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Figure 1 Earthquake distribution map in the Sichuan—Yunnan region. (a) Distribution of earthquakes (;>5.0) in the Sichuan—Yunnan region from
1970 to 2024. (b) Distribution of earthquakes (M, >3.0) in the Sichuan—Yunnan region from 1970 to 2024. Yellow lines indicate the boundaries of sub-
regions along with their identifiers. Detailed display of the regional subplots is shown in Figure S1
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Figure 4 Multi-source heterogeneous graph neural network seismic prediction architecture
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Earthquake prediction has long been recognized as a globally significant scientific challenge, with enormous societal
demand, especially in seismically active regions like Sichuan-Yunnan, China. Traditional statistical models like the
Epidemic-Type Aftershock Sequence (ETAS) model have been widely used for earthquake forecasting by analyzing
historical seismicity. However, these models are limited in their ability to capture the underlying physical mechanisms
driving earthquakes and often lack the precision needed for practical applications. In recent years, the rapid development of
artificial intelligence, especially deep learning, has provided new perspectives and technical avenues for tackling
earthquake prediction problems. While laboratory-based studies using deep learning on simulated earthquake data have
shown promise, predicting high-magnitude and damaging earthquakes in real-world settings remains extremely
challenging, primarily due to the limited availability of such events and the inherent complexity of the underlying
geophysical processes involved.

This study proposes a novel approach to regional earthquake prediction in the Sichuan—Yunnan region by integrating
multi-source heterogeneous data into a Graph Neural Network (GNN) framework. The Sichuan—Yunnan region is
subdivided into 11 tectonically informed sub-regions, each represented as a node within the constructed graph. Connections
between nodes reflect tectonic proximity and structural interactions, allowing the model to incorporate spatial correlations
in seismic activity. The study utilizes seismic catalogs dating back to 1970, along with a wide range of geophysical
observations, including precursor signals such as groundwater level changes, deformation, and electromagnetic data.
Samples are constructed using sliding windows: the input features for each sample are drawn from seismic and precursor
activity in the previous year, while the prediction target is the occurrence of moderate-to-large earthquakes (M;>5.0) in the
subsequent month for each sub-region. To maximize the effectiveness of the model, a range of features are extracted,
including earthquake frequency—magnitude distributions, b-values, temporal clustering coefficients (C-values), tidal
modulation ratios, and time series of various precursor observables. The graph neural network model employs a hybrid
architecture, combining convolutional layers for time-series feature extraction, fully connected networks for non-linear
mapping, and graph attention/convolutional layers for spatial information fusion. Each sub-region model is trained
independently to address sample imbalance issues, and an ensemble of models provides a region-wide forecast.

A comprehensive evaluation using both standard machine learning metrics (such as ROC curves and AUC) and
earthquake-specific indices (such as recall and R-value scores) demonstrates that the GNN-based approach achieves robust
performance across several key sub-regions, notably those along the Nujiang, Xianshuihe, and Longmenshan fault zones.
The integration of multi-source data, especially geophysical observation data, significantly improves forecasting
performance in certain sub-regions, highlighting the value of heterogeneous data integration for capturing potential
earthquake-related anomalies. However, performance varies by region, reflecting differences in data quality, seismicity
levels, and geological complexity. Retrospective tests on recent seismic activity further validate the model’s practical
utility. Successful predictions of significant events in 2022 in key regions underscore the model’s potential to contribute to
regional earthquake risk assessment and disaster mitigation efforts. Nevertheless, challenges such as the limited number of
large-magnitude events and imbalanced datasets highlight the need for ongoing improvements, including better data
integration and more physically interpretable modeling approaches. Overall, this study presents a data-driven, innovative
approach to earthquake prediction in the Sichuan—Yunnan region based on advanced GNNs and multi-source data fusion.
These findings not only underscore the transformative potential of GNNs for addressing complex spatiotemporal prediction
problems in seismology but also provide valuable insights for improving earthquake risk assessment and disaster
mitigation in regions prone to seismic hazards.
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