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Abstract: This study aims to reveal the evolutionary patterns of pore structures in ultra-deep shales (burial depth >
4 500 m) under the coupling of four fields, i.e. , geothermal, pressure, stress, and fluid fields (also referred to as four-
field coupling). By integrating multiple methods, including X-ray whole-rock analysis, scanning electron microscopy
(SEM) , quantitative pore structure characterization, and basin modeling, we investigate the shales of the Lower Paleozoic
Longmaxi Formation in three representative wells in the southeastern Sichuan Basin. The results reveal significantly
different pore structures. In structural units characterized by overpressure and relatively constant temperature (well D5) ,
organic and inorganic pores show an equilibrium distribution, dominated by mesopores. In contrast, structural units
subjected to hydrothermal pressurization (well F1) exhibit dense organic pores but relatively sparse inorganic pores, while

those featuring low temperature and pressure relief (well S1) show organic pore collapse (porosity < 2.50%) , with
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macropores and fracture systems predominating. The four-field coupling shows pore-controlling mechanisms of temperature-
pressure synergy and stress-fluid co-shaping. Specifically, although vitrinite reflectance (R,) values exceeding 3% tend to
trigger organic pore collapse, the Ro threshold is dynamically adjusted by pressure regime and lithofacies. Overpressure
conditions (pressure coefficient > 1. 80) effectively suppress compaction, with the pore volume decreasing by about 20% ~
30% at the pressure relief stage. Furthermore, the stress field governs the propagation and connectivity of fractures, while
acidic fluid dissolution promotes the formation of secondary pores with pore sizes ranging from 100 nm to 500 nm. A pore
evolution pathway is established, consisting of a shallow burial stage (dominated by pressure field) , a hydrocarbon
generation-induced pressurization stage (characterized by temperature-pressure synergy) , an overpressure formation stage
(marked by the explosive development of organic pores) , an overpressure maintenance stage (featuring graphitization-
induced organic pore shrinkage and fracture propagation) , and a pressure relief and adjustment stage (characterized by
fracture-related modification). Accordingly, a reservoir space classification model is proposed, in which reservoir spaces
are categorized into an overpressure-primary pore type, a modification-complex pore type, and an intensive modification-
fracture type. This model offers a geological basis for predicting sweet spots in deep shale gas exploration.

Key words: four-field coupling, pore structure evolution, deep shale gas, Longmaxi Formation, southeastern Sichuan
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Fig. 1

Location map of the study area (a) and structure distribution map of the Silurian bottom boundary (b), and composite stratigraphic

column of the Longmaxi Formation from well D5 (¢) in the southeastern Sichuan Basin
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Fig. 2 Mineral composition and total organic carbon (TOC) content characteristics of shales in the Longmaxi Formation in three

representative wells in the southeastern Sichuan Basin
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Fig. 3 Histograms showing the frequency distribution of TOC content in shales of the Longmaxi Formation in three representative wells in

the southeastern Sichuan Basin
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Fig. 4 Scatter diagram showing the porosity and permeability of
shales in the Longmaxi Formation in three representative wells in

the southeastern Sichuan Basin
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Table 1 Four-field coupling patterns of shale reservoirs in the Longmaxi Formation in three representative wells in the

southeastern Sichuan Basin
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Fig. 5 Scanning electron microscopy (SEM) images showing pore types in typical shale samples from the Longmaxi Formation in well F1,

southeastern Sichuan Basin
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Table 2 Characteristic parameters for pore structures of shale samples from the Longmaxi Formation in three representative

wells in the southeastern Sichuan Basin
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Fig. 6 SEM images showing pore types in typical shale samples from the Longmaxi Formation in well D5, southeastern Sichuan Basin
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Fig. 7 SEM images showing pore types in typical shale samples from the Longmaxi Formation in well S1, southeastern

Sichuan Basin
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Table 3 Comparison of pore evolution characteristics and critical controlling fields at different burial depths for shales in the

Longmaxi Formation (well D5), southeastern Sichuan Basin
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