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Fig.1 Experimental illustrations and main analytical advantages of different mineralogical analysis methods
comparison of XRD spectra for (a) dolomite and (b) calcite (modified from reference [69]); (c, d) medium-crystalline dolomite under
cathodoluminescence (from [70]); comparison of infrared spectra between (e) dolomite; and (f) calcite (modified from [38]); comparison
of Raman spectra between (g) dolomite; and (h) calcite (modified from [65]); (i) dolomite rhombs observed by SEM (from [48]); (j) SEM
observations of spherical dolomite crystals indicating microbial origin (from [47]); (k, 1) dolomite crystals observed by TEM (from [71,
72]); (m) EBSD observation of crystal orientation in stromatolitic dolomite (from [53]); (n, 0) dolomite crystal surfaces observed by

atomic force microscopy (from [60, 73])
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Table 3 Characteristic infrared spectrometric peaks of carbonate minerals
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Table 4 Analytical methods for major and trace elements and applications of dolomite origin investigation
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Table 5 Rare earth element (REE) analysis and applications of dolomite origin investigation
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Table 6 Types, advantages and disadvantages of different dissolution acids for carbonate component

digestion
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Table 7 Isotopic analysis and applications of dolomite origin investigation
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Table 8 Comparison of dolomite oxygen isotope thermometry methods, emphasizing their advantages and limitations
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Fig.2 Characteristics of clumped isotope in dolomite

(a) evolution paths of 6'%0 fluid values of dolomites with varying ds; temperatures in different diagenetic systems (modified from [336]); (b) relationship
between ds47 values of dolomites from the Lower Ordovician Boat Harbour, Catoche and Aguathuna Formations in western Newfoundland, Canada, and
published fluid inclusion homogenization temperatures (modified from [330]); (c) measured d47 temperature data of Ediacaran dolostones (Hamajing Member
of the Dengying Formation) in South China (modified from [336]); (d) clumped isotope data of dolostones from the Lower Ordovician Yingshan Formation in

the Tazhong area (modified from [246]); (e) correlation diagram of ds7 temperatures and 'O values of buried dolomites from the Nisku Formation in central

Alberta, Canada (modified after [331]); (f) “dual” clumped isotope characteristics of Bahamian dolomites [249], with synthetic calcite data sourced from [332]
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Table 9 Thermodynamic parameters, advantages and limitations of different dolomitization pathways
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Fig4 Thermodynamic mechanisms of dolomite genesis

(a) effect of Mg/Ca ratio on dolomite formation reaction (modified from reference [414]); (b) thermodynamic phase diagrams for precipitation, dissolution and
interconversion of dolomite, calcite and magnesite at different temperatures, where ¢(CO3>") = 10~> mol/L (modified from reference [415]); (c) thermodynamic
response of CO; partial pressure to temperature in the thermal decompositign system of carbonate minerals (modified from reference [414]); (d) relationship

between Gibbs free energy of carbonate reactants and temperature (modified fromfteference [415])
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Abstract: [Significance] The enduring ‘dolomite problem’, which has puzzled geologists for generations, remains a cornerstone of
geoscientific inquiry. Dolomite formation mechanisms have resulted in breakthroughs in sedimentary diagenetic theories and also
play a crucial role in predicting carbonate hydrocarbon reservoirs. [Progress] Traditional petrological-geochemical approaches
remain pivotal in dolomite research, including: (1) mineral characterization techniques (e.g., X-ray diffraction, cathodoluminescence
and scanning electron microscopy) effectively reveal dolomite crystal structures, ordering degrees and microtextural features; (2)
infrared and Raman spectroscopy facilitate high-precision differentiation of dolomite from calcite and high-Mg calcite by molecular
vibration pattern recognition, and also identify microscopic bonding ion configurations; (3) major-traceelement and rare earth
element analyses provide crucial geochemical constraints for deciphering dolomitizing fluid properties, redox conditions and Mg
sources; (4) carbon and oxygen isotopic analysis traces fluid-mixing processes and reconstructs paleotemperatures, complemented by
strontium isotopic systems that constrain the evolution pathways of paleoseawater; (5) thermodynamic calculation,
sedimentary—diagenetic experiments and numerical simulation methods provide a multi-scale research approach to resolving kinetic

barriers and reconstructing the dolomite formation process. However, traditional approaches have proven to be insufficient for
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precisely unraveling fluid evolution sequences during dolomitization due to the complexities caused by multistage diagenetic
overprinting and uncertainties in reconstructing paleoseawater geochemical compositions. Recent technological advancements
provide novel insights, promoting research into micro, quantitative and dynamic process analysis. Magnesium isotopes enable
quantitative modeling of Mg?" transport pathways, while microscale in-situ techniques (e.g., LA-ICP-MS, EPMA) achieve submicron
spatial resolution (<10 pm), overcoming the limitation of bulk-rock methods to the characterization of multiphase diagenetic events.
Concurrently, carbonate clumped isotope ( 6 47) thermometry and U-Pb geochronology provide unique advantages in constraining the
temperature and absolute timing of dolomitization processes. [Conclusions and Prospects] It is recommended that future research
place a high priority on the following areas: quantitative crystallographic analysis; multi-isotope systematics tracing techniques;
in-situ and microanalytical elemental mapping; and machine learning-driven big data fusion. Establishing a multidisciplinary
framework that combines mineralogical characterization, elemental geochemical tracing and isotopic chronostratigraphy will be
essential. By integrating multiscale analytical techniques, multi-source data fusion and intelligent modeling approaches, it is possible
to refine the paradigm of dolomite research and achieve significant theoretical advances.

Keywords: Dolomite problem; mineralogical analysis; isotope geochemistry; in situ analysis; magnesium isotopes; clumped isotopes
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