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A B S T R A C T

Late Miocene through Pliocene shallow-marine sedimentary strata of the Kueichulin Formation are exposed 
along the Da'an River, Taiwan, and these strata form part of the fill of the Taiwan Western Foreland Basin (i.e., 
paleo-Taiwan Strait). The ichnology of these strata reflect the emergence and early evolution of Taiwan. Semi- 
quantitative characterization of trace fossil assemblages in the Kueichulin Formation are used to resolve the 
dominant controls on the preserved character of trace fossils. The described strata are divided into three phases – 
pre-emergent, early emergent and emergent – and these three phases are divided into six stages: pre-emergent- 
lower, pre-emergent-upper, early emergent, emergent-lower, emergent-middle, and emergent-upper. 
Throughout the pre-emergent-lower stage, seafloor erosion during storms that propagated across the Pacific 
Ocean exerted the dominant control on the preservation and character of trace-fossil assemblages resulting in a 
low preservation of bioturbation, especially of shallow-tier burrows. The formation and emergence of Taiwan 
(upper pre-emergent through emergent-upper stages) resulted in the island acting as a baffle to large storm waves 
and this is manifested in the increased preservation of: i) shallow-tier burrows constructed by filter feeders and 
interface (surface) deposit feeders, ii) bioturbated strata, and iii) diverse and abundant trace fossils. There is a 
noticeable decrease in the preservation of deep-tier burrows in mudstone-dominated strata deposited during the 
early emergence of Taiwan. Later, increased and more variable sedimentation / substrate mobility resulted in 
greater bed-by-bed variability in the degree of bioturbation once the Taiwan Strait began to narrow and tidal 
currents increased in strength (emergent-lower to emergent-upper stages). During the emergent stages, both 
seafloor erosion during storms and tidal reworking controlled the preservation and character of trace fossil as
semblages. The ichnological analysis employed herein demonstrates the value of a semi-quantitative approach to 
ichnology. Systematic compilation of qualitative ichnological data can be converted into numerical values, which 
subsequently, can be used to resolve trends in trace fossils abundances, tiering depths, and ethologies, and these 
data can be used to assess variable controls on preserved character of ichnological assemblages.

1. Introduction

Ichnological research is fundamental in paleoenvironmental re
constructions because trace fossils record the activity of animals during 
and/or shortly after sediment deposition. While primary sedimentary 
structures preserve evidence of depositional processes, trace fossils 
preserve evidence of ambient environmental conditions. However, the 
preserved ichnological assemblage is not always an accurate represen
tation of paleoenvironmental conditions because of preservational 

biases that may result in the removal or reworking of sediments colo
nized by infauna. Additionally, qualitative assessments of ichnological 
characteristics may mask ichnological responses to a range of autogenic 
and allogenic forcings. The Upper Miocene to Pliocene Kueichulin For
mation comprises mainly shallow-marine sedimentary strata, and here 
we assess trace fossil assemblages through the Kueichulin Formation. 
We identify ichnogenera and the degree of bioturbation on a bed-by-bed 
basis. The abundances of each ichnogenera and bioturbation intensities 
are quantified and are then used to discuss the linkage between trace 
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fossil assemblages and evolution of hydraulic and sedimentation con
ditions in Taiwan's Western Foreland Basin (TWFB).

The TWFB is situated on the western side of Taiwan and extends 
below the Taiwan Strait (Lin et al., 2003). Recent work on the Kuei
chulin Formation has constrained the timing of deposition and sediment 
accumulation rates; and the same studies have revealed evidence of 
high-energy events and the transition of depositional environments from 
an open shelf to a confined strait (Dashtgard et al., 2020; Dashtgard 
et al., 2021; Hsieh et al., 2023a; Hsieh et al., 2023b; Hsieh et al., 2025; 
Nagel et al., 2014; Nagel et al., 2013). The evolution in depositional 
conditions recorded through the Kueichulin Formation allows for the 
comparison of trace-fossil suites to both physical and chemical stresses 
and to sediment erosion events.

In the shallow-marine realm, abundant food, oxygen, and energetic 
flow can result in extensive seafloor colonization by diverse groups of 
infauna (Ayranci et al., 2014; Howard and Frey, 1984; Reineck and 
Singh, 1980; Seike et al., 2011) and this is reflected in preserved trace- 
fossil assemblages (MacEachern et al., 2007; Pemberton et al., 1992; 
Seilacher, 1964, 1967). Sediments deposited in shallow-marine settings 
can also show limited bioturbation both as a function of physical and 

chemical stresses in the environment (e.g., Buatois et al., 2005; Dasht
gard and Gingras, 2012; La Croix et al., 2022; MacEachern and Bann, 
2020) and as a result of sediment reworking during high-energy events 
(e.g., storms, river floods; Dashtgard et al., 2020; Pemberton and 
MacEachern, 1997; Vaucher et al., 2023a). Differentiating between 
trace-fossil suites that show reduced trace density and diversity because 
of physical and chemical stresses versus those that are reduced because 
of sediment erosion is not always possible without prior knowledge of 
paleoenvironments and their evolution.

The identification of trace fossils is inherently qualitative. Trace 
fossils can appear similar to multiple ichnogenera depending on their 
two-dimensional expressions in outcrop (Chamberlain, 1978). Identifi
able trace-fossil assemblages also vary as a result of the scale of an 
outcrop (Marenco and Hagadorn, 2019); their relief (Bromley, 1996; 
Seilacher, 1964), and whether they are exposed in cross section and/or 
on bedding planes (Shillito and Gougeon, 2024). Attempts to quantify or 
semi-quantify qualitative observations are numerous but mainly focus 
on bioturbation intensity (MacEachern et al., 2007; Reineck and Singh, 
1980; Taylor and Goldring, 1993) and tiering relationships (Ekdale 
et al., 2012; Taylor et al., 2003). Several authors have also employed 

Fig. 1. The study area and studied outcrop. A) General geological map of Taiwan showing the major tectonic and geographic elements of and near the island. The 
black box defines the more detailed geological map depicted in B. The present-day rate of relative motion of the Philippine Sea Plate is derived from Lin et al. (2003)
and Simoes and Avouac (2006). The general geology of Taiwan is based on Lin and Chen (2016); and the base map is sourced from Google Earth. The legend for the 
colours used in A are shown below the map. B) Geological map of west-central Taiwan. The map is derived from MOEA, C.G.S.o.T (2019) and is modified based on 
formations shown in Lin and Chen (2016) and Teng et al. (1991). The black box defines the position of the outcrop upon which this study is based. The legend for the 
colours used in B are shown below the map. C) Photo of part of the Kueichulin Formation outcrop along the Da'an River. The strata get progressively younger to 
the left.
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more quantitative approaches in the analysis of ichnofabrics (e.g., 
McIlroy, 2007); ichnodiversity (Kikuchi et al., 2018; Singh et al., 2023), 
movement (Wang and Miguez-Salas, 2025)); and ecosystem engineering 
(Buatois et al., 2020). Herein, we employ novel methods for advancing 
semi-quantitative methods in trace fossil analyses.

1.1. Geological background and study area

Taiwan formed through the oblique arc-continent collision of the 
Philippine Sea Plate and the Eurasian Plate (e.g., Suppe, 1981, 1984). 
The two plates began colliding in the Late Miocene (~6.5 million years 
ago (Mya)) and formed the 330 km long; 100 km wide orogenic belt that 
makes up most of Taiwan (Fig. 1A). The nearly 4000 m high mountain 
belt continues to uplift at a rate of approximately 5–7 mm per year 
(Castelltort et al., 2011; Chang et al., 2023; Covey, 1984; Lin and Watts, 
2002; Nagel et al., 2018). Through the ongoing collision and over the 
past 6.5 million years, the main depocenters of the TWFB migrated 
south-southwestward at a rate of approximately 31.5 km (+10 to − 5 km 
uncertainty) per million years (Shaw, 1996; Simoes and Avouac, 2006), 
and the continued and persistent uplift of Taiwan has exposed pre- 
collisional passive margin strata and post-collisional foreland basin 
strata (Lin et al., 2003; Lin and Watts, 2002; Suppe, 1981, 1984). The 
TWFB is characterized by both high-accommodation and high- 
sedimentation rates, with sediment accumulation rates exceeding 400 
m per million years in the Early Pliocene, and 1000 m per million years 
in the late Pleistocene (Chang and Chi, 1983; Chen et al., 2001; Covey, 
1984; Simoes and Avouac, 2006; Vaucher et al., 2021; Vaucher et al., 
2023b). Upper Miocene to Pliocene sedimentary strata of the Kueichulin 
Formation were deposited during the early stages of the collision (Lin 
et al., 2003; Yu and Chou, 2001) and in mainly shallow-marine envi
ronments (Castelltort et al., 2011; Covey, 1984; Dashtgard et al., 2020; 
Dashtgard et al., 2021; Hsieh et al., 2023b; Hsieh et al., 2025; Nagel 
et al., 2013).

The Kueichulin Formation overlies the Nanchuang Formation and 
grades both upwards and southwards into the Chinshui Shale 
(Castelltort et al., 2011). The Kueichulin Formation is up to 800 m thick 
and consists of three members; including (from base to top): Kuan
taoshan Sandstone; Shihliufen Shale; and Yutengping Sandstone (Fig. 2; 
Castelltort et al., 2011; Lin et al., 2007; Pan et al., 2015; Shaw, 1996). 
The Kuantaoshan Sandstone records deposition on the eastern margin of 
the Eurasian Plate between ~6.3 and 5.4 Mya (Hsieh et al., 2023a). The 
Shihliufen Shale is interpreted as forming near the Miocene-Pliocene 
boundary and coincides with the collision of the Luzon Arc on the 
Philippine Sea Plate with the Eurasian Plate starting around 5.4 Mya and 
continuing to about 4.9 Mya. The Yutengping Sandstone records depo
sition from 4.9 to 3.2 Mya (Hsieh et al., 2023a).

2. Study area and methods

In this study, we evaluate Late Miocene through Pliocene strata 
(upper part of the Kuantaoshan Sandstone, Shihliufen Shale and lower 
part of the Yutengping Sandstone) of the Kueichulin Formation exposed 
along the Da'an River in the northern extent of the Western Foothills 
(24.29479◦ N, 120.91062◦ E; Figs. 1B and 2). Outcrops were measured 
and described at the decimeter-scale for their bed thicknesses, lithology, 
sedimentary structures, and trace fossils. The same outcrops were 
sampled for geochemical, microfossil, and paleomagnetism analyses 
(Dashtgard et al., 2020; Dashtgard et al., 2021; Hsieh et al., 2023a; Hsieh 
et al., 2023b; Hsieh et al., 2025). Facies analysis of most of the strata was 
completed by Hsieh et al. (2025) and those facies are used herein.

Hsieh et al. (2023c) defines a high-resolution chronostratigraphic 
model for the Kueichulin Formation that is used to correlate facies to 
previously defined tectonic events. Dashtgard et al. (2021) and Hsieh 
et al. (2023b) used geochemical proxies to correlate strata to different 
stages of Taiwan's uplift (Fig. 3). Facies descriptions of the strata 
(Table 1; Hsieh et al., 2025) and interpretations of depositional 

processes (Dashtgard et al., 2020; Nagel et al., 2013) are used to place 
strata into depositional context and to interpret the dominant hydraulic 
process(es) that deposited a bed, and the duration that the bed was 
exposed to colonization by infauna (c.f., Wheatcroft, 1990).

The strata described and analyzed in Dashtgard et al. (2020); 
Dashtgard et al. (2021); Hsieh et al. (2023b); and Hsieh et al. (2025) are 
used in this study; and are divided into phases that correlate to Taiwan's 
emergence from the Pacific Ocean. There are three main phases; 
including pre-emergent; early emergent; and emergent and these are 
defined based on distinct changes in δ13Corg; C/N; magnetic suscepti
bility; and/or clay mineralogy (Fig. 3; Hsieh et al., 2023b). The pre- 
emergent phase is further subdivided into pre-emergent–lower and 
pre-emergent–upper stages based on a distinct change in the preserved 
ichnological character of strata that define the pre-emergent phase. The 
early emergent phase is not subdivided and hence is both a phase and a 
stage. The emergent phase is subdivided into lower, middle, and upper 
stages based on the preservation of tidal signatures recorded in 

Fig. 2. Chronostratigraphic chart for sedimentary strata in the northern part of 
the Western Foothills, Western Foreland Basin, Taiwan. Absolute ages, epochs, 
and ages are based on the International Commission on Stratigraphy chro
nostratigraphic charts for all of Earth's history (Cohen et al., 2013) and the past 
2.7 million years (Cohen and Gibbard, 2016). Formation and member names 
pertain to the stratigraphy found in the study area (North-Central Western 
Foreland Basin); and the dominant lithology of those units is indicated by the 
underlying colours (grayish yellow = terrestrial sandstone; bright yellow =
marine sandstone; grey = marine mudstone/shale; and black = coal). The 
legend and colours in the last column relate to the geological map in Fig. 1B. 
Nannofossil zonation is based on the International Commission on Stratigraphy; 
and nannofossil distributions in formations are derived from Horng and Shea 
(1996) and Pan et al. (2015) and references therein. The chronostratigraphic 
chart for Taiwan is based on Teng et al. (1991); Lin et al. (2003); Nagel et al. 
(2013) and Lin and Chen (2016). The magnetobiostratigraphy is from Hsieh 
et al. (2023c) and references therein. The lithologies of various units are based 
on this study and MOEA, C.G.S.o.T (2019). Acronyms include: Br (Brunhes, 
which is a magnetostratigraphic polarity chron) and DRK (Da'an River, Kuei
chulin Formation). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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sedimentary facies. Based on these subdivisions, the six stages defined in 
this study and their stratigraphic intervals are as follows (Fig. 3): 1) pre- 
emergent–lower (0–160 m; part of the Kuantaoshan Sandstone); 2) pre- 
emergent–upper (160–206 m; uppermost Kuantaoshan Sandstone); 3) 
early emergent (206–239 m; Shihliufen Shale); 4) emergent–lower 
(239–340 m; lowermost Yutengping Sandstone); 5) emergent–middle 

(340–407 m; part of the Yutengping Sandstone); and, 6) emergent–up
per (407–571 m; part of the Yutengping Sandstone).

Trace fossils are identified to the ichnogenus or ethological group 
level and are based on two-dimensional expressions in plan view and/or 
cross-sectional view. Trace fossil occurrences are recorded using 
AppleCORE® (donated to Simon Fraser University by Mike Ranger) and 

Fig. 3. A) Litholog of the Kueichulin Formation exposed along the Da'an River, Taiwan. The log is derived mainly from Dashtgard et al. (2021) and Hsieh et al. 
(2023b) with the exception of 0 to 143 m; which is new to this study. The 571 m long section is divided into 3 main phases (pre-emergent; early emergent; and 
emergent) and 6 stages that are described in the text. In the description column; the labels “1” and “2” refer to the two sections in the pre-emergent–lower stage that 
are discussed to in the text. All strata are assigned to facies and these are shown in the facies column; facies were assigned mainly by Hsieh et al. (2025) and are 
presented in Table 1. B) Stable carbon isotope values of organic matter (δ13Corg). C) Carbon:Nitrogen (C/N) ratios. D) Calculated percentage of marine-derived 
organic material for most of the Kueichulin Formation (from Hsieh et al., 2023b).
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are recorded as either individual occurrences or intervals in which they 
occur regularly. The prevalence of ichnogenera or ethological groups (e. 
g., fugichnia, navichnia) in each stratigraphic stage is recorded as 
abundant, common, uncommon, rare, or absent based on their percent 
coverage within each stage (Table 2). The percent coverage is calcuated 
by dividing the total thickness of strata in which a trace fossil occurs (in 
each stage) by the total thickness of strata in the stage. All values are 
calculated from the AppleCORE log after it was exported in ASCII 
format. If a trace fossil is recorded as a single occurrence in AppleCORE 
(i.e., recorded as a point), it is assigned a vertical coverage of 5 cm. 
Twenty-two ichnogenera or ichnogroups are identified, and the abun
dance of each trace fossil within each stage is converted to a numerical 
value using a scale of 0 to 4: absent (0), rare (1), uncommon (2), com
mon (3), and abundant (4; Table 3).

Trace fossils are categorized as shallow tier (confined to the upper 
12 cm of sediment; Zhang et al., 2017) or deep tier (extend below 12 cm; 
Table 3). The number of shallow tier and deep tier trace fossils in a 
stratigraphic interval is simply the sum of trace fossils that occur in an 
interval and that are either shallow tier or deep tier. Some trace fossils 
are both, and hence, are assigned a value of 0.5 in both categories 
(Table 3). For example, Chondrites is exclusively a deep-tier trace fossil 
and so the presence of Chondrites in the emergent-upper zone adds 1 to 
the sum of deep tier trace fossils in that stage. Conichnus is present in the 
early emergent, emergent-lower, and emergent-middle stages, but 
Conichnus can be both shallow and deep tier. Consequently, 0.5 is added 
to the sum of both shallow- and deep-tier trace fossils present in the early 

emergent, emergent-lower, and emergent-middle stages (Table 4). The 
shallow-tier to deep-tier ratio (S:D) in Table 4 is calculated by dividing 
the sum of shallow-tier trace fossils by the sum of deep-tier trace fossils.

Trace fossils are also assigned to ethologies using the classification in 
Table 1 of Gingras et al. (2007) (Table 3). The categories proposed in 
Gingras et al. (2007) are simplified into four groups based on feeding 
modes and/or behaviours; including: filter feeding; deposit feeding; 
interface feeding; and other. Filter (suspension) feeding is a single 
category. Deposit feeding includes stoping/mining; and both shallow 
and deep deposit feeding. Interface (surface deposit) feeding also in
cludes carnivory/scavenging and grazing. “Other” includes escape; 
equilibrichnia; and locomotion behaviours. Dwellings (living) are not 
considered because the behaviour is associated with multiple groups (e. 
g.; many burrows associated with filter feeding; deposit feeding and 
interface feeding also serve as dwellings) and so this category would 
closely mimic the sum of the other groups. Waste stowage is also not 
considered because it is associated with only a few trace fossils and is not 
listed as the primary function of any of them. Gingras et al.'s (2007)
“very strongly associated behaviour” is assigned a value of 3, 
“commonly associate behaviour” is assigned a value of 2, and “rarely 
associated behaviour” is assigned a value of 1. The dominance of each 
feeding behaviour recorded by trace fossils in each stage is calculated 
using Eq. 1: 

∑n

i=1
B • A (1) 

Where, B is the value assigned to a behaviour based on how strongly 
associated it is with a trace fossil (0–3), A is the abundance of the trace 
fossil in a stratigraphic interval (0–4), and n is the number of trace fossils 
that reflect that behaviour. For example, Gingras et al. (2007) lists 
Arenicolites twice and indicates this trace fossil is strongly associated 
with filter feeding (B = 3 for filter feeding), rarely or strongly associated 
with carnivory / scavenging (B = 3 for interface feeding), commonly 
associated with interface feeding (B = 2 for interface feeding), 
commonly to strongly associated with stoping / mining (B = 3 for de
posit feeding), and commonly associated with shallow deposit feeding 

Table 1 
Table of facies identified in the Kueichulin Formation along the Da'an River (modified after Hsieh et al., 2025)

Facies Sedimentology Ichnology Accessories Environmental 
Interpretation

No. Name Grain Size Sedimentary Structures

F1 Bioturbated MDST
Dominantly mud. 
Minor vfg sand.

Rare wavy- to planar-parallel laminae 
of SLST and SST. Coarsening-upward 
cycles.

BI 3–5. Less commonly 6 
and locally 1–2. Traces: 
Pl, Ro, Sk, Th.

Disarticulated and 
fragmented shells. Rare 
coal fragments.

Lower offshore

F2 Bioturbated sandy 
MDST to muddy SST

Mud with lower vfg 
to lower fg sand. 
Locally, lower mg 
sand.

Rare planar- to wavy parallel- 
laminated, HCS, or trough cross- 
bedded SST in MDST. Rare SSD.

BI 4–5. Less commonly 6 
and locally 0–2. Traces: 
Ar, As, Ch, Op, Pa, Ph, Pl, 
Ps, Ro, Sch, Sk, Te, Th. 
Rare Di, Sc.

Disarticulated and 
fragmented shells and 
Ditrupa tubes, MDST rip-up 
clasts, rare coal fragments.

Upper offshore to 
distal delta front / 
prodelta

F3
Interbedded flaser- to 
lenticular-bedded 
SST and MDST

Lower vfg to upper fg 
sand and mud. Up to 
lower mg sand 
(locally) in SST beds.

Sharp-based, massive, trough cross- 
stratified, or parallel-laminated and 
current-rippled SST with interbedded 
sharp-based, massive to planar 
parallel-laminated MDST. Rare SSD.

MDST: BI 1–3. Less 
commonly 4. SST: BI 0–2. 
Traces: Ar, As, Ch, Op, Ph, 
Pl, Ps, Ro, Th. Rare Co, 
Pa, Sc, Sch, Si.

Rare MDST rip-up clasts. 
Disarticulated and 
fragmented shells. Rare 
coal fragments and 
carbonaceous laminae.

Delta front in a 
tidal strait

F4

Massive, planar to 
trough cross- 
stratified, and/or 
hummocky cross- 
stratified SST

Upper vfg to lower 
mg sand with 
interstitial silt and 
minor clay.

Sharp-based, massive, trough cross- 
to low-angle planar tabular cross- 
stratified or amalgamated planar 
parallel laminated to HCS SST. Wave 
ripples (locally aggradational) 
common at top of SST beds. 
Interbedded organic-rich, 
structureless to laminated MDST.

BI 0–2, rarely 4–5. 
Primarily top-down 
burrows. Traces: Ch, Op 
(dominant), Pl, Ro, Th. 
Rare Cy, fu, Ma.

MDST and coal rip-up 
clasts. Disarticulated and 
fragmented shells. 
Abundant carbonaceous 
laminae.

Wave-dominated 
delta front to open 
shelf

F5
Soft-sediment 
deformed beds

Lower vfg to lower fg 
sand.

Deformed bedding. Primary 
stratification not preserved.

BI 0. No primary 
burrowing preserved.

Post-depositional 
deformation

Acronyms: Sedimentology: very fine grained (vfg), fine grained (fg), medium grained (mg), Mudstone (MDST), Sandstone (SST), Siltstone (SLST); Sedimentary 
structures: hummocky cross-stratification (HCS), soft-sediment deformation (SSD) | Ichnology: Bioturbation Index (BI); Trace fossils: Arenicolites (Ar), Asterosoma (As), 
Chondrites (Ch), Conichnus (Co), Cylindrichnus (Cy), Diplocraterion (Di), fugichnia (fu), Macaronichnus (Ma), Ophiomorpha (Op), Palaeophycus (Pa), Phycosiphon (Ph), 
Planolites (Pl), Piscichnus (Ps), Rosselia (Ro), Schaubcylindrichnus (Sch), Scolicia (Sc), Siphonichnus (Si), Skolithos (Sk), Teichnichnus (Te), Thalassinoides (Th)

Table 2 
Semi-quantification of trace-fossil abundances recorded in outcrops and based 
on descriptions recorded in AppleCORE.

Abundance % Coverage Range Description

Absent 0 Not observed
Rare >0 – ≤0.1 Trace present but barely detectable
Uncommon >0.1 – ≤1 Present, but not common
Common >1 – ≤10 Frequently observed
Abundant >10 Dominates visual field / rock surface
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(B = 2 for deposit feeding). The highest B values in each category (filter 
feeding, interface feeding, deposit feeding, other) are used, and so 
Arenicolites is assigned a 3 for filter feeding, interface deposit feeding 
and deposit feeding. Since Arenicolites occurs uncommonly in the 
emergent–lower stage, it adds 3 (3⋅1) to the filter feeding, interface 

deposit feeding, and deposit feeding categories in that stage.
The degree of bioturbation at the bed scale was recorded in Apple

CORE using the bioturbation index (BI; Taylor and Goldring, 1993). 
Recorded BI values are then used to determine the net thickness of strata 
(as a percentage) in each stage that preserves that degree of bioturbation 

Table 3 
Summary of the trace fossils identified in the three phases and six stages defined for the Kueichulin Formation (Fig. 3). The relative abundance of 
each trace fossil is shown. Each trace fossil is also classified as shallow tier (confined to the upper 12 cm of sediment) or deep tier (extends below 
the upper 12 cm). The last four columns show the behaviours represented by each trace fossil as defined in Gingras et al. (2007).

Table 4 
Semi-quantified ichnological data derived from trace fossil assemblages (Table 3). See Methods for an 
explanation of how these values are derived. Boxes are colour coded to enable comparison. In the Stage total 
column: ≥200 (dark green), 150–200 (light green), and 100–150 (yellow green). In the S:D ratio column: ≥3 
(dark green), 2–<3 (light green), and 1–<2 (yellow green).
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(Table 5). The percentages are calculated from the ASCII file exported 
from AppleCORE. For example, in the pre-emergent-lower stage, 73% 
percent of all strata preserve no bioturbation, 19% preserve BI 1, and 7% 
preserve BI 2; the remaining 1% is lost in rounding errors.

3. Results

The distribution of facies along the logged section is shown in 
Fig. 3A. In general, facies record deposition on the shelf or in shallower 

water and probably at less than 50 m water depth (Table 1; Dashtgard 
et al., 2021; Hsieh et al., 2023b; Nagel et al., 2013). Below are detailed 
descriptions of the preserved ichnological characteristics in each stage. 
The ichnological characteristics of each stage are summarized in 
Table 3. Semi-quantified ichnological data derived from trace fossil as
semblages are summarized in Table 4. The prevalence of bioturbation in 
each stage as recorded by the BI is summarized in Table 5.

Table 5 
Summary of the cumulative thickness of strata (as a percentage of all strata in the stage) that preserves 
different Bioturbation Index (BI) categories. Boxes are colour coded to enable comparison: ≥ 50% (dark 
green), 20 – <50% (light green), and ≥ 10% – <20% (yellow green).

Fig. 4. Photos of the pre-emergent–lower stage (0–160 m) which comprises two sections of exposed strata (1: 0–33 m and 2: 143–160 m, Fig. 3). Square backgrounds 
for labels indicate sedimentary structures, hexagons indicate trace fossils, and circles indicate accessories (e.g., carbonaceous material, mud clasts). All photos are 
shown in cross-section view. A) Amalgamated trough cross stratification (TCS) and hummocky to swaley cross-stratification (HCS) in sandstone (Facies 4; 5–10 m). 
The thin dashed white lines mark scour surfaces between sedimentary structures. B) Beds of mud-clast (mc) breccia that are both interbedded and grade laterally into 
hummocky cross-stratified sandstone (Facies 4; 5–10 m). C) Wavy-bedded (WB) to flaser-bedded (FB) heterolithics (Facies 3). Note the small channel with the 
scoured lower surface (dashed white line; 26.3–27.9 m). D) Vertical shafts of Ophiomorpha in hummocky cross-stratified sandstone with BI 1 (Facies 4; 149–150 m).
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3.1. Pre-emergent phase (0–206 m)

The pre-emergent phase comprises two distinct stages that are 
distinguished based on their sedimentological and ichnological char
acter; these are referred to as lower (0–160 m) and upper (160–206 m; 
Fig. 3). The pre-emergent–lower stage comprises two outcrop sections (1 
and 2) separated by a 110 m long covered interval (Fig. 3). Section 1 is 
approximately 33 m thick and comprises mainly Facies 4 (Fig. 4A–B) 
with uncommon preservation of Facies 3 (Fig. 4C). Section 2 is 
approximately 17 m thick and comprises mainly Facies 4 (Fig. 4D).

Three ichnogenera are observed in the pre-emergent–lower stage, 
including abundant Ophiomorpha (Fig. 4E–F), common Thalassinoides, 
and uncommon Planolites (Table 3). The degree of bioturbation is the 
lowest of all stages with >90% of strata preserving BI 0 or 1 (Table 4). 
The pre-emergent-lower strata preserve more than 3 times as many 
deep-tier trace fossils to shallow-tier ones (S:D = 0.3; Table 5). The most 
commonly observed trace fossils are associated with deposit feeding.

The pre-emergent–upper stage records mainly Facies 2 (Fig. 5A, 
C–D) with lesser Facies 4. Interbedded Facies 3 is rarely preserved 
(Fig. 5B). The preserved trace fossil suite in the pre-emergent-upper 
stage comprises 9 ichnogenera/ethological groups, including: abun
dant Ophiomorpha and Rosselia; common Planolites, Schaubcylindrichnus, 
Skolithos, and Thalassinoides; and, uncommon navichnia, Phycosiphon, 
and Teichichnus (Table 3). The pre-emergent–upper stage preserves the 
highest degree of bioturbation of all stages with >90% of beds 

preserving BI 4–6 (Table 4). The increase in ichnogenera and bio
turbation intensity from the pre-emergent-lower stage corresponds to an 
abrupt shift from mainly deep-tier to mainly shallow-tier trace fossils (S: 
D = 1.7; Table 5). The most commonly observed trace fossils are asso
ciated with deposit feeding and filter feeding, but there is also a sub
stantial increase in the number of traces that record interface feeding 
and other behaviours.

3.2. Early emergent phase (206–239 m)

The early emergent phase corresponds to the Shihliufen Shale 
(Figs. 2 and 3), and these strata comprise mainly Facies 1 and 2 (Table 2; 
Figs. 3 and 6). Bioturbation is highly variable in the early emergent 
phase: BI 0 is recorded in 2% of all beds, and beds displaying higher 
degrees of bioturbation (BI categories 1 through 6) are near-equal, 
comprising 11–19% each (Table 4). Highly bioturbated sections are 
typically associated with Facies 1 mudstone, but in monolithic 
mudstone, the lack of sediment contrast masks burrows giving the 
appearance of BI 0–2 with only sand-filled burrows being evident 
(Fig. 6B). This low degree of bioturbation is not considered to be an 
accurate reflection of the degree of burrowing as interbedded sandstone 
and mudstone or siltstone and mudstone intervals show BI 3–5 (Figs. 3 
and 6A). The preserved trace fossil suite comprises 12 ichnogenera/ 
ethological groups, including: abundant Planolites, Rosselia, and Tha
lassinoides; common navichnia, Palaeophycus, Piscichnus, Skolithos, and 

Fig. 5. Photos of the pre-emergent–upper stage (160–206 m). Hexagon backgrounds for labels indicate trace fossils, and circles indicate accessories (e.g., carbo
naceous material, mud clasts). A) Highly bioturbated (BI 5) muddy sandstone of Facies 2 with mud clasts (mc) and shell fragments (sh) (oblique view, 182–183 m). B) 
Interbedded medium-grained sandstone and mudstone (Facies 3) that shows BI 2–4 (cross-section view, 196–197 m). C) Seemingly structureless (bioturbated?) 
medium-grained sandstone (Facies 2?) with mud clasts and shell fragments. Note the concentration of Planolites in the mud clasts (cross-section view, 196–197 m). D) 
Probably completely bioturbated sandstone (BI 6, Facies 2) with Ophiomorpha and Rosselia burrows (plan view, 199 m). Trace fossil acronyms: Ophiomorpha (Op), 
Planolites (Pl), Rosselia (Ro), Schaubcylindrichnus (Sch), and Skolithos (Sk).
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Teichichnus; and uncommon Asterosoma, Conichnus, Cylindrichnus, and Schuabcylindrichnus (Table 3). The ratio of shallow- to deep-tier trace 

Fig. 6. Photos of the early emergent stage (206–239 m). Hexagon backgrounds for labels indicate trace fossils, and circles indicate accessories (e.g., carbonaceous 
material, mud clasts). A) Hummocky cross stratified sandstone bed with mud clasts (mc) within Facies 1 mudstone. The laminated sandstone bed reveals the burrows 
(BI 2) present in Facies 1 (cross-section view, 211.5–215 m). B) Large, sand-filled Thalassinoides in Facies 1 mudstone (oblique view, 211.5–215 m). Trace fossil 
acronyms: Palaeophycus (Pa), Rosselia (Ro), Teichichnus (Te), and Thalassinoides (Th).

Fig. 7. Photos of the emergent–lower stage (239–340 m). Square backgrounds for labels indicate sedimentary structures, hexagons indicate trace fossils, and circles 
indicate accessories (e.g., carbonaceous material, mud clasts). A) A bed within Facies 2 of upper medium- to coarse-grained sandstone with coal clasts (cc) and shell 
fragments (sh) infilling Thalassinoides. Note the incorporation of coal clasts and shell hash into the highly bioturbated (BI 6) sandy mudstone that underlies the 
coarse-clastic layer (cross-section view, 245–248 m). B) Highly bioturbated (BI 6) sandstone of Facies 2 with coarse-clastic infilling of Ophiomorpha, Palaeophycus, 
Rosselia, and Thalassinoides (oblique view, 260.5–263 m). C) Hummocky cross-stratified sandstone (Facies 4) with mud lamina (ml) and mud clasts (mc). Bioturbation 
is low (BI 1–2) and the only visible burrow is Ophiomorpha (cross-section view, 290.5–294.5 m). D) Hummocky cross-stratified (HCS) sandstone (BI 2; Facies 4) with 
mud clasts overlain by parallel laminated sandstone (BI 1; Facies 3) with carbonaceous laminae (cl) and coal clasts (cc). Note the large, back-filled Ophiomorpha and 
collapsed laminae suggestive of fugichnia (oblique to cross-section view, 304.5–309.6 m). Trace fossil acronyms: back-filled Ophiomorpha (Opb), fugichnia (fu), 
Ophiomorpha (Op), Planolites (Pl), Rosselia (Ro), Schaubcylindrichnus (Sch), Scolicia (Sc), Skolithos (Sk), Teichichnus (Te), and Thalassinoides (Th).
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fossils is the highest of all stages (S:D = 4.4; Table 5). The most 
commonly observed trace fossils are associated with interface feeding 
followed by equal numbers of trace fossils that preserve filter feeding, 
deposit feeding, and other behaviours.

3.3. Emergent phase (239–571 m)

The emergent phase is divided into lower, middle, and upper stages. 
The division between the lower and middle stage is placed where strata 
of Facies 3 become more prevalent upwards (Fig. 3). The division be
tween the middle and upper stage is placed where variability in both 
δ13Corg values and facies increases upwards, with a corresponding 
decrease in the occurrence of Facies 2; this change is attributed to an 
intensification of tidal currents in the paleo-Taiwan Strait (Fig. 3).

The emergent–lower stage (239–340 m) comprises mainly Facies 2 
and 4 (Figs. 3 and 7) with preservation of Facies 2 decreasing upwards. 
The trace fossil suite comprises 16 ichnogenera, including: abundant 
Ophiomorpha, Rosselia, and Thalassinoides; common Palaeophycus, Phy
cosiphon, Planolites, Schaubcylindrichnus, Skolithos, and Teichichnus; un
common Arenicolites, Asterosoma, Cylindrichnus, Piscichnus, Scolicia, and 
Siphonichnus; and, rare Conichnus (Table 3). Variability in BI is bimodal 
in the emergent-lower stage with BI 5 and 6 preserved in 50% of the 
strata and BI 0–2 dominating in nearly 40% of strata (Table 4). The 
emergent–lower stage also preserves twice as many shallow-tier to deep- 
tier trace fossils (S:D = 2.2; Table 5). The trace fossil assemblage records 

a wide range of feeding behaviours with nearly equal traces recording 
deposit feeding, filter feeding and interface feeding.

The emergent–middle stage (340–407 m) comprises mainly Facies 3 
and 4 (Figs. 3 and 8), with Facies 3 becoming increasingly common 
upwards. The trace fossil suite comprises 16 ichnogenera, including: 
abundant Ophiomorpha, Planolites, and Thalassinoides; common Cylin
drichnus, Helminthopsis, Palaeophycus, Rosselia, and Skolithos; uncommon 
Arenicolites, Conichnus, Macaronichnus, Phycosiphon, Piscichnus, Schaub
cylindrichnus, and Scolicia (Table 3). BI is notably lower in this stage, 
with >70% of the strata preserving BI 0–2 (Table 4). The emer
gent–middle stage preserves twice as many shallow-tier to deep-tier 
trace fossils (S:D = 2.2; Table 5), and the trace fossil assemblage re
cords nearly equal numbers of deposit feeding and interface feeding 
ethologies followed closely by filter feeding.

The emergent-upper stage (407–571 m) comprises mainly Facies 3 
and 4 (Table 1; Figs. 3 and 9). The trace fossil suite comprises 12 ich
nogenera/ethological groups, including: abundant Ophiomorpha, Pla
nolites, and Thalassinoides; common Phycosiphon, Rosselia, 
Schaubcylindrichnus, Skolithos, and Teichichnus; and, uncommon Areni
colites, Chondrites, Diplocraterion, and fugichnia (Table 3). Bioturbation 
is generally low throughout this stage with BI 0–2 preserved in >70% of 
all strata (Table 4). There is a notable decrease in the preservation of 
beds displaying BI 5 and 6 relative to the emergent-middle stage, and the 
ratio of shallow- to deep-tier trace fossils also decreases to 1.5 (Table 5). 
Trace fossils are mainly associated with deposit feeding followed by 

Fig. 8. Photos of the emergent–middle stage (340–407 m). A) Wavy-parallel laminated sandstone interbedded with current-ripple (cr) and wave-ripple (wr) 
laminated sandstone with mud clasts and laminated sandy mudstone (ml; Facies 3). Note the rare burrowing (BI 1) (cross-section view, 344.4–349.1 m). B) 
Completely bioturbated muddy sandstone (Facies 2) (cross-section view, 351.6–361.7 m). C) Large Conichnus and Ophiomorpha in interbedded trough cross-stratified 
to hummocky cross-stratified sandstone and wavy parallel laminated sandy mudstone (Facies 3) (cross-section view, 399 m). D) Interbedded flaser-bedded sandstone 
and wavy- to lenticular-bedded heterolithics (Facies 3) (cross-section view, 404 m). Trace fossil acronyms: Asterosoma (As), back-filled Ophiomorpha (Opb), Conichnus 
(Co), Ophiomorpha (Op), Planolites (Pl), Piscichnus (Ps), Rosselia (Ro), Skolithos (Sk), and Thalassinoides (Th).
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filter feeding.

4. Discussion: ichnological trends through the emergence of 
Taiwan

Based on different phases of Taiwan's emergence and the develop
ment of the TWFB, the six stages defined in this study should reflect the 
changes from: 1) an open ocean setting (pre-emergent-lower), to 2) a 
semi-protected but fully subaqueous margin (pre-emergent-upper), to 3) 
a partly enclosed seaway on the landward side of an island that began 
receiving sediment through rapid erosion of poorly lithified and uplifted 
marine sediment (early emergent), to 4) a strait that received an over
whelming volume of sediment and organic material from emergent 
Taiwan but experienced limited tidal current amplification (emergent- 
lower), to 5) a strait in which tidal currents amplified and reworked 
seafloor sediment (emergent-middle), and finally, to 6) a strait that 
continued to receive nearly all its sediment and organic material from 
emergent Taiwan but also experienced increasingly strong tidal currents 
as the strait narrowed and elongated (emergent-upper)(Fig. 3; Dasht
gard et al., 2021; Hsieh et al., 2023b; Hsieh et al., 2025). This six-part 
framework is used to interpret ichnological trends observed in the 
sedimentary strata (Tables 3–5; Fig. 10).

There are several distinct trends that can be observed in the trace 
fossil assemblages preserved in the Kueichulin Formation. First, the 

diversity and abundance of trace fossils, BI, and preservation of shallow- 
tier burrows in the pre-emergent-lower stage is substantially lower than 
in all overlying stages (Fig. 10). The preserved trace fossils also record 
predominantly deposit feeding. In the pre-emergent-lower stage, the 
uplifting but still submerged Taiwan probably provided little protection 
from sediment reworking by waves and currents generated during 
tropical cyclones travelling across the Pacific Ocean, and organic matter 
preserved in the studied section was derived mainly from marine sources 
(Fig. 3; Dashtgard et al., 2021; Hsieh et al., 2023b). Storm-related 
sediment reworking was intermittent; but was probably extensive as is 
suggested by the prevalence of mud-clast breccia and hummocky cross- 
stratification in these strata (Fig. 4; c.f.; Duke, 1985; Jelby et al., 2020; 
Snedden and Nummedal, 1991). The low intensity of bioturbation 
(>90% of strata display BI 0–1), and preservation of mainly deep-tier 
trace fossils (S:D = 0.3) support the interpretation of extensive hy
draulic reworking of the uppermost bioturbated sediments below the 
seafloor, and hence, the limited preservation of shallow-tier burrows 
and bioturbated strata.

Second, the pre-emergent–upper and early emergent stages both 
show extensive bioturbation with 50–90% of beds displaying BI 4–6 
(Table 5; Fig. 10B). There are corresponding major increases (relative to 
the pre-emergent-lower stage) in the diversity and density of abundant 
and commonly occurring ichnogenera (Table 3; Fig. 10A), in the pres
ervation of structures attributed to filter feeding and interface feeding 

Fig. 9. Photos of the emergent–upper stage (407–571 m). Square backgrounds for labels indicate sedimentary structures, hexagons indicate trace fossils, and circles 
indicate accessories (e.g., carbonaceous material, mud clasts). All photos are shown in cross-section view and the black and white increments on the scale bars are in 
centimeters. A) Planar-parallel laminated sandstone within Facies 4 with carbonaceous laminae (cl) and coal clasts (cc). Bioturbation is minimal in this image (BI 1) 
(419–420 m). B) Low-angle planar-parallel laminated sandstone in Facies 3 with carbonaceous laminae and coal clasts. Bioturbation (BI 2) is highlighted by iron- 
cementation (459–460 m). C) Bioturbated muddy sandstone (BI 4) overlying wavy-bedded heterolithics (Facies 3, 536–537 m). D) Wavy-bedded heterolithics (BI 0) 
of Facies 3 with large Ophiomorpha in some beds (BI 2; 546–547 m). Trace fossil acronyms: Conichnus (Co), fugichnia (fu), Ophiomorpha (Op), Palaeophycus (Pa), 
Piscichnus (Ps), Planolites (Pl), Rosselia (Ro), Scolicia (Sc), Siphonichnus (Si), and Thalassinoides (Th).
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(Table 4; Fig. 10C), and in the number of shallow-tier structures 
(Fig. 10D). The significant increase in all ichnological metrics from the 
pre-emergent-lower into the pre-emergent-upper stage correlates to 
Taiwan reaching a position below sea level where it probably served to 
baffle large waves from the Pacific Ocean and thus produced a relatively 
low-energy setting in the study area (leeward side of the orogen). This 
low-energy setting appears to have persisted from the pre-emergent- 
upper through emergent-middle stages. The reduction in sediment 
reworking by large waves is interpreted as the dominant control for the 
preservation of shallow-tier burrows.

Third, the density of bioturbation, diversity and abundance of indi
vidual ichnogenera, and preservation of shallow-tier trace fossils are 
highest through the emergent-lower and emergent-middle stages and 
then decline into the emergent-upper stage (Tables 3–5; Fig. 10). The 
decrease in trace fossil abundance and diversity from the emergent- 
middle to emergent-upper stages does not correspond to a decrease in 
trace fossils that occur regularly throughout the succession (i.e., com
mon or abundant), but to a decrease in traces that are less commonly 
observed (i.e., uncommon and rare). As Taiwan propagated to the south 
and southwest (Nagel et al., 2013; Nagel et al., 2018), there would have 
been a corresponding lengthening and narrowing of the Taiwan Strait 
and amplification of currents passing through it. As well, the distance 
between proto-Taiwan and the study area would have decreased leading 

to increased sediment delivery to the study area and substrate mobility 
therein, especially during tropical cyclones (Dashtgard et al., 2020). 
Tropical cyclones in the Taiwan Strait would have been less intense than 
in the open Pacific Ocean but still preserve evidence of sediment erosion 
during storms. The combination of stronger currents, higher sediment 
loads, increased substrate mobility, and limited sediment erosion should 
be expressed in more variation and an overall decrease in the trace fossil 
density and diversity preserved in individual beds, and this appears to be 
the case (Fig. 10).

Finally, sediment lithology also plays a significant role in the pre
served character of the trace fossil assemblage. Specifically, the 
mudstone-dominated early emergent phase/stage preserves consider
ably higher numbers of shallow-tier trace fossils compared to deep-tier 
trace fossils (Fig. 10C) and has the highest number of filter feeding 
and interface feeding structures relative to deposit feeding structures 
(2.4 vs 0.4–1.8 in the other stages). Variations in trace assemblages as a 
function of substrate has been reported in multiple neoichnological 
studies (e.g., Ayranci et al., 2014; Dashtgard et al., 2008; Gingras et al., 
1999) and so it is expected. However, the shift towards mainly shallow- 
tier trace fossils and filter feeding and interface feeding over deposit 
feeding suggests that infauna do not preferentially burrow deeply in 
mud, probably in an attempt to avoid anoxic pore water or firm sedi
ment at depth.

Fig. 10. Graphical expressions of ichnological data by stage. A) Ichnogenera abundance (Table 3). Values are calculated by multiplying the number of trace fossils in 
each category (e.g., abundant, common) by the value assigned to that category (e.g., abundant = 4). B) The net thickness of strata as a percentage of all strata in a 
stage that preserve different degrees of bioturbation as expressed by the Bioturbation Index (BI; Table 5). C) The prevalence of ichnogenera that represent the four 
groups of feeding modes and/or behaviours. Feeding modes and/or behaviours represented by trace fossils and their qualitative abundances are shown in Table 3 and 
semi-quantitative values are available in Table 4. D) The number of ichnogenera that are classified as either shallow tier or deep tier (Tables 3 and 4), and the 
shallow- to deep-tier ratio (S:D; black dots and dashed line). See Methods for an explanation of how values are derived.
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5. Conclusions

The Kueichulin Formation forms part of the fill of the Taiwan 
Western Foreland Basin and accumulated during the early stages of 
collision of the Luzon Arc on the Philippine Sea Plate with the Eurasian 
Plate and the associated uplift of the Taiwan Orogen. Consequently, the 
Kueichulin Formation records major shifts in basin geometry, sedi
mentation patterns and sources, and hydraulic conditions. Semi- 
quantitative characterization of the trace fossil assemblages preserved 
in the Kueichulin Formation are used to draw several conclusions: 

1. Prior to emergence and during the early stages of emergence of 
Taiwan, the substantial increase in the density of bioturbation, di
versity and abundance of ichnogenera, and preservation of shallow- 
tier structures is attributed to basin reconfiguration and Taiwan 
acting as a baffle to large storm waves generated across the Pacific 
Ocean during tropical cyclones. This buffering effect resulted in the 
increased preservation of shallow-tier burrows which include bur
rows attributed to filter feeders and interface deposit feeders.

2. With the emergence of the island and its south-southwestward 
propagation, narrowing and elongation of the Taiwan Strait resul
ted in the amplification of tidal currents and increased sediment 
delivery to the study area. Increased and more variable sedimenta
tion / substrate mobility resulted in greater bed-by-bed variability in 
the degree of bioturbation. The amplification of tidal currents 
through the strait probably increased the delivery of suspended food 
particles and oxygenated water to the seafloor and this coincided 
with the introduction of significant quantities of terrestrial organic 
carbon (Fig. 3). The increased food and oxygenated water delivery is 
hypothesized to have driven the increase in the diversity of trace 
fossils recorded in emergent-lower and emergent-middle stages. 
However, continued amplification of tides and increasing sediment 
delivery to the study area is attributed with causing the reduction in 
all ichnological metrics from the emergent-middle to emergent- 
upper stages.

3. The integration of sedimentology and ichnology is fundamental to 
resolving depositional processes, and these interpretations are 
needed to determine the controls on the preservation of trace fossil 
assemblages. The association of sedimentary structures and bio
turbation within and between beds demonstrate that sediment 
erosion, and especially seafloor erosion during storms, is the domi
nant control on the preservation and character of trace fossil as
semblages through the Kueichulin Formation, and this concurs with 
previous studies (e.g., MacEachern and Pemberton, 1992; Pemberton 
et al., 2012).

The methodology employed herein demonstrates the value of a semi- 
quantitative approach to ichnology. While ichnological observations are 
and will remain qualitative in many respects, our approach depends on 
systematic, contextually informed logging that captures ichnological 
variability. The subsequent conversion of qualitative observations into 
semi-quantitative values can reveal subtle but significant trends in 
changing trace-fossil abundances, tiering depths, and ethologies, and 
thus provide a framework for assessing variable environmental and 
preservational controls on the character of trace-fossil assemblages.
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Dashtgard, S.E., Löwemark, L., Vaucher, R., Pan, Y., Pilarczyk, J., Castelltort, S., 2020. 
Tropical cyclone deposits in the pliocene Taiwan strait: processes, examples, and 
conceptual model. Sediment. Geol. 405.
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