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Abstract 18 

Accurate reconstruction of stratigraphic surfaces remains challenging in regions affected by geological discontinuities. 19 

Conventional interpolation methods often assume spatial continuity and may smooth fault-related offsets. This study 20 

proposes a fault-aware local correction (FLC) framework for stratigraphic surface reconstruction under discontinuous 21 

geological conditions. The framework generates a continuous reference surface using universal kriging and introduces 22 

local corrections within fault-controlled zones. Fault displacement, asymmetric displacement partitioning, and 23 

distance-decay weighting are integrated to improve local accuracy while preserving unchanged areas outside the 24 

correction zone. The framework was evaluated using a real coalfield dataset and two synthetic experiments with 25 

known fault displacements. Independent validation and ablation analysis were conducted to assess accuracy and 26 

component contributions. Results show that FLC reduced the validation RMSE from 41.33 m to 36.60 m and improved 27 



 2 

𝑅2 from 0.767 to 0.817 compared with the reference surface. Synthetic experiments further demonstrated improved 28 

reconstruction near discontinuities while maintaining regional surface stability. The proposed framework provides a 29 

geological constraint-based strategy for stratigraphic surface reconstruction under sparse subsurface observations. 30 

 31 
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1 Introduction 34 

Fault-controlled stratigraphic surface reconstruction is an important problem in computational geoscience and 35 

subsurface modeling. Accurate surface reconstruction supports geological interpretation, resource evaluation, and 36 

engineering applications where subsurface observations are limited. Recent studies in computational geoscience have 37 

explored constrained geological surface prediction by integrating additional geological information into interpolation 38 

frameworks [29, 30]. Faults introduce abrupt spatial discontinuities, displacement offsets, and complex structural 39 

relationships that challenge conventional surface estimation methods [7, 8, 28]. In coal mine planning, reliable 40 

stratigraphic surfaces are required for coal seam boundary delineation, roadway design, and hazard assessment. 41 

However, modeling accuracy near faults and stability in unaffected regions represent two conflicting requirements. 42 

Improving predictions within fault-affected areas should not introduce artificial variations into regions where the 43 

geological surface remains unchanged [12]. 44 

Traditional geostatistical methods, such as universal kriging, are widely used for geological surface 45 

reconstruction because they provide statistically optimal estimates under defined spatial assumptions [16, 22, 27]. 46 

Recent advances in geological modeling algorithms have explored constrained geological surface prediction by 47 

integrating additional geological information into interpolation frameworks [29,30]. However, these methods 48 

generally assume spatial continuity and may smooth fault-related offsets when applied directly to discontinuous 49 

geological environments [21]. To overcome this limitation, previous studies have developed various fault-aware 50 

modeling strategies, including fault-constrained interpolation, displacement-based correction, and explicit or implicit 51 

structural reconstruction approaches [3, 10, 11, 32]. Computational methods have also been applied to extract 52 

geological structures and characterize spatial features from geological datasets [2, 13]. These approaches improve the 53 

representation of fault discontinuities under specific geological assumptions and data conditions. However, many 54 
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methods modify the entire modeling domain or require detailed geometric information that is often unavailable in 55 

practical subsurface applications. Therefore, a key computational challenge remains: how to introduce corrections 56 

within fault-affected regions while preserving the original interpolation surface outside these regions. 57 

The localized influence of faults provides an alternative perspective for discontinuity-aware surface 58 

reconstruction. Fault displacement, damage-zone extent, and structural architecture vary with fault scale, lithology, 59 

and deformation history [8, 20, 28]. Under sparse subsurface observations, complete geometric reconstruction of fault 60 

systems is often difficult. Instead, fault effects can be represented as local geological constraints imposed on a stable 61 

regional surface. This strategy is suitable for cases where fault information is incomplete and where maintaining the 62 

reliability of non-faulted regions is equally important as improving predictions near discontinuities [3, 18]. The central 63 

issue is therefore not only how to reproduce fault-related offsets, but also how to define the spatial extent and intensity 64 

of local corrections. 65 

In this study, a fault-aware local correction framework (FLC) is proposed for stratigraphic surface reconstruction 66 

under geological discontinuities. The framework uses a universal kriging surface as the reference surface and 67 

introduces corrections only within a predefined local correction zone. The correction zone is determined by fault 68 

displacement, dip, and lithological proxy information. The correction magnitude is controlled by fault-side 69 

information, asymmetric displacement partitioning, and distance-decay weighting. A zero-perturbation constraint is 70 

applied outside the correction zone to preserve unaffected r egions [12, 16, 24]. The main contributions of this study 71 

are as follows: (1) A geological constraint-based local correction framework is developed to incorporate fault-related 72 

discontinuities into stratigraphic surface reconstruction without modifying unaffected areas. (2) The proposed 73 

framework is evaluated using a real coalfield dataset from the Banji Coal Mine and two synthetic experiments with 74 

predefined fault displacements. (3) An ablation analysis is conducted to quantify the contributions of asymmetric 75 

displacement partitioning and distance-decay weighting. The results demonstrate the applicability and limitations of 76 

the proposed framework for discontinuity-aware geological surface modeling under sparse subsurface constraints. 77 

2 Methodology 78 

2.1 Method overview 79 

The proposed FLC framework is designed to improve stratigraphic surface prediction near faults while preserving the 80 

stability of non-faulted areas. The workflow starts from a baseline stratigraphic surface generated by universal kriging. 81 
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Fault attributes are then used to define a local correction zone. Within this zone, fault-side information, asymmetric 82 

displacement partitioning, and distance-decay weighting are used to construct a spatially restricted correction field. 83 

Outside the local correction zone, the correction weight is set to zero. The corrected surface is therefore identical to 84 

the baseline surface outside the fault-affected area. The framework contains four main steps: baseline surface 85 

construction, local correction zone definition, fault-aware correction, and validation. The workflow is shown in Fig. 86 

1. 87 

 88 

Fig. 1 Workflow of the proposed FLC framework and the localized UR+ comparison strategy 89 

2.2 Construction of the baseline stratigraphic surface 90 

A baseline stratigraphic surface, denoted as Z1, is first generated from borehole data using universal kriging. This 91 

surface represents the regional structural trend before fault-aware correction. It also serves as the fixed reference 92 

surface for all subsequent correction and comparison experiments. The baseline surface can be expressed as: 93 
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(ݔ)1ܼ  = ;ݔ)ܭܷ  ௕), (1)ܦ

 where ݔ is a grid location, ܦ௕  is the borehole dataset, and ܷܭ(⋅)  denotes universal kriging. Universal kriging is 94 

used because it can estimate a continuous surface from sparse borehole observations while considering a regional drift  95 

[17][22]. In this study, a spherical variogram model and a regional linear drift term are used. The detailed interpolation 96 

parameters are provided in Supplementary Table S4. 97 

2.3 Definition of the local correction zone 98 

The local correction zone defines the spatial range where fault-related modification is allowed. It is constructed along 99 

the mapped fault trace using fault displacement, fault dip, and lithologic proxy variables [20, 28]. These variables are 100 

used to estimate the correction width on the hanging-wall and footwall sides. The resulting zone mask determines 101 

whether a grid cell can be corrected. A side mask identifies whether each grid cell belongs to the hanging wall or the 102 

footwall. For a grid location x, the local correction zone can be defined as: 103 

௖ߗ   = {x ∣ ,ݔ)݀ (ܨ ≤ 𝑅௦}, (2) 

where ߗ௖ is the local correction zone, ݀(ݔ,  and 𝑅௦ is the 104 ,ܨ to the fault trace ݔ is the shortest distance from (ܨ

side-dependent correction width. When the correction width differs between the two sides of the fault, 𝑅௦ is assigned 105 

according to the fault-side mask. The local correction zone is used as a hard spatial constraint. Correction is only 106 

allowed within ߗ௖ . Grid cells outside ߗ௖  are not modified. This design prevents fault-related correction from 107 

propagating into stable non-faulted areas. 108 

2.4 Fault-aware local correction 109 

Within the local correction zone, FLC treats fault-related deformation as a spatially restricted perturbation added to 110 

the baseline surface. The corrected stratigraphic surface is defined as: 111 

  ܼி௅஼(ݔ) = (ݔ)1ܼ + (ݔ)ܹߚ ௭ܷ(ݔ), (3) 

where ܼி௅஼(ݔ)  is the corrected surface, ܼ1(ݔ)  is the baseline surface, ௭ܷ(ݔ)  is the fault-related vertical 112 

displacement field, ܹ(ݔ) is the distance-decay weight, and ߚ is the correction intensity. The distance-decay weight 113 

controls how the correction decreases away from the fault trace. It is defined as: 114 

(ݔ)ܹ   = {(1 − ௗ(௫,ி)ோೞ )௣ , ݔ  ∈ ,௖0ߗ ݔ  ∉ ௖ߗ , (4) 
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where ݌ controls the decay shape. The weight is close to 1 near the fault trace and decreases to 0 at the boundary of 115 

the local correction zone. Because ܹ(ݔ) = 0 outside ߗ௖, the corrected surface satisfies: 116 

  ܼி௅஼(ݔ) = ,(ݔ)1ܼ ݔ ∉ ௖ߗ . (5) 

This zero-perturbation condition is a key constraint of the FLC framework. The displacement field ௭ܷ(ݔ) is assigned 117 

according to the fault side. The parameter ߣ controls the displacement partitioning between the hanging wall and the 118 

footwall: 119 

  ௭ܷ(ݔ) = { ,ܪߣ ݔ ∈ footwall−(1 − ,ܪ(ߣ ݔ ∈ hanging wall, (6) 

where ܪ is the fault displacement and ߣ is the displacement partitioning parameter. A value of ߣ =  0.5 represents 120 

symmetric displacement partitioning. Values different from 0.5 allow asymmetric displacement partitioning. This is 121 

important because deformation near faults is often not evenly distributed on the two sides. 122 

2.5 Parameter calibration and model validation 123 

The correction parameters are calibrated using parameter-calibration points inside the local correction zone. These 124 

points are not used as independent validation points. The calibration objective is to minimize the prediction error 125 

between the corrected surface and the observed stratigraphic elevations. The parameter calibration can be written as: 126 

∗ߠ   = ݃ݎܽ ݉݅݊ఏ 𝑅 ܯ ;௜ݔ)ி௅஼ܼ]ܧܵ ,(ߠ ,[௜ݖ ௜ݔ ∈ ௖௔௟ܦ , (7) 

where ߠ denotes the calibrated parameter set, ܦ௖௔௟  is the parameter-calibration dataset, ݔ௜ is a calibration point, 127 

and ݖ௜  is the observed elevation. In the real-case experiment, the correction intensity ߚ  and the displacement-128 

partitioning factor ߣ are jointly calibrated by grid search over the parameter-calibration points. In the synthetic 129 

experiments, both ߣ and ߚ are searched to examine model behavior under controlled conditions. After calibration, 130 

the parameters are fixed. The model is then evaluated using independent validation points. These validation points are 131 

not involved in parameter calibration. Model performance is assessed using RMSE, MAE, ME and 𝑅2 . RMSE and 132 

MAE measure prediction error. ME indicates bias. 𝑅2  measures the agreement between predicted and observed 133 

elevations [5, 31]. 134 

2.6 Comparison methods and ablation design 135 

Several comparison methods are used to evaluate the behavior of FLC. The first comparison surface is the baseline 136 

universal kriging surface Z1. It represents the result without fault-aware local correction. The second comparison 137 
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method is an unfolding-refolding strategy, denoted as UR. This method represents a geometric reconstruction 138 

approach. A localized variant, denoted as UR+, is also tested. UR+ restricts geometric reconstruction to the local 139 

correction zone and blends the reconstructed surface back to the baseline surface near the zone boundary. An ablation 140 

analysis is conducted to examine the roles of key FLC components. The full FLC model includes asymmetric 141 

displacement partitioning and distance-decay weighting. The symmetric variant fixes ߣ at 0.5. This variant tests 142 

whether equal displacement partitioning between the two fault sides is sufficient. The no-decay variant removes the 143 

distance-decay weighting and applies a uniform correction weight inside the local correction zone. This variant tests 144 

whether the decay term improves prediction or mainly acts as a geological regularization term. The ablation 145 

comparison was therefore interpreted from two perspectives: point-based validation accuracy and spatial regularity 146 

near the correction-zone boundary. All ablation variants are calibrated using the same parameter-calibration points. 147 

They are evaluated using the same independent validation points. This design allows the influence of each FLC 148 

component to be compared under consistent data conditions. Detailed ablation settings and supplementary results are 149 

provided in Supplementary Notes S1-S4. 150 

3 Study area and data 151 

The proposed FLC framework was evaluated using a real engineering geological case from the Banji Coal Mine. The 152 

study area is located in a fault-controlled coal mining setting. Faults in this area disturb the spatial continuity of the 153 

target stratigraphic surface and increase the uncertainty of interpolation from sparse borehole data. Accurate 154 

reconstruction of this surface is important for coal seam boundary delineation, roadway layout, and geological hazard 155 

assessment. The roof of the Taiyuan Formation was selected as the target stratigraphic surface. Borehole data were 156 

used to construct the baseline surface Z1. Fault traces and fault attributes were used to define the local correction zone 157 

and the fault-side mask. Additional observed points were divided into parameter-calibration points and independent 158 

validation points. The calibration points were used to estimate the FLC correction parameters. The validation points 159 

were used only for independent accuracy assessment. The spatial distribution of boreholes, faults, calibration points, 160 

and validation points is shown in Fig. 2. The input datasets and their roles are summarized in Table 1. This separation 161 

between calibration and validation data was used to avoid validation-data leakage during parameter calibration. 162 
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 163 

Fig. 2 Spatial distribution of the main input data used in the real-case experiment 164 

  165 
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Table 1 Input datasets and their roles in the real-case experiment 166 

Dataset No. Main role 
Baseline 

construction Z1 

FLC 

constraint 

Parameter 

calibration 

Independent 

validation 

Borehole points 79 
Construction of the 

baseline Z1 surface 
Yes No No No 

Fault traces 21 

Definition of fault 

geometry and 

correction-zone 

location 

No Yes No No 

Fault attributes 12 

Estimation of 

correction-zone width 

and displacement field 

No Yes No No 

Calibration 

points 
131 

Calibration of 

correction parameters 
No No Yes No 

Validation 

points 
40 

Independent accuracy 

assessment 
No No No Yes 

 167 

4 Results 168 

4.1 Baseline surface and local correction zone 169 

The universal kriging surface Z1 was used as the baseline stratigraphic surface. It represents the regional trend of the 170 

roof of the Taiyuan Formation before fault-aware correction. However, because Z1 is generated as a continuous 171 

interpolation surface, it tends to smooth fault-related displacement effects near the fault trace. This smoothing can 172 

produce large local errors in the fault-affected area. The local correction zone was constructed around the mapped 173 

fault trace. This zone defines where fault-related modification is permitted. Grid cells outside this zone remain 174 

unchanged during FLC correction. The side mask was used to distinguish the hanging-wall and footwall sides. It 175 

controls the direction and partitioning of the fault-related correction. Fig. 3 shows the baseline surface, the local 176 

correction zone, and the fault-side mask. The correction zone is spatially limited around the fault trace. This confirms 177 

that the following FLC correction is restricted to the fault-affected area. 178 
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 179 

Fig. 3 Baseline stratigraphic surface and spatial constraints for FLC correction. (a) Universal kriging baseline 180 

surface Z1. (b) Fault-side mask used for asymmetric displacement partitioning 181 

4.2 Real-case calibration and surface correction 182 

4.2.1 Parameter calibration of FLC 183 

The two key FLC parameters, the displacement partitioning factor ߣ and the correction intensity ߚ, were calibrated 184 

by grid search using the 131 parameter-calibration points within the local correction zone. The parameter ߣ defines 185 

the proportion of interpreted fault displacement used for local correction. The parameter ߚ controls the correction 186 

strength within the fault influence zone. As shown in Fig. 4, the RMSE surface contains a clear low-error region, 187 

rather than an isolated minimum. This suggests that the calibrated parameters are not caused by numerical instability. 188 

The lowest calibration RMSE was obtained at 1.00 = ߣ and 0.37 = ߚ, with an RMSE of 32.97 m. The MAE surface 189 

gave a slightly different calibration optimum, at 0.95 = ߣ and 0.38 = ߚ. However, MAE remains stable near the 190 

RMSE-optimal setting, while RMSE is more sensitive to large local errors near faults. Therefore, ߣ =  1.00 and 0.37  191= ߚ were selected as the final FLC parameters. This choice gives priority to reducing large fault-zone errors while 192 

maintaining a comparable mean absolute error. The one-dimensional profiles support this selection. When ߣ =  1.00, 193 

RMSE reaches its minimum near ߚ =  0.37 . When ߚ =  0.37 , RMSE decreases as ߣ  approaches 1.00. This 194 

indicates that the full interpreted displacement should be used in the local correction. A moderate correction intensity 195 

is also needed to avoid excessive adjustment outside the fault-controlled zone. A sensitivity analysis was further 196 

conducted to test the robustness of the calibrated setting. Two fault-related attributes were perturbed: interpreted fault 197 

displacement and correction-zone width. The perturbation factors ranged from 0.8 to 1.2, representing ±20% 198 

uncertainty. As shown in Fig. 5, validation errors are weakly affected by changes in fault displacement. RMSE remains 199 
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almost unchanged over the tested range. In contrast, correction-zone width has a stronger effect on validation 200 

performance. This indicates that the spatial extent of correction is more important than moderate uncertainty in 201 

displacement magnitude. The two-dimensional perturbation surface also shows that the reference setting lies within a 202 

stable low-error region. The cell marked Ref. in Fig. 5(c) represents the unperturbed setting, where both the 203 

displacement scale and correction-zone width scale equal 1.0. Overall, the calibrated FLC parameters are robust to 204 

moderate uncertainty in fault interpretation. However, the correction-zone width should be carefully defined to ensure 205 

reliable predictions near faults. 206 

 207 

Fig. 4 Sensitivity of validation errors to FLC parameters (ߣ and ߚ): response surfaces and one-dimensional 208 

profiles. (a) RMSE response surface; (b) MAE response surface; (c) RMSE and MAE profiles with ߣ fixed at 1.00; 209 

(d) RMSE and MAE profiles with ߚ fixed at 0.37 210 
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 211 

Fig. 5 Sensitivity of FLC validation performance to perturbations in fault displacement and correction-zone width. 212 

(a) Validation RMSE and MAE under fault-displacement scaling. (b) Validation RMSE and MAE under correction-213 

zone-width scaling. (c) Validation RMSE under combined perturbations of fault displacement and correction-zone 214 

width. (d) Comparison between fixed-beta and recalibrated-beta responses 215 

4.2.2 Corrected surface and local correction field 216 

In this study, zero perturbation outside the local correction zone was imposed as a hard constraint, and its validity was 217 

directly evaluated using the difference field. Fig. 6 shows the spatial distribution of ΔZ. The results indicate that the 218 

differences are concentrated mainly within the local correction zone and gradually decay with increasing distance 219 

from the fault. Outside the zone, ΔZ remains close to zero, indicating that the FLC correction does not introduce 220 

overall drift into non-faulted areas. This difference-field analysis provides direct spatial evidence that the method 221 

achieves its intended design objective of local improvement with outside-zone preservation. 222 
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 223 

Fig. 6 Difference map of Δܼ(ݔ) = ܼFLC(ݔ) −  224 (ݔ)1ܼ

4.3 Independent validation and spatial error analysis 225 

4.3.1 Independent validation results 226 

As shown in Fig. 7, the spatial differences associated with FLC are mainly concentrated within or close to the local 227 

correction zone, whereas the reference surface remains unchanged outside the zone by design. In contrast, UR exhibits 228 

more extensive spatial modification beyond the local correction zone, reflecting the more global nature of geometric 229 

unfolding and refolding. UR+ reduces this effect by restricting reconstruction to the same local correction zone and 230 

feathering the result near the boundary, but it still represents a localized geometric reconstruction strategy rather than 231 

a strict no-perturbation scheme. This comparison highlights the essential distinction among the three approaches: FLC 232 

is explicitly designed to preserve the baseline surface outside the local correction zone, whereas UR and, to a lesser 233 

extent, UR+ may still modify the surrounding geometry. The independent validation results are summarized in Table 234 

2. Compared with Z1, FLC reduced the RMSE from 41.33 m to 36.60 m. The MAE decreased from 23.75 m to 18.69 235 

m. The coefficient of determination increased from 0.77 to 0.82. The ME also became less negative, indicating that 236 

FLC reduced the systematic bias of the baseline interpolation surface. Fig. 8 further shows the validation behavior of 237 

Z1, ZFLC, ZUR+ and ZUR. The FLC predictions are closer to the observed elevations than the baseline predictions. The 238 

improvement is most relevant to the correction of fault-related local displacement. 239 



 14 

 240 

Fig. 7 Comparison of Z1, ZFLC, ZUR, and ZUR+ surfaces, (a) Continuous reference structural plane Z1, (b) FLC (241 = ߣ 

 Unfold/Refold (UR), (d): localized variant UR+ 242 (c) ,(0.37 = ߚ ,1.00

Table 2 Accuracy comparison within the local correction zone (the best results are highlighted in bold) 243 

Method RMSE MAE ME R² 

Z1 41.328 23.753 -18.818 0.767 

ZFLC 

(λ=1.00, β=0.37) 
36.642 18.701 -11.500 0.817 

ZUR+ 45.486 26.264 -21.012 0.718 

ZUR 57.645 34.979 -21.238 0.546 
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 244 

Fig. 8 Independent validation results of the real-case experiment. (a) Comparison between observed and predicted 245 

elevations for Z1, ZFLC, ZUR+, and ZUR. (b) Prediction-error distributions of the four methods. The dashed line in (a) 246 

is the 1:1 reference line. The dashed line in (b) indicates zero prediction error. ZFLC was generated using 247 1.00 = ߣ 

and 248 0.37 = ߚ 

4.3.2 Spatial distribution of errors 249 

To further identify the main sources of error near the fault, this study analyzed the along-strike distribution of FLC 250 

residuals in combination with the spatial positions of the independent validation points. Fig. 9 shows that the errors 251 

are not randomly scattered, but display clear along-strike zonation. Larger residuals are concentrated mainly near the 252 

fault tips [6, 7], whereas errors in the central segment are generally smaller and more stable. The spatial error map, 253 

the along-strike scatter plot, and the grouped boxplots all show the same trend, indicating that the fault-tip segments 254 

are likely to be the main zones where residuals are amplified in the present validation dataset. The grouped statistics 255 

further support this pattern, although the small number of tip-segment validation points means that this result should 256 

be interpreted cautiously. Based on 40 independent validation points, the fault-tip segments at 0-20% and 80-100% 257 

together contain 10 points, with an RMSE of 63.57, an MAE of 34.30, and a mean error of -28.36. By contrast, the 258 

central fault segment at 20-80% contains 30 points, with an RMSE of 21.05, an MAE of 13.50, and a mean error of -259 

5.88. FLC can improve local structural prediction more stably in the central segment, but still shows stronger negative 260 

bias and greater error dispersion near the fault tips. This suggests that the current local correction framework is better 261 

suited to the central segment, but remains less responsive to the more complex structural variations and weaker data 262 

constraints near the fault tips. From the spatial distribution, points with larger absolute errors do not appear uniformly, 263 

but tend to cluster near the fault ends and in areas with local bends and branch development. The variation along the 264 



 16 

normalized strike position also shows that larger negative errors are more likely to occur near both ends, whereas most 265 

points in the central segment are distributed near zero error, with only a few moderate deviations. These patterns 266 

collectively indicate that residual amplification near fault tips reflects a systematic structural control rather than 267 

random scatter, as further confirmed by the wider error distributions and more pronounced outliers in the grouped 268 

boxplots (Fig. 10). 269 

 270 

Fig. 9 Spatial distribution and structural controls of FLC modeling errors. (a) Spatial distribution of signed error 271 

(red: overestimation; blue: underestimation). (b) Spatial distribution of absolute error. (c) Error variation along the 272 

normalized fault strike (0 = tip, 1 = opposite tip). (d) Relationship between borehole density and mean absolute 273 

error, illustrating higher errors in poorly constrained fault-tip zones  274 
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 275 

Fig. 10 Error statistics of FLC along the fault strike, showing (a) error distribution (FLC − Z) and (b) absolute error 276 

distribution for fault-tip and mid-segment validation points. Higher dispersion and larger errors occur near fault tips 277 

4.3.3 Profile results and geological consistency 278 

To further evaluate the geological plausibility of the modeled surfaces near faults from the perspective of profile 279 

geometry, cross-fault profiles were extracted from both Z1 and ZFLC. Six representative sections were selected, and 280 

their locations are shown in Fig. 11. The profile results in Fig. 12 show that the FLC-induced correction is mainly 281 

confined to the local correction zone. Its magnitude is greatest near the fault and gradually decreases with increasing 282 

distance from the fault, consistent with a distance-decaying displacement pattern. Meanwhile, the transition near the 283 

boundary of the local correction zone remains smooth, and no obvious drift is observed outside the zone. This indicates 284 

that the adopted decay weighting and boundary treatment effectively suppress artificial separation between corrected 285 

and uncorrected areas. In terms of the hanging-wall and footwall response, the parameter ߣ controls the relative 286 

partitioning of correction between the two sides. Under the RMSE-optimal solution, with 1.00=ߣ, the correction 287 

places greater emphasis on the footwall side, producing a more pronounced relative offset across the fault in the 288 

extracted profiles. In the calibration results for the study area, ߣ  consistently tends toward values close to 1, 289 

suggesting that, within the present local correction framework, assigning a stronger relative correction contribution to 290 

the footwall side yields lower in-zone prediction error. However, ߣ should be interpreted as a parameterized control 291 

variable for local correction rather than as the true one-sided deformation ratio in a structural kinematic sense. In this 292 

study, it reflects the numerically preferred partitioning strategy under the dual constraints of improving prediction 293 
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within the local correction zone and maintaining zero perturbation outside it. Although the Banji mine field is 294 

dominated by normal faults, and the implied correction direction is broadly compatible with the relative uplift of the 295 

footwall, reverse faults and composite structures are also present in the area. Therefore, the value of ߣ  is not 296 

overinterpreted here as evidence for a single structural mechanism. 297 

 298 

Fig. 11 Profile-line locations for Z1 and ZFLC and their relation to the local correction zone. (a) Profile lines on Z1. (b) 299 

Profile lines on ZFLC. (c) Profile-line distribution within the local correction zone 300 

 301 

Fig. 12 Comparison of six section lines between Z1 and ZFLC, red represents Z1, yellow represents ZFLC, and blue 302 

indicates whether the point is inside (1) or outside (0) the local correction zone 303 
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4.4 Synthetic experiment results 304 

Two synthetic scenarios were used to compare fault-treatment strategies under controlled conditions. S1 represents a 305 

hard-truncation case, where the fault effect forms a sharp break within the local correction zone. S2 represents a 306 

continuous-decay case, where the anomaly gradually weakens toward the zone boundary. The true surfaces, profile 307 

locations, H1 profile comparisons, and quantitative results are shown in Fig. 13 and Fig. 14 and Table 3. 308 

In S1, the true H1 profile contains a clear elevated segment within the local correction zone. Z1 strongly smooths 309 

this feature and fails to reproduce the abrupt discontinuity. FLC restores the uplift more effectively and gives the 310 

lowest in-zone error. UR also improves the in-zone fit relative to Z1, but it produces non-zero perturbations outside 311 

the local correction zone. This indicates loss of locality. UR+ removes this outside-zone disturbance by restricting the 312 

reconstruction to the local correction zone. However, its in-zone recovery remains weaker than that of FLC in the 313 

hard-truncation case. The in-zone RMSE decreases from 16.04 for Z1 to 4.66 for FLC. UR and UR+ reduce it to 6.64 314 

and 8.24, respectively. FLC keeps the outside-zone error at the baseline level, whereas UR increases both outside-315 

zone error and outside-zone perturbation. 316 

In S2, the true H1 profile shows a continuously decaying anomaly rather than a flat elevated block. Z1 still 317 

underestimates the disturbed zone and weakens the attenuation pattern. FLC gives the best in-zone reconstruction 318 

under the tested setting. It also better captures the gradual decay from the zone center to the boundary. UR remains 319 

broader and less localized, with non-zero outside-zone perturbation. UR+ removes this disturbance, but its in-zone 320 

accuracy is still slightly lower than that of FLC. The in-zone RMSE decreases from 11.70 for Z1 to 6.75 for FLC. UR 321 

and UR+ reduce it to 7.60 and 7.03, respectively. As in S1, FLC keeps zero outside-zone perturbation, while UR 322 

modifies the surface outside the local correction zone. 323 

Overall, the two scenarios show that locality strongly controls the performance of fault-handling strategies. In 324 

both S1 and S2, FLC gives the lowest in-zone RMSE and maintains zero outside-zone perturbation. This indicates a 325 

better balance between local correction and outside-zone preservation. UR can partly recover the fault-related 326 

geometry, but its full-domain reconstruction introduces unintended outside-zone changes. UR+ suppresses these 327 

changes, but its in-zone correction remains weaker than that of FLC in the present synthetic tests. Complete profile 328 

comparisons are provided in Supplementary Figs. S4-S5. 329 

Table 3 Quantitative comparison of synthetic results under S1 and S2 based on grid-wide evaluation. (Z1 denotes 330 

the baseline surface generated by universal kriging; the best results are highlighted in bold) 331 
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Scenario Method 

Over the entire 

study area 

Within local correction 

zone 

Outside the local 

correction zone 

RMSE MAE RMSE MAE RMSE MAE 

S1 

Z1 11.282 9.265 16.038 14.77 9.121 7.397 

FLC 8.224 6.497 4.663 3.842 9.121 7.397 

UR 9.102 7.393 6.64 5.262 9.797 8.116 

UR+ 8.907 7.107 8.244 6.251 9.121 7.397 

S2 

Z1 9.839 7.957 11.701 9.607 9.121 7.397 

FLC 8.583 6.933 6.749 5.565 9.121 7.397 

UR 9.062 7.425 7.6 6.222 9.507 7.833 

UR+ 8.64 6.971 7.034 5.715 9.121 7.397 

 332 

Fig. 13 Synthetic scenario S1, including the true surface and profile location (a), H1 profile Z comparison (b), and 333 

error comparison (c) 334 
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 335 

Fig. 14 Synthetic scenario S2, including the true surface and profile location (a), H1 profile Z comparison (b), and 336 

error comparison (c) 337 

4.5 Ablation analysis of key FLC components 338 

Ablation analysis was used to test the effects of displacement partitioning and distance-decay weighting. The full FLC 339 

model was compared with the Z1 baseline, a no-decay variant, and a symmetric-displacement variant. The symmetric 340 

variant fixed ߣ  at 0.5. The no-decay variant used the same local correction zone but removed distance-decay 341 

weighting within the zone. All variants were calibrated with the same calibration points and evaluated with the same 342 

independent validation points. 343 

The point-based validation results are summarized in Fig. 15(a)-(b) and Table 4. Compared with Z1, the full FLC 344 

model reduced RMSE from 41.33 m to 36.60 m, and MAE from 23.75 m to 18.69 m. The symmetric variant showed 345 

weaker improvement, with an RMSE of 40.65 m and an MAE of 22.96 m. This indicates that equal displacement 346 

partitioning across the fault is too restrictive for the real case. Asymmetric displacement partitioning is therefore a key 347 

component of the FLC framework. 348 

The no-decay variant gave the lowest point-based validation error, with an RMSE of 34.07 m and an MAE of 349 

18.19 m. This suggests that uniform in-zone correction can fit sparse validation points more strongly than the distance-350 

decay model. However, the spatial regularization results in Fig. 15(c)-(d) and Table 4 show a clear cost. The improved 351 

point accuracy is achieved by much stronger correction near the zone boundary. At d/R = 0.95, the median boundary 352 

correction is 0.85 m for the full FLC model, but 11.04 m for the no-decay variant. The 90th percentile also increases 353 

from 2.22 m to 28.80 m. 354 
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These results show that distance-decay weighting acts mainly as a geological regularization term. It suppresses 355 

abrupt correction near the boundary of the local correction zone and produces a smoother transition from the corrected 356 

area to the unchanged baseline surface. This distinction is important for engineering geological modeling, where the 357 

final surface should fit validation points, maintain geologically plausible transitions, and avoid artificial boundary 358 

discontinuities. Therefore, the no-decay variant is regarded as the point-error optimum under the present validation-359 

point distribution, whereas the full FLC model is retained as the recommended engineering model because it provides 360 

a better compromise between validation accuracy, boundary regularity, and geological plausibility. 361 

 362 

Fig. 15 Ablation comparison of the key FLC components. (a) RMSE and MAE of different model variants. (b) 363 

Prediction-error distributions at the independent validation points. (c) Correction weights for full and no-decay; (d) 364 

Comparison of boundary correction amounts 365 

  366 
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Table 4 Ablation results at independent validation points 367 

Method Settings Validation metrics 
Boundary correction 

(median; P90) 

Z1 baseline - 
RMSE 41.33; MAE 23.75; ME -

18.82; R² 0.78 
- 

FLC full 
 = ߚ ;decay = yes ;1 = ߣ

0.37 

RMSE 36.60; MAE 18.69; ME -

11.48; R² 0.82 
0.85 m; 2.22 m 

FLC no-decay 
 = ߚ ;decay = no ;1 = ߣ

0.24 

RMSE 34.07; MAE 18.19; ME -8.98; 

R² 0.84 
11.04 m; 28.80 m 

FLC symmetric 
 ߚ ;decay = yes ;0.5 = ߣ

= 0.09 

RMSE 40.65; MAE 22.96; ME -

18.64; R² 0.77 
- 

5 Discussion 368 

5.1 Geological constraints for discontinuity-aware reconstruction 369 

Geological modeling commonly involves uncertainty caused by incomplete observations and imperfect prior 370 

geological knowledge. Previous studies have emphasized the importance of incorporating additional constraints to 371 

improve the reliability of subsurface models under uncertainty. The proposed FLC framework treats fault-related 372 

deformation as a local correction applied to a baseline stratigraphic surface. Universal kriging can effectively represent 373 

regional spatial trends. However, its continuity assumption may smooth local offsets near faults and reduce the 374 

representation of geological discontinuities [14, 26]. FLC preserves the regional characteristics of the baseline surface 375 

and introduces corrections only within fault-affected regions. This localized strategy provides a way to integrate 376 

geological constraints into interpolation-based surface reconstruction. Fault effects are usually spatially 377 

heterogeneous. Displacement magnitude, damage-zone extent, and structural architecture vary with fault geometry, 378 

lithology, and deformation history [8, 20, 28]. Therefore, representing fault influence as a spatially limited correction 379 

can be more practical than modifying the entire surface when subsurface observations are sparse. The real-case results 380 

support this interpretation. The correction field is mainly concentrated within the local correction zone, and 381 

independent validation shows improved prediction accuracy after applying FLC. These results indicate that part of the 382 

error in the baseline surface originates from fault-controlled local deformation. The ablation analysis further clarifies 383 
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the roles of individual components in the FLC framework. Asymmetric displacement partitioning improves the 384 

representation of fault-side differences. The symmetric variant with ߣ  fixed at 0.5 produced weaker validation 385 

performance, indicating that equal correction on both sides of the fault may not sufficiently describe the observed 386 

deformation pattern. Such asymmetry is consistent with geological observations because hanging-wall and footwall 387 

responses may differ due to fault geometry, displacement history, and lithological conditions [1, 9, 25]. In this study, 388 ߣ represents an empirical side-dependent correction weight. It should not be interpreted as the true proportion of 389 

geological displacement accommodated by each fault block. The no-decay variant achieved the lowest point-based 390 

validation error, suggesting that uniform correction can provide stronger fitting performance under sparse validation 391 

constraints. However, distance-decay weighting serves as a spatial regularization mechanism rather than a direct error-392 

minimization component. It reduces abrupt transitions near the correction boundary and maintains a gradual change 393 

between corrected and unchanged regions. Therefore, the full FLC framework provides a balanced solution between 394 

prediction accuracy, spatial continuity, and geological plausibility. 395 

5.2 Comparison with existing spatial modeling strategies 396 

The conceptual difference between FLC and geometric reconstruction methods is illustrated in Fig. 16. Conventional 397 

interpolation methods, represented by the baseline Z1 surface, provide continuous surface estimation from sparse 398 

observations. However, they do not explicitly incorporate fault-side information or local displacement characteristics. 399 

Consequently, fault-related discontinuities may be smoothed during surface reconstruction. Geometric reconstruction 400 

methods, such as unfolding and refolding approaches, provide another strategy for handling faulted geological 401 

surfaces. These methods explicitly represent structural deformation and can recover geometrically consistent surfaces 402 

under appropriate geological assumptions. However, they usually require more complete fault geometry and stronger 403 

structural constraints. In addition, corrections may influence regions beyond the target fault-affected area. FLC 404 

provides an intermediate strategy between continuous interpolation and full geometric reconstruction. It does not 405 

replace the baseline interpolation surface. Instead, it uses the baseline surface as a regional reference and introduces 406 

fault-aware corrections only within a predefined local correction zone. This design reduces unnecessary modifications 407 

outside fault-affected regions and is suitable for geological modeling scenarios with incomplete structural information. 408 

Recent advances in computational geoscience have introduced stochastic and data-driven approaches for geological 409 

model generation, which provide powerful tools for representing complex geological variability when sufficient 410 

geological information is available [4]. Meanwhile, implicit structural modeling has further improved the 411 
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representation of complex geological structures by integrating geological knowledge with geometric constraints [10, 412 

12]. These approaches are powerful when dense structural observations and comprehensive geological constraints are 413 

available. In contrast, FLC focuses on data-limited scenarios where borehole observations are sparse and fault 414 

attributes are only partially known. Therefore, FLC and implicit structural modeling address different modeling 415 

conditions. The former emphasizes localized correction under limited information, whereas the latter focuses on 416 

comprehensive structural reconstruction. 417 

 418 

Fig. 16 Conceptual comparison of interpolation-based reconstruction, FLC, and geometric reconstruction strategies 419 

for fault-affected stratigraphic surfaces. (a) Input baseline surface Z1. (b) FLC displacement partitioning between the 420 

hanging wall and footwall. (c) FLC output with localized distance-decay correction. (d) Unfold step of geometric 421 

reconstruction. (e) Refold step of geometric reconstruction. (f) UR+ localized reconstruction within the fault influence 422 

zone 423 

5.3 Applicability, limitations, and future development 424 

The FLC framework is designed for geological surface reconstruction under three conditions. First, a baseline 425 

stratigraphic surface can be generated from borehole or other subsurface observations. Second, basic fault geometry 426 

and displacement-related information are available. Third, local improvement near discontinuities is required while 427 

preserving the stability of surrounding regions. Each component of FLC has a clear geological interpretation. The 428 

local correction zone defines the spatial extent of fault influence. The fault-side mask distinguishes hanging-wall and 429 

footwall regions. The displacement partitioning parameter controls asymmetric correction allocation. The distance-430 
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decay function regulates the transition between corrected and unchanged areas. These components improve the 431 

interpretability of the correction process and reduce the dependence on purely statistical adjustment. Several 432 

limitations should also be considered. First, the correction performance depends on the accuracy of fault traces, 433 

displacement estimates, dip information, and lithological proxy variables [23]. Uncertainty in these inputs may 434 

influence the resulting correction field. Second, the real-case validation used 40 independent validation points. 435 

Although these points provide an independent assessment, they may not fully represent spatially heterogeneous errors, 436 

particularly near fault tips where observations are limited. Therefore, the reported improvement should be interpreted 437 

together with spatial error patterns and validation-point distribution. Third, this study focuses on a single stratigraphic 438 

surface. Extension to multi-layer reconstruction requires additional geological constraints to maintain stratigraphic 439 

order and thickness consistency. Future studies should incorporate uncertainty quantification, multi-layer geological 440 

modeling, and complex fault-network representations to improve the applicability of FLC for broader subsurface 441 

reconstruction problems. 442 

6 Conclusions 443 

This study proposed a fault-aware local correction (FLC) framework for stratigraphic surface reconstruction under 444 

fault-related geological discontinuities. The framework integrates fault-side information, asymmetric displacement 445 

partitioning, and distance-decay weighting into a universal kriging-based surface while preserving the baseline surface 446 

outside the local correction zone. The main conclusions are summarized as follows. 447 

(1) The proposed FLC framework improves stratigraphic surface reconstruction near faults while maintaining 448 

stability in unaffected regions. In the real coalfield case, FLC reduced the independent validation RMSE from 41.33 449 

m to 36.60 m and the MAE from 23.75 m to 18.69 m. The coefficient of determination increased from 0.77 to 0.82, 450 

demonstrating the effectiveness of localized geological correction. 451 

(2) Synthetic experiments and ablation analysis revealed the roles of different components in controlling 452 

correction behavior. FLC substantially reduced reconstruction errors within fault-affected zones under controlled 453 

displacement scenarios. Asymmetric displacement partitioning improved fault-side representation, whereas distance-454 

decay weighting acted as a spatial regularization mechanism to maintain smooth transitions between corrected and 455 

unchanged regions. 456 
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(3) The FLC framework provides an interpretable post-interpolation correction strategy for data-limited 457 

geological surface reconstruction. It offers an intermediate approach between continuous interpolation and full 458 

geometric reconstruction when fault information is incomplete. Future developments should consider multi-layer 459 

stratigraphic reconstruction, complex fault networks, and uncertainty quantification. 460 
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