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Abstract 

Information about past sea-level change is crucial for understanding coastal tectonic 

movements and seismic hazards. Locally, sediment isostatic adjustment (SIA) induced by 

erosional unloading and depositional loading could play an important role on sea-level change. 

However, such effects are commonly neglected, potentially leading to biased estimates of vertical 

tectonic deformation rate. Here we constructed a new sediment transfer history for Taiwan, where 

erosion and deposition are among the fastest on Earth, and used it to drive the numerical sea-level 

model to quantify SIA effects on the sea-level change and tectonic uplift estimates. Our simulations 

revealed that SIA could cause substantial spatial variation in sea-level change along Taiwan’s 

coasts, producing local relative sea-level change of >200 meters since 122 ka. We found that 

neglecting SIA effects can result in overestimation and underestimation of tectonic coastal uplift 

rates by up to 90% or more. Our results highlight the global importance of considering spatially 

varying SIA-driven sea-level changes when using paleo-sea-level indicators to characterize coastal 

tectonic movements. 

 

Introduction 

Relative sea-level histories have been widely used to quantify coastal deformation rates 1, 2, 

which are the fundamental parameters for characterizing tectonic movements, understanding the 

geometry of active faults, and assessing seismic hazards. Traditionally, studies on coastal uplift far 

from major ice sheets use a global mean sea-level curve or curves constructed locally by dated 

paleo-sea-level records from areas that have undergone similar glacial isostatic adjustment (GIA) 

effects 1, 3, 4. For example, paleo-sea-level data since 4.5 ka from Penghu Island 5 and older data 

from Singapore 6 or the Sunda Shelf 7 have often been utilized to reconstruct the sea-level curve 
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since the Last Glacial Maximum (LGM) for Taiwan’s coasts 8, 9. The curve is then compared with 

ages and elevations of uplifted paleo-sea-level indicators along the coast to evaluate vertical 

tectonic movements. 

However, locally, sea level may be substantially affected by sediment isostatic adjustment 

(SIA) due to different erosional and depositional patterns, which perturbs crustal elevation and the 

Earth’s gravitational field 10, 11. In areas subjected to erosion, the unloading causes crustal uplift, 

inducing relative sea-level fall. Conversely, in depositional areas, additional loading from 

sediments causes crustal subsidence, leading to relative sea-level rise (Fig. 1a). This dynamic 

creates spatially varying patterns of sea-level change and records, and thus affects estimates of 

coastal tectonic uplift contributed by coseismic and interseismic deformation of active faults, 

which provide insights to potential seismic activity. For instance, if a coast has experienced uplift 

due to erosion nearby, the total observed crustal uplift would not be entirely driven by tectonics, 

but rather would be the sum of a component driven by tectonics and a component driven by 

erosional unloading (SIA). In other words, the actual tectonic uplift would be overestimated if SIA 

effects were not accounted for (Fig. 1b Case A). In contrast, in areas where sediment deposition 

has driven crustal subsidence, the actual tectonic uplift would be underestimated if SIA effects 

were neglected (Fig. 1b Case B). Therefore, in regions with rapid erosion and deposition, 

calculating tectonic uplift rates by using a mean sea-level curve, without considering local SIA 

effects, is likely to result in inaccurate estimates of tectonic uplift and seismic risks. 

The effects of SIA on sea-level should be particularly substantial in regions with rapid 

sediment redistribution, such as Taiwan. The island and its surrounding offshore areas are subject 

to some of the fastest erosion and deposition on Earth 12, 13, 14 due to the combined effect of high 

precipitation under a sub-tropical climate and rapid crustal deformation rates 15, 16 that result from 

the ongoing collision between Eurasian and Philippine Sea plates 17 (Supplementary Notes 1). 

This presents a great opportunity to explore SIA effects in an active orogenic belt (Fig. 2a). In 

addition, the ongoing orogeny gives rise to numerous active faults 18, 19, which deform coastlines 

and pose severe seismic hazards. This makes accurately estimating coastal tectonic uplift rates 

crucial and urgent for understanding these seismogenic structures. 

In this study, we quantitatively analyzed how rapid erosion and deposition would affect sea 

level and its records during the last glacial-interglacial cycle (122-0 ka) along the coasts of Taiwan. 

This time interval encompasses the period with most well-preserved and dated paleo-sea-level 

indicators in Taiwan (e.g., ref 8, 20, 21) and provides a representative timescale for capturing 

variations in sediment transfer during sea-level fluctuations and the associated SIA effects. We 
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then used the resulting modeled spatial and temporal variations in sea level to calculate revised 

estimates of tectonic uplift rates along each coast of Taiwan. Quantifying such SIA effects is 

complicated since it requires a broad understanding of sediment redistribution histories, ice-sheet 

loading changes, Earth rheology, shoreline migration, change of gravitational fields and rotation 

axis, and the complex interactions between these factors. This can be overcome by using 

gravitationally self-consistent sea-level models that take these components into account 10, 22, 23. 

This approach was recently applied to Taiwan 24, which suggested that SIA responses to sediment 

redistribution may have been large around Taiwan, based on sea-level simulations driven by an 

applied sediment redistribution history generated with a relatively small set of empirical 

constraints. Here we build on this work by constructing a new time-varying sediment transfer 

history for Taiwan with substantially higher spatial and temporal resolution, larger spatial coverage, 

and the incorporation of more precise and extensive erosion and deposition rates. We then use this 

reconstruction to model sea-level responses to sediment redistribution and a global ice loading 

history 25 on spherically symmetric Earth models (Methods).  

 

Sediment transfer history reconstruction 

 Computing rates and patterns of SIA requires driving the sea-level model with a detailed 

sediment transfer history, which describes where and how much sediment have been eroded and 

deposited, and determines how SIA process would proceed. To build a comprehensive and detailed 

sediment transfer history for Taiwan, we compiled more than 1000 published erosion and 

deposition rate measurements from over 100 studies over a range of spatial and temporal scales 

(Supplementary Notes 2). 

To construct an erosion rate map, we used denudation rates derived from cosmogenic nuclides 

13, 26, 27 and detrital zircon fission-tracks 26, and exhumation rates calculated from fully reset apatite 

fission track (AFT) ages 28, 29 with a geothermal gradient map 30 (Supplementary Notes 2.2; Fig. 

2c, d). Despite the different timescales represented by these different methods, erosion rates 

derived from all these studies display a good agreement 13, 26, and the spatial distribution of erosion 

rates aligns with topographic relief, slope and steepness, showing a strong tectonic control. For 

example, on the eastern flank of the Central Mountain Range, erosion rates are generally higher 

and increase northward. Not only is this pattern consistent with steeper channel slopes and higher 

relief there, and the northward maturation of collision of the Taiwan orogen, but it also matches 

the higher and northward-increasing metamorphic grades of exposed rocks. On the western side, 

lower rates in the central area corresponds to the lower topographic relief near the Puli Basin (Fig. 
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2a, c, d). Temporally, since tectonic conditions did not have major change in the past 122 kyr, we 

apply temporally steady erosion rates under the assumption that the tectonic drivers of erosion 

have remained consistent during studied period. In addition, previous work has shown that patterns 

of these erosion rates are decoupled from precipitation patterns 13. Thus, although some studies 

suggest that precipitation may be lower during glacial periods compared to the Holocene 31, 32, 33, 

it is unlikely that glacial-interglacial climate fluctuations drastically altered long-term denudation 

rate patterns. 

To generate deposition rate maps at different time, we compiled age data from both onshore 

and offshore sediment cores 34, 35, 36 (Supplementary Notes 2.3 and 2.4) and isopach maps derived 

from submarine seismic profiles 14, 37 (Fig 2c, d). To account for temporal variations in deposition 

rate driven by the temporal fluctuations in sea level during the glacial-interglacial cycle, we 

designed a time-varying deposition model. We first identified two events that mark major changes 

in deposition rates according to sediment records since the LGM: the sequence boundary of post-

LGM sediments on the coastal plains that marks the onset of rapid deposition at ~15 ka 38, 39, and 

the inundation of the Taiwan Strait and the continental shelf at ~14 ka. The post-LGM period can 

therefore be divided into three periods with different depositional patterns (Fig. 2b). During the 

sea-level highstand of 14-0 ka, sediment was deposited parallel to Taiwan’s northwestern coast in 

the Taiwan Strait due to along-current transport 14, 40, and rapid subaerial sedimentation occurred 

on coastal plains 39 (Fig. 2c). During the transition stage of 15-14 ka, when the sea surface was 

lower and the Taiwan Strait was exposed, sediment bypassed this region, so we restricted sediment 

deposition to the deeper southwestern offshore and northeastern Okinawa Trough 41. During the 

lowstand prior to 15 ka, core records indicate that deposition on the coastal plains was much slower 

than that during the highstand and more sediment was transferred to the two deeper offshore areas 

(Fig. 2d). Finally, since there are fewer deposition rate constraints before LGM, we used a 

simulated sea-level curve driven by global ice volume change to extrapolate the earlier deposition 

scenarios before LGM by assuming a similar pattern of deposition when the sea-level height was 

the same (Fig. 2b). The deposition rates and patterns of highstand and transition we applied to 14-

0 ka and 15-14 ka, respectively, are thus assigned to 122-72 ka and 72-70 ka, respectively. With 

this sediment transfer history of Taiwan, extremely rapid sediment redistribution within this small 

region can be clearly noted, with local erosion and deposition rates as high as 7 and 18 mm yr-1, 

respectively. 

 

Sea-level modeling results 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

Using these erosion and deposition rate maps representing the sediment transfer history, we 

modeled the spatial and temporal changes in sea-surface equipotential (∆𝐺) and crustal elevation 

(∆𝑅) in response to the sediment redistribution (SIA) and global ice volume variation since 122 ka 

(Fig. 3 c, f and b, e), which reflects the gravitational and deformational perturbation, respectively. 

For locations with negligible changes in grounded ice thickness or sediment thickness, like the 

coasts of Taiwan that preserved paleo-sea-level indicators, changes in sea-level (∆𝑆𝐿𝐺𝑅 ) are 

obtained by taking the difference of the two (Fig. 3 a, d; Methods): 

∆𝑆𝐿𝐺𝑅  =  ∆𝐺 −  ∆𝑅 (1) 

This reflects that under a mostly stable ∆𝐺, SIA-driven uplift (positive ∆𝑅) causes relative sea-

level fall (negative ∆𝑆𝐿𝐺𝑅) and vice versa (Methods).   

We conducted simulations using two spherically symmetric Earth models, which both have 

elasticity and density parameters taken from PREM 42 and viscosity profiles based on ref. 24. The 

only difference between these Earth models is in their effective elastic lithosphere thickness (LT), 

one with LT = 10 km and one with LT = 30 km. We denote these as the LT10 and LT30 simulations, 

respectively (Fig. 3 a–c and d–f). The LT10 condition corresponds to southwestern and eastern 

Taiwan 43, 44, 45, with an ocean-continent transition or oceanic crust beneath, and the LT30 condition 

corresponds to the northern part of the coastal plain and areas west of Taiwan that are on 

continental crust 46, 47. These two values represent the lower and upper bounds of LT around Taiwan. 

Our modeling results illustrate extreme spatial variation in cumulative sea-level change 

(∆𝑆𝐿𝐺𝑅) and crustal deformation (∆𝑅) around Taiwan since 122 ka (Fig. 3a, b, d, e). The patterns 

and magnitudes of the two fields are similar, showing that ∆𝑅 (i.e., crustal uplift and subsidence 

due to SIA) is the dominant contributor to ∆𝑆𝐿𝐺𝑅 in our simulations. The cumulative change in 

the sea-surface equipotential (∆𝐺), by comparison, is much smaller (Fig. 3c, f), consistent with 

previous studies of sea-level responses to sediment redistribution 11. In addition, despite the 

difference in wavelength and amplitude of modeled ∆𝑆𝐿𝐺𝑅 in LT10 and LT30 simulations, we 

found that coastlines near the eroding mountains, such as in eastern and northeastern Taiwan, have 

indeed experienced crustal uplift due to SIA, leading to relative sea-level fall in both results. 

Conversely, coasts near depositional basins, like Penghu and the southwestern coast, have 

undergone SIA-driven subsidence, resulting in relative sea-level rise (Fig. 3a, b, d, e). Furthermore, 

the Taitung coast in eastern Taiwan and Liuchiu Island off the southwestern coast exhibit distinctly 

different SIA effects, despite being less than 100 kilometers apart (Fig. 3a), marking an intriguing 

case with opposite crustal responses of coasts within such a short distance. 

Quantitatively, our simulations indicate that SIA may produce sea-level changes of tens to 
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hundreds of meters over 100-kyr timescales along Taiwan’s coasts (Fig. 3a, d). This is far greater 

than the 6-8 meters of change in global mean sea level (GMSL) attributed to ice volume 

fluctuations and global GIA since the Last Interglacial 48, 49 (Fig. 4). The largest SIA-driven uplift 

and subsidence and the related sea-level changes of coasts occurred along the central eastern coast 

and Liuchiu Island, where the LT is close to 10 km. There, we found exceptionally large changes 

in sea-level of over 200 and 70 meters, respectively, since the Last Interglacial (Fig. 3a). In 

comparison with other regions worldwide with reported substantial SIA effects, Taiwan has 

undergone much larger SIA-driven sea-level change (Table 1). For example, it has been shown 

that SIA may drive crustal subsidence and sea-level rise of up to ~15 m along the coast of Indus 

Delta 11 and up to ~10 m at east Texas coast 50 since the Last Interglacial, both of which are 

substantially smaller than the SIA-driven subsidence at Liuchiu Island. Likewise, SIA-induced 

uplift of up to ~50 m has been documented along the southern coast of Norway over one glacial-

interglacial cycle 51, which is less than one-fourth of the amount we found along Taiwan's central 

eastern coast. The large amplitude, short wavelength variations in sea level in Taiwan are the 

results of the extremely rapid sediment redistribution and the relatively thin elastic lithosphere. 

From the modeled relative sea-level (RSL) histories at each coast (Fig. 3g-l), it is also clear 

that SIA drives strong spatial variations in sea-level change. For instance, Fig. 3i shows accounting 

for SIA increases at the central eastern coast, while Fig. 3l shows accounting for SIA decreases 

RSL at Hengchun. The magnitude of sea-level change due to SIA also varies between coasts. This 

illustrates the importance of using different sea-level curves for different places—even sites that 

are relatively close together—in regions like Taiwan with remarkably rapid and spatially varying 

erosion and deposition. 

The modeled curves also show that SIA effects accumulate over time as materials are 

continuously eroded and deposited, causing modeled sea-level curves that account for SIA to 

diverge progressively more over time from modeled sea-level curves that neglect SIA (Fig. 3g-l). 

This suggests that older paleo-sea-level markers would be affected more than younger ones, 

resulting in greater errors in estimates of tectonic uplift. In summary, our results point out that SIA 

has substantial impacts on sea-level change histories. 

 

Comparing modeled and observed sea-level histories 

To validate our simulations, we compared our modeled sea-level curves that account for SIA 

to dated paleo-sea-level markers in areas where tectonic movement is relatively small (tectonically 

stable) (Fig. 5a-c). One such area is the northeastern coast of Taiwan, where tectonic uplift was 
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proposed to have stopped in the past million years 52. Despite this, previous studies have found 

mid-Holocene marine terraces that are higher than the proposed paleo-sea level at that time 53, 

suggesting recent coastal uplift. Our modeled sea-level curves can fit the dated marine terrace 

records only when SIA effect is considered (Fig. 5b), indicating that SIA is the dominant driver of 

coastal uplift here. Likewise, at Penghu, stable since the late Miocene 54, our modeled sea-level 

curves with SIA are slightly closer to the dated mid-Holocene records than those without SIA (Fig. 

5c). These comparisons show that simulations taking SIA into account yield modeled RSL histories 

that fit measured RSL histories better. 

 

Implications of re-estimation of tectonic uplift for seismic hazard assessment 

Finally, we utilized our modeled sea-level curves that account for SIA to re-estimate the 

tectonic uplift at each coast in tectonically active areas of Taiwan (Fig. 5d-h; Methods; 

Supplementary Notes 3). At coasts subjected to uplift due to isostatic responses, tectonic uplift 

would be overestimated if SIA were neglected. For example, dated Marine Isotope Stage (MIS)-

5c marine terraces along the northwestern coast with an elevation of 90 meters were previously 

thought to represent a tectonic uplift of 128 meters using a sea-level curve that neglects SIA 55. 

However, in our LT30 simulations, SIA-driven rock uplift since MIS-5c was as high as 73 m, 

implying that the actual tectonically-driven component of uplift may be only 55 meters, less than 

half of the previous estimate (Fig. 5d). Correcting for SIA in this manner lowers the inferred 

tectonic uplift rate from 1.27 ± 0.09 mm yr-1 to 0.55 ± 0.04 mm yr-1 (Fig. 5h) and lowers the 

corresponding inferred slip rate of the active Miaoli frontal structure 19, which in turn results in a 

longer inferred average earthquake recurrence interval (Supplementary Notes 4.1). Similar 

overestimates of tectonic uplift are observed along the eastern coast (Fig. 5e), where SIA also 

drives rock uplift. Our simulations suggest that estimates of tectonic uplift rates in this area may 

need to be lowered by around 1–2 mm yr-1, representing a 10–90% decrease from previous 

estimates (Fig. 5h, Supplementary Table S13 in Supplementary Data 1). 

In contrast, in areas that have subsided due to rapid deposition, estimates of tectonic uplift 

are likely to be underestimated. Take Liuchiu Island for example (Fig. 5f), where our modeled sea-

level curves from the LT10 simulation with and without SIA effects differ from one another by 7 

m at 7 ka (mid-Holocene). This means one would overlook 7 meters of tectonic uplift if one were 

to neglect SIA when using mid-Holocene marine terraces to calculate tectonic uplift, equivalent to 

an underestimate of 107%. We thus propose the tectonic uplift rate at this site should be revised 

from 0.96 ± 0.14 to 1.98 ± 0.28 mm yr-1 (Fig. 5h, Supplementary Notes 4.2 and Table S13 in 
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Supplementary Data 1). Furthermore, the underestimate of tectonic contribution introduced by 

neglecting SIA becomes even greater when using the older MIS-5a terrace in the same area. In our 

simulation, sediment loading caused MIS-5a sea-level markers to subside by 64 meters from 80 

ka to the present, which, if neglected, would cause a 147% underestimate of tectonic uplift rate 

(Fig. 5f). In other words, the actual uplift contributed by the East Liuchiu Island structure beneath 

Liuchiu Island may be more than twice of what was previously thought, posing higher seismic 

risks for southwestern Taiwan. Such underestimates can also be noticed at Hengchun at the 

southern tip of Taiwan, but to a much smaller extent since the effects of erosional unloading and 

depositional loading counteract each other in this area (Fig. 5g). 

Moreover, these SIA effects have more implications for neotectonic interpretation of coastal 

features. For example, some marine terraces with regular age and elevation intervals have been 

interpreted as formed by co-seismic uplift of large earthquakes (e.g., ref. 8). However, if the coast 

has been affected by substantial isostatic responses, the uplift history may be more complex than 

that suggested by the terraces. Additionally, coastal tectonic uplift rates have often been used to 

constrain the subsurface geometry of active faults (e.g., ref. 56). Re-examination of such rates with 

SIA effects would also influence our knowledge of the general shape of fault systems. Therefore, 

accounting for SIA is also crucial for understanding tectonic processes and geological history in 

coastal regions. 

 

Uncertainties in sea-level modeling and future prospects 

Uncertainties in simulating sea-level responses to changes in surface loading lie in several 

aspects related to three model inputs: the chosen Earth model, the reconstructed sediment 

redistribution history, and, though less important in this study, the global ice history. 

In this study, we used spherically symmetric Earth models to explore SIA effects on sea-level 

changes for Taiwan. Such models are adept at capturing many aspects of sea-level responses to 

surface loading (e.g., ref. 23), but they are unable to account for lateral heterogeneity in lithospheric 

thickness and mantle viscosity, such as those documented beneath Taiwan (e.g., ref. 57). Prior 

studies have successfully simulated sea-level responses on Earth models with three-dimensional 

variations in the mantle and lithosphere (e.g., ref. 58, 59), but such models are far more 

computationally expensive than those on spherically symmetric Earth models (e.g., ref. 59, 60, 61), 

and applying them to our study area would require first developing a 3D Earth model that 

incorporates high-resolution variations in Earth structure around Taiwan. Such an approach is 
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beyond the scope of this study, but we highlight that this would be a potentially productive 

direction for future work. 

Given these limitations, it is challenging to quantitatively assess the effect of lateral variations 

in Earth structure on SIA. Nonetheless, certain effects can be anticipated qualitatively. For example, 

local lithospheric weakening along plate-boundary faults could largely amplify subsidence due to 

sediment loading 62.This effect may be particularly important in southwestern Taiwan, where rapid 

sedimentation occurs near the plate boundary and the lithospheric flexure has been shown to be 

much larger than other areas in Taiwan 43. In such cases, tectonic uplift could be underestimated 

even more if SIA-induced subsidence were neglected. On the other hand, the presence of 

asthenosphere with lower viscosity may expedite short-term elastic responses while attenuating 

viscous responses over longer timescales. Undoubtedly, future improvements will depend on the 

development of high-resolution 3-D Earth structure models for Taiwan and advances in 

computational ability. 

The sediment transfer history developed in this study also carries uncertainties, primarily due 

to the uneven spatial distribution of rate measurements and the scarcity of constraints further back 

in time. For instance, there are far more dated cores on the coastal plains than in offshore regions, 

and the constraints on deposition rates before LGM are particularly sparse. However, our 

reconstruction has integrated nearly all existing erosion and deposition rate data, and sensitivity 

test results indicate that the sea-level predictions are insensitive to depositional scenario during 

sea-level fluctuations of MIS 5. Future refinements on the sediment transfer history may focus on 

improving the data completeness, such as more dated offshore cores and basin-averaged erosion 

rates. 

 

Concluding Remarks 

Based on our findings, it is still apparent that SIA effects arising from erosion and deposition 

are capable of substantially changing local relative sea level with extreme spatial variability, which 

would cause great errors in the estimation of tectonic movements. This observation is applicable 

to other regions worldwide with rapid sediment transfer. In particular, active orogenic belts usually 

have higher erosion and sedimentation rates 63, 64 and thinner elastic lithosphere 65, 66, both of which 

would enhance the effects of SIA. An accurate assessment of tectonic activities is also crucial for 

improving constraints on seismic hazards in these regions. Although erosion and deposition rates 

in some orogens may not be as high as in Taiwan and would have slower SIA processes, sea-level 

markers older than MIS-5e may still be preserved under such conditions. Since the effects of SIA 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

becomes more pronounced through time, large errors would still result from using these markers 

to calculate tectonically driven changes in crustal elevation, both for regions experiencing uplift 

as well as those experiencing subsidence, where the SIA-induced uplift would lead to 

underestimation in tectonic subsidence if SIA effect is neglected. In summary, our results highlight 

the global importance of considering sea-level fluctuations resulting from sediment redistribution 

when using paleo-sea-level markers to understand coastal tectonic movements and landscape 

evolution. 
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Methods 

Sea-level modeling 

We used the gravitationally self-consistent sea-level model of ref. 10 to compute sea-level 

changes in response to changes in surface loading by ice mass variations and erosion and 

deposition of sediment. This model accounts for feedbacks of Earth rotational effects, shoreline 

migration, and sediment loading, and neglects variations in sediment compaction and water storage 

67. The model requires three inputs: a sediment transfer history that quantifies spatial and temporal 

changes in sediment loads, an ice history that quantifies spatial and temporal changes in grounded 

ice thickness, and an Earth model that determines solid Earth responses to these surface mass 

loading changes. The model uses these inputs to compute the resulting gravitational, deformational, 

and rotational perturbations, which in turn are used to calculate sea-level changes by solving the 

sea-level equation. 

The sea-level equation that defines the change in sea-level from one time to another is written 

as 

∆𝑆𝐿 = ∆𝐺 − (∆𝑅 + ∆𝐻 + ∆𝐼) (2) 

where ∆𝐻 and ∆𝐼 are the change in sediment and grounded ice thickness, respectively, which 

are the known inputs to drive the model, while ∆𝐺 and ∆𝑅 are the responding changes in sea-

surface equipotential (geoid) and bedrock elevation, respectively. Each term in Equation 2 is 

defined at every point on Earth’s surface and is a function of time. The sea-level field is thus also 

globally defined, both on land and over oceanic regions. This is the same as the geologically 

defined relative sea-level, which considers local sea-surface relative to ground surface, and is thus 

useful in interpreting geological records. 

  In this study, the sea-level equation is solved by first calculating the total loading change of 

the oceans, ice, and sediments by the equation 

∆𝐿 = 𝜌
𝑊

∆𝑆 + 𝜌
𝐼
∆𝐼 + 𝜌

𝐻
∆𝐻 (3) 

where 𝜌
𝑊

, 𝜌
𝐼
, 𝜌

𝐻
 denote, in turn, the density of sea water, ice, and sediment, and ∆𝑆 is the 

change in ocean thickness, where 𝑆 is only non-zero over the oceans. Next, the responses of ∆𝐺 

and ∆𝑅  to the total change in loading ∆𝐿  are computed using the viscoelastic Love number 

theory 68. Finally, we calculated ∆𝑆𝐿 by combining the four fields through equation (2). 

  Next, we define several important parameters used in the text, including relative sea-level 

(𝑅𝑆𝐿) and ∆𝑆𝐿𝐺𝑅. The RSL at a certain time is defined as the sealevel of any past time 𝑡 with 

respect to present day 𝑡𝑝 and can be directly obtained by the time series of ∆𝑆𝐿 as follows 

𝑅𝑆𝐿(𝑡) = ∆𝑆𝐿(𝑡) − ∆𝑆𝐿(𝑡𝑝) = −∆𝑆𝐿(from 𝑡 to 𝑡𝑝) (4) 
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In the equation, RSL predicts the elevation of a paleo-sea-level marker with age 𝑡  when not 

deformed by tectonics. 

In the analysis of sea level changes in this paper, we used a modified definition following ref. 

11, 69 that excludes the contributions to ∆𝑆𝐿 from direct topographic changes due to erosion or 

deposition (∆𝐻 ) and ice thickness change (∆𝐼 ). Specifically, we can write ∆𝑆𝐿𝐺𝑅  defined in 

equation (1) and the relative sea-level as 

𝑅𝑆𝐿𝐺𝑅(𝑡) = ∆𝑆𝐿𝐺𝑅(𝑡) − ∆𝑆𝐿𝐺𝑅(𝑡𝑝) (5) 

∆𝑆𝐿𝐺𝑅 is an accurate measure of sea-level change for paleo-sea-level markers for two reasons. 

First, for regions like Taiwan without ice-sheet cover, there is no change in ice thickness locally 

(∆𝐼 = 0). Second, and more importantly, since most of the sea-level indicators we used, such as 

shoreline angles of marine terraces or sediments on the terrace, are benchmarked to bedrock height 

𝑅 and are deformed together with the crust, these markers also ignore the direct height change 

from sediment thickness variation above them. Therefore, as long as the distance between marker 

and bedrock remains constant through time, which means the compaction beneath the sea-level 

marker is negligible, the sea-level change relative to the marker would be the same as that relative 

to the bedrock. The dated RSL records should thus be compared to 𝑅𝑆𝐿𝐺𝑅 (or ∆𝑆𝐿𝐺𝑅) that is 

dependent only on sea-surface and bedrock height change (∆𝐺 and ∆𝑅). Hence, our discussion 

focuses on sea-levels of ∆𝑆𝐿𝐺𝑅 and 𝑅𝑆𝐿𝐺𝑅. 

 

Input models 

Among the three inputs of the sea-level model in our study, the sediment transfer history ∆𝐻 

was built by compiling numerous data of erosion and deposition rates as mentioned in the text. 

More details and constraints about constructing this sediment model is elaborated in the 

Supplementary Notes 2. 

The ∆𝐼 history used in our simulation is from the global ICE-6G_C model 25, 70. This new 

version of the model follows the ICE-5G model 71, and is refined by fitting extensive vertical land 

motion data from GNSS measurements and verified by comparing predicted gravitational field 

changes to the gravity data from the GRACE satellite. The model describes the ice thickness 

changes of the major ice sheets of the world, including the Laurentide, Cordilleran, and Innuitian 

ice sheet complex of North America, the Fennoscandian and Barents Sea ice complexes in 

Northwestern Eurasia, as well as Greenland and Antarctica. ICE-6G is characterized by the Last 

Glacial Maximum (LGM) at 26 ka, followed by the deglaciation phase, which ended at around 4-

5 ka, with two melt water pulses at approximately 14 and 11 ka resulting in more rapid global mean 
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sea-level rise. The ice history was extended back to the Last Interglacial (122 ka) following the 

GMSL curve based on benthic δ18O records by ref. 72 (e.g., ref. 73). 

The Earth models adopted in this study are of a spherically symmetric Maxwell viscoelastic 

Earth, with radially varying rheological properties. The elasticity and density profiles are based on 

the preliminary reference Earth model (PREM) 42. The Earth models are characterized by a layer 

of purely elastic lithosphere with a specified thickness (LT) and two layers of viscoelastic mantle. 

The upper and lower mantle are separated by the seismic discontinuity at the depth of 660 

kilometers, with viscosities of 5 × 1020 Pa s and 5 × 1021 Pa s, respectively (e.g., ref. 24, 74). To 

mimic the elastic lithosphere thickness around Taiwan, we prescribed two LT values of 10 and 30 

km, which are consistent with the lowest and highest LT in the region 43, 44, 45, 46, 47. These values 

are distinctly lower than those used in the global GIA models, such as the 90 km used in VM2 and 

VM5a Earth model 25, 70, 71, illustrating the thinner elastic lithosphere in young orogenic belts 65, 66. 

To capture the short-wavelength spatial variability of sediment load and the resulting sea-level 

changes, we performed simulations at the higher spherical harmonic degree and order 1024. 

 

Coastal uplift rates calculation 

Uplift rates (𝑈𝑅) of each coast of Taiwan were calculated from the amount of deformation 

recorded by selected sea-level markers divided by its dated or inferred age (𝑇). The deformation 

amount (∆𝑅𝑡𝑒𝑐) is determined by subtracting the depositional paleodepth (𝑑), and paleo-sea-level 

elevation (𝑅𝑆𝐿𝐺𝑅) derived from the sea-level curves we modeled, from the sample elevation (𝐻).  

𝑈𝑅 =
(𝐻 − 𝑑 − 𝑅𝑆𝐿𝐺𝑅)

𝑇
 (6) 

Since not all of the samples formed at mean sea level, the correction term 𝑑, which accounts for 

depositional paleodepth and is determined by the type of sample, its occurrence, or its depositional 

environment, is needed. This ensures that (𝐻 − 𝑑) represents the current elevation of dated paleo-

mean sea level. The (𝐻 − 𝑑) term can also be referred to as 𝑅𝑆𝐿𝐺𝑅_𝑚𝑎𝑟𝑘𝑒𝑟 or −∆𝑆𝐿𝐺𝑅_𝑚𝑎𝑟𝑘𝑒𝑟. In 

most cases, the samples are close to the bedrock or shoreline angle and their elevations thus 

represent the heights of paleo-sea-level, giving 𝑑 = 0 for these samples. However, some samples 

on the eastern coasts were collected from thick marine sediments in the absence of observable 

bedrock risers. In such cases, we interpret the parameter 𝑑 based on identified sedimentary facies. 

For example, ref. 8 identified samples in well-sorted, parallel laminated or low angle cross-bedded 

sands as being deposited in foreshore zone, with −1 < 𝑑 < 1 m . More details about the 

sedimentary facies and depositional paleodepth of each sample can be found in the 
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Supplementary Table S13 in Supplementary Data 1. 

For each sample, we calculated tectonic uplift rates before and after considering SIA effects 

by comparing with modeled sea-level curves with and without consideration of SIA at each coast 

(as shown in Fig. 5d-g). The revised tectonic uplifts accounting for SIA for well-preserved sea-

level markers (i.e., where ∆𝐻 = 0) can be calculated by setting the total rock uplift (∆𝑅𝑜𝑏) as the 

sum of tectonically-driven rock uplift (∆𝑅𝑡𝑒𝑐) and SIA-driven rock uplift (∆𝑅𝑆𝐼𝐴) 24, 48. With this, 

we can write the sea-level change recorded by those sea-level markers as ∆𝑆𝐿𝐺𝑅_𝑚𝑎𝑟𝑘𝑒𝑟 =  ∆𝐺 −

(∆𝑅𝑡𝑒𝑐 + ∆𝑅𝑆𝐼𝐴) , and rearrange it as ∆𝑅𝑡𝑒𝑐 =  ∆𝐺 − ∆𝑅𝑆𝐼𝐴 − ∆𝑆𝐿𝐺𝑅_𝑚𝑎𝑟𝑘𝑒𝑟 = 𝑅𝑆𝐿𝐺𝑅_𝑚𝑎𝑟𝑘𝑒𝑟 −

𝑅𝑆𝐿𝐺𝑅_𝑆𝐼𝐴, where 𝑅𝑆𝐿𝐺𝑅_𝑆𝐼𝐴 is the relative sea level accounting for SIA. 

We then took the difference between the calculated rates and normalized it to the rate without 

accounting for SIA (which are approximately the rates calculated in previous studies) to estimate 

the correction percentage of tectonic uplift rates. 

 

Data Availability 

The datasets used in this study are available on Zenodo 

(https://doi.org/10.5281/zenodo.18212597). This repository contains Excel files comprising the 

compiled rates of sediment redistribution used to reconstruct the sediment transfer history, as 

well as the information of paleo-sea-level indicators used to evaluate tectonic coastal uplift rates. 

Due to the large size of Supplementary Tables S1–9 and S13, these tables are provided as 

separate tabs in the Excel file of Supplementary Data 1. 

 

Code Availability 

The gravitationally self-consistent sea-level model can be accessed at 

https://github.com/jaustermann/SLcode. 
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Fig. 1 SIA and its significance. a, Erosional unloading causes crustal uplift and relative sea-level 

fall, while depositional loading causes crustal subsidence and relative sea-level rise. b, We consider 

a coast that has been uplifted by an active reverse fault (the red curve line). In Case A, the coast 

has been uplifted due to SIA (∆𝑅𝑢𝑝), making the tectonic uplift (∆𝑅𝑡𝑒𝑐) smaller than the observed 

crustal uplift (∆𝑅𝑜𝑏) that did not account for SIA effects, which is determined by taking the height 

difference between paleo-shoreline angle and the paleo-sea surface. Conversely, in case B, where 

the coast experienced subsidence due to SIA (∆𝑅𝑠𝑢𝑏 ), the actual tectonic uplift (∆𝑅𝑡𝑒𝑐 ) would 

exceed the observed value (∆𝑅𝑜𝑏). 

 

Fig. 2 Geological setting and reconstructed sediment transfer scenario of Taiwan. a, 
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Topography, bathymetry, and tectonic framework of Taiwan 17. DF: Deformation front; LVS: 

Longitudinal Valley suture; CMR: Central Mountain Range; CP: coastal plain areas; PB: Puli 

Basin. b, The sea-level history of the Taiwan Strait driven by global ice volume change 25 that 

enabled us to divide the simulated period into five time intervals, each with distinct deposition 

rates and patterns. The line at 15 ka marks when post-LGM sediments on the coastal plains started 

to deposit on the sequence boundary, and the line at 14 ka indicates the timing of Taiwan Strait’s 

inundation. c-d, Reconstructed erosion and deposition rate maps of the highstand and lowstand 

intervals. Erosion rates remain constant through time while deposition patterns vary due to sea-

level fluctuation (see text). The deposition pattern of the transition period between highstands and 

lowstands is shown in Supplementary Figure S9. 

 

Fig. 3 Sea-level change due to SIA since 122 kyr. a-f, Cumulative changes of calculated sea-level 

change (∆𝑆𝐿𝐺𝑅, defined by ∆𝐺 −  ∆𝑅, a, d), crustal elevation (b, e), and sea surface equipotential 

(c, f) since 122 ka. As mentioned in the Methods, note that ∆𝑆𝐿𝐺𝑅 only applies to places where 

changes in ice thickness and sediment thickness are negligible (e.g., uneroded paleoshorelines). 

Panels a–c and d–f are outputs from simulations that used the LT10 and LT30 Earth models, 

respectively, using the same input ice and sediment models. Numbered sites in a are the selected 

coasts in g–l. g–l, Relative sea-level curves in simulations that account for SIA effects (red and 

orange solid curves, with uncertainties modeled by adjusting erosion and deposition rates by 10% 

faster or slower in the sediment transfer history, corresponding to averaged uncertainties in the 

rates used) and simulations that neglect SIA effects (blue and purple dashed curves, many of them 

are overlapping) at the northwestern coast (g), northeastern coast (h), central eastern coast (i), 

Penghu (j), Liuchiu Island (k), and Hengchun (l). Red and blue curves are results of LT10 Earth 

model, and orange and purple curves are results of LT30. Darker colored curve in each panel 

represents the more appropriate result for that coast. 

 

Fig. 4 Simulations neglecting SIA and difference between simulations with and without 

accounting SIA. We ran another two simulations that are driven only by the ICE-6G ice history 

and do not account for SIA, one with the LT10 Earth model (a–c) and the other with the LT30 

Earth model (d–f). Panels a–f show the contribution of global ice and sea water volume change 

and the effects of GIA. The short wavelength changes of crustal elevation and sea-level is due to 

the changes in water load in the ocean but not on land, as well as the thin elastic lithosphere in the 

adopted Earth models 75. The differences in each quantity between the simulations that account for 
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SIA and those neglect it are shown in panel g–l, which are the differences between panels a–f in 

Fig. 3 and those in this figure. Panels g–l demonstrate the net effect of SIA in our simulations. As 

in Fig. 3, this figure also shows the cumulative changes over 122 kyr of sea-level change (a, d, g, 

j), crustal elevation (b, e, h, k), and sea surface equipotential (c, f, i, l).  

 

Fig. 5 Comparison between modeled and observed sea-level histories and re-examination of 

coastal tectonic uplift rates. (a) Dated marine terraces of Taiwan (blue and purple lines) with the 

locations of selected coasts in b–g. Active reverse and normal faults are marked in red and orange 

lines, respectively. b–c, Comparison between dated sea-level markers (green) and modeled sea-

level curves in tectonically stable areas. Symbol of curves are same as Fig. 3g–l. The widths and 

heights of the green markers show the uncertainty in age and elevation of the sea-level markers. 

d–g, Utilizing sea-level curves accounting for SIA effects to assess the actual tectonic uplifts at 

each coast. Results for site α, β, and γ in Fig. 5a are shown in Supplementary Figure S10. h, 

Calculated tectonic rock uplift rates that account for SIA (red and orange) versus those do not (blue 

and purple) and the errors associated with neglecting SIA in percentage (red and orange bars and 

crosses) at each site. 

 

Table 1. Reported effects of SIA on sea-level change along the coasts of different regions. 

Studies 

Largest sea-level changes related to SIA  

along the coast (m) 
Region 

Since mid-Holocene 
Since Last 

Interglacial 

Simms et al., 2013 76 – ~10 m (rise) East Texas 

Dalca et al., 2013 10 – ~10 m (rise) * 
Mississippi 

Delta 

Kuchar et al., 2018 69 ~1–2 m (rise) – 
Mississippi 

Delta 

Ferrier et al., 2015 11 ~4 m (rise) ~15 m (rise) Indus Delta 

Jungdal-Olesen et al., 

2023 51 
– ~50 m (fall) # Scandinavia 

This study 
~20 m (fall) 

~7 m (rise) 

~200 m (fall) 

~70 m (rise) 
Taiwan 

* The study assumed an idealized, instantaneous, and single sediment pulse into the Gulf of Mexico. 
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# The study found SIA-driven sea-level fall of ~50–100 m along the southern coast of Norway over 

the last two glacial cycles. 
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