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A B S T R A C T   

The southeastern China coast is a region of special interest in the study of past and present relative sea-level 
change, given its distal location from giant ice sheets (far-field regions). During the past decades, a large 
number of biological, geological, and archaeological sea-level indicators have been retrieved from the Fujian 
coastal region which allows for recalibration and recalculation of sea-level index points (SLIPs). This study 
constructs a database of Holocene relative sea-level (RSL) observations for the Fujian coast, southeastern China. 
The database contains 59 quality-controlled SLIPs which show that RSL for the Fujian coast did not exceed 
present (0 m) during the Holocene, except potentially during 7.5–5.5 cal. kyr BP and 1.8–0.7 cal. kyr BP. Rates of 
RSL change were highest during the early Holocene and have decreased over time, due to the diminishing 
response of the Earth's mantle to glacial isostatic adjustment (GIA) and reduction of meltwater input. A series of 
sea-level oscillations were recorded in our SLIPs-based reconstructions which might correspond to global climate 
warming or cooling events. We assessed the spatial variability of RSL histories and compared these with the ICE- 
6G_C and ANU-ICE GIA model predictions. Substantial misfits between GIA predictions and regional RSL re
constructions were recognized: (1) the deceleration of the early-Holocene sea-level rise ended about one 
millennia earlier in the ICE-6G_C model than in the SLIPs-based reconstructions; (2) GIA model predictions show 
a mid-Holocene sea-level highstand of 1–3 m which is absent from our SLIPs-based reconstructions; and (3) all 
GIA model predicted a gradual RSL fall to 0 m since the middle Holocene, while our reconstruction displays 
significant RSL oscillations. It is presently unknown whether these misfits are caused by uncertainties in regional 
tectonic movement estimation or parameters used in the GIA models. Future applications of spatiotemporal 
statistical techniques are required to better quantify the gradient of the isostatic contribution and to provide 
improved context for the assessment of the ongoing acceleration of sea-level rise.   

1. Introduction 

Human-induced global warming has led to accelerated sea-level rise, 
which is threatening coastal areas globally and becomes one of the 
major concerns of our society (Fox-Kemper et al., 2021). Numerical 
simulations suggest that, with medium confidence, the global mean sea 
level could rise by 0.40–0.81 m by the end of this century under different 
Shared Socioeconomic Pathway (SSP) emission scenarios (Fox-Kemper 
et al., 2021). Observed twentieth-century global mean sea-level change 

is attributed to anthropogenic greenhouse gas emission. However, 
modern sea-level monitoring record is comparatively short relative to 
earth's history, so knowledge of how the global or regional sea-level 
have responded to natural climate change and anthropogenic forcing 
during the pre-industrial time is still indispensable (Slangen et al., 
2016). Geological records of past sea-level change can significantly 
extend the sea-level history far beyond recent and therefore constitute 
an important supplement to the current sea-level database. The long- 
term sea-level reconstructions will improve the understanding of the 
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causes and patterns of global or regional sea-level change at different 
time scales and could ultimately contribute to a better assessment of the 
potential impacts of sea-level oscillations on coastal lands and ecosys
tems (Milne et al., 2009; Gehrels and Shennan, 2015; Costas et al., 2016; 
Wang et al., 2023). Moreover, geological archive-based long-term and 
high-precision reconstruction of the sea-level change is essential for 
understanding models of Earth's rheology and glacial-isostatic adjust
ment (GIA), which will improve the reliability of the predictions of 
future sea-level change (e.g., Lambeck et al., 2002; Peltier, 2004; 
Engelhart and Horton, 2012; Peltier et al., 2022). 

Today's understanding of sea-level change developed through a 
combination of process-based physical modelling and long-term obser
vational data (Mauz et al., 2015). The climate transition from the last 
glaciation maximum (LGM) to the Holocene represents one of the most 
interesting periods, during which the global mean sea level increased 
from ~120 m below present to its modern level (Clark and Mix, 2002; 
Lambeck et al., 2002, 2014; Peltier et al., 2022). This transition period 
provided us with a unique opportunity to assess the potential impacts of 
ongoing sea-level rising on coastal areas under current global warming 
circumstances. However, previous studies have found that even within a 
specific region, although the relative sea-level (RSL) curves agree with 
each other in general, they can be different in detail due to differences in 
GIA, tectonics, and local processes (Milne et al., 2009; Kopp et al., 2015; 
Khan et al., 2015). For instance, along the Atlantic coast of Europe, the 
reconstructed sea level displayed spatial variability which can be 
attributed to the deglaciation of the British-Irish and Fennoscandian Ice 
sheets (Carlson and Clark, 2012; Cuzzone et al., 2016; García-Artola 
et al., 2018). 

In the far-field of the former ice sheets, the RSL signal varies due to 
the variable response of the earth to ocean loading, and the RSL signal 
was dominated by the rate and magnitude of meltwater input into the 
oceans (e.g., Mauz et al., 2015; Khan et al., 2015; Bradley et al., 2016). 
As eustatic contributions to RSL change usually exceeded glacio-isostatic 
contributions in far-field regions (e.g., Mauz et al., 2015; Khan et al., 
2015), improved knowledge about far-field sea-level change can help 
better constrain the evolution of high-latitude ice sheets which is a 
fundamental parameter in climate models (Bassett et al., 2005; Stanford 
et al., 2011). However, while the general variation trend of the far-field 
sea-level signal is known (e.g., Bassett et al., 2005; Khan et al., 2015), 
the effects and the mechanisms on a regional scale is still poorly con
strained due to insufficient observations over wider areas in the far-field 
(Bassett et al., 2005; Stanford et al., 2011), particularly in East Asia 
(Khan et al., 2015). Investigations of Holocene RSL in the far-field region 
of Asia are mostly concentrated in Southeast Asia (e.g., Horton et al., 
2005; Bird et al., 2010; Chua et al., 2021), although studies have 
expanded in recent years to include South Korea, the Philippines, China, 
the Malay-Thai peninsula, and Japan (cf. Khan et al., 2015 and reference 
therein). In most far-field RSL records, Holocene RSL curves are char
acterized by a mid-Holocene highstand which varies in magnitude and 
timing (e.g., Horton et al., 2005; Woodroffe and Horton, 2005; Bird 
et al., 2010; Khan et al., 2015; Chua et al., 2021). 

The eastern China coast represents one of the most complicated far- 
field regions where the sea-level history is significantly influenced by 
tectonic movements and local processes (e.g., Zheng et al., 2013). In 
addition to meltwater inputs, RSL reconstructions for the eastern China 
coast may also be influenced by active subduction zone tectonics from 
the collision of the Eurasian, Indian, Philippine, and Pacific plates or 
sediment loading from large river deltas (Zong, 2004). Zong (2004) 
collected and calibrated 235 sea-level index points (SLIPs) and recon
structed sea-level histories for six sub-divided regions along the south
east coast of China. The reconstructed sea-level histories displayed 
obvious spatial variabilities and the timing and height of the mid- 
Holocene sea-level highstand varied significantly among different 
coastal regions of southeastern China (Zong, 2004). In particular, RSL 
reconstructions for Fujian and east Guangdong coasts indicate a signif
icant mid-Holocene sea-level highstand, whereas the height of the mid- 

Holocene highstand of other regions is much lower (cf. Zong, 2004). 
Zong (2004) suggested that local processes, such as tectonic movements 
and sedimentary processes, may have modified the middle- to late- 
Holocene sea-level history of the Fujian and eastern Guangdong 
coasts. Due to the lack of proper estimation of tectonic effects and local 
processes, Zong (2004) didn't present the corrected Holocene RSL re
constructions for those two regions. In recent years, sea-level re
constructions for the eastern China coasts have significantly increased 
and have expanded to include RSL reconstructions from the Bohai Bay 
(e.g., Wang et al., 2015, 2020; Li et al., 2021), the Yangtze River Delta 
(Wang et al., 2012, 2013; Liu et al., 2015, 2018; Xiong et al., 2020), and 
the Pearl River Delta (Xiong et al., 2018). However, compared to the 
above areas, Holocene RSL reconstructions for the Fujian coast are still 
sparse. 

Along the Fujian coast, evidence of Holocene RSL change is pre
served in abundant geomorphological and sedimentary archives. As RSL 
can be reconstructed from index points that mark sea-level positions at a 
given place and time, there are pioneering studies that have used pre- 
existing sea-level data to reconstruct the sea-level history along the 
Fujian coast (Fig. 1): RSL reconstructions along the Fujian coast extend 
nearly twenty thousand years into the past and differ significantly across 
the region (Guo, 1979; Lan et al., 1986; Yang and Zheng, 1990; Zeng, 
1991; Wang et al., 1994; Li et al., 2016; Wang et al., 2022). However, 
existing analyses only use a small subset of Fujian RSL data, many of 
which were produced in the 1980's or earlier (e.g., Guo, 1979; Lan et al., 
1986, and references therein) and have yet to be aggregated into a 
quality-controlled, standardized database. Small datasets and a lack of 
data aggregation and standardization make it hard to disentangle and 
understand the different processes that drive RSL change along the 
Fujian coast. 

Here, we select and compile a quality-controlled RSL database 
spanning the Fujian coast, in southeastern China. The comprehensive 
database consists of SLIPs from various geomorphological and sediment 
records. To compile the data and estimate their uncertainties, we 
employ standard procedures agreed upon by the sea-level community (e. 
g., Hijma et al., 2015; Khan et al., 2019) that include defining each in
dicator's indicative meaning to sea-level, calibrating ages to current 
standards, and assessing sources of temporal and vertical uncertainties. 
We employ a Gaussian process (GP) regression model to reconstruct the 
Holocene RSL along the Fujian coast. Moreover, to examine the GIA 

Fig. 1. Published SLIPs-based sea-level reconstructions along the Fujian coast 
(cf. Xie et al., 1986; Wu, 1987; Wang and Wu, 1992; Fang et al., 1992; Zong, 
2004; Li et al., 2016). 
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processes across this region, the 3D Earth model HetM-LHL140 coupled 
with ICE-4G, ICE-6G_C, and ANU-ICE models were used to produce the 
predicted RSLs for the Fujian coast. Our reconstruction yield insights 
into the deglacial sea-level dynamics of the region. We conclude by 
discussing the spatio-temporal variabilities of Holocene RSL that 
possibly contributed to the explanation of tectonic and local processes 
that influence the sea-level change patterns observed in these data. 

2. Regional settings of the study area 

Fujian is an administrative province located on the southeastern 
coast of China, facing the Taiwan Strait (Fig. 2a and b). From a tectonic 
perspective, Fujian belongs to the Southern China Fold System sur
rounding the Pacific Ocean and is characterized by a series of magma 
eruptions and fault activities during the Mesozoic and the Cenozoic (Li, 
1993; Chen et al., 2002). Fault structures are very common in this area 
and are a dominant factor that controls magmatic activity and coastal 
landform formation and development (Fig. 2c): The geological structure 
framework for this region is controlled by a series of NE-trending and 
NW-trending faults. The NE-trending faults include deep faults, such as 
the Zhenghe-Dabu Fault, Changle-Dongshan Fault, and the Coastal Fault 
Zone. Whereas the NW-trending faults include the Shanghang-Yunxiao 
Fault, Shunchang-Minqing Fault, Minjiang River Fault, and Jiulong 
River Fault, etc. (Li, 1988; Li, 1993; Chen et al., 2002). 

The climate in Fujian province is deeply influenced by the East Asian 
monsoon system and is characterized by abundant precipitation, with 
hot summers but mild winters (subtropical maritime monsoon climate). 

Due to the special location and subtropical climate, the Fujian coast 
represents one of the most frequent areas of typhoon storm events in 
China (e.g., Shi et al., 2015). Along the Fujian coast, the Minjiang Es
tuary (in the north) and its adjacent coastal areas are the most 
frequently-influenced by severe typhoon storms (e.g., Shi et al., 2015). 
The tidal range (difference between the high-water level and lower- 
water level) for the northern and middle Fujian coast is higher than 
that for the southern Fujian coast. The average tidal range of Sansha Bay 
at the northern Fujian coast, is reported to be higher than 5 m, repre
senting the very high tidal range reported along China's coast (China 
Gulf Chronicles Compilation Committee (CGCC), 1993). 

3. Materials and methods 

3.1. Sea-level index points (SLIPs) collection and selection 

Previous studies have reported abundant evidence of past sea-level 
change that is preserved in coastal geological archives (e.g., Guo, 
1979; Lan et al., 1986; Yang and Zheng, 1990; Zeng, 1991; Wang et al., 
1994; Li et al., 2016), however, not all those previously-reported SLIPs 
can be used for reliable sea-level reconstruction, especially when 
considering the reliability and uncertainties between different sea-level 
indicators or dating methods. We, therefore, conducted a screening of 
the raw SLIPs dataset, resulting in 59 SLIPs points for the Fujian coastal 
area used in this reconstruction (Table 1). Those SLIPs were selected 
mainly based on the following selection criteria: (1) each SLIP should 
have an unambiguous indicative meaning of past sea-level change 

Fig. 2. The location (a), geographical settings of the study region (b), and spatial distribution of the sea level index points dataset used in this study (c). ① the 
Zhenghe-Dabu Fault; ② the Changle-Dongshan Fault; ③ the Minjiang River Fault; ④the Shunchang-Minqing Fault; ⑤ the Jiulong River Fault; ⑥ the Shanghang- 
Yunxiao Fault. 
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Table 1 
Recalibrated Holocene SLIPs database for the Fujian coast.  

Subregion Sediment type Latitude Longitude C14 date 
(yr BP) 

Cal. age 
(cal. yr BP) 

Calibrated age (2σ, 
cal. yr BP) 

Altitude (m 
YSD) 

Indicative 
meaning (m) 

Sediment 
compaction (m) 

Tectonic 
movement (m) 

*Corrected 
altitude (m YSD) 

Data sournce 

Northern 
Fujian 

Organic silt/clay 
of tidal flat 

27◦09′32.20” 120◦19′52.21” 6267 ±
776 

7069 5322–8642 − 1.35 − 1.70 ± 1.80 0 5.80 − 5.45 ± 1.80 (1) 

Northern 
Fujian 

Ostrea in living 
position 

26◦47′29.78” 120◦02′58.32” 674 ±
103 

202 1–411 0.70 0.30 ± 1.80 0 0.27 0.13 ± 1.80 Wang et al., 
1994 

Northern 
Fujian 

Ostrea in living 
position 

26◦42′20.92” 119◦34′30.56” 1394 ±
130 

851 579–1151 1.00 0.30 ± 1.80 0 1.13 − 0.43 ± 1.80 (2) 

Northern 
Fujian 

Organic silt/clay 
of tidal flat 

26◦39′02.85” 120◦06′33.95” 1796 ±
112 

1697 1414–1983 3.50 − 1.70 ± 1.80 0 2.26 2.94 ± 1.80 Zeng, 1991 

Northern 
Fujian 

Organic silt/clay 
of tidal flat 

26◦36′25.31” 119◦58′30.27” 891 ±
121 

815 569–1058 2.00 − 1.70 ± 1.80 0 1.08 2.62 ± 1.80 Zeng, 1991 

Northern 
Fujian 

Organic silt/clay 
of tidal flat 

26◦30′52.77” 119◦33′53.73” 2200 ±
130 

2190 1831–2690 6.25 − 1.70 ± 1.80 0 2.91 5.04 ± 1.80 Lan et al., 
1986 

Northern 
Fujian 

Ostrea in living 
position 

26◦26′37.90” 119◦45′45.01” 1210 ±
90 

677 496–894 0.50 0.30 ± 1.80 0 0.90 − 0.70 ± 1.80 Xie et al., 
1986 

Northern 
Fujian 

Ostrea in living 
position 

26◦20′10.27” 119◦46′08.59” 833 ±
103 

351 85–555 0.50 0.30 ± 1.80 0 0.47 − 0.27 ± 1.80 Zeng, 1991 

Northern 
Fujian 

Shells in shell 
ridge 

26◦16′48.89” 119◦41′58.64” 2100 ±
150 

1589 1251–1974 6.00 4.10 ± 0.00 0 2.11 − 0.21 ± 0.00 (2) 

Northern 
Fujian 

Brackish/ 
freshwater marsh 

26◦06′52.80” 119◦07′48.20” 1959 ±
23 

1887 1827–1975 1.60 2.10 ± 0.00 0.34 2.42 − 2.58 ± 0.00 Rolett et al., 
2011 

Northern 
Fujian 

Organic silt/clay 
of tidal flat 

26◦05′10.71” 119◦35′58.45” 5110 ±
150 

5854 5593–6186 0.00 − 1.70 ± 1.80 0 4.80 − 3.10 ± 1.80 Wu, 1987 

Northern 
Fujian 

Organic silt/clay 
of tidal flat 

26◦05′03.57” 119◦17′50.40” 2322 2359 2059–2721 − 0.02 − 1.70 ± 1.80 0 3.14 − 1.46 ± 1.80 Wang et al., 
1990 

Northern 
Fujian 

Organic silt/clay 
of tidal flat 

26◦05′03.57” 119◦17′50.40” 8000 8903 8011–9889 − 16.98 − 1.70 ± 1.80 0 12.29 − 27.57 ± 1.80 Wang et al., 
1990 

Northern 
Fujian 

Organic silt/clay 
of tidal flat 

26◦04′32.55” 119◦22′46.64” 4045 ±
75 

4546 4299–4824 1.26 − 1.70 ± 1.80 0 3.73 − 0.77 ± 1.80 Wang, 1990 

Northern 
Fujian 

Organic silt/clay 
of tidal flat 

26◦04′27.50” 119◦35′25.48” 3845 ±
183 

4252 3729–4821 1.28 − 1.70 ± 1.80 0 3.49 − 0.51 ± 1.80 (1) 

Northern 
Fujian 

Brackish/ 
freshwater marsh 

26◦03′59.50” 119◦11′49.50” 8220 ±
30 

9187 9027–9393 − 19.50 2.10 ± 0.00 0.15 14.10 − 35.55 ± 0.00 Rolett et al., 
2011 

Middle 
Fujian 

Organic silt/clay 
of tidal flat 

26◦05′03.57” 119◦17′50.40” 7180 ±
140 

8002 7686–8334 − 14.88 − 1.70 ± 1.80 0 11.04 − 24.22 ± 1.80 Yang, 1988 

Middle 
Fujian 

Organic silt/clay 
of tidal flat 

25◦49′06.76” 119◦34′55.62” 3246 ±
160 

3474 3062–3884 3.45 − 1.61 ± 1.86 0 3.02 2.04 ± 1.86 (3) 

Middle 
Fujian 

Beachrock 25◦38′33.04” 119◦46′29.52” 3500 ±
168 

3287 2836–3724 5.50 1.32 ± 1.07 0 2.86 1.32 ± 1.07 Xie et al., 
1983 

Middle 
Fujian 

Beachrock 25◦38′32.55” 119◦46′28.73” 3015 ±
80 

2700 2241–3186 4.50 1.32 ± 1.07 0 2.35 0.83 ± 1.07 Bi, 1984 

Middle 
Fujian 

Ostrea in living 
position 

25◦23′53.93” 119◦06′6.49” 1420 ±
60 

867 687–1052 0.50 0.26 ± 2.13 0 0.75 − 0.51 ± 2.13 Zeng, 1991 

Middle 
Fujian 

Organic silt/clay 
of tidal flat 

25◦23′22.21” 119◦05′20.76” 6730 ±
220 

7599 7168–8007 − 0.10 − 1.61 ± 1.86 0 3.72 − 2.21 ± 1.86 Zhang and 
Liu, 1993 

Middle 
Fujian 

Ostrea in living 
position 

25◦22′38.66” 119◦05′44.85” 3685 ±
150 

3522 3118–3936 2.40 0.26 ± 2.13 0 3.06 − 0.92 ± 2.13 Zeng, 1991 

Middle 
Fujian 

Beachrock 25◦13′29.49” 119◦07′26.72” 3347 ±
120 

3600 3173–4078 3.00 1.32 ± 1.07 0 3.13 − 1.45 ± 1.07 Xie et al., 
1983 

Middle 
Fujian 

Beachrock 25◦12′47.49” 118◦59′50.75” 4185 ±
110 

4701 4417–5023 2.20 1.32 ± 1.07 0 2.30 − 1.42 ± 1.07 Wu, 2002 

Middle 
Fujian 

Beachrock 25◦11′48.16” 119◦18′14.61” 1620 ±
70 

1081 895–1276 4.00 1.32 ± 1.07 0 0.94 1.74 ± 1.07 Bi and Yuan, 
1987 

(continued on next page) 
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Table 1 (continued ) 

Subregion Sediment type Latitude Longitude C14 date 
(yr BP) 

Cal. age 
(cal. yr BP) 

Calibrated age (2σ, 
cal. yr BP) 

Altitude (m 
YSD) 

Indicative 
meaning (m) 

Sediment 
compaction (m) 

Tectonic 
movement (m) 

*Corrected 
altitude (m YSD) 

Data sournce 

Middle 
Fujian 

Beachrock 25◦11′27.89” 119◦17′57.44” 2310 ±
85 

1831 1574–2094 5.00 1.32 ± 1.07 0 1.59 2.09 ± 1.07 Wang, 1983 

Middle 
Fujian 

Beachrock 25◦11′27.89” 119◦17′57.44” 1805 ±
70 

1266 1061–1469 0.00 1.32 ± 1.07 0 1.10 − 2.42 ± 1.07 Bi and Yuan, 
1987 

Middle 
Fujian 

Beachrock 25◦09′51,75” 119◦31′33.58” 3150 ±
180 

2873 2398–3331 7.00 1.32 ± 1.07 0 2.50 3.18 ± 1.07 Xie et al., 
1983 

Middle 
Fujian 

Beachrock 25◦09′51.75” 119◦31′33.58” 4000 ±
140 

3920 3523–4332 6.35 1.32 ± 1.07 0 3.41 1.62 ± 1.07 Xie et al., 
1983 

Middle 
Fujian 

Beachrock 25◦08′28.06” 118◦56′19.45” 2880 ±
85 

2542 2295–2769 2.60 1.32 ± 1.07 0 2.21 − 0.93 ± 1.07 Bi and Yuan, 
1987 

Middle 
Fujian 

Organic silt/clay 
of tidal flat 

24◦55′29.43” 118◦35′14.98” 8120 ±
160 

9045 8601–9437 − 10.80 − 1.61 ± 1.86 0 18.54 − 27.73 ± 1.86 (4) 

Middle 
Fujian 

Beachrock 24◦52′19.81” 118◦56′53.48” 2885 ±
139 

2542 2154–2893 3.00 1.32 ± 1.07 0 2.21 − 0.53 ± 1.07 Guo and Li, 
1987 

Middle 
Fujian 

Organic silt/clay 
of tidal flat 

24◦32′43.43” 117◦41′50.45” 4910 ±
120 

5656 5327–5913 0.10 − 1.61 ± 1.86 0 2.77 − 1.06 ± 1.86 Chen and 
Huang, 1987 

Middle 
Fujian 

Mangrove 24◦29′12.99” 118◦05′02.41” 3459 ±
138 

3728 3399–4087 1.00 2.26 ± 2.01 0 3.24 − 4.50 ± 2.01 Xie, 1991 

Middle 
Fujian 

Shells in shell 
ridge 

24◦28′26.30” 117◦55′58.82” 4300 4311 3713–4860 1.50 4.39 ± 0.00 0 2.11 − 5.00 ± 0.00 Zheng, 1990 

Middle 
Fujian 

Shells in shell 
ridge 

24◦28′26.30” 117◦55′58.82” 2350 ±
120 

1882 1549–2216 2.70 4.39 ± 0.00 0 1.64 − 3.33 ± 0.00 Zheng, 1990 

Middle 
Fujian 

Shells in shell 
ridge 

24◦28′26.30” 117◦55′58.82” 1300 757 582–933 3.80 4.39 ± 0.00 0 0.66 − 1.25 ± 0.00 Zheng, 1990 

Middle 
Fujian 

Organic silt/clay 
of tidal flat 

24◦28′17.02” 118◦04′46.72” 2456 ±
145 

2526 2149–2847 − 3.10 − 1.61 ± 1.86 0 2.20 − 3.69 ± 1.86 Cai, 1988 

Middle 
Fujian 

Organic silt/clay 
of tidal flat 

24◦28′17.02” 118◦04′46.72” 8960 ±
240 

10,045 9493–10,679 − 18.40 − 1.61 ± 1.86 0 20.59 − 37.38 ± 1.86 Cai, 1988 

Middle 
Fujian 

Organic silt/clay 
of tidal flat 

24◦22′41.15′′ 117◦51′37.34” 8010 ±
40 

8879 8725–9007 − 8.03 − 1.61 ± 1.86 0 17.17 − 23.59 ± 1.86 Li, 2014 

Southern 
Fujian 

Ostrea in living 
position 

24◦28′05.85” 117◦46′19.58” 3150 ±
150 

2873 2462–3275 2.20 0.49 ± 1.15 0 3.28 − 1.57 ± 1.15 Chen et al., 
1982 

Southern 
Fujian 

Ostrea in living 
position 

24◦27′29,57” 117◦45′39.18” 3330 ±
150 

3083 2715–3456 2.80 0.49 ± 1.15 0 3.51 − 1.20 ± 1.15 Chen et al., 
1982 

Southern 
Fujian 

Organic silt/clay 
of tidal flat 

24◦26′10.88” 117◦54′07.90” 602 ± 50 600 530–658 1.00 − 0.78 ± 1.23 0 0.68 1.09 ± 1.23 (1) 

Southern 
Fujian 

Organic silt/clay 
of tidal flat 

24◦26′10.88” 117◦54′07.90” 2051 ±
112 

2009 1740–2310 − 0.06 − 0.78 ± 1.23 0 2.29 − 1.58 ± 1.23 (1) 

Southern 
Fujian 

Organic silt/clay 
of tidal flat 

24◦26′10.88” 117◦54′07.90” 7250 ±
162 

8076 7752–8378 − 13.78 − 0.78 ± 1.23 0 11.63 − 24.63 ± 1.23 (1) 

Southern 
Fujian 

Organic silt/clay 
of tidal flat 

24◦26′10.88” 117◦54′07.90” 7604 ±
149 

8406 8031–8760 − 14.53 − 0.78 ± 1.23 0 12.10 − 25.86 ± 1.23 (1) 

Southern 
Fujian 

Organic silt/clay 
of tidal flat 

24◦26′10.88” 117◦54′07.90” 8480 ±
157 

9462 9026–9892 − 20.16 − 0.78 ± 1.23 0 13.63 − 33.01 ± 1.23 (1) 

Southern 
Fujian 

Organic silt/clay 
of tidal flat 

24◦26′10.88” 117◦54′07.90” 8779 ±
159 

9845 9531–10,222 − 25.86 − 0.78 ± 1.23 0 14.18 − 39.26 ± 1.23 (1) 

Southern 
Fujian 

Organic silt/clay 
of tidal flat 

24◦26′05.65” 117◦52′58.75” 4184 ±
112 

4701 4416–5029 2.00 − 0.78 ± 1.23 0 3.71 − 0.94 ± 1.23 (2) 

Southern 
Fujian 

Mangrove 24◦26′05.65” 117◦52′58.75” 4184 ±
112 

4701 4416–5029 1.00 1.63 ± 1.18 0 3.71 − 4.34 ± 1.18 Xie, 1991 

Southern 
Fujian 

Organic silt/clay 
of tidal flat 

24◦22′37.51” 117◦51′53.89” 2180 ±
80 

2176 1951–2345 2.20 − 0.78 ± 1.23 0 2.48 0.49 ± 1.23 (4) 

Southern 
Fujian 

Organic silt/clay 
of tidal flat 

24◦22′37.51” 117◦51′53.89” 3910 ±
90 

4333 4008–4611 0.10 − 0.78 ± 1.23 0 3.42 − 2.55 ± 1.23 (4) 

(continued on next page) 
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(Table 2); (2) the SLIP should be directly dated by radiometric dating. 

3.2. The calibration of the age for sea-level index points (SLIPs) 

As listed in Table 1, radiocarbon ages collected in this study were 
determined using either the liquid scintillation counting (LSC) technique 
or accelerator mass spectrometry (AMS). In previous publications, some 
radiocarbon dates were calibrated with the international calibration 
curves, whereas others were not. For standardization, here we recali
brated all radiocarbon dates into calendar years before the present (BP, 
1950 CE), using the Calib 8.20 software: The IntCal20 curve (Reimer 
et al., 2020) was used for the age calibration of terrestrial samples, while 
the Marine20 curve (Heaton et al., 2020) was used for the age calibra
tion of marine samples. For samples collected in marine settings, a 
marine carbon reservoir effect of − 66 years (δR = − 66 ± 30) was used 
to perform the marine carbon reservoir calibration (Marine Reservoir 
Correction Database, http://calib.org/marine/). The carbon reservoir 
effect of − 66 years is determined by averaging 6 reported ΔR values 
(recalculated from Marine20) near the Fujian coast (cf. Yoneda et al., 
2007). 

3.3. The correction of the elevations for sea-level index points (SLIPs) 

Accurate sea-level reconstruction greatly relies on the clear defini
tion/calibration of the indicative meaning of each SLIP. However, the 
reported elevation of each SLIP is influenced by both regional tectonic 
movements and post-depositional compaction effects (cf. Brain, 2016). 
Moreover, even if the SLIP's elevation is accurate enough, a precise es
timate of the tidal ranges also plays an important role in calculating/ 
modelling the past RSL position. Those above-mentioned effects were 
corrected according to the following procedures. 

3.3.1. Tidal range correction 
Many previous investigations on the Holocene RSL reconstructions 

assigned a uniform tidal range for the entire region. Similarly, most sea- 
level reconstructions for the Fujian coast used a uniform tidal range 
(tidal gauge observations from the Minjiangkou station) to calculate the 
indicative ranges for all SLIPs (e.g., Zong, 2004; Li et al., 2016). How
ever, this may induce potential errors in sea-level reconstruction 
because modern tidal gauge observations have shown significant dif
ferences for different subregions of the Fujian coast (Table 3; China Gulf 
Chronicles Compilation Committee (CGCC), 1993). Assuming the past 
tidal range is similar to the modern tidal gauge observations along the 
Fujian coast, we here used the tidal ranges of Minjiangkou (in the 
northern Fujian coast), Chongwu (in the middle Fujian coast), and 
Dongshan (in the southern Fujian coast), to calculate the indicative 
meaning of SLIPs collected from the northern, middle, and southern 
Fujian coasts, respectively (Fig. 2c; Table 1). Ta
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Table 2 
Indicative meaning and ranges for different types of SLIPs used in this study.  

Sediment type Indicative 
meaning 

Calculation of the 
indicative level 

Calculation of the 
indicative range 

Organic silt/clay 
of tidal flat 

LLW to MTL LLW+(MTL-LLW)/2 (MTL-LLW-MTL)/2 

Shells in shell 
ridge 

2 m above 
MHW 

MHW + 2 0.00 

Beachrock MTL to MHW (MTL+(MHW- 
MTL)/2 

(MHW-MTL)/2 

Ostrea in living 
position 

MLW to 
MHW 

MLW+(MHW- 
MLW)/2 

(MHW-MLW)/2 

Brackish/ 
freshwater 
marsh 

Local MHW MHW 0.00 

Mangrove MTL to HHW |MTL-HHW|/2 (HHW-MTL)/2  
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3.3.2. Correction of the sediment compaction effects and tectonic effects 
As pointed out by previous studies, sedimentary compaction can 

significantly change the vertical elevation of SLIPs (cf. Brain, 2016). 
However, due to the lack of detailed information for each SLIP, such as 
the borehole length, lithology, and texture composition, the effects of 
compaction on the vertical elevation of the SLIPs were not corrected. 

The regional tectonic movements of the Fujian province are quite 
active and complex, especially during the Cenozoic (Li, 1988; Li, 1993; 
Chen et al., 2002). Considering the spatial variations in the vertical 
movement for different subzones (e.g., Yu and Wu, 1989; Liu et al., 
1998) and taking the two NW-trending faults (Min River fault and Jiu
long River fault) as natural boundaries, we here divided the Fujian Coast 
into three subzones (Fig. 2c), namely northern Fujian, middle Fujian, 
and southern Fujian, respectively. The vertical movement rate for each 
subzone is calculated using the following Eq. (1). 

V = ∣(A − S)∣/t (1) 

Where the V represents the vertical movement rate (mm/yr); A de
notes the corrected elevation value of each SLIP after tidal range 
correction; S is the simulated past far-field eustatic sea-level position 
(Lambeck et al., 2014) when the SLIP is deposited/formed; and t rep
resents the age of the SLIP. After calculation, a specific vertical move
ment rate of each subzone (the subregion-averaged value based on all 
SLIPs in the subregion) is then assigned to each SLIP collected from three 
different tectonic subzones, respectively. 

We are aware of the fact that one of the ideal indicators of the long- 
term tectonic stability is the elevational difference of the previous and 
present interglacial marine deposits. However, to the best of our 
knowledge, the surface elevation of last interglacial marine deposits for 
the Fujian coast is not available presently. This suggests that geological 
data that can help address the vertical movement rates is not available 
for the Fujian coast. Alternatively, in many studies (e.g., Chen, 1986; Yu 
and Wu, 1989) the vertical tectonic movement rates were estimated as 
the offset between the SLIPs-based sea-level reconstructions and the 
global far-field sea-level variation curve, this method is also employed 
by this study. This is not a perfect estimation of the regional vertical 
tectonic movement rates since uncertainty still exists. However, as 
shown in Table 4, the estimated vertical movement rate (this study) is 
0.82–1.38 mm/yr for the northern Fujian coast, 0.49–2.05 mm/yr for 

the middle Fujian coast, and 0.79–1.44 mm/yr for the southern Fujian 
coast, respectively. These estimations are broadly consistent with 
previously-reported results as listed in Table 4. Considering the consis
tency, we believe that our estimations of the vertical movement rates are 
still acceptable. Even though, additional work and datasets are needed 
to better constrain the regional tectonic movements, which will even
tually improve the accuracy and robustness of Holocene RSL 
reconstructions. 

3.4. Statistics and quantitative analyses 

After all age calibrations and elevation corrections to the SLIPs were 
performed, an empirical Bayesian GP regression sea-level model (Khan 
et al., 2017; Ashe et al., 2019) was employed to generate the Holocene 
coastal sea-level change curve for the Fujian Coast. The generated 
sea-level curve integrated uncertainties in the indicative ranges and 
dating technique and automatically yields the estimated RLS with 1σ 
and 2σ uncertainties. The sea-level reconstruction was performed using 
the Matlab code provided by Ashe et al. (2019). 

3.5. Modelling of relative sea-level (RSL) 

To examine the GIA process and effects on Fujian sea-level change, 
RSL predictions were computed for this specific area using GIA models. 
We used three ice models: ICE-4G (Peltier, 1994), ICE-6G_C (Argus et al., 
2014; Peltier et al., 2015), and a model developed at the Australian 
National University by Kurt Lambeck and collaborators, hereafter 
referred to as ANU-ICE (e.g., Lambeck and Purcell, 2005; Lambeck et al., 
2014, 2017). We used the 3D Earth model HetM-LHL140 (Li and Wu, 
2019) to couple with the three ice models in this study. The use of 3D 
Earth model is suggested by the ANU-ICE (Lambeck et al., 2014, 2017) 
and ICE-6G_C ice model (e.g., Li et al., 2022). The parameters of the 3D 
Earth model were tuned to achieve the best fit with GIA-related obser
vational data in North America and Fennoscandia when fixed with the 
ICE-6G_C (e.g., Peltier et al., 2015) ice model (Li et al., 2018; Li and Wu, 
2019). The GIA modelling results for the Fujian province are shown in 
Fig. S1. 

Table 3 
Reference tidal levels of three representative tidal gauge stations from the northern-, middle-, and southern Fujian coasts, respectively.  

Subregion Tide gauges HHW (m) MHW (m) MTL (m) MLW (m) LLW (m) Data source 

Northern Fujian Minjiangkou 3.7 2.1 0.1 − 1.5 − 3.5 Zong, 2004 
Middle Fujian Chongwu 4.26 2.39 0.25 − 1.87 − 3.47 1960–1983, China Gulf Chronicles Compilation Committee (CGCC), 1993 
Southern Fujian Dongshan 2.8 1.64 0.45 − 0.66 − 2 1960–1987, China Gulf Chronicles Compilation Committee (CGCC), 1993 

Note: Tidal levels were calibrated into the National Yellow Sea Elevation datum (YSD). The averaged water levels of the three tide gauge stations are based on tidal 
gauge observations for the period of longer than 19 years. 

Table 4 
Range of the Holocene tectonic movement rates along Fujian coast by different studies.  

Northern Fujian Coast 
(mm/yr) 

Middle Fujian Coast 
(mm/yr) 

Southern Fujian Coast 
(mm/yr) 

Reference level Time scale Method Data sources 

− 7.0 to 4.0 − 7.0 to 4.0 − 7.0 to 4.0 Eurasian reference 
frame 

1972–2012 GPS observation Wu, 2013 

– 0.10–0.26 – Eustatic sea level Since MIS 5e Geological 
reconstruction 

Pedoja et al., 
2008 

1.81 to 2.45 1.81 to 2.45 − 0.7 to 2.24 Eustatic sea level Holocene Geological 
reconstruction 

Chen, 1986 

0.85 to 2.68 0.9 to 1.185 0.525 to 2.8 Eustatic sea level Holocene Geological 
reconstruction 

Yu and Wu, 
1989 

1.33 / 0.82 / 1.38 0.87 / 0.49 /2.05 1.14 / 0.79 / 1.44 Eustatic sea level Holocene Geological 
reconstruction 

This study*  

* Data calculated by this study: the tectonic movement rates are shown for the late Holocene (1–4 cal. kry BP), / Mid Holocene (4–8 cal. kyr BP), and / Early Holocene 
(8–12 cal. kyr BP), respectively. For other studies, the tectonic movement rates might only cover some of the subregions without separating different substages of the 
Holocene. Minus rate values denote subsidence. 

F. Yu et al.                                                                                                                                                                                                                                       
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4. Results 

The GP regression modeled RSL changes for the Fujian coast are 
shown in Fig. 3. The overall Holocene sea-level variation trend for the 
Fujian coast generally display staged characteristics. The regional RSL 
rose rapidly from about − 37 m to about -1 m from 10 to 7 cal. kyr BP, 
with an average rate of approximately 11.3 mm/a. The RSL reached its 
present height at about 7 cal. kyr BP and stabilized afterward. The GP 
regression modeled sea-level curves seems to suggest the possible exis
tence of a mid-Holocene (from 7.5 to 5.5 cal kyr BP) sea-level highstand 
along the Fujian coast (Fig. 3a). 

Detailed examination of the RSL curves for different subregions 
along the Fujian coast indicates that the general trend of Holocene sea- 
level variation in the northern-, middle- and southern-Fujian coast were 
roughly the same, but discrepancies still exist (Fig. 3). In the early Ho
locene (10–7 cal. kyr BP), all reconstructed regional sea-level curves for 
the different subzones rose rapidly, but the rate of RSL rise in the south 
was the highest (12.8 mm/a), followed by that for the middle Fujian 
(10.9 mm/a), and the northern Fujian coast (7.3 mm/a), respectively. 
Another significant difference among the sea-level curves of different 
subregions of the Fujian coast is the time when the sea-level reaches the 
present level: the reconstructed sea-level curves for the middle and 
southern Fujian coast reached near modern-day level during the mid- 
Holocene (ca. 7 kyr BP), but the RSL for the northern Fujian coast 
continued to increase until to approximately 4 cal. kyr BP. In addition, 
the reconstructed (mid-Holocene) sea level in the northern Fujian coast 
is slightly higher than modern sea level, the fluctuation in RSL is more 
obvious in the middle-Fujian coast than that in the northern Fujian 
(Fig. 3c), whereas the mid-Holocene sea level in the southern-Fujian 

coast is slightly lower than modern sea level (Fig. 3b, c, and d). 

5. Discussion 

5.1. Comparison of Holocene Sea-level reconstructions for eastern China 
coasts 

The SLIPs-reconstructed Holocene sea-level curve for the Fujian 
coast is broadly consistent with previous Holocene sea-level re
constructions in China (e.g. Zong, 2004; Xiong et al., 2018, 2020; Li 
et al., 2021), despite this, detailed sea-level variations vary from region 
to region. As shown in Fig. 4, almost all reconstructed Holocene sea- 
level curves along the eastern China coast display three different 
stages: (1) the early Holocene with rapid sea-level rise; (2) the late 
Holocene with relatively stable sea level, and (3) the transitional middle 
Holocene with RSL between the above two stages. The transitional mid- 
Holocene is characterized by relatively high sea-level stand in several 
regions (e.g. Luengo et al., 2021; Zhang et al., 2021; Oliver and Terry, 
2019). 

Discrepancies, however, still exists: In northern China, the Holocene 
sea level for the western Bohai coast rose rapidly in the early Holocene 
but gradually stabilized at 7.5–6.8 cal. kyr BP (Fig. 4). From 6.8 to 3 cal. 
kyr BP, the reconstructed sea level for the western Bohai Bay coast varies 
by <1 m (Li et al., 2021). In the East China Sea (Xiong et al., 2020), the 
reconstructed sea-level (at the Hangzhou Bay) rose from − 38.3 ± 1.6 m 
to the modern-day height during 10–7 cal. kyr BP. In the middle Holo
cene (7–4 cal. kyr BP), sea-level reconstruction displayed fewer varia
tions and gradually decreased to modern-day level afterward (Fig. 4), 
except for a slight increase to 0.8 ± 1.4 m at 6.5 cal. kyr BP (Xiong et al., 

Fig. 3. SLIPs-based sea level reconstructions for the Fujian coast and subregions. (a) the entire Fujian coast database; (b) the northern Fujian coast; (c) the middle 
Fujian coast; (d) the southern Fujian coast. 
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2020). In southern China, Xiong et al. (2018) revealed the Holocene RSL 
increased from − 49.3 ± 0.8 m to the modern sea-level height during 
10.5–7 cal. kyr BP (Fig. 4). However, relative sea-level variations were 
quite small since 7 cal. kyr (Xiong et al., 2018). In our records, Fujian 
coastal RSL rose rapidly from about − 37 m to the modern-day height 
from 10 to 7 cal. kyr BP. Only minor variations in RSL were observed 
over the past 7 cal. kyr BP (Fig. 4). 

Notable differences (Fig. 3b, c, and d) among subregional sea-level 
curves for the northern-, middle-, and southern-Fujian coast are also 
obvious, which are attributable to the special geographical location and 
complex tectonic background of the Fujian Province (Fig. 2). Fujian 
Province is located at the convergent boundary between the Pacific 
Ocean and Eurasia Plates (Fig. 2a). The oceanic (Philippines, Pacific) 
plate collided and subducted toward Taiwan Island and mainland China, 
resulting in continuous uplifting along the coast of Fujian. Moreover, 
because of the strong and active tectonic movements, NE and NW fault 
series (Fig. 2c) occurred frequently along the Fujian coast. Those 
regional-specific tectonic and crustal movement backgrounds (Chen and 
Liu, 2000; Zong, 2004) cast a unique regional sea-level curve for the 
Fujian coast that is different from other sea-level curves for the eastern 
China coast. 

5.2. Global meltwater discharge controls the early-Holocene Sea-level rise 

Global ice sheet dynamics have been suggested as the primary factor 
that dominates global sea-level change during the Pleistocene (Milne 
et al., 2009). Numerous geological reconstructions have confirmed that 
during the LGM the global mean sea level was about 120 m lower than 
present level because a large amount of water was frozen in the polar 
regions due to a significant decrease in global temperature (e.g., Mix 
et al., 2001). The subsequent deglaciation melted the giant glaciers and 
ice sheets at high latitudes and in the polar regions, causing a rise in the 
global mean sea-level (Mix et al., 2001; Milne et al., 2009). The ~40 m 
amplitude of the early-Holocene sea-level rise along the coast of Fujian 
was comparable to and was almost consistent with previous re
constructions in the coastal areas of eastern China and southeast Asia 
(Fig. 4). For example, in the Hangzhou Bay (eastern China coast) and the 
Pearl River Delta (southern China coast), the reconstructed sea-level 
variation rose rapidly from − 40 m to − 5 m during 10–8 cal. kyr BP 
(Xiong et al., 2018, 2020). In the Malay Peninsula, the SLIPs- 
reconstructed sea-level history also displays a rapid rise from − 40 m 
to − 5 m during the same period (Tam et al., 2018). Such similarities 
indicate that the early Holocene sea-level change generally follows the 

ice-melting equivalent sea-level (IESL) variations along the western 
North Pacific coasts (Xiong et al., 2020). 

Despite the similarities, the patterns and rates of the early Holocene 
sea-level rise vary from region to region in global records. For example, 
in our records, the reconstructed early Holocene sea-level curve quickly 
increased to approximately the modern height without obvious/notable 
acceleration and/or plateau in the sea-level curve (Fig. 3a). Some other 
studies, however, have suggested that the Meltwater Pulse (MWP) may 
lead to an acceleration in global sea-level rise (e.g., Liu and Milliman, 
2004; Bird et al., 2007; Hori and Saito, 2007). Li et al. (2014) divided the 
deglacial sea-level variation into seven stages, including four 
accelerated-rising stages and three slowdown-rising stages, among 
which the accelerated-rising stages were suggested to be linked to MWP 
events (Li et al., 2014). In the reconstructed Western Pacific sea-level 
curve (Liu et al., 2004), three rapid sea-level rise stages were recog
nized and have been attributed to three MWP events since the last 12 kyr 
BP. Bird et al. (2007) also recognized an acceleration in the early Ho
locene sea-level in Singapore (approximately at 7.3 kyr BP) which is 
slightly later than the MWP-2 event (7.6–7.5 cal. kyr BP, cf. Blanchon 
et al., 2002), after a relatively stable sea-level stage during 8–7.3 cal. kyr 
BP. 

However, those MWP-like events were not apparent in our SLIPs- 
based sea-level reconstructions (Fig. 3). One reason might be that the 
complex local tectonic movements have overlay the MWP-like sea-level 
rise. Another possible reason is the paucity of SLIPs used to generate the 
Holocene sea-level curves. As shown in Fig. S2, there are only 12 SLIPs 
spanning the period from 10 cal. kyr BP to 7 cal. kyr BP. The lack of SLIPs 
prevents a thorough understanding of early Holocene sea-level curve for 
the Fujian coast. Despite the above-mentioned deficiency, our SLIPs still 
have captured the general trend of sea-level history along the Fujian 
coast. This study demonstrates that the early-Holocene sea-level change 
was primarily influenced by global meltwater discharge. 

5.3. The possibility of mid-Holocene Sea-level highstand 

The possible existence of a mid-Holocene sea-level highstand rep
resents one of the most controversial and debatable issues in Quaternary 
sea-level change studies. The mid-Holocene climate optimum, also 
called mid-Holocene thermal maximum, is a well-known warm period 
that opens a possibility for the sea-level highstand (cf. Guilcher, 1969). 
Globally, many sites provide evidence of higher than present sea level 
dated back to the mid- to late-Holocene, such as in Argentina (Luengo 
et al., 2021), Malay Peninsula (Zhang et al., 2021), Thailand (Oliver and 
Terry, 2019), and Australia (Dougherty et al., 2019), etc. According to 
the times and heights of the mid-Holocene sea-level highstand recorded 
from tectonically stable sites in the tropics, Zong (2013) proposed that 
the amplitude of mid-Holocene sea-level highstand decreases from its 
maximum at the equator toward mid-latitudes or intermediate-field sites 
where highstand are not recorded. In terms of the timing of the sea-level 
highstand in the tropics, variations exist among different sites: records 
from the southeastern coast of India showed that the sea-level highstand 
started at around 7430 to 7190 cal. yr BP, whereas records from the 
Central New South Wales of Australia showed the highstand occurred at 
5500–4800, and 3600–1500 cal. yr BP (Zong, 2013). Along the south 
coast of China, a mid-Holocene sea-level highstand of approximately 1 
m above the present-day sea-level has been reported (Zong, 2004). 

Some other studies, however, argued that the Holocene sea-level 
highstand assumption is explainable by either GIA or regional crustal 
movement effects (e.g., Zong, 2004, 2013). Among them, GIA effects 
represent the dynamic response of solid Earth to mass redistribution of 
ice/water during a glacial-interglacial cycle (Peltier, 1999). The effects 
of GIA are more significant in the near-field areas than that in the far- 
field regions (Peltier, 1999). For East Asia, which is located in the 
mid-latitudes, the effects of GIA on regional sea-level change have sel
domly been investigated or discussed. However, there are two main 
processes that can modulate sea-level variation in the far-field region 

Fig. 4. Sea-level reconstructions for the Fujian coast (this study) and its com
parison with other observations for different coastal regions of the China coast. 
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and thus should be taken into consideration in explaining the far-field 
regional sea-level reconstructions (Mitrovica and Milne, 2002): (1) 
Ocean syphoning effects, which refers to the redistribution of water from 
far-field oceanic basins to the site of collapsing peripheral bulges, 
resulting in RSL fall in far-field oceanic basins; (2) Continental levering 
effects, which refers to a tilting of the continental margins due to the 
increased ocean-loading following deglaciation, leading to a decrease in 
RSL both in the near- and far-fields (Mitrovica and Milne, 2002). 

There has been an improvement in the ability of numerical models to 
predict the spatial and temporal patterns of RSL changes for the eastern 
China coast (e.g., Bradley et al., 2016 and reference therein). In our 
reconstruction, the GP model estimated a possible highstand of Fujian 
coastal sea level from 7.1 to 5.9 cal. kyr BP (within 2σ uncertainties). 
The upper limit of the 1σ uncertainty can be as high as 2.5 m, which is 
comparable to the height and timing of the previously reported mid- 
Holocene sea-level highstand on the South China Sea coast (Fig. 3; 
Zong, 2004; Xiong et al., 2018). Our reconstructions broadly agree with 
the China region-specific model of Holocene ice-volume equivalent sea- 
level change (Fig. 5; Bradley et al., 2016), which is characterized as an 
initial slowdown in the rate of RSL rise at 7 cal. kyr BP, associated with 
the final deglaciation of the Laurentide ice sheet (cf. Bradley et al., 
2016). In the ICE-6G_C, the projected Fujian coastal sea level rose 
rapidly until 8 cal. kyr BP, when there was a marked slowdown in the 
rate of melting. Following a secondary minor slowdown at 7 cal. kyr BP, 
the ICE-6G_C model suggests the RSL reached to a stabilized level about 
1 millennium earlier than in our SLIPs-based reconstruction (Fig. 5). The 
ANU-ICE RSL modelling differs from the ICE-6G_C RSL modelling in the 
timing of the initial slowdown in RSL rise (7 kyr BP versus 8 kyr BP) and 
the amplitude of Holocene sea-level highstand: the ANU-ICE RSL pre
dictions displayed an initial slowdown in the rate of RSL rise at 7 kyr BP 
with lowered (than ICE-6G_C predictions) highstand levels during the 
mid- and late-Holocene. 

Misfits between the model predictions and SLIPs based sea-level re
constructions are also obvious: (1) our RSL reconstructions were 
significantly lower than the China-specific RSL model and ICE-6G_C 
model predictions during the early-Holocene; (2) both our SLIPs-based 
reconstructions and China-specific RSL model didn't show significant 
highstand whereas the ICE-6G_C model and ANU-ICE model suggest a 
mid-Holocene sea-level highstand of about 3 m, and 1.5 m for the Fujian 
coast, respectively (Fig. 5); (3) Since the mid- to late-Holocene (7 cal. kyr 
BP to present), our reconstructed sea-level fluctuated around the 
modern-day sea-level (similar to the China-specific RSL model 

predictions, Bradley et al., 2016) but the ICE-6G_C model and ANU-ICE 
model predicted RSLs gradually decreased to modern levels due to the 
‘ocean syphoning’ and ‘continental levering’ effects (Mitrovica and 
Milne, 2002). 

Chua et al. (2021) also reported a mismatch between the SLIPs-based 
estimation and GIA-process-based predictions in the Singapore (far- 
field) coastal sea-level reconstructions: mid-Holocene sea-level high
stand occurred at ca. 7 cal. kyr BP in the GIA modeled predictions but 
occurred at around 5 cal. kyr BP in the SLIPs-estimated reconstructions. 
Chua et al. (2021) attributed the data-model difference to local-specific 
tectonic movements (such as subsidence of continental shelf) and/or 
uncertainties in the time and amount of the ice-sheet melting when 
predicting the past sea-level positions. As both Fujian and Singapore are 
located in far-field regions, the reasons for the misfits between our SLIPs- 
estimated sea level and GIA-process-based predictions are similar. Xiong 
et al. (2020) compared sea-level datasets from the Malay Peninsula and 
Hangzhou Bay (the eastern China coast) and have concluded that the 
GIA effects for the Cathaysia-Yangtze blocks (southeastern China) and 
the Sundaland are different, possibly due to differences in geological 
settings and differences in the upper mantle viscosity between these two 
landmasses (Bradley et al., 2016; Xiong et al., 2020): Fujian province is 
located within the Eurasian Plate and is surrounded by active subduc
tion zones (e.g. Liu et al., 2022). Along the southeastern coast of China, 
the Pacific and Philippine sub-plate subducts below the Eurasian plate 
(Fig. 2) whereas the Malay-Thailand Peninsula sits within a geologically 
stable region called Sundaland. Despite the relatively close geographical 
distance and similar general tectonic setting, the shallow earth structure 
below China appears to be more geodynamically complex than that 
below Malay-Thailand. Bradley et al. (2016) used data-model compar
isons to suggest that the obvious mid-Holocene sea-level highstand as 
predicted in GIA-process models is attributable to the stronger mantle 
viscosity parameter used in the VM2 earth model. Such parameter 
coupling with the ICE-5G model generated a significant highstand at 8 
kyr BP for the China sites (Bradley et al., 2016). When lower mantle 
viscosity values were used, the amplitude of the mid-Holocene high
stand significantly decreased (cf. Bradley et al., 2016 and reference 
therein). 

Our records and China-specific IESL modelling suggest no significant 
highstand along the Fujian coast (Fig. 5; Bradley et al., 2016), however, 
it is still unwise to reject the possibility of mid-Holocene sea-level 
highstand due to the fact that there are sparse SLIPs spanning the mid- 
Holocene (from 7 cal. kyr BP to 4 cal. kyr BP). The temporal distribu
tion of our Holocene SLIPs is uneven, with >74% points after 5 cal. kyr 
BP (Fig. S2). The database lacks SLIPs between 8 and 5 cal. kyr BP 
(<5%), resulting in a less-robust estimation of the amplitude and vari
ation characteristics of mid-Holocene sea-level change. Additional Ho
locene SLIPs along the Fujian coast are needed before a robust 
conclusion can be reached. 

Moreover, a previous examination of the spatial pattern of predicted 
sea level along the coastline of China (using the ICE-5G VM2 GIA model) 
shows that there is no notable difference between the northern and 
central China coast, implying that the observed diverse spatial vari
ability in China coastal sea-level curves is not due to GIA but to other 
processes. Therefore, an improved understanding and/or better esti
mation of the localized factors, such as coastal geometries, and tectonic 
movements might be needed for the understanding of the “mid-Holo
cene highstand” hypothesis (cf. Zong, 2004, 2013). 

5.4. Late-Holocene relative sea-level (RSL) variations 

The late-Holocene RSL records of the Fujian coast are relatively well 
constrained (Fig. S2). Unlike the GIA model predictions, the recon
structed sea level fluctuated significantly over the last 4 millennia 
despite a generally increasing trend to the present level. Particularly, 
SLIPs-based curve indicates two RSL lowstands during the intervals at 
~4.4 cal. kyr BP and ~ 2.4 cal. kyr BP, and a highstand of ~1 m during 

Fig. 5. Comparison of SLIPs-reconstructed Fujian coastal sea-level (this study) 
with the relative sea-level predictions from ice-volume equivalent sea level 
(Bradley et al., 2016), and GIA models with ICE-4G, ICE-6G_C, and ANU-ICE. 
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1.8 to ~0.7 cal. kyr. BP. The timing of the sea-level lowstands chrono
logically corresponds to the 4.2 kyr BP and 2.8 cal. kyr BP ice-rafted 
debris (IRD) events as recorded in the North Atlantic (Bond et al., 
1997, 2001), whereas the ~1 m sea-level highstand might correspond to 
the Medieval Warm Period, suggesting a potential climate-cooling 
(warming) induced sea-level fall (rise). Kench et al. (2020) present ev
idence for two low sea-level phases in the Indian Ocean and concluded 
that RSL lowstands are coincident with cooler periods during the Late 
Antique Little Ice Age (~1500 to 1300 cal. yr BP) and the Little Ice Age 
(~700 to 100 cal. yr BP). Meltzner et al. (2017) also reported about 
~0.6 m fluctuations in the mid-Holocene RSL history in which the 
lowstands of RSL might be linked to climatic cooling in the tropical 
Pacific Ocean. There is increasing evidence suggesting that oscillations 
may be more common than previously appreciated, particularly in the 
mid- to late-Holocene, during which no major ice sheet melting was 
observed since 6 kyr BP (Bradley et al., 2016). 

Both the ICE-6G_C model and ANU-ICE model predict a near-linear 
RSL fall during the late-Holocene without going below modern sea- 
level, despite a difference in the predicted height (Fig. 5). Similarly, 
Lambeck et al. (2014) also found no evidence of fluctuations in far-field 
sea-level reconstructions for the late-Holocene, indicating that regional 
climate fluctuations are not likely to induce significant global sea-level 
oscillations. Moreover, using principles of sea-level physics, Piecuch 
et al. (2021) challenged the hypothesis of climate-driven sea-level 
lowstand (Meltzner et al., 2017; Kench et al., 2020) and concluded that 
pre-industrial radiative forcing and sea surface temperature (SST) 
changes were insufficient to cause thermosteric sea-level trends as large 
as reported in Kench et al. (2020). 

Explanations for the reconstructed oscillations in the late-Holocene 
sea-level curves for the Fujian coast can be attributed to: (1) localized 
tectonic movements due to the geological history of the study region. 
Any incorrect/improper estimate of the uplift or subsidence rates of 
crustal movements can cause a significant bias in RSL, resulting in a 
highstand or a lowstand of the SLIPs-based sea-level reconstruction. (2) 
Uncertainties in past sea-level reconstruction. Sediment compaction, 
erosion, and post-depositional process could change the elevation of 
each SLIP significantly. Due to a lack in proper parameters, the 
compaction, and erosion rates could not be accurately estimated, which 
may cause a significant bias in the elevation estimate of each SLIP and 
caused apparent oscillation in the sea-level curves. Future studies are 
needed to decipher the possible local explanations for Late-Holocene 
sea-level oscillations. 

6. Conclusive remarks 

In this paper, we re-evaluated the published data and produced a 
standardized Holocene RSL database of 59 SLIPs for the Fujian coast. 
This allowed us to compare data from different far-field regions to obtain 
insights into the processes driving Holocene RSL changes in far-field 
regions. The reconstructed RSL rose rapidly from − 37 m to about − 1 
m during 10–7 cal. kyr BP, with a rate of approximately 11.3 mm/yr. 
The mean values of estimated RSL didn't show an obvious mid-Holocene 
highstand except for the interval of 7.5–5.5 cal. kyr BP during which the 
2σ upper limit of the estimated RSL is above present sea level. The na
ture of the mid-Holocene highstand, however, remains poorly under
stood because of the paucity of SLIPs. The late-Holocene RSL for the 
Fujian coast is characterized as a series of fluctuations that may corre
spond to global/regional warming or cooling events, such as IRD events 
or Medieval Warm Period. The reasons for the late-Holocene RSL fluc
tuation remain controversial and can be attributed to either climate 
variations or localized crustal movements. 

We further compared the RSL reconstructions for the Fujian coast 
with the latest iteration of GIA models to better understand the driving 
mechanisms of temporal and spatial variability in Holocene RSL. We 
show there are substantial misfits between GIA predictions and regional 
RSL reconstructions: (1) the termination of the rapid sea-level rise was 

about 1000 years earlier in the ICE-6G_C model than in the SLIPs-based 
reconstructions; (2) GIA model predictions show a mid-Holocene sea- 
level highstand of 1–3 m which is absent in our SLIPs-based re
constructions; and (3) all GIA models predicted a gradual RSL fall to 0 m 
without an RSL lowstand below present, while our reconstruction dis
plays significant RSL oscillations. It is unknown whether these misfits 
are caused by regional processes, such as possible crustal movements or 
inaccurate parameters used in the GIA model. 

The findings from this study contribute toward an improved 
knowledge of the Holocene sea-level behavior in far-field regions. 
However, future standardized Holocene RSL data and further con
straints on the GIA models will aid in better understanding the driving 
mechanisms of Holocene RSL variations along the Fujian coastal region. 
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