediments, suggesting that
these two samples were derived from similarly aged proto-
liths (Fig. 4).

Almost half of the total of 55 zircons from sample HT2
yielded 2°Pb/>¥U ages of 461 - 91 Ma with a major peak
around 450 Ma (n = 31; Figs. 4i and j). The majority of the
zircons yield ages between 90 and 170 Ma (n = 11; Fig. 41)

HT4-17
34.4 + 0.8 Ma

HT4-3035.6 £ 0.9 Ma

HT4-61

100um 357 + 0.8 Ma

HT2-20 44t1Ma D

!
L

SS83-16 100 ym
35.3 £ 0.8 Ma

Fig. 3. Cathodoluminescence images of zircons with ages of 33 - 44 Ma from the Hsitsun Formation (a) - (h) and the Szeleng Sandstone (i). Circles

indicate the locations of ~25 um laser ablation spots.
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Fig. 5. Concordia diagrams for detrital zircons with ages of <200 Ma, including the mean age of the youngest n (number in parentheses) number of
zircons and the age of the youngest zircon within each sample.
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with a major cluster at 109 + 3 Ma (range 91 - 119 Ma,n=7)
and the rest clustering between 168 and 147 Ma (mean 157
+ 3; n = 4). Only one grain from this sample has yielded a
Cenozoic age of 44.0 + 1.0 Ma.

The sample SS3 contains 62 detrital zircons for
which the ages range from 35.3 + 0.8 to 2465 + 14 Ma
(Figs. 4k and 1). 47% of these zircons have yielded **°Pb/**U
ages between 172 and 84 Ma (n = 29; Fig. 4k), similar to the
range of ages from sample T7-13. Only one zircon (SS3-
16) of the 62 analyzed grains has yielded a Cenozoic age
(Fig. 4k; Table 1). This zircon is approximately the same
age as some of the zircons from Hsitsun Formation samples
T7-13 and HT4 (Fig. 4).

5. DISCUSSION

Detrital zircon ages are thought to pre-date the depo-
sition of the hosting sedimentary rocks and therefore can
only constrain the maximum age of deposition (DeCelles
et al. 2007; Dickinson and Gehrels 2009; Tucker et al.

2013). It should be noted, however, that interpretations of
the youngest ages that rely on single or a small number of
zircons maybe highly uncertain or meaningless. Dickinson
and Gehrels (2009), therefore, suggested that the youngest-
age interpretation be based on multiple grain ages, not the
youngest single grain age.

5.1 Depositional Age of the Hsitsun Formation

In the samples from Taiwan, two samples, T7-13 and
HT-4, yielded more than the minimum number of zircon
ages necessary for determining the maximum age of deposi-
tion whereas three of the remaining samples, E-05, HT-2,
and SS-3, had one or two grains of Cenozoic age. The last
sample, E-02, yielded no grains of Cenozoic age. Samples
T7-13 and HT-4, from the Hsitsun Formation, yielded
youngest zircon ages of 35.9 + 1.0 and 354 + 1.1, respec-
tively. In fact, > 10% (14 of 105 zircons) of the ages ob-
tained for sample T7-13 are younger than 40 Ma and 8% (7
of 89 zircons) of the zircons from sample HT4 yield ages of

Table 1. U-Pb isotopic data for the youngest groups of zircons within the four samples analyzed in this study.

Spot ThU U,,, *"Pb/**Pb 1o H7Pb/ 25U 1o 26Ph/ 28U 16 error corr. INFERRED AGE (Ma) 1o
T7-13 E121.45076/N 24.64013 Elev. 1066m
73 047 911 0.04793 000257 0.03480 0.00245 0.00527  0.00014  0.37734 339 09
37 040 768 0.05329 000103  0.03955 0.00159  0.00538  0.00015  0.69352 34.6 1
56 0.56 1016 004974 000111 0.03744 0.00167  0.00546  0.00016  0.65697 35 1
64 0.85 219 0.06219 000744  0.04638 0.00694  0.00541  0.00020  0.24706 35 1
3 0.60 1144 005172 0.00107 0.03968 0.00172  0.00557  0.00017  0.70410 36 1
96 0.51 1742 005145 0.00078 0.04013  0.00138  0.00566  0.00016  0.82204 36 1
76 0.63 1075 0.05272 0.00083 0.04213 0.00148  0.00580  0.00016  0.78527 37 1
18 0.53 609 0.05302  0.00149  0.04360  0.00232  0.00596  0.00019  0.59911 38 1
80 034 498 0.04657 000147  0.03783  0.00217  0.00589  0.00019  0.56236 38 1
19 149 1052  0.05447 0.00115 0.04507 0.00200 0.00600 0.00019  0.71361 39 1
57 133 792 005164 000229 0.04266 0.00322  0.00600  0.00023  0.50786 39 1
103 037 567 0.04619  0.00146  0.03994 0.00197  0.00627  0.00017  0.54970 40 1
97 0.63 1087  0.04607 0.00081 0.04048 0.00145 0.00637  0.00017  0.74504 41 1
HT2 E 121.44867/N 24.64343 Elev. 1094 m
HT2-20 1.02 780 0.04923  0.00085 0.04670 0.00163  0.00688  0.00016  0.66629 44 1
SS3 E 121.44429/N 24.64684 Elev. 1094 m
S83-16 2.86 1520  0.04812  0.00084 0.03645 0.00129 0.00549  0.00013  0.66908 353 0.8
HT4 E 121.45493/N 24.65403 Elev. 1054 m
HT4-29 102 494 0.04467 000127  0.03243  0.00153  0.00527  0.00012  0.48264 339 0.8
HT4-17 040 505 004619 000216 0.03408 0.00215 0.00535 0.00013  0.38517 344 0.8
HT4-84 0.68 409 004864 000162 0.03683  0.00200 0.00549  0.00014  0.46960 353 09
HT4-30 025 319 005112 000521  0.03900 0.00476  0.00553  0.00015  0.22224 356 09
HT4-61 0.75 1283  0.04904 0.00080 0.03760  0.00123  0.00556  0.00012  0.65976 357 0.8
HT4-4 095 263 0.04607 001314 0.03552 0.01110  0.00559  0.00021  0.12021 36 1
HT4-56  0.60 699 005105  0.00110 004101  0.00166  0.00583  0.00014  0.59325 375 09
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ca. 35 Ma (Fig. 6b) strongly supporting a maximum deposi-
tional age of ~35 Ma for the exposed Hsitsun Formation.

5.2 Depositional Age of the Szeleng Sandstone

Samples SS-3 and E-05, from the Szeleng Sandstone,
yield peak ages defined by one and two ages, respectively
and, although not meaningful for defining the maximum age
of deposition, are consistent with its stratigraphic position
above the Hsitsun Formation. The maximum depositional age
of the Hsitsun Formation constrains the age of the Szeleng
Sandstone to be younger than 35 Ma (Fig. 2). In addition,
the youngest age of the Szeleng Sandstone is constrained by
the presence of NP23 calcareous nannoplankton near the base
of the Paling Formation, which overlies the Szeleng Sand-
stone in northern Taiwan (Huang 1977, 1979). These age con-
straints indicate that the Szeleng Sandstone was deposited be-
tween 35 and 30 Ma (i.e., between the Late Eocene and Early
Oligocene). This interpretation is consistent with the presence
of abundant Early Oligocene Shihtsaoan shelf fauna of the
foraminiferal Globigerina ampliapertura Zone within the up-
permost Szeleng Sandstone in the Peishihchi section (Huang
and Cheng 1983). The biostratigraphic age of the G. amplia-
pertura Zone is P16 - P19 whereas the top of NP23 yields an
age of ca. 30 Ma (Fig. 2; Berggren et al. 1995; Berggren and
Pearson 2006; Pearson et al. 2006; Wade et al. 2011).

Previous research has identified large Nummulites jun-
barensis foraminifera within the Szeleng Sandstone (Fong
etal. 1994) and Matsumaru (2005) suggested that these fora-
minifera correlated with Early-Middle Eocene foraminifera
in the Akashimisaki Formation (Zone NP14) in Japan. The
new data presented in this study, however, suggest that the
N. junbarensis fossils within the Szeleng Sandstone have
been reworked. Shea et al. (2011) reached a similar conclu-
sion for similar fossils in the central Hsuehshan Range.

5.3 Tectonic Implications for the New Strata Age

Southern Taiwan and adjacent offshore areas contain
a 37 - 30 Ma unconformity associated with uplift and ero-
sion caused by local fault-block rotation that pre-dates the
breakup unconformity formed by the opening of the South
China Sea (Lin et al. 2003; Huang et al. 2012). Huang et
al. (2012) suggested the Szeleng Sandstone was deposited
between 47.8 and 39 Ma with a break-up unconformity at 39
- 33 Ma following the deposition of the Szeleng Sandstone
(Fig. 2). Our new data indicate that the Hsitsun Formation
was deposited at ca. 35 Ma and that the 1200 m thickness
of the Szeleng Sandstone was deposited at 35 - 30 Ma, sug-
gesting that this region underwent continuous sedimentation
without a depositional gap (Fig. 4). The age spectrums from
the Hsitsun Formation and Szeleng Sandstone are also quite
similar, suggesting a similar source (Fig. 4). In fact, Eocene
rifting stage is associated with many magmatic events that

could be the source for the Eocene zircon grains (Chung et
al. 1995; Chen et al. 1997; Lin et al. 2003).

Teng (1990) have also suggested that the Lishan fault
represents a major normal fault that formed the east bound-
ary of a half-graben basin during the rifting stage. The sedi-
ments of the northern Hsuehshan Range are interpreted to
have been deposited in the half-graben and, based on the re-
sults presented here, preserve continuous deposition. In con-
trast, the area east of the Lishan fault represents the footwall
that may have been uplifted during rifting and may therefore
record a breakup unconformity. This interpretation provides
important context for future research in northern Taiwan.

Accurate stratigraphic ages in northern Taiwan are
also critical to solving problems associated with correlat-
ing stratigraphic sequences between the northern to south-
ern Hsuehshan Range. Although paleontological evidence
is useful, our study on U-Pb zircon ages shows that the
middle Eocene Nummulites are reworked. Because Num-
mulites have been observed in various places in central to
southern Hsuehshan Range, these new findings suggest that
the geologic and stratigrahic context of the Nummulites fos-
sils needs to be reexamined throughout Taiwan. This study
also puts emphasis on the need to conduct more detrital zir-
con dating in different areas of Hsuehshan Range to better
constrain the correlation of units throughout the Hsuehshan
Range and to better understand the rifting history along the
continental margin of Eurasia.

6. CONCLUSIONS

The youngest detrital zircons in the Hsitsun Forma-
tion yield an age cluster at 35.4 + 1.1 Ma. This sedimentary
unit produced a zircon population comprising > 8% Ceno-
zoic zircons. Combining these data with the biostratigraphic
age of the overlying Oligocene Paling Formation suggests
that the Szeleng Sandstone was deposited between 35 and
30 Ma, indicating the Nummulites junbarensis fossils within
this sandstone unit have been reworked. The new data pro-
vide evidence of continuous sedimentation between the Pal-
ing Formation and the Szeleng Sandstone, indicating that the
sedimentary sequences exposed along the Northern Cross-
Island Highway Transect do not contain a depositional gap
or unconformity.
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