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Rapid topographic growth of the Taiwan orogen since

~1.3-1.5 Ma

Queenie Chang'?*, Michael T. Hren’, Larry Syu-Heng Lai**, Rebecca J. Dorsey?, Timothy B. Byrne'

We present the first paleotopographic reconstruction of Taiwan by measuring the hydrogen isotope composi-
tion of leaf waxes (6°H,,c20) preserved in 3-Ma and younger sediments of the southern Coastal Range. Plant leaf
waxes record the 8%H of precipitation during formation, which is related to elevation. Leaf waxes produced
across the orogen are transported and deposited in adjacent sedimentary basins, providing deep-time
records of the source elevation of detrital organic matter. §°H,c,o exported from the southern Taiwan
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orogen decreased by more than 40%¢ since ~1.3-1.5 Ma, indicating an increase of >2 kilometers in the
organic source elevation. The increase in organic source elevation is best explained by rapid surface uplift of
the southern Central Range at around ~1.3-1.5 Ma and indicates that this part of the orogen was characterized
by maximum elevations of at least 3 km at this time. Further increase in organic source elevation from ~0.85 to
~0.3 Ma indicates continued topographic growth to modern elevations.

INTRODUCTION

The topography of mountain belts reflects the balance between rock
uplift and erosion (1). This balance is influenced by the interactions
among tectonics, climate, surface erosion, and global carbon cycling
(2, 3). Tropical mountain belts are often characterized by high rates
of precipitation, erosion and organic carbon export, as well as high
rates of rock weathering (4-8). Recent studies have suggested that
exhumation and erosion of Southeast Asian tropical mountain
belts may be a key mechanism for Neogene cooling due to feedbacks
among uplift, global silicate weathering rates, and atmospheric CO,
(8). However, others suggest that tropical mountains may serve as a
carbon source rather than sink (7, 8), and this subject remains
debated (9). One of the key limitations to quantifying the role of
tropical mountain building in the global carbon cycle is that there
are few records of paleotopography for these systems. Here, we
present a record of the source elevation of organic matter exported
from Taiwan, an active orogenic mountain belt characterized by
some of the highest rates of erosion, chemical weathering, and sedi-
ment export on the globe (4).

The Taiwan mountain system was formed over the past ~5 Ma
due to collision between the Philippine Sea plate and Eurasian plate
(10). A longstanding interpretation of mountain building in Taiwan
postulates initial surface uplift in the north with southward propa-
gation of topography during Plio-Pleistocene time, with the north-
ern two-thirds of the Central Range of Taiwan reaching a steady-
state balance among exhumation, uplift, and erosion by the
present (11, 12). Thermochronology data show that the Taiwan oro-
genic belt has undergone multiple accelerations in the rate of rock
exhumation through its orogenic history (13-18). Before 2 Ma, the
Taiwan mountain belt is argued to have been characterized by low
exhumation rates and an early phase of removal of the sedimentary
cover (13, 17, 18). Zircon (U-Th)/He and fission-track ages of the
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Central Range metamorphic core indicate complicated patterns of
rock deformation and low exhumation rates before 2 Ma (<1.0 mm/
year) (13, 18). Low exhumation rates are consistent with detrital
zircon records in foredeep basin sedimentary rocks of the Coastal
Range, which show that zircon fission-track data in 2- to 4-Ma-
old syn-orogenic foredeep basin sediments were not reset and the
onset of acceleration is at ~3.5 to 2.5 Ma (17).

Zircon fission-track and (U-Th)/He ages in metamorphic core
and foredeep basin rocks show notable increases in exhumation
rate (2.3 to 6.5 mm/year) at ~2 Ma (13, 17, 18), and sediment accu-
mulation records from the foredeep basins in the Coastal Range
show a similar increase in sedimentation rate at this time (19, 20).
Apatite (U-Th)/He ages indicate a further increase in exhumation to
~4 to 8 km/Ma from 0.5 Ma to the present (13, 15, 16). The youngest
phase of rock exhumation (<0.5 Ma) is coincident with the rapid
uplift and basin inversion in the Coastal Range (20) and the east-
ward migration of the depositional center in eastern Taiwan over
the past half million years (21).

Although thermochronology and sediment data both record
post-Pliocene acceleration of exhumation and erosion, there pres-
ently are no direct constraints on the paleotopography of Taiwan.
As a result, there is considerable debate over the time scale and du-
ration of landscape adjustment in response to accelerated rock ex-
humation and mass redistribution by surface processes (22). Here,
we measure the hydrogen isotopic composition of sedimentary/de-
trital leaf waxes (8*Hieaf wax) preserved in Plio-Pleistocene syn-oro-
genic sediments of the southern Coastal Range of Taiwan (Fig. 1) to
constrain changes in organic source elevation through time. These
data are related to catchment hypsometry (23) and provide the first
constraints on the evolution of paleotopography in the Taiwan
mountain range.

8% Hjearwax has been used to reconstruct the paleoelevation
history of mountains, because it records the isotopic composition
of ancient precipitation (23-25), which, in turn, is related to
surface topography. Because atmospheric moisture encounters an
orographic barrier, it can undergo orographic lifting that results
in cooling and condensation. Progressive removal of water vapor
during lifting produces a systematic decrease in §°H of precipitation
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Fig. 1. Geographic map of Taiwan and geological map and stratigraphic framework of the southern Coastal Range. (A) Simplified tectonic framework in Taiwan. (B)
Geographic map of Taiwan. Major catchments in eastern Taiwan are outlined with thick black lines. (C) Geological map of the southern Coastal Range of Taiwan. Black
boxes show the sampled sections: Beinan tableland (BN), Mukeng River (MKC), Bieh River (BC), Madagida River (MDJ), and Sanshian River (SSS). See figs. S2 and S3 for
detailed geological maps and sample locations. (D) Stratigraphic framework and composite column of the southern Coastal Range with projected positions of 8*Hncao
(hydrogen isotope composition of leaf waxes) data. %o, per mil. See fig. S1 for detailed stratigraphic columns and sample locations.

(26). Plants can incorporate ambient water into organic molecular
biomarkers such as fatty acids or n-alkanes, which are abundantly
produced in epicuticular waxes and record the isotope composition
of precipitation (24). The isotopic composition of leaf wax molecu-
lar biomarkers that are accumulated in soils or sediments can there-
fore record isotope hydrology, which reflects both climate and
topography.

Plant biomarkers are produced by a range of organisms across a
landscape and are abundantly preserved in soils and sediments. We
collected 39 siltstones and mudstones samples from orogen-derived
deposits in ~3- to 0.78-Ma marine turbidites of the Fanshuliao and
Paliwan formations and ~0.3-Ma fluvial deposits of the Pinanshan
Conglomerate of Fig. 1 in the southern Coastal Range of eastern
Taiwan to analyze the hydrogen isotope composition of terrestrial
organic matter exported from the orogen. These data are then
coupled with a precipitation isotope model to reconstruct the
source elevation of organic matter exported from Taiwan drainages
and used to infer topographic evolution of this orogen. Biomarker
samples were collected from five sections that span ~30 km along
the strike of the eastern Taiwan orogenic belt. These sections are
Beinan tableland (BN), Sanshian River (SSS), Madagida River
(MD]J), Bieh River (BC), and Mukeng River (MKC) sections (Fig.
1 and figs. S1 to S3). The lithostratigraphic descriptions and age
constrains follow Lai et al. (19).

In this study, we focus on the isotopic record of n-alkanes with
29 carbon atoms (1nC,), as this compound is the most abundant
molecular species in the soil and sediments in Taiwan (23).

Chang et al., Sci. Adv. 9, eade6415 (2023) 23 June 2023

Modern Taiwan soils show a 6*H,,co0 (hydrogen isotope composi-
tion of leaf waxes) of approximately —150 to —155 per mil (%o) near
sea level and less than —200%o at elevations of >2500 m, yielding an
~20%o per km decrease in 8°H,,c,o that mirrors the AS*H of precip-
itation across the entire elevation range of the Taiwan orogen (23).
These molecules can be accumulated in soil and be eroded, ablated
by wind/rain, or mobilized by rain that moves organics through
surface and groundwater as well as transported through river net-
works and deposited in fluvial and marine environments (24).
These leaf waxes molecules are capable of carrying and preserving
isotopic signatures from their high-elevation sources (23, 27-29). In
Taiwan, the average residence time of organic carbon and, in par-
ticular, plant biomarkers is generally short (<1000 years) so the
carbon that is exported is representative of the integrated carbon
produced across the landscape (30). Studies have shown that
modern river sediments 8°H,,c,o data in Taiwan generally reflects
the hypsometry of leaf waxes produced throughout a catchment
(i.e., catchment mean elevation) (23).

RESULTS

The 8*H,,c0 of detrital leaf wax biomarkers preserved in 3 Ma and
younger sedimentary rocks show at least three distinct groupings of
decreasing value from the Pliocene through Mid-Pleistocene (Fig.
2A) with a total mean decrease of more than 40%o. Before ~1.5
Ma, the mean 8*H,,c,o of detrital leaf waxes in the Pliocene-aged
Fanshuliao and Paliwan formations is approximately —160%o0 and
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Fig. 2. Detrital leaf wax 62H,c,o data and interpreted source elevations. (A)
8%Hpca0 Values. (B) Source water—corrected A8?H,cao values. (C) Interpreted
organic source elevations of A(SZH,,C29 values based on a one-dimensional (1D)
thermodynamic atmospheric model (37, 32). Colored circles represent samples
from matching stratigraphic sections at the top of (A); bar length represents tem-
poral coverage of individual sections. Gray shading and thick gray lines show the
mean value and ranges of the three distinct grouping of numbers.

ranges from —148 to —174%o (similar to modern low-elevation soil
8%*H,,c0). Between ~1.3 and 1.5 Ma, most individual 8*°H,,c,o values
remain high (similar to before 1.5 Ma), but depleted isotopic signa-
tures as low as —175 (18TW- MG19) and —188%o0 (18TW-SS01) are
first observed. From ~1.3 to ~0.85 Ma, the mean 8*H,,c, in the
upper Paliwan Formation decreases to approximately —180%o,
with values as negative as —186%o. From ~0.85 to ~0.3 Ma, ex-
tremely depleted values (—195 and —208%o) are observed in Mid-
Late Pleistocene deposits of the Pinanshan Conglomerate, with a
mean of —201%o.

While a number of factors could influence sedimentary §°H,,c50,
including degradation, reworking of older materials, and changes in
climate/ecosystem, we argue that these factors are a second-order
effect on detrital leaf wax 8%H,,c,0 and instead our data reflect
primary isotopic signatures, which, in turn, reflect organic source
elevation. There are two reasons for this: (i) The stratigraphic sec-
tions of the southern Coastal Range analyzed here have undergone
minimal burial heating, and the exposed metamorphic rocks of the
eastern Central Range have minimal to no nCyg-alkanes that could

Chang et al., Sci. Adv. 9, eade6415 (2023) 23 June 2023

bias our record; and (ii) the subtropical climate of Taiwan has re-
mained relatively constant since the Pliocene (see Materials and
Methods). As a result, we argue that leaf wax isotopes reflect the
primary isotopic signatures of fluvially transported leaf waxes
from the evolving orogen.

On the basis of modern 8§°H,,c, and isotope-elevation relation-
ships, the observed >40%o decrease in leaf wax 8*H,,c,o for the past
3 Ma is best explained by an increase in organic source elevation at
~1.3-1.5 Ma. To quantify the changes in source elevation detected
in the isotopic data, we apply a one-dimensional (1D) thermody-
namic precipitation isotope model (31, 32) to estimate the
changes in precipitation isotopic composition (A8°H) as a function
of elevation. We use the post-industrial Taiwan mean annual tem-
perature (296 K) and relative humidity (80%) as sea level starting
conditions. Model predictions closely match the observed
A8*H,,c20 and A8*H in modern soil and river waters in Taiwan
(Fig. 3) (23).

Relating 8 H,,co0 to paleoelevation requires an understanding of
both the magnitude of change in §°H (A8°H) as a function of ele-
vation and an estimate of sea level precipitation isotopes (base level)
through time. Base-level precipitation hydrogen isotopes in Taiwan
are to first order, controlled by climate and ocean §*H composition.
Climate (i.e., temperature) influences base-level precipitation iso-
topes due to impacts on source water composition, the temperature
dependence of isotope fractionation, evaporation, and rainfall in-
tensity (26). The sea surface temperature of the South China Sea de-
creased by ~3°C from 3 Ma to the present (33); however,
temperatures were possibly cooler during peak glacial intervals.
Global climate model simulations and biomarker §°H data both
show that regional warming of 4° to 6°C from the last glacial
maximum to interglacial produces a change in precipitation/leaf
wax 8°H of <10%o (34). Thus, Pliocene to recent climate variability
is unlikely to produce a substantial change in base-level precipita-
tion §°H during the time scale of our data.

Plio-Pleistocene growth of Northern Hemisphere ice sheets has
increased seawater §°H through time and likely affected the isotopic
composition of surface water in the moisture source regions for
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Fig. 3. Model-predicted A§?H as a function of elevation. Model predictions
closely match modern observed soil and river sediments A8%Hpcao and water
AS8?H data in Taiwan reported by Hren and Ouimet (23). Note that modern soil
A8%H,c»0 are plotted against sample site elevation, while the modern fluvial sed-
iments A8?Hpc20 and river water AS®H are plotted against catchment mean eleva-
tion. The thick black line and gray shading show the modeled A8*H-elevation
relationship and 95% confidence interval based on the 1D thermodynamic
model (31, 32) with starting condition similar to low-elevation areas (296 K, relative
humidity: 80%).
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Taiwan. We correct for the effect of changing ice volume on source
water §°H using planktonic foraminifera §'°0O and U, sea surface
temperature records from Ocean Drilling Program (ODP) site 1148
in the South China Sea. We apply this correction to leaf wax data to
account for potential changes to base-level precipitation (see Mate-
rials and Methods) (33, 35). We use the source water—corrected
A8*H o0 (Fig. 2B) and modeled AS8°H-elevation relationships
(Fig. 3) to reconstruct the predicted source elevation of terrestrial
organic matter exported from the Taiwan orogenic belt for the
past 3 Ma (Fig. 2C).

DISCUSSION

Organic source elevation

There are three distinct 8*°H,,ca0 groupings observed within our
record. Before ~1.3-1.5 Ma, the mean detrital biomarker §H,,c»o
is approximately —160%o. On the basis of modern river sediments
8°H,.c20 and modeled precipitation AS”H-elevation relationships
(Fig. 3), these values are consistent with compositions of organic
matter sourced from low elevations ~0.5 km (Fig. 2C). However,
several samples before ~1.3—1.5 Ma have 8%H,,c20 values consistent
with organic source elevations as high as 1 km. In the second group-
ing, which records the interval from ~1.3 to ~0.85 Ma, the mean
detrital 8*°H,,c,o decreases to approximately —180%o, suggesting
an increase in organic source elevation to ~1.5 km (Fig. 2C). The
final group is captured by sediments within the Pinanshan Con-
glomerate at ~0.3 Ma. §*H,,c,o data from these conglomerate depos-
its are consistent with an increase in organic source elevation to >2.7
km (Fig. 2C).

The molecular biomarkers preserved in sediments can be con-
tributed from a range of elevations within a catchment, and these
contributions may not be homogeneous (23). The observed de-
crease in organic matter §°H,,c, in ~1.3—1.5 Ma and younger sed-
iments unambiguously reflects an increased proportion of organic
matter derived from higher elevations after this time. The key ques-
tion is how this increase in organic source elevation relates to
changes in topography and the elevation of the southern Central
Range of Taiwan? Below, we discuss the factors that influence
organic source elevation and how this relates to topography.

The first marked decrease in 8?H,,c» values is observed at ~1.3—
1.5 Ma within Paliwan Formation sediments. This isotopic shift is
not associated with distinct changes in sedimentary process, depo-
sitional system, or paleobathymetry (19, 20). Thus, it is unlikely that
the shift in 8*H,,c5 is caused by a change in depositional phase or
proximity to the orogen.

Modern Taiwan 8°H,,c,o data show that variations in catchment
hypsometry and detrital organic source elevation are the primary
control on 8°H,,c,o of fluvially transported organic matter in this
setting (23). Thus, the simplest interpretation of decreasing
8%H,,c20 through time is a shift in organic source elevation. There
are several possible mechanisms that could affect the observed de-
crease in 8°H,,cyo that first appears within the Paliwan Formation.
These include: (i) increased production/export of organic material
in high-elevation areas within the source catchment due to chang-
ing climate or erosion, (ii) reorganization of catchments/drainage
capture that results in a change in organic matter source regions,
and (iii) an increase in the surface elevation of the source catchment
for contributing terrestrial organic matter.

Chang et al., Sci. Adv. 9, eade6415 (2023) 23 June 2023

Detrital §°H,,c,o does not provide a direct measure of the height
of an orogen but rather the elevation distribution of organic matter
exported from source to sink. Thus, factors that influence the move-
ment of organic matter from source to sink can bias the isotopic
signal preserved in depositional sites. Surface uplift affects hillslope
and mass wasting processes that tend to occur at greater frequency
in steep-sloped terrain and higher elevation regions of a catchment
(36). In Taiwan, frequent earthquakes may also play a role in reduc-
ing hillslope stability. Both of these factors have the potential to in-
crease the proportion of high-elevation sediments exported from an
orogen (37). However, sediment generation and export is not the
same as organic carbon export. The spatial pattern of carbon
export from a catchment is likely different from the spatial
pattern of sediment export due to factors such as carbon production
(plant productivity) and storage. Plio-Pleistocene warming could
also change the rate of production of n-alkanes as a function of el-
evation, which could alter the proportion of high- or low-elevation
nCyo in fluvial sediments. Both of these factors could affect the el-
evation-dependent relationship between molecular production and
export and could bias detrital 8%H,,c20 toward more negative values.
However, models of variable elevation-dependent erosion and
primary production functions in Taiwan show that the bias on
8°H,,c20 of integrated organics is less than ~10%o (23).

Changes in the contributing catchments or catchment geome-
tries have the potential to alter the source of organic matter export-
ed via river networks. These changes could alter detrital leaf waxes
8%H,,c20 values and resultant interpretations of organic source ele-
vations represented by these values. The stratigraphic sections
sampled as part of this work range from marine turbidites to
fluvial conglomerates and are all located within <30 km of each
other. If measured sedimentary deposits were heavily biased by
inputs from individual catchments, then temporal changes in drain-
age networks could bias the observed organic 6°H signal, if these
catchments have distinct §?H,,co. Nevertheless, modern Taiwan to-
pography shows that catchments located adjacent to one another
tend to be characterized by similar catchment mean and
maximum elevations (Fig. 4). Thus, although changes in drainage
networks during uplift could introduce some degree of variability in
the 8”H,,c, of exported organics, these are likely small effects. Fur-
thermore, Fanshuliao and Paliwan formations sediments are turbi-
dite deposits that probably represent part of a submarine fan
complex with a source are larger than a single watershed. These
sedimentary rocks, therefore, contain a mix of sediment and
organic matter exported from across the eastern flank of the
Taiwan mountain belt and capture regional exhumation history
rather than sediments from a single catchment. We interpret terres-
trial leaf wax 8*H,,ca0 preserved in marine units to reflect regional
source elevation.

Last, headwater incision into existing topography or stream
capture events could produce episodic increases in sediment and
organic source elevation for exported organics (38). For example,
in the modern southeastern Central Range, the Luliao catchment
(catchment no. 8 in Fig. 4) is interpreted to be eroding into two
other larger catchments, Luye (catchment no. 7 in Fig. 4) and Hsin-
wulyu (catchment no. 9 in Fig. 4). One might consider that this
ongoing capture event would produce a large isotopic signature in
exported leaf wax 8°H,,c,0. However, from a geomorphic stand-
point, merging of these three catchments would only increase catch-
ment mean elevation from around 1.4 to 1.7 km, which is an ~300-
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Fig. 4. Modern catchment hypsometry in eastern Central Range and the comparison among catchment mean elevation, maximum elevation, and landslide-
weighted mean elevation. (A) The location of analyzed catchments and study area. CeR, Central Range; CoR, Coastal Range. (B) A total of 18 catchments are analyzed.
Red rectangular box indicates the study area. Catchments outlined in red (catchment nos. 7, 9, and 10) are considered the dominant catchments that contribute sed-
iments and organic matter to the study area in modern day. (C) The modern-day distribution of landslides within the analyzed catchments. The landslides data are from
Lin et al. (64). (D) The relationship between catchment mean elevation and maximum elevation. R?, coefficient of determination. (E) Comparison between catchment
mean elevation and landslide-weighted mean elevation show that hillslope processes could shift the source of sediments and organic matter to higher-elevation region

by at most a few hundred meters.

m increase in sediments/organic source elevation, an expected shift
in 8°H,,c20 of only 6 to 7%o. Thus, we argue that past drainage
capture events may contribute to some of the observed short-
term variations in detrital leaf wax 8*H,,c,o but are not sufficient
to explain the ~20%so shift in 6°H,,cz0 at ~1.3-1.5 Ma and further
decreases in 8°H,,c,o observed between ~0.85 and ~0.3 Ma.

The large decreases in detrital §°H,,c,0 at ~1.3—1.5 Ma is consis-
tent with an increase in organic source elevation from ~0.5 to ~1.5
km and is best explained by topographic growth of the Taiwan
orogen around this time. Modern river sediments show that
8°H,,c20 of detrital organics reflects the mean elevation of contrib-
uting organic matter sources (i.e., for Taiwan, the catchment mean
elevation) (Fig. 3). An analysis of modern eastern Taiwan river
catchments shows that drainages with catchment mean elevations
of ~0.5 km are generally characterized by high relief with
maximum peak elevations of up to ~1.9 km. Catchments with
mean elevation of ~1.5 km generally show peak elevations of >3
km (Fig. 4). Our §°H,,c,o data show that before ~1.3-1.5 Ma, the
mean catchment elevation recorded by detrital organics was ~0.5
km. If catchments were characterized by similar hypsometries to
modern, then this indicates that maximum elevations (mountain
height) were on the order of 2 km at this time. We note that that
there are several 8°H,,c,o values within the section that indicate
organic source elevations as high as 1.5 km before ~1.3-1.5 Ma. In-
frequent short-term variations in 8%H,,c20 such as described above,

Chang et al., Sci. Adv. 9, eade6415 (2023) 23 June 2023

are most likely caused by variations in short time scale surface pro-
cesses such as climate or tectonic-driven erosion events or catch-
ment reorganization. After ~1.3-1.5 Ma, 8%H,,c5 values show a
consistent decrease by ~20%o, indicating an increase in the
organic source elevation to 1.5 km. If the detrital organic signature
reflects a catchment mean elevation similar to modern Taiwan
rivers, then this indicates a phase of rapid growth of the Taiwan
orogen and an increase in maximum elevations to >3 km by 1.3 Ma.

The second major detrital leaf wax 8°H,,c,o decrease occurs in
our data between ~0.85 and ~0.3 Ma, with a decrease from approx-
imately —180%o to a mean of —201%o in Pinanshan Conglomerate
(Fig. 2A). These exceptionally low §*H,,,o values can only be pro-
duced by contributions from organic matter produced at high ele-
vations and are consistent with a source elevation of up to ~2.7 km
(Fig. 2C). If the source elevation recorded by organic matter geo-
chemistry reflects the catchment mean elevation at ~0.3 Ma,
similar to the relationship between leaf wax 8%H, 20 and catchment
hypsometry observed in modern Taiwan rivers (Fig. 4), then it
would indicate a much higher catchment mean elevation at that
time than modern Taiwan. From a geodynamic or an erosional
standpoint, this is questionable and suggests other factors are re-
quired to explain to these very negative values.

First, the proximity of depositional sites to the orogen influences
the catchment hypsometry and could affect detrital §°H,,c,o values.
The Pinanshan Conglomerate is composed of rounded fluvial
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gravels of metamorphic rocks from the Central Range, indicating a
depositional environment close to the orogen. Such proximal dep-
ositional sites to the mountain range could have collected a larger
proportion of sediments and organic matter from higher elevation
regions, resulting in lower detrital leaf wax §°H,,c,o values. In con-
trast, distal sites may collect more organics from low-elevation
coastal plain regions. In this manner, depositional setting could
impose a bias in the apparent relationship between detrital
organic 8°H,,c,o and catchment hypsometry. The effect would be
an overestimate of catchment mean or maximum elevation.
However, we argue that this is a minimal factor for eastern
Taiwan because of limited coastal plain area and steep catchments
in eastern Taiwan during the entire period of sediment deposition.
According to lithofacies analysis and paleogeographic reconstruc-
tion (19, 20), the Coastal Range sedimentary strata that we
studied were deposited in a retro-foredeep basin. Abundant subma-
rine mass-wasting deposits (i.e., the Lichi Mélange) are interpreted
to have been deposited at the base of slope to proximal basin plain.
This suggests that the foredeep basin in the southern Coastal Range
was directly adjacent to and east of a steep orogenic front, with
limited coastal plain and continental shelf and sediments were
derived. Paleocurrent and paleoslope data indicate that nearly all
sediments deposited in our sample sites were derived from the
eastern retrowedge of the main orogen to the west/northwest of
the basin (19).

Second, changes in patterns of erosion or elevation-related
erosion could bias detrital 8°H,,c,¢ signals. If the detrital organic
matter was sourced homogeneously from the river catchments,
then the exceptional negative 8%H, 59 values recorded in the Pinan-
shan Conglomerate indicate that by ~0.3 Ma, the organic source el-
evation (which in the modern approximates catchment mean
elevation) in eastern Taiwan may have been as high as 2.7 km. On
the basis of modern catchment hypsometries, maximum topo-
graphic elevations for such catchments would be much higher
than the modern orogen. Were the mountains of the southern
Central Range higher at 0.3 Ma than present? Is this signature
biased by an increase in erosion/export from high elevations in
the catchment? We cannot exclude the possibility that the shift to
highly depleted organic 8*H,,c,o Values reflect an increase in the
proportion of high-elevation organic matter due to nonuniform
erosion processes affected observed 8%H,,cp0 values. Hillslope pro-
cesses such as landslides that produce sediment from high-elevation
regions are likely to become more frequent as the height of an
orogen increases (36, 39, 40). The high energy system represented
by the conglomerates may capture a shift to greater mass wasting/
erosion from these high-elevation regions of the orogen. However,
there are two reasons that we do not believe that this controls the
observed shift to highly depleted 8°H,,c,o values. First, the export
of organic carbon is not directly coupled to sediment production
in Taiwan. This region is characterized by thin soils, minimal
storage, and short residence times (30). In addition, organic mole-
cules are mobilized by both physical erosion and chemical mobili-
zation and moves with soil and groundwater. Thus, it is possible to
move organic molecules downslope even if there is not movement
of sediment. Second, we examine the effect of a change in elevation-
dependent erosion on detrital 8°H,,c50 and note that the difference
in calculated sediment source elevation for a scenario where sedi-
ment is produced evenly throughout a catchment independent of
elevation and one in which sediment generation/erosion is weighted
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by the actual frequency of landslides within a catchment produces a
difference of only a few hundred meters in the calculated mean el-
evation of sediment produced in the catchment (Fig. 4). Thus, even
if organic biomolecular export were linked to physical erosion, it is
unlikely that a change in landslide frequency could account for the
observed >20%o decrease in 8?H,,c,o values between ~0.85 and 0.3
Ma without a change in the overall elevation of the landscape.

Another possible explanation for inferred higher than modern
catchment mean elevations in the Pinanshan Conglomerate is that
the hypsometry of ancient Taiwan drainages was different from the
modern. Multiple studies across Taiwan suggest that recent surface
uplift resulted in the generation of high-elevation and low-relief
landscapes, and some suggest that these surfaces of low relief may
correspond to multiple stages of acceleration in observed exhuma-
tion (13, 18, 41-43). Uplift and erosion of these high-elevation and
low-relief surfaces could result in a temporal change in the relation-
ship between maximum elevations and the catchment mean eleva-
tion (hypsometry). The depleted signal that we capture in the
conglomerate may simply reflect erosion into the uplifted low-
relief and high-elevation Pleistocene surfaces. In total, the observed
decrease in 8°H,,c,o value in the sedimentary record is best ex-
plained by a combination of continued growth of the Taiwan
orogen through the Pleistocene and shift in organic source elevation
toward higher elevation due to a change in catchment hypsometry,
as rivers eroded into and dissected the recently uplifted terrain.

Mechanism of topographic growth in Taiwan

The 8°H,,c0 data show that the source elevation of detrital organic
matter first shifts to consistently higher elevations at ~1.3-1.5 Ma.
This increase in organic source elevation (i.e., equivalent to catch-
ment mean elevation in the modern), records a phase of surface
uplift of the Taiwan orogenic belt that begins sometime between
1.3 and 1.5 Ma. Biomarker data indicate that the increase in
organic source elevation, which likely reflects surface uplift,
occurs ~0.5 Ma later than observed increases in exhumation and
sediments accumulation rates, which both increase at ~2 Ma (Fig.
5). Surface uplift reflects the balance between rock uplift and
erosion. Increased surface uplift generally precedes an increase in
erosion/exhumation. Our data show that topography grew rapidly
after observed increases in exhumation and sediment accumulation
rates (Fig. 5). This observation may indicate heterogeneity in the
temporal pattern of uplift and exhumation across the Taiwan moun-
tain belt and require future work at different portion of the orogen
to explore.

Recent examination of rock fabrics from the metamorphic core
of the Central Range indicates left lateral, strike-slip deformation at
~5to 2 Ma (44). After 2 Ma, data indicate a transition to a period of
vertical shortening and northeast-southwest (NE-SW) extension
(45, 46). Slip on a crustal-scale out-of-sequence thrust could be
the primary mechanism for the exhumation of the Central Range
(18). Plate reconstructions also suggest a change in plate conver-
gence orientation from highly oblique to nearly orthogonal
between 1 and 2 Ma (47), which could result in a transition from
strike-slip to vertical shortening and extension. The NE-SW exten-
sion at this period is recorded in part by the formation adularia-
filled veins (46), and recent Ar/Ar dates of the adularia indicate ex-
tension occurred 1.5 to 1.0 Ma (45). Chen et al. (45) propose that
this stage of upper-crustal extension may have enhanced rock exhu-
mation and accelerated the buildup the mountain topography. This
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Fig. 5. Changes in organic source elevation, sedimentation rate, and thermochronological exhumation rate of the Taiwan orogenic belt. (A) Organic source
elevation calculated from modeled A§%H-elevation relationship. (B) Sediment accumulation curves and calculated sediment accumulation rate from the marine turbidites
in northern and southern Coastal Range modified after Lai et al. (20). (C) Age-elevation thermochronogy data and calculated exhumation rates from different transects in
the Central Range modified after Hsu et al. (13) and Lee et al. (18). See fig. S4 for the locations of different transects.

interpretation could provide an explanation to the increase in
mountain belt topography revealed by 8%H,,cp0 data at ~1.3-1.5 Ma.

The rapid surface uplift of the Taiwan orogen at ~1.3-1.5 Ma or
more recently at ~0.3 Ma may have contributed to the preservation
of small areas of low relief found at both high and low elevations
throughout the Central Range (41-43). Our data suggest that
rapid topographic growth raised these surfaces to modern eleva-
tions in the Late Pleistocene and that the Taiwan landscape is still
undergoing geomorphic adjustment to accelerations in both rock
and surface uplift. These results highlight the power of the
methods developed here to record rapid changes in paleotopogra-
phy in tropical orogenic mountain ranges over geologic time scales
and provide the first quantitative estimates of Taiwan
paleotopography.

MATERIALS AND METHODS

Sedimentology and stratigraphy

On the basis of microfossil biostratigraphy and magnetostratigraphy
data, the age of the Fanshuliao and Paliwan formations ranges from
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~3 to ~0.78 Ma (19, 20). Note that for the age model here, we used
the same regression curve in (20), with the base of our stratigraphy
column starting at the base of MKC section. The stratigraphy height
has been corrected by adding 700 m. An angular unconformity was
formed since ~0.5 Ma between the Paliwan Formation and the Pi-
nanshan Conglomerate recording the rapid structural inversion and
uplift to from modern Coastal Range (48). All river sections in this
study represent a continuous, laterally extended sedimentary se-
quence in the same syn-collisional retro-foredeep basin of east
Taiwan (19). The main three studied sections (MD], SSS, and BC)
are widely considered as stratotypes for the Fanshuliao and Paliwan
formations in the southern Coastal Range (49-51). These deposits
are well correlated by widespread event marker beds (e.g., pebbly
mudstone and tuff layers), and the result is consistent with
magneto-biostratigraphic constraints (52, 53). Paleoslope and pale-
ocurrent data reveals that mud-rich sediment in this sedimentary
basin that we focus on here are consistently derived from the north-
west orogenic frontal slope throughout the whole basin-filling
history (19). All existing sedimentological and stratigraphic evi-
dence supports representativeness of our studied sections of
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southern Coastal Range. For the Pinanshan Conglomerate, we
adopt a depositional age of 0.303 + 0.174 Ma. This age represents
the mean of estimated deposition age for this unit, as constrained by
the oldest age of lateritic soil (0.129 + 0.012 Ma) developed on the
oldest river terrace atop (54), and the maximum deposition age of
the tilted conglomerate (0.476 + 0.003 Ma) suggested by calcareous
nannoplankton biostratigraphy (55, 56).

Leaf wax n-alkane extraction

Siltstones and mudstones samples were collected using a stainless
steel trowel and/or rock hammer and from freshly exposed rock out-
crops that are free of any substantial modern or ancient organic ma-
terial contamination by surface vegetation. Samples were freeze-
dried for 24 hours and powdered with mortar and pestle before
Soxhlet extraction. Approximately 150 g of sediment was extracted
for 48 hours using a 400-ml mixture of dichloromethane:methanol
(2:1, v/v). The total lipid extracts were saponified with 5 ml of 1 N
potassium hydroxide (KOH) for 2 hours at 85°C to detach the fatty
acids from ester lipids. After saponification, the neutral lipid frac-
tion (N1) was further separated through silica gel column chroma-
tography. Columns were filled with around 1.5 ml of activated silica
gel and dried at 45°C and rinsed with hexane thoroughly before
loading the column with the N1 split. Two milliliters of hexane
(S1 fraction), 4 ml of dichloromethane (S2 fraction), and 4 ml of
methanol (S3 fraction) were added sequentially to elute the N1 to
obtain the nonpolar, midpolar, and polar fractions, respectively.
After evaporative concentration, the nonpolar hexane fraction
(S1) containing n-alkanes was further purified by urea adduction
and silver nitrate (AgNO3) chromatography to separate branched
and cyclic alkanes. For urea adduction, 200 ul of urea-methanol sol-
ution, 200 ul of pentane, and 200 pl of acetone were added to the S1.
The S1-containing fraction was frozen for at least 30 min to facilitate
the crystallization of urea and compound adduction. The nonad-
ducted fraction, which contains branched and cyclic alkanes, was
rinsed and removed with hexane, and the adducted fraction (A1),
which contains #n-alkanes, was then obtained by adding H,O: meth-
anol (1:1, v/v) to dissolve the urea crystal and extracted with hexane.
For the silver nitrate chromatography, the Al was applied using
columns filled with around 1.5 ml of AgNOj; and eluted with 2
ml of hexane.

Molecular distributions and compound-specific §°H
measurement

n-alkane abundances were quantified on a Thermo Fisher Scientific
Trace Gas Chromatography (GC) Ultra with a flame ionization de-
tector, using a BP5 column (inner diameter of 30 m by 0.25 mm and
film thickness of 0.25 um) with helium as the carrier gas at a cons-
tant flow rate of 1.5 ml/min. Individual alkanes were identified by
comparing their retention time to an internal laboratory standard
mixture of nC; to nCy,. The peak areas, denoted as A, of individual
n-alkanes were used to calculate the molecular indices, carbon pref-
erence index (CPI), and average chain length (ACL), using the
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following equations (57)

cpr=l {(Aczs +Aco7 +Ac +Acat) | (Acas +Acay +Aca + Acs) |
2 [(Acaa +Acas +Acas + Aczo)  (Acas +Aczs +Acso +Acsz) |

(1)

ACL— {(A@S X 25+ Acay X 27 + Acag X 29 + Acsy X 31+ Acssz x 33)]
(Acas +Acay +Aca +Acs1 +Acss) ]

(2)

The 8°H of nC,y and nCs, were determined using a GC IsoLink
IT with a BP5 column (inner diameter of 30 m by 0.25 mm and film
thickness of 0.25 um), coupled to a Thermo Fisher Scientific MAT
253 isotope ratio mass spectrometer in the Stable Isotope and
Organic Molecular Biogeochemistry Laboratory at the University
of Connecticut. Compounds were separated on the GC with the
temperature program set at 50°C for 1 min, ramped to 180°C at
12°C/min, and then ramped to 320°C at 5°C/min and held for 10
min. Isotopic compositions were standardized using a suite of n-
alkanes from nC,4 to nCs in a standard mixture (Mix A7 from
A. Schimmelmann Research Lab at Indiana University). We deter-
mined internal and external precision by repeatedly analyzing the
standard of a range of sample sizes. The H3 factor was determined
regularly through the period of analysis and was stable at ~7.9.
During the interval of measurement, the Mix A7 standard was an-
alyzed every four to five samples to account for size and scale effects.
Repeat analyses throughout the run and for a range of standard con-
centrations yield a precision of <5%o for §’H. All values are ex-
pressed in standard delta notation relative to Vienna standard
mean ocean water.

We focus on nC,g for all discussions of changing topography
here, as this is the most abundant compound throughout all
samples. AS°H,,c3; is systematically depleted by ~10%o relative to
nCyy but shows the same general trend and overall magnitude of
isotope depletion from Pliocene to recent (table SI).

Molecular alteration and isotopes
The distribution of n-alkane species reflects both environmental
factors that affect plant biosynthesis processes as well as postdepo-
sitional processes related to molecular cracking. The distribution of
molecular species can be expressed as indices such as CPI and ACL.
Terrestrial plants typically produce n-alkanes with peak abundances
from nC,; to nCss, and in Taiwan, these are dominated by alkanes
with 29 and 31 carbon atoms (23). In addition, plant-derived n-
alkanes commonly show a strong odd over even preference in
alkane distribution, which reflects the synthesis pathways (57-60).
There are a number of factors that influence sedimentary leaf
waxes isotopic signals. First, different plant species are shown to
have a highly variable offset between §°H,,c, and ambient water
(24). A shift in apparent fractionation related to Pliocene-recent
vegetation change could bias the 8 H,,c90 signal. However, Taiwan
has maintained a tropical climate since the Pliocene (33) and C;-
dominant vegetation with little evidence for major ecosystem shift
that could markedly change apparent fractionation patterns.
Second, the reworking of detrital organic matter could introduce
older organics from low-elevation sites, biasing the sedimentary
8°H,,c20 signal. However, southern Coastal Range sediments are
derived from the high-pressure metamorphic core of the Central
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Range, and analysis of Taiwan slates (this study) shows low to none
nCyg that could bias our record. Third, microbial degradation and
alteration during burial could shift the biomarker hydrogen isotope
composition of older sediments toward enriched values (57, 60). Al-
teration typically shifts ACL and CPI. Southern Coastal Range sed-
iments have undergone a short burial duration and minimal heating
in very low paleo-geotherm condition (14°C/km) in the sedimenta-
ry basin (61), and both ACL and CPI (table S1) show no evidence of
alteration degradation with minimal change through the sequence
and similar values to Late Pleistocene to modern marine sediments
(34). These factors support the preservation of primary isotopic sig-
natures of fluvially transported leaf waxes from the evolving orogen.

Source water isotope compositions correction

Seawater is the ultimate source of terrestrial precipitation. The var-
iation in seawater 8°H could therefore affect the isotopic composi-
tion of terrestrial precipitation. Seawater §°H has changed through
the Pleistocene as a result of variations in global ice volume during
glacial periods. Growth of terrestrial ice sheet results in heavy iso-
topic enrichment of the ocean reservoir, which, in turn, will cause
increasing precipitation isotope ratio.

To constrain the variation in seawater isotope composition, we
use planktonic foraminifera §'*0 records of the South China Sea
(ODP 1148) (35) to constrain the variation in South China Seawater
8'%0. This region in addition to the western Pacific, represent the
primary moisture source areas for Taiwan. To convert planktonic
foraminifera §'%0 to seawater §'°0, we calculate calcite-water frac-
tionation [acqcite-m20@)] using the temperature-dependent fraction-
ation factor equation

10°
1000Inaicie-1120() = 2.780 X 5 — 2.890 (3)
where, T is seawater temperature, which is constrained by the Uk,
sea surface temperature records of the South China Sea (ODP 1148)
(33). The fractionation factor is then used with following equation
to calculate local seawater §'°0 (62)

(4)
For each data point, we calculate the changes in seawater §'°0
from modern seawater isotope composition. The changes in sea-
water and terrestrial precipitation §°H due to global ice volume var-
iation then can be estimated according to the global meteoric water
relationship, 8%H = 8 x 8"%0 + 10 (63). The difference between sea-
water 8°H of the past 3 Ma and present day is at a maximum of
~3%o, which is relatively small comparing to the magnitude of
changes in 8°H,,c50 due to organic source elevation changes.

8" Ocatcite — 8"*Orna0(1) 2 1000Inalcyicite—r20(1)
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