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Table S1 The sequential chemical extraction procedure for uranium
	Steps
	Procedures
	States

	[bookmark: OLE_LINK37]1
	Weighing 1 g of the sample (< 100 mesh) in a centrifuge cup, then 20.00 mL boiled and cooled deionized water (pH = 7.0) was added to centrifuge cup. After shaking at room temperature for 16 hours, the mixture was centrifuged (4500 g, 30 min). The supernatant was filtered through a 0.45 μm membrane and then the uranium concentration was determined.
	[bookmark: OLE_LINK62]L0, water-soluble state.

	2
	Additionally 1 g of the sample was added to a centrifuge cup, followed by the addition of 40.00 mL of acetic acid solution (0.11 M). After oscillating at room temperature for 16 hours, the mixture was centrifuged (3000 g, 20 min), and the supernatant was collected for analysis of uranium concentration. The remaining residue (R2) was reserved for the next extraction step.
	L1, weak acid-extractable state, including ion exchangeable and carbonate-bound fractions.

	3
	Hydroxylamine hydrochloride solution (0.5 M, 40.00 mL) was added to the solid residue R2 obtained from the second step. The subsequent steps were identical to Step 2.
	L2, reducible state, including iron, manganese, and aluminum oxides-bound fractions.

	4
	A total of 10.00 mL of hydrogen peroxide with a pH of 3 was gradually added into the solid residue R3 in four separate additions. The mixture was then allowed to undergo digestion at room temperature for a duration of 1 hour, followed by further heating and digestion in an electric thermostatic water bath set at 85 °C for an additional hour. After cooling, these aforementioned steps were repeated until the resulting solution reached a volume of approximately 1 mL. Subsequently, 50.00 mL ammonium acetate solution (1 M) was added, and the mixture was shaken at room temperature for a duration of 16 hours, followed by centrifugation. The subsequent steps were identical to Step 2.
	
L3, Oxidizable state, including organic matter and sulfide-bound fractions.

	5
	[bookmark: OLE_LINK63]The solid residue R4 was taken into an electrically heated constant- temperature water bath at approximately 60°C until it was evaporated. The evaporated solid residue (0.1 g) was taken for dissolution in a mixed acid solution of hydrochloric acid, nitric acid, hydrofluoric acid, and perchloric acid, and then the uranium concentration was determined.
	
L4, Residual state.


The uranium concentration (L, mg L-1) in the extraction solution from each step was quantified using ICP-MS. The uranium content in each specific state (Q, mg kg-1) was subsequently calculated using the following formula: Q = L × V/m, where V represents the volume of the extraction solution (L) and m denotes the mass of the waste rock and residue samples (kg).















[image: 逐级化学提取结果-相对含量]
Fig. S1 Relative contents (%) of five states of uranium in waste rock samples before and after leaching






















[image: 石煤废石光学显微镜及SEM-EDS下特征]
Fig. S2 Mineral composition and organic matter of stone coal waste rock observed under optical microscope and scanning electron microscope



































[image: 浸出残渣表面微观形貌]
Fig. S3 The surface microtopography of leached waste rock residues observed by scanning electron microscopy
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