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While understanding the long-term slip rate of active normal faults is essential for the comprehensive assessment of seismic activity, it is difficult due to the absence of age control in the erosional bedrock region. The preserved sequence of wave-cut platforms in granite allows exploration of the long-term slip rate in the footwall of some normal faults. We investigated wave-cut platforms in the southern Pearl River Delta (PRD), a coastal delta transected by the seismically active Littoral Fault Zone (LFZ) in the northern South China Sea, to derive slip rates and their impacts on the seismic hazard potential. We mapped a flight of four wave-cut platforms (T1–T4), dated the T2 and T4 platforms by 10Be cosmogenic nuclide dating, and used the absolute age to correlate the un-dated platform to global sea-level highstands. Our results allocate the ages of 128 ka, 197 ka, and 239 ka to the upper three wave-cut platforms and yield temporally various uplift rates ranging from 0.30 to 0.38 mm/a during 239–128 ka to 0.09 mm/a since 128 ka. A decrease in the uplift rate, which coincided with a decreased subsidence rate within the PRD in previous work, implied a weakened differential uplift onshore of the LFZ system. Our findings infer that the transgression event occurred as early as marine isotope stage (MIS) 7 in the PRD, consistent with the view that Pleistocene sedimentation began in MIS 5 or earlier in the PRD.
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INTRODUCTION
The slip rate at the coastline from the area of distributed normal faulting in the continental margin is commonly used to gain insights into the processes of intraplate deformation (Merritts and Bull, 1989; Monaco et al., 1997; Palyvos et al., 2005). Because the inner edge between a subhorizontal wave-cut platform and a steep coastal cliff represents an approximation of zero height above sea level at the time of platform formation, their current altitudes can be used to correlate with oscillating sea-level highstands and to further quantify the slip rate of faults for long-term seismic hazard analysis (Roberts et al., 2013; Jara-Muñoz et al., 2015; Meschis et al., 2018; Pedoja et al., 2018). However, obtaining precise dating results on erosional or thin depositional wave-cut platforms is challenging and, thus, less studied. Fortunately, cosmogenic nuclide dating provides the exposure age of the wave-cut platforms, and further permits slip rate calculations when the initial and modern altitudes of platforms are determined (Marquardt et al., 2004; Saillard et al., 2011; Rodríguez et al., 2013). This approach accurately evaluates Quaternary tectonic activity in erosional bedrock regions, which helps to quantitatively understand long-term seismic hazard assessment along faults.
The Pearl River Delta (PRD), where major drainages converge into the South China Sea from several estuaries, is one of the largest coastal deltas in China (Figure 1). The bedrock of the PRD is predominately composed of Mesozoic granite and is cut through by a set of conjugate ENE-striking and NNW-striking faults (Huang et al., 1982; Chen et al., 2002; Yao et al., 2008). The ENE-striking Littoral Fault Zone (LFZ) system is a major intraplate extensional zone in the northern South China Sea that could present potentially intense seismic activity (Liu, 1985; Zhao et al., 2004; Cao et al., 2018; Hui et al., 2021; Dai et al., 2022a; Hui et al., 2022; Li et al., 2022) and has caused several strong earthquakes historically [e.g., the 1918 Ms 7.5 Nan’ao earthquake, Xia et al. (2020)]. To elucidate the slip rates of this active normal-fault system, numerous samples from the subsiding hanging wall of the ENE-striking faults where Quaternary deposits were preserved have been dated (Huang et al., 1983, 1985; Chen et al., 1994; Yao et al., 2008). However, few dating results exist from the uplifting footwall due to poor preservation for sediment dating. Thus, understanding the longer-term activity of these normal faults through the Quaternary, which requires robust dating on both fault walls, is lacking. Fortunately, Pleistocene differential uplift is visible in sequences of preserved wave-cut platforms throughout the coast in the PRD. In this study, we present sequential wave-cut platforms in the footwall of a coastal ENE-striking fault in the southern PRD. We dated the granite-composed wave-cut platform according to the 10Be cosmogenic depth profile, calculated the uplift rates, and correlated the un-dated platforms to past eustatic sea-level highstands based on the best-fit predictions. As a result, we identified marine isotope stages (MISs) 5e, 7a, and 7e platforms in the study site. Moreover, we observed temporally varied slip rates before and after approximately 128 ka, which may be relevant to a weakened differential uplift onshore in the LFZ system.
[image: Figure 1]FIGURE 1 | Tectonic setting of the northern margin of the South China Sea, southern China. The earthquake locations are constrained to a depth of <30 km between 1976 and 2022 from data from the China Earthquake Network Center and Guangdong Provincial Seismological Bureau. The faults are adapted from Huang et al. (1982), Yu et al. (2016), and Huang et al. (2021). The locations of the wave-cut platforms in previous studies are from Huang et al. (1982), Jiang and Hu (1994), Wang et al. (2011), and Zhao (2017). F1: Littoral Fault Zone; F2: South Wuguishan Fault; F3: North Wuguishan Fault; F4: Xinhui–Shiqiao Fault; F5: Wuhua–Shenzhen Fault; F6: Xijiang Fault; F7: Baini–Shawan Fault; F8: Hualong–Huangge Fault; F9: Nangang–Taiping Fault. The topography is from the Shuttle Radar Topography Mission (SRTM) digital elevation model at 90-m resolution.
BACKGROUND
Brief genetic process of wave-cut platforms
A new wave-cut platform is created by continuous wave abrasion and consists of two distinct features: a gently seaward dipping erosional platform and a seaward dipping sea cliff (Armijo et al., 1996). The junction of the platform and sea cliff is the inner edge of the platform and often preserves the wave-cut notch. The inner edge of the platform occurs at the shoreline and represents the peak of local sea level at a short time of its formation (<1 ka). Hence, the wave-cut platform can correspond to the fixed dates of highstands (e.g.,128, 197, 239, 290, or 338 ka). Platforms or notches that are formed below the highstand are destroyed or overprinted by wave erosion during subsequent sea-level highstands. With tectonic uplift, the platform rises above sea level and becomes a paleo-horizontal indicator.
Littoral Fault Zone
The LFZ is an ENE-striking intraplate deformation zone along the northern margin of the South China Sea. The entire fault zone extends approximately 1,000 km along the South China coastline with an approximate width of 20 km (Liu, 1985; Zhao et al., 2004; Cao et al., 2018; Hui et al., 2021, 2022). Offshore of the PRD estuary at water depths of 30–50 m, the LFZ (F1) presents right-step dextral features on the horizontal view, and southeast-dipping normal faulting in the vertical view (Liu, 1985; Zhao et al., 2004; Cao et al., 2018; Hui et al., 2021, 2022). Seismic profiles reveal that the LFZ acted as a northern boundary fault of the South China Sea with a width of 6–10 km (Li et al., 2022). The Cenozoic history of the LFZ is complex, containing initial fault activity of low-angle basement decollement, then inherited high-angle SE-dipping normal faulting, and finally strike-slip faulting. The active LFZ had potentially produced 18 large earthquakes (>Ms 6.0), including the Ms 7.0 Nan’ao earthquake in 1600, Ms 7.5 Qionghai earthquake in 1605, and Ms 7.5 Nan’ao earthquake in 1918 (Xia et al., 2020; Dai et al., 2022; Hui et al., 2022). Onshore, the granitic basement of the PRD is transected by three NE- to ENE-striking faults (South Wuguishan Fault, F2; North Wuguishan Fault, F3; and Xinhui–Shiqiao Fault, F4, Figure 1) and several NNW-striking faults (Chen et al., 2002; Yu et al., 2016). The NE- to ENE-striking faults exhibit normal faulting with high dipping angles (Huang et al., 1985; Chen et al., 1994), showing uplifts in their footwalls. The NNW-striking faults bound the river course and segmented the NE- to ENE-striking faults in places, but their activities are less well known. We are interested in the onshore ENE-striking F2 in the southern PRD because it appears to control the opening of estuaries and dominate the differential uplift that can be explored through the mapping and dating of wave-cut platforms.
Sediment dating in the PRD
Following long-term peneplanation since the Oligocene (Huang et al., 1982), sedimentation in the PRD only produced two Quaternary terrestrial-marine units: T1–M1 (Terrestrial–Marine units 1, upper) and T2–M2 (Terrestrial–Marine units 2, lower) that correspond to sea-level fluctuations (Huang et al., 1982; Zong et al., 2009b; Xu et al., 2022). The T1–M1 unit has a consensus age of Holocene (Zong et al., 2009a; Xu et al., 2020), whereas the deposition age of the T2–M2 unit remains controversial. Early works dated the M2 unit to MIS 3 (approximately 32–64 ka) by the 14C approach (Huang et al., 1982; Chen et al., 1994; Wang et al., 2009). However, subsequent studies suggested that contamination with younger carbon and the upper limit of radiocarbon dating (<50 ka) would lead to significant age underestimation (Yim et al., 1990, 2008; Zong et al., 2009b; Yu et al., 2016) and suggested MIS 5 (approximately 82–128 ka) for M2 deposition. The wide disparity in the time results in various interpretations of the tectonic context of the PRD in the Late Quaternary. In the MIS 3 view, M2 formed during the highstand of MIS 3 (approximately −60 m to −80 m) and was tectonically raised to the modern average depths (approximately −15 m to −30 m), for which the dates are obtained from quartz optically stimulated luminescence (OSL) of sandy sediments in the T2 unit (Tang et al., 2011; Wang et al., 2015). In contrast, in the MIS 5 view, M2 formed during the highstand of MIS 5 (approximately −20 m to 5 m) and tectonically subsided to the modern average depth, a view that is supported by feldspar OSL dating (Yim et al., 2008; Zong et al., 2009b; Yu et al., 2016; Xu et al., 2022). One way to address the dipolar age issue is to determine a regional uplift rate and examine whether deposits related to the MIS 3 highstand could rise to the modern depth based on the resultant rate. This challenge motivated us to examine landforms related to highstands in the erosional area. Wave-cut platforms, which occur where uplift outpaces sea-level highstands, commonly document long-term tectonic activity (Armijo et al., 1996; Roberts et al., 2013, 2013; Jara-Muñoz et al., 2015; Meschis et al., 2018; Pedoja et al., 2018; Robertson et al., 2019; Racano et al., 2020) and are ideal for addressing the dipolar age issue. A previous study indicated that at least 67 sites of wave-cut platforms (or notches) are preserved in the PRD (Wang et al., 2011). Because most sites preserved few sediments and lacked age control, previous studies provided only a rough understanding of tectonics (Wang et al., 2011; Zhao, 2017). In our recent investigation, wave-cut platforms preserved in granite were observed along the footwall of the coastal F2 (Figure 1), which is suitable for 10Be cosmogenic exposure dating. We conducted field investigations, digital elevation model (DEM) measurements, and dating to allocate the highstands to wave-cut platforms and then discussed differential uplift in the PRD region.
METHODS
Investigation of the wave-cut platforms
Because the inner edges of the wave-cut platforms represent paleo-sea-level highstands, we mapped the platform extent through topographic profiles from a 12.5-m DEM (from Advanced Land Observing Satellite-1, ALOS 12.5-m resolution DEM, https://search.asf.alaska.edu) and field-based measurements. Because of thick vegetation and their relatively small size, it was difficult to recognize the apparent extents of the wave-cut platforms along their strike solely from the DEM data. Therefore, we selected 13 serial topographic profiles perpendicular to the strike of the coast (Figure 2) and recorded the positions and altitudes of the landward up-dip slope breaks as indicators of the inner edges of the wave-cut platforms. Areas with apparent fluvial incisions were skipped to ensure wave-cut-induced geomorphic features. We defined each inner edge of the wave-cut platform based on three or more slope breaks with similar altitudes in the topographic profiles. The DEM-based inner edges were verified through field observations with indicators including slightly seaward-sloping surfaces that were up-dip bounded by abrupt paleocliff-like features or marked wave-cut notches and stacks. Field measurements were recorded using a differential global positioning system (DGPS; vertical error up to 0.1 m) and laser distance measuring equipment (0.1 m resolution within 300 m). The verified inner edges were correlated with DEM elevation to obtain a robust regional cross-section of the uplifted wave-cut platform. Each platform was ordered from low to high and specified with subscripts.
[image: Figure 2]FIGURE 2 | Simplified topographic and geological map of the study area. Locations of topographic profiles 1 to 13 and the 10Be cosmogenic sampling site are shown with a 10-m topographic contour spacing interval ranging from 0-m to 120-m at altitude.
Chronological sampling, preparation, and modeling approach
We applied cosmogenic 10Be exposure dating to the granite platform treads to constrain the potential formation ages of the wave-cut platforms. For the surface sample, we collected one sample on a wave-cut platform without apparent weathering. For the depth profile, we collected four samples from a ∼1-m man-made quarried wall downward at intervals of 25–35 cm/site. Because of rainfall and intermittent runoff, part of the platform surface was eroded at the top of the quarried wall. The erosional thickness between the platform extent to the edge of the quarried wall was estimated for correction in the depth profile modeling. Approximately 1,500 g of rock was collected for each sample. The samples were pretreated at the Guangdong Provincial Key Laboratory of Geodynamics and Geohazards and the State Key Laboratory of Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, as described by Kohl and Nishiizumi (1992).
The cosmogenic nuclide concentration of surface (Nz(t), atoms/g) exposed at time t (a) at constant production and erosion rates can be expressed as:
[image: image]
where Pn,0, Pm1,0, and Pm2,0 are the surface production rates (atoms/(g*a)) induced by nucleons, negative muons, and fast muons; Λn, Λm1, and Λm2 are the attenuation lengths (g/cm2) of the nucleons and muons (negative and fast), respectively; z is the surface depth (cm); λ is the decay constant; ρ is the density (g/cm3); and r is a constant erosion rate (cm/ka).
For the depth profile samples, the measured 10Be concentration (C, atoms/g) included the in situ-produced (Nz, atoms/g), and the inherited (Cinℎ, atoms/g) concentrations:
[image: image]
where [image: image], [image: image], [image: image], i = n, m1, m2
Te is the effective exposure age (ka), which is the time required to accumulate a concentration Nz at production rate Pz without erosion and radioactive decay (Wang and Oskin, 2021).
In realistic cases, the estimated total eroded thickness (D, cm) from field evidence can be more straightforward than obtaining an erosion rate r. With eroded thickness, the effective exposure age can be rewritten as:
[image: image]
Taking account of Eq. 3, one would expect to use linear regression to obtain the inheritance. To rewrite Eq. 3 into a linear form, the natural logarithm of the Tem over Ten ratio can be expressed by Maclaurin expansion as an approximation (Wang and Oskin, 2021):
[image: image]
Bringing Eq. 4 into Eqs 1, 2 results in the following,
[image: image]
where
[image: image]
In which Eq. 5 satisfies the linear form and linear least squares can be applied. By applying linear least squares inversion with known production rates, eroded thickness, and sample concentrations, the fitted Ten and Cinh can be determined.
To compute the exposure age, inheritance of cosmogenic production, and estimated erosion rate of the depth profile, we applied the Monte Carlo approach described by Wang and Oskin (2021) to find the best-fit results according to the distributions of the predicted iterations. To compute the exposure age of the surface sample, we applied a web-based calculator (https://crep.otelo.univ-lorraine.fr/#/samples) to obtain a reference age, assuming that the erosion rate and inheritance from the depth profile are constant over time. The detailed methods for sample pretreatment and calculation of cosmogenic nuclide concentrations are shown in the Supplementary Material.
Allocating the wave-cut platforms to sea-level highstands
The predicted elevation of the highstands (Ep) can be calculated from the relationship between the highstand age related to the wave-cut platform formation age (T) and the sea-level elevation of the highstand (SL) under a given uplift rate (u):
[image: image]
If the highstand age (T) is independently known, an average uplift rate (u) over the duration (T) is easily obtained by Eq. 6. In a realistic case, a constant uplift rate over time is questionable, which could significantly affect the allocation between Quaternary sea-level highstands and individual wave-cut platforms. We applied the following process to test the uplift-rate scenarios: (a) obtain an initial uplift rate (u0) by correlating the elevation (Em) of a dated wave-cut platform (in an age of T0) with sea-level data, assuming a constant uplift rate through T0; (b) apply u0 to examine whether Ep matches all Em in the study area; (c) if not, iterate a new uplift rate (ui) to find the best fit for the elevations of the older wave-cut platforms (Epi) at Ti (greater than T0), which can be expressed as:
[image: image]
The fit between Ep and Em is evaluated by their absolute difference (ΔE) for a given highstand age (Ti) and uplift rate (ui). The elevations (SL) and ages (Ti) of each highstand are up to 500 ka, from Grant et al. (2014). The calculations are facilitated by the uplift rate (ui) in an interval of 0.01 mm/a. We defined the best-fit uplift rate (ui) of each undated platform by ΔE < 5; lower platforms with fitted uplift rates should correlate with younger highstands and a uniform uplift rate in individual glacial-interglacial cycles.
Uncertainties and errors
The average elevation measurement errors from DEM were ±10 m. The uncertainties in 10Be concentrations, as shown in Table 1, depend on the combined uncertainties by sampling (<5%), propagating the production rate and analytical uncertainty in the laboratory. Sea-level curve uncertainties vary with the data used. The reported uncertainty of the Grant et al. (2014) curve is 12 m.
TABLE 1 | 10Be sample locations and analysis.
[image: Table 1]We applied the standard error (SE) described by Robertson et al. (2019) to propagate the uplift value error equation:
[image: image]
where u is the uplift rate, σH is the combined uncertainty for the measured wave-cut platform elevation and sea-level curve, HT is the measured inner-edge elevation of the wave-cut platform, HSL is the predicted sea level of the highstand, and σT is the dating error.
RESULTS
Elevation of the wave-cut platforms
From the 13 DEM-based topographic profiles and approximately 40% field-based verifications excluding areas with thick vegetation or limited access to platforms, we identified the inner edges of the wave-cut platforms in the study area (Figures 3A,B). The cross-plots of DEM-based inner-edge elevations against the field-based inner-edge elevations provided confidence in the verification of the wave-cut platforms (R2 = 0.989; Figure 3C). According to the inner-edge elevations, a flight of four wave-cut platforms was defined in the study area (Figure 3D).
[image: Figure 3]FIGURE 3 | Compiled profiles of wave-cut platforms reproduced by digital elevation model (DEM)-based topographic profiles. The elevations of the slope breaks are at altitudes of 33–38 m and 23–25 m in (A), and at 14–18 m and 1–3 m in (B). The profile IDs are labeled. (C) Cross-plots of DEM-based inner-edge elevations against the field-based inner-edge elevations. (D) Cross-section of wave-cut platforms in the study area.
The T4 platform, bounded landward by inner edges reaching an altitude of 33–38 m above sea level (a.s.l.; Figures 3A, 4A), is characterized by remnants of narrow platforms that are carved in Mesozoic granite. Notches can be observed close to the inner edge of the platform, without apparent weathering. We collected one sample (XC) on the wave-cut platform surface (Table 1). Downslope, the T3 platform outcrops with the altitude of the inner edge ranging from 23 to 25 m a.s.l (Figures 3A, 4B). Because of thick vegetation, the narrow T3 platforms are visible only in a few places.
[image: Figure 4]FIGURE 4 | (A) View of the T4 platform with a notch close to the inner edge. (B) View of the T3 (red shading) platform. (C) The T2 platform and the locations of 10Be cosmogenic dating depth profile samples; note that approximately 40 cm of bedrock was eroded. (D) View of T2 (yellow shading), and T1 (blue shading) platforms. (E) The sea stack is preserved on the T1 platform close to the coastal plain.
The T2 platform is extensive, with the inner edge ranging from 14 to 18 m a.s.l. (Figure 3B). Because of rainfall and intermittent runoff, approximately 40 cm of bedrock was eroded at the seaward edge of the platform. Quarrying was conducted on the platform to expose a freshly quarried wall for 10Be depth profile dating (Figure 4C). We collected four samples (GDS-P1to GDS-P4) downward the platform tread at 25–35-cm intervals. The T1 platform is the lowest order of the terrace sequence, with an altitude of 1–3 m a.s.l. This platform shows a wide, flat surface with remnant sea stacks and merges with the coastal plain (Figures 3B, 4D,E).
Results of 10Be exposure dating
The measured 10Be concentrations of the one surface sample and four depth profile samples, ranging between 6.15 ± 0.28 × 104 atoms/g and 34.10 ± 1.09 × 104 atoms/g, are listed in Table 1 along with the 1σ errors. We use the eroded-thickness approach to invert the inherited concentration, erosion rate, and exposure age of the depth profile for a uniformly distributed, field-measured 0–40 cm eroded-thickness (Figure 4C).
By applying least-squares linear inversion, the fitted lines of the model data and depth profile curves are shown in Figure 5A,B. The distribution of Te (95% confidence) yields ranged from 66.5 to 119.0 ka, with a peak at 86.0–88.0 ka (Figure 5C). The inheritance was very low, with most modeling results in the range of −9.00 to −1.20 × 104 atoms/g (95% confidence). Although inheritance should be greater than zero, removing negative inheritance would bias the best-fit distribution toward a younger age (Wang and Oskin, 2021). Thus, for samples with very low inheritance, truncating negative inheritance results would shift the realistic age to the extreme older tail of the age distribution. As all predictions are required to estimate the full distribution of the exposure age within errors, those negative values were permitted statistically and subsequently excluded. Excluding the negative results, the possible range of inheritance was 0–0.74 × 104 atoms/g (Figure 5D). The corresponding exposure age and erosion rate of the T2 platform ranged from 101.38 ka to 132.16 ka (Figure 5E, 95% confidence) and 0.36–0.40 cm/ka, respectively (Figure 5F, 95% confidence). The predicted erosional thickness was 45 cm, consistent with the erosional thickness measured in the field (Figure 5G).
[image: Figure 5]FIGURE 5 | Linear regression results for the GDS data set with the eroded-thickness approach after 100,000 iterations. (A) Relationship of sample concentration to production rate at depth. (B) Distribution of the depth profile models with best-fit curves. (C) Distribution of the effective exposure age (Te). (D) Modeling-inherited concentration. (E) Estimated exposure age based on a preset erosional thickness. (F) Distribution of erosion rates. (G) Distribution of predicted erosional thicknesses.
Assuming a constant erosion rate and very low inheritance (0.36–0.40 cm/ka and nearly zero from resultant data of the T2 platform), we obtained an age of 239.87 ± 14.18 ka for the T4 platform based on the 10Be concentration of the surface sample.
DISCUSSION
Allocation of highstand ages for the wave-cut platforms
The estimated exposure age suggests that the T2 platform could be allocated to a highstand at approximately 128 ka, which is equivalent to MIS 5e. Given this age and the elevation of sea level described by Grant et al. (2014), we obtain an initial uplift rate (u0) of 0.09 ± 0.030 mm/a since 128 ka. Although the surface sample of T4 suggests a reference age of approximately 239 ka, which is equivalent to MIS 7e, whether the platform would be overprinted independently in such time requires further examination.
When applying u0 to examine whether the Ep values of the T3 and T4 platforms matched the Em values in the study area, the resultant fit failed to reach the range of ΔE < 5, suggesting that the uplift rate was not constant during the formation of the T3 and T4 platforms. Following the iterations of best fit with a fixed uplift rate since 128 ka (0.09 mm/a) and a given uplift rate ranging from 0 mm/a to 0.5 mm/a with an interval of 0.01 mm/a during 128–500 ka revealed three predicted scenarios that satisfied our defined fit condition: 1) T3 and T4 platforms with highstand ages of 239 ka and 388 ka and uplift rates in the range of 0.22–0.25 mm/a; 2) T3 and T4 platforms with highstand ages of 197 ka and 239 ka and uplift rates in the range of 0.30–0.38 mm/a; and 3) T3 and T4 platforms with highstand ages of 197 ka and 290 ka and uplift rates in the range of 0.39–0.41 mm/a (Figures 6A–C).
[image: Figure 6]FIGURE 6 | Uplift rate scenarios satisfying the defined fit conditions (A–C); the associated elevations of the wave-cut platforms of all highstands >500 ka (D–F) are shown when the 128-ka highstand is tied to 17 m.
We plotted highstand elevations with the fit rates for each scenario to examine whether the predicted wave-cut platform would be overprinted in a subsequent highstand. In the scenario of 0.22–0.25 mm/a, the elevations of the T3 and T4 platforms were 21.1–24.5 m and 30.9–38.7 m. However, the predicted elevations of the platforms for 328 ka (44.0–50.1 m) would overprint the T4 platform (Figure 6D), suggesting that this scenario was unlikely to occur. In the scenario of 0.30–0.38 mm/a, the elevations of the T3 and T4 platforms were 20.7–26.4 m and 30.0–38.9 m and were preserved without significant overprinting (Figure 6E). In the scenario of 0.39–0.41 mm/a, the elevations of the T3 and T4 platforms were 27.1–28.5 m and 35.4–38.7 m. Analogous to the scenario of 0.22–0.25 mm/a, the predicted elevations of the platform relating to 239 ka (40.1–42.3 m) would overprint the T4 platform (Figure 6F), suggesting that this scenario was unlikely to occur. The best-fit uplift rate and results of our examination of highstand overprinting suggested that the T3 and T4 platforms could be allocated to highstands at 197 ka (MIS 7a) and 239 ka (MIS7e), respectively. These results well matched the reference 10Be exposure age of the T4 platform. Considering the errors in field measurements, the uncertainty of the uplift rate would range from 0.017 mm/a to 0.034 mm/a. Overall, the T2, T3, and T4 wave-cut platforms were assigned to 128 ka (MIS 5e), 197 ka (MIS 7a), and 239 ka (MIS 7e), with a decreasing uplift rate ranging from 0.30 ± 0.034 mm/a to 0.38 ± 0.017 mm/a before 128 ka and to 0.09 ± 0.030 mm/a since 128 ka.
Implications
Considering the controversial context of the T2–M2 unit, our preferred allocations of highstand ages for the wave-cut platforms have several implications. First, transgression events likely occurred as early as MIS 7 (190–239 ka) in the southern PRD, as indicated by the allocated highstand age of the highest T4 platform (Figure 7). Recent OSL dating has revealed pre–MIS-5 deposits in the southern PRD, suggesting that Quaternary sedimentation was likely initiated before 128 ka (Xu et al., 2022). If correct, our finding would be consistent with the suggestion that M2 is at least correlated with MIS 5 and perhaps even older. Moreover, the elevation of the predicted wave-cut platforms in MIS 3 were allocated at −78 m to −97 m in our best-fit model. These elevations are much lower than the average depth of M2 in the PRD (approximately −15 m to −30 m), suggesting that is unlikely to preserve MIS 3 wave-cut platforms or sediments in the uplifted wall areas.
[image: Figure 7]FIGURE 7 | Calculated uplift rates from allocations between the altitudes of wave-cut platforms and the ages of sea-level highstands. The sea-level data are from Grant et al. (2014). Light gray bands: marine isotope stages (MISs).
Second, our preferred uplift rates provide significant benchmarks for elucidating the differential uplift in the PRD. Considering M2 as deposits of MIS 5e (Xu et al., 2022), the estimated offset between the top of M2 (approximately −23 m) and the elevation of the T2 wave-cut platform (17 m) is approximately 40 m along F2. Given this offset, the average slip rate along the F2 could reach 0.31 mm/a since 128 ka. As the ENE-striking faults are segmented by the NNW-striking ones, this estimated rate could vary spatially. However, the uplift rate decrease derived from our results coincides with decreasing slip rates in the inland PRD (0.34 mm/a before 128 ka and 0.16 mm/a since 128 ka, Huang et al., 2021), implying that the differential uplift is uniform across the NNW faults. Although the cause for temporally various rates remains unclear, our finding likely implies a weakened differential uplift since 128 ka onshore of the LFZ. Notably, compared to the coastal faults in the Andes or Sicily (ranging from 0.4–0.8 mm/a, Saillard et al., 2011; Meschis et al., 2018), this slip rate is relatively slow. However, this does not mean a lower geohazard risk. As several large earthquakes have occurred around the PRD, the risk defense of geohazards should be explicitly considered in engineering and city construction.
Third, the granitic wave-cut platforms can be used to provide cosmogenic dating ages that correlate with the highstands and, hence, would be an effective way to constrain the uplift rate in the area without fault-related sediments. This may have wider significance because wave-cut platforms suitable for 10Be cosmogenic exposure dating are more common than sites containing corals suitable for U-series dating. The application of the 10Be cosmogenic approach allows many more sites to be dated across a wider region, as granitic wave-cut platforms are widely developed along the coast of southern China. Moreover, this approach provides an independent correlation with sediments in the subsiding wall where the Quaternary sediments were deposited. With clear benchmarks of both uplifting and subsiding walls, a more comprehensive and precise slip rate, and ultimately the tectonic pattern of the PRD could be determined.
CONCLUSION

(1) The measured uplift wave-cut platforms, constrained by 10Be cosmogenic dating and the best-fit allocation of undated wave-cut platforms, were correlated with sea-level highstands at 128 ka and 239 ka, suggesting uplift rates of 0.30–0.38 mm/a during 239–128 ka and 0.09 mm/a from 128 ka in the footwall of coastal F2.
(2) The observed oldest wave-cut platforms implied a transgression event as early as MIS 7 (239–190 ka) in the southern PRD, implying that Pleistocene deposition likely started at 239 ka, coeval with the recently inferred OSL dating age.
(3) 10Be cosmogenic exposure dating of wave-cut platforms, in combination with sea-level highstand correlation, is an acceptable method to derive the long-term slip rate of the LFZ and its paralleled offshore faults in the granitic coastline in the northern margin of the South China Sea.
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