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Summing fault heaves is the most commonly used method to evaluate upper crustal thinning. However, since fault deformation width (W) is often assumed as a constant in the range of 75–150 km, the stretching factor estimated from fault geometry (βf) accompanies significant uncertainty. Here we propose a new approach to determine brittle stretching factors on the foundation of numerical analyses of W and further compare our results to previous methods, with specific reference to the central part of Qiongdongnan Basin, South China Sea (SCS). Our results suggest that the value of W is generally less than 80 km and mostly less than 50 km in the northern SCS margin. We confirm that applying an overestimated value of W can lead to an underestimated amount of fault-related extension and overstatement of extension discrepancy in the rifted margin. Results also indicate an inverse discrepancy with our new method in the southeast of the basin. The difference in syn-rift sediment thickness across the rifted margin likely drove the lower crust flow causing a transition between inverse and positive extension discrepancies.
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1 INTRODUCTION
Rifted margins are the result of thinning and breakup processes of the continental lithosphere, leading to the formation of new oceanic lithosphere. The upper crust shows complex structural patterns inherited from brittle deformation, ductile deformation, and subsidence. Fault geometry and polyphase faulting may be impacted by interactions with lower crust and mantle melting as well as mantle exhumation. This makes it challenging to resolve the crustal extension with fault growth and further understand potential hazardous earthquakes and related mechanisms of economically important hydrocarbon accumulations (Peron-Pinvidic and Manatschal, 2019; Sapin et al., 2021). Stretching factor (β) is a key parameter to quantify the amount of thinning. Previous studies revealed that the stretching factor measured from fault heaves (βf, Table 1) is far less than that determined by crustal thinning and subsidence analyses in rifted continental margins (Ziegler, 1983; Driscoll and Karner, 1998; Davis and Kusznir, 2004; Kusznir and Karner, 2007). This phenomenon is defined as extension discrepancy, which has been widely reported, including around the northern South China Sea (SCS) margins (Clift et al., 2002; Tsai et al., 2004; Bai et al., 2019). However, this discrepancy has remained a matter of controversy. Some authors argue that no such discrepancy exists, i.e., recognized faults are insufficient to evaluate the total amount of upper crust extension (Walsh et al., 1991; Reston, 2007; Crosby et al., 2008). There are studies, indicating that the discrepancy might be induced by unrecognized polyphase faulting (Reston, 2005), top basement faulting (Reston, 2009), and sequential faulting (Ranero and Perez-Gussinye, 2010). Furthermore, the method to calculate the stretching factor on basis of the fault heaves are highly dependent on the fault deformation width, which is not well constrained.
TABLE 1 | Stretching factors related to this study.
[image: Table 1]The practical method proposed by Davis and Kusznir (2004) to estimated βf in the reference frame of the extended continental lithosphere is given by
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where x is horizontal coordinate; x0 is fault location coordinate measured from the seismic profile; β0 is a constant determined numerically after substituting Eq. 1 into Eq. 2; E is the amount of extension which is also measured from the profile; W is fault deformation width; which is built on basis of an assumption that W is known as a constant in the range of 75–150 km (Roberts et al., 1993; Davis and Kusznir, 2004). Whereas, the assumption ends up with same values of βf among different faults, as long as E and W stay constant. For instance, on the condition of same amount of extension, low-angle normal fault in deep-water and steep fault in shallow water share the same values of βf. This error in estimating brittle extension, in turn, questions the extension discrepancy. Therefore, better constraints on upper crustal thinning are required. In this study, we propose a new approach to brittle extension on the foundation of numerical analyses of W. We verify our approach by comparing it to conventional methods. Our new methods are applied to the central part of Qiongdongnan Basin which was magma-poor during rifting with no obvious evidences of asthenospheric melting (Clift and Sun, 2006). The optimization of W is aimed at improving the estimation accuracy of the upper crustal thinning and further investigations of both positive and negative extension discrepancies.
2 GEOLOGICAL SETTING
The SCS is the largest marginal sea in the west Pacific and surrounded by the Eurasian, Pacific and Indian Plates. The tectonically complex history was due to its position, affected by the opening of SCS (Taylor and Hayes, 1983; Briais et al., 1993), Red River strike-slip fault (Tapponnier et al., 1990; Leloup et al., 2001; Morley, 2002; Searle, 2006), oblique compression of Philippine Plate (Rangin, 1991; Hall et al., 1995), and back-arc spreading associated with the subduction of Pacific Plate to Eurasian Plate (Taylor and Hayes, 1980; Packham, 1996). Multi-stage rifting processes have taken place in the northern SCS margin, which transformed from active continental margin in the Mesozoic to passive margin in the Cenozoic (Savva et al., 2014). Due to a lack of seaward dipping reflectors (Barckhausen and Roeser, 2004; Franke et al., 2014; Brune et al., 2016), the northern SCS margin was classified into non-volcanic margin. With an advance in understanding of seismic and drilling data, the opinion about rifting-related magmatism is changing recently (Larsen et al., 2018; Sun et al., 2018; Ding et al., 2020; Li et al., 2022). However, general consensus so far is that the margin was not as magma-rich as NE Atlantic margins. The northern margin ranging from the South China Block to the oceanic crust of SCS covers a total width of over 400 km (Figure 1A). Three NE-trending extensional basins spread from east to west; Taixinan Basin, Zhujiangkou Basin and Qiongdongnan Basin.
[image: Figure 1]FIGURE 1 | (A) Topography and bathymetry of the South China Sea (SCS) in the western Pacific. (B) Structural map of the Qiongdongnan Basin (QDNB; see location in Figure 1A). Location of a deep-reflection multichannel seismic profile (Line 1) across the central part of QDNB is shown. YNS, Yacheng Nan Sag; YBS, Yacheng Bei Sag; SXS, Songtao Xi Sag; SDS, Songtao Dong Sag; LDS, Ledong Sag; LSS, Liushui Sag; SNS, Songtao Nan Sag; BDS, Baodao Sag; CCS, Changchang Sag; BJS, Beijiao Sag.
The Qiongdongnan Basin on the northwest continental slope of SCS is located between Hainan Island in the northwest and the Xisha block in the southeast, which is featuring a narrow shelf and slope (Figure 1). The water depth deepens dramatically from 200 to 1,200 m at the Center Depression. The syn-rifting stage occurred from ∼45 Ma to ∼23 Ma, followed by the post-rift period. The unconformity formed at ∼23 Ma separates the basin evolution into two distinct stages: Paleocene, Eocene and Oligocene syn-rifting and Early Miocene to Quaternary post-rifting (Zhang et al., 2013). The syn-rift stage is characterized by well-developed NE-trending faults. In the eastern part, however, nearly EW-trending faults are present and rift-related magmatism was reported in the Changchang Sag (Figure 1B). In the western part, a large scale detachment fault cutting the Moho was identified, which is connected to the adjacent Red River Fault Zone (Zhao et al., 2018). Previous studies have focused on the distinct differences between the eastern and western Qiongdongnan Basin, including but not limited to structure (Zhang et al., 2013), sedimentation, subsidence (Zhao et al., 2013) and mechanism (Zhao et al., 2015).
3 MATERIALS AND METHODS
3.1 Seismic data
The deep-reflection multichannel seismic Line 1, provided by China National Offshore Oil Corporation, was chosen for this study (see location in Figure 1B). The profile is perpendicular to the structural strike and well-developed faults in the central part of Qiongdongnan Basin. Eighteen planar normal faults (F1 to F18; Figure 2) developed during the rifting were identified, which show variability in dips and sizes. F18 at the southeast end is the largest fault with greatest offset and low-angle dip. F3, F13, and F15 have steeper dip angles with θ > 50°. These faults, tilting SE and NW, compose a graben and half-grabens which exhibit features of both symmetric and asymmetric geometry. The profile recorded reflectors of the stratigraphic unconformities and Moho depth with discontinuity. The unconformities at S100 (∼45 Ma) and S60 (∼23 Ma) correspond to the start and end of the syn-rifting, respectively.
[image: Figure 2]FIGURE 2 | (A) Seismic profile of Line 1 (see location in Figure 1B). (B) Interpretation of Line 1 showing the Moho depth, major unconformities (S100–S30), and overall recognized 18 planar normal faults tilting SE and NW (F1 to F18). The unconformities of S100 (∼45 Ma) and S60 (∼23 Ma) are indicated.
3.2 Stretching factor evaluation with new method
3.2.1 Initial model setup
In the 2D model of brittle upper crust (Figure 3A), the instantaneous stretching is supposed as two results: brittle layer connected (Figure 3B) and disconnected (Figure 3C). The rotation of faults or beds (i.e., the dip maintains during thinning) was not counted for this model, as the brittle faults in deformation response incline to vertical shear, rather than the domino-style (Anderson, 1951; Westaway and Kusznir, 1993; Davis and Kusznir, 2004).
[image: Figure 3]FIGURE 3 | 2D model sketch to show the deformation of normal fault. (A) The initial (Andersonian) fault break. (B) Brittle layer displaced and connected. (C) Brittle layer displaced and disconnected, where H0 is the initial layer thickness, θ is fault dip, E is extension amount, W is fault deformation width, W0 is the initial width and x0 to x3 are horizontal co-ordinate of breakpoints, respectively. To simplify, the flexure response to gravity and loads is not showing. These equally apply to both brittle curved faults and bending layers, and do not affect the formula presented.
The stretching factor β is defined as the ratio of the final length to the initial length by Mckenzie (1978), which is shown in Figure 3:
[image: image]
Figure 3A shows the simple trigonometry:
[image: image]
From the geometry illustrated in Figures 3B,C, if taken x0 = 0:
[image: image]
Thus, substituting Eqs 4, 5 into Eq. 3 yields the average β:
[image: image]
Hence, both values of deformation width (W) and stretching factor (β) are highly dependent on the initial brittle crustal thickness and fault attitude. W is positively proportional to initial layer thickness (H0) and extension amount (E), and inversely proportional to dip (θ). β is the opposite of W.
Given that H is the layer thickness after stretching, x0 = 0, x1 = E, x2 = H0/tanθ and x3 = x2+E, H in case of fault displaced and connected (Figure 3B), is determined:
[image: image]
H where fault displaced and disconnected (Figure 3C) is as follows:
[image: image]
Combined with Eqs 7, 8, any horizontal coordinate (x) is given on account of the fact that measured vertical lengths are more reliable than horizontal lengths (Davis and Kusznir, 2004):
[image: image]
3.2.2 Parametric analysis
Quantitative analysis of W and β in different faulting geometries was conducted by applying Eqs 5–9, respectively. Sensitivity analysis of each individual parameter (H0, θ, E) based on Eqs 6–9 is given in Supplementary Figures S1–S3. H0 was examined from 5 km to 50 km with an increment of 5 km at each step in Figures 4, 5. At thicknesses over 50 km, a change of H0 had little impact on the outcome (Supplementary Figure S1).
[image: Figure 4]FIGURE 4 | Comparison of deformation width (W) contour-plots in the parameter domain space (dip-offset) are shown at H0 = 5 km, 10 km, 15 km, 20 km, 25 km, 30 km, 35 km, 40 km, 45 km, and 50 km.
[image: Figure 5]FIGURE 5 | Comparison of β contour-plots in the parameter domain space (dip-offset) are shown at H0 = 5 km, 10 km, 15 km, 20 km, 25 km, 30 km, 35 km, 40 km, 45 km, and 50 km.
Figure 4 presents plots of varying W values in the parameter domain space (dip-offset) with a set of initial thickness values (H0 = 5, 10, ..., 50 km). The contour-plots show that the deformation width increases with the initial thickness in general. But it highlights that H0 has limited effect on W after H0 = 30 km. When H0 = 5 km–20 km, W changes exponentially at the central of the domain and linearly at the upper left and bottom of the domain. Specifically, in the case of H0 = 5 km, W is a single variable with dip when (θ < 5°). As the dip goes steeper (5°< θ < 12°), W is linear increasing with offsets at beginning (E < 10 km), then this trend changes to exponential growth. As long as θ > 45°, the trend converts back into linear growth. Overall, the exponential changes gradually to linear as H0 increases. After H0 reaches 40 km, the contours of W are characterized by linearly distribution. In practice, the value of W of subhorizontal listric fault should be larger than 120 km whether large or small scale (Figure 4 H0 = 10 km).
Figure 5 depicts β values in the parameter domain space (dip-offset) with the same set of initial thickness values (H0 = 5, 10, ..., 50 km). The contour-plots show that β decreases rapidly with increasing H0 = 5–30 km, then decreases slowly. With an increasing H0, β shows a transition from exponential decline to linear decline curves, particularly in the upper right part of the domain. In practice, high angle normal faults with small scale and low angle faults of large offsets achieve the same degree of thinning.
3.2.3 β function
White and McKenzie (1988) expressed β with a Gaussian function. On the basis of E measured from fault heaves, β(x) is mapped to a profile of β applying the continuous cosine function Eq. 1 (Davis and Kusznir, 2004). The form and width of the function, which does not alter the total extensions, are arbitrary and not critical (Davis and Kusznir, 2004). Based on these previous studies and line-types of β curves shown in Supplementary Figures. S1–S3, we choose a sine function after comparing with Eq. 1, which is defined as:
[image: image]
Replacing W in Eq. 10 by Eq. 5 gives the βw as follows:
[image: image]
As it is shown in Figure 6, the calculated curves using Eq. 11 are generally consistent with corresponding curves estimated from Eq. 9, slightly higher in the middle and lower in both flanks. This numerical approach incorporates the role of fault deformation width (W), which is neglected in the early model and leads to an underestimation of upper crustal stretching factor. This difference has implication on the evolution and development of rifted basins and margins. Moreover, faults are assumed to be planar in the model of Davis and Kusznir (2004). Since listric faults are common in the Qiongdongnan Basin as shown in Line 1 (Figure 2), this sine function is adequate to approximate faulting patterns in the study area.
[image: Figure 6]FIGURE 6 | Two β profiles generated by Eq. 9 under the given of two parameter sets are shown in red and green, respectively. The best fit β curves by Eq. 11 with the corresponding parameter sets are presented in blue and black.
3.3 Stretching factors of upper and whole crust in the central part of Qiongdongnan Basin
The stretching factors of the upper crust (βuc) along Line 1 are estimated using three methods: the aforementioned method (βw), as well as methods based on fault geometry (βf) (Davis and Kusznir, 2004) and zone division (βz) (Zhao et al., 2018). Parameters for each fault and zone (Figure 2B) are given in Table 2.
TABLE 2 | Parameters of faults (F1 to F18 in Line 1; see location in Figure 2). Zone length, zone offset and βz of six zones (Figure 2B) are provided.
[image: Table 2]In Eqs 5–9, the initial thickness of the brittle layer (H0) is unknown. It is usually infeasible to estimate, because the transition of brittle and ductile crust is difficult to identify on the seismic profile. To assess the range of reasonable values, we propose 10 km as the H0 minimum, which corresponds to ∼33% of the initial whole crust thickness in the west of Qiongdongnan Basin (∼22–40 km; Zhao et al., 2018) as the case of the northern SCS at the Early Cenozoic suggested by Dong (2020). It also conforms to the 10–15 km range suggested for the transition depth of brittle and ductile crust in the present South China Block (Zuber et al., 1986; Clift et al., 2001). Furthermore, since faults do not cut through the Moho as shown in Figure 2A, thus we propose the present crust thickness (CT) at the breaking point (x2 in Figures 4B,C) on the footwall as the H0-maxima (Table 1; for H0 = CT in Figure 7A). In Eqs 1, 2, since W has been assumed ranging of 75–150 km, we also evaluate W at 150 km and 75 km. To account for the unrecognized or small-scale faults below the seismic resolution, the amount of fault heaves (βf) is increased by 40% (Walsh et al., 1991).
[image: Figure 7]FIGURE 7 | (A) β-Profiles along Line 1, evaluated by different methods and parameters. (B) Crust thickness, sediments thickness and water depth along Line 1. Sediment thicknesses of the total, syn-rift and post-rift are shown. The crust thinned sharply from 21.6 to 9.4 km over a ∼7 km distance at the north of Songnan Sag, which corresponds to the transition of thickest to thinnest crust.
The whole crust stretching factor (βc) is defined as the ratio of the initial crust thickness to the final crust thickness. The pre-rifted crustal thickness of the northern SCS margin is assumed to be 32 km in this study (Zhao et al., 2018). The thicknesses of syn-rift (45–23 Ma), and post-rift (23–0 Ma) sediments are estimated using two-way travel time (TWT) of the seismic data (Figure 2A). The time-depth conversion of the stratigraphic sequences is based on VSP data (Zhao et al., 2015). The crustal thickness is derived by assuming an average crustal P-wave velocity of ∼6.5 km/s as previous studies (Zhao et al., 2015).
4 RESULTS
4.1 Upper crust thinning
In the upper crust, βw is 1–2.4 by assuming H0 = CT, while βw varies from 1 to 3.3 by applying H0 = 10 km to all faults (Figure 7A). The curve of βw (H0 = 10) exhibits β-maxima at a distance of ∼95 km with the highest frequency variation among all the three methods on upper crust.
βf shows a smooth function curve between 1.6 and 2.0 with W = 150 km for each fault set and between 1.7 and 2.3 with W = 75 km, while it expands to 1.4–2.9 with W = 20 km (Figure 7A). When applying lower values of W from 150 km to 20 km, the variation of βf is gradually amplifying; e.g., when W = 20 km, a peak of βf = ∼2.9 is indicated at the distance of ∼100 km. The curve of βf (W = 150 km) exhibits near-symmetry, while that of βf (W = 20 km) is characterized by asymmetry. All three βf -minima exceed those of βw and βz as the result of correction.
βz values of six zones (1.2–3.1; Table 1) are presented in Figure 7A. Compared to the other curves, βz is shown as a stepwise line with large Δβz, since values are estimated on the basis of averaging the exaggerated geometry of trough and crest in each zone.
4.2 Crustal thickness and thinning
Along Line 1, the crust thickness shows a large variation ranging from maxima of >20 km at the basin margins to a minimum of <10 km at a distance of ∼20 km (Figure 7B). The thinner crusts of ∼10 km at the two flanks of Songnan Sag and Songnan Uplift correspond to the maxima of βc. Between the distance of 20 and 110 km, the thickness varies around ∼12.5 km with a slight increase from ∼10 km to ∼15 km.
In Figure 7A, the extension discrepancy is indicated at a distance of c. 20–70 km, which is significant in the center of Songnan Sag and Songnan Uplift. However, it appears to be ambiguous in the Beijiao Sag and Southern Uplift where the water depth stabilizes at ∼1.6 km.
5 DISCUSSION
5.1 Role of fault deformation width in estimating brittle crustal stretching factor
Fault deformation width (W) has been an unknown parameter and cannot be calculated (Roberts, 1993; Davis, 2004; Zhao, 2018), which is fundamentally important in determining the stretching factor of brittle crustal extension. Roberts (1993) set up W as constant of 75–150 km for contrastive analysis of backstripping and forward modelling in the North Sea, and it has since been adopted as default by subsequent works. However, the assumption contains potential uncertainties, because it is disregarding differences in faults heaves, dips and initial brittle crustal thicknesses. To capture the uncertainty derived from using the constant W range, we revisit the conventional method (Davis and Kusznir, 2004) and evaluate the role of W (Figure 8). Theoretically, applying the most favorable W value in the suggested range (75–150 km) to one single fault leads to Δβf = 0.14 at most. W, therefore, seems to have negligible impact on βf. However, its importance becomes more apparent as it decreases, e.g., Δβf = 0.8 if a maximum of 150 km and a minimum of 20 km are assigned to W. Even a proposed value of W (W = 75 km) results in a substantial underestimation (i.e., Δβf = 0.7).
[image: Figure 8]FIGURE 8 | β-Profiles generated from different values of W and the same single fault based on Eqs 1, 2, all with 40% correction.
Our results indicate that W is generally less than 80 km and narrow it down to the range of 10–60 km even in the marginal case of H0 = 50 km with dip in the range of 30°–75° (Figure 4). Since the ductile-brittle transition is suggested between 10 and 15 km in the modern South China Block (Zuber et al., 1986; Clift et al., 2001), the W value in the northern SCS is proposed as less than 50 km (extreme case is H0 = 15 km in Figure 4). As we decrease W = 150 km to W = 20 km, the trend of βf curves changes to multi-wave converging towards the functions of βz and βw as shown in Figure 7A. Our findings demonstrate that W is an important control on the brittle extensional estimation, but has been overestimated in previous studies. A lower W value than the conventionally used range may lead to more accurate model outcomes. The discord is likely a critical cause for underestimation of the upper crustal stretching factor.
Stretching estimation based on current fault geometry shown in seismic image is insufficient to evaluate the brittle upper crust thinning due to undetected faulting. According to Reston (2005; 2007), polyphase faulting incurs geometric changes such as shallower-dipping, which could be crosscut by steeper normal faults developed in later stages. The extension by unrecognized faulting is generally corrected by increasing its value by a factor of 40% (Walsh et al., 1991). However, since more complex fault geometries have experienced larger heaves and stronger deformation, a different degree of correction is required in consideration of geometric complexity (Clift et al., 2001), and vice versa. Our method improves this accuracy by numerical analyses of W (Figure 7A). Our results show that βf at W = 150 stays mostly uniform over the entire profile with a slight maximum in the Songnan Sag, but peaks of βf curves at lower W values were recorded in the Beijiao Sag, with 2.3 for W = 75 and 2.9 for W = 20, respectively (Figure 7A). The peaks correspond to the βz trend, which shows the highest value in the Beijiao Sag and the second highest value in the Songnan Sag (Figure 7A). Although βz is less accurate by exaggerating both maxima and minima, it is advantageous to see the overall variation trend with limits.
5.2 Limitations
Our methodology underlines the importance of W, which is beneficial to estimate the upper crustal extension and can be applied to other studies on brittle extension. However, if the estimation requires sophisticated controls for the extension over time and depth, some improvements are required. Above all, the rotation of faults or beds has to be considered as the stretching factor βd is based on a domino-style fault block model, which can contribute critically to avoid underestimation of βf as well as the uncertainty of extension discrepancy. Several studies have indicated that initial dips of normal faults may subsequently rotate to shallower ones due to isostatic response (Spencer, 1984; Wernicke and Axen, 1988), particularly faults with large offsets (Buck, 1988), i.e., their initial dips are larger than the current dips identified from profiles. A numerical simulation model by Lavier and Manatschal (2006) confirmed that steep normal faults rotate to conjugate concave downward faults, which lead to crust thinning at magma-poor margins. A balanced kinematic model proved that sequential faulting turns high-angle normal faults into low-angle ones as accommodation of thinning, which is limited by lower crust, deforming in response to upper crust in the cold basin or lithosphere (Ranero and Perez-Gussinye, 2010). For instance, we infer that the original dip of F18 with offset up to ∼14.7 km could be much higher than 15.9°. It is supported by the cases that normal faults in the brittle upper crust develop at dips θ>45° and stay active at dips θ ≥ 30° with offset <10 km (Anderson, 1951; Byerlee, 1978; Sibson, 1985; Buck, 2007; Reston, 2007). This is one potential cause for the drastic drop of βw in the Beijiao Sag and Beijiao Uplift. Another aspect to consider is the inapplicability of heat flow on older basins and underestimation of crustal thinning affected by asthenospheric melting. During the rifting, heat flow increases due to lithosphere thinning and rising of the asthenospheric mantle, which is closely associated with the crustal stretching, flexural uplift, and subsidence. The thermal effect of depositing cold sediments on top of the lithosphere leads to a depression in the thermal gradient, extending down into the lithosphere (the thermal blanketing effect) (Karner, 1991; Kim et al., 2020). Such lithospheric and asthenospheric-scale mechanisms during rifting require comprehensive considerations of the thermal evolution in our numerical methods.
5.3 Insights into extension discrepancy
The extension discrepancy has been widely reported in the northern SCS (Clift et al., 2002; Tsai et al., 2004; Bai et al., 2019). In this study, significant extension discrepancy was also indicated at the distance of c. 20–70 km of Line 1 (Figure 7A), which corresponds to the Songnan Sag and Uplift characterized by asymmetrical half-grabens. In the Beijiao Sag which is dominated by grabens, positive extension discrepancy is indicated by βf when applying W = 150, while inverse discrepancy is widely discovered when evaluating βf with W = 20. We infer that the extension discrepancy in previous studies is over-predicted by an overestimated W. The inverse discrepancy has so far been overlooked in the northern SCS. A balancing of positive discrepancy and inverse discrepancy along the extension direction supports the presence of crustal extension discrepancy, as the same amount of thinning is expected across the entire profile at crustal scale (Reston, 2007), i.e. cross sectional area of crust along the extension direction maintains the uniform β during syn-rifting and post-rifting (Figure 9A).
[image: Figure 9]FIGURE 9 | (A) Cross sectional area remains constant before and after extension; (B) Schematic illustrations showing that the pressure by variation of sediment thickness drives the ductile lower curst flowing.
Depth Dependent Stretching (DDS) or Depth Dependent Thinning (DDT) (Royden and Keen, 1980; Rowley and Sahagian, 1986; Roberts et al., 1993; Kusznir and Karner, 2007) seems to be the convincing model to explain the mechanism of extension discrepancy. However, the depth dependence at lithospheric level is unsuitable to explain the estimation in the central part of Qiongdongnan Basin where a local positive discrepancy is located next to a local inverse discrepancy. The potential explanations for inverse discrepancy include: 1) upper plate (hanging wall) of detachment fault of simple shear (Wernicke, 1985) which is in conflict with the observation showing symmetric grabens and asymmetric half-grabens, being firstly excluded. 2) top-down break up (Anderson, 2001). i.e., the first degree break-up of upper crust precedes that of lower crust as tensile stress instead of magmatism upwelling from asthenosphere takes charge. This is an attractive interpretation since the magmatism upwelling did not occur in the central part of Qiongdongnan Basin during rifting. However, this model suggests that the upper crust thinning is greater than that of lower crust, which results in an inverse discrepancy at the thinnest whole crust location (Reston and McDermott, 2014). It does not fit in the study area that a positive discrepancy is described at the thinnest crust. Moreover, previous studies (Davis and Kusznir, 2004) suggested that the breakup of lithosphere inclines to bottom up in the deep-water area, like the Beijiao Sag. 3) lower crust flow in hot lithosphere like northern SCS (Figure 9B). During rifting, the syn-rift sediments were deposited up to ∼8 km in the northwest (Figure 7B), which is closer to Hainan Island and exhibits positive discrepancy. The inverse discrepancy is predominant in the southeast where it shows relatively thin thickness of syn-rift sediments (up to 4 km; Figure 7B). Compared to the northwest, the southeast area was far away from provenance. Such variation in sediment thickness could contribute to a laterally differential pressure, which might drive the lower crust flow causing transitions between inverse and positive discrepancies. The ductile lower crust is generally inclined to flow along the rifting direction (McKenzie and Jackson, 2002). This is an elementary impact since sediment thickness is also dependent on subsidence associated with tectonic processes and thermal effects, which we will investigate further to understand the mechanism in the future studies.
6 CONCLUSION
We evaluate the role of fault deformation width in estimating upper crust extension. This parameter plays an important role in the determination of upper crustal stretching factor. Our results suggest that the value of W has often been overestimated in previous studies, and should be less than 80 km in general and less than 50 km in the northern SCS. The overestimated value of W causes a considerable underestimation of upper crustal stretching and over-reported extension discrepancy. When our new approach and/or a lower value of W (W = 20 km) are applied to estimation of the upper crustal extension in the central part of Qiongdongnan Basin, an inverse discrepancy is indicated in the deep-water area featured by symmetrical grabens. We suggest that the significant difference in syn-rift sediment thickness probably drives the lower crust flow causing a transition between inverse discrepancy and positive discrepancy in the central part of Qiongdongnan Basin.
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