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Abstract

Petrology, the cornerstone of Earth science, has undergone a profound transformation from qualitative description
to quantitative modeling over the past hundred years. This review synthesizes the major historical controversies and
recent advances across the three classical branches—igneous, sedimentary, and metamorphic petrology—and examines
how novel tools such as big data analytics and machine learning are reshaping the discipline. The goal is to provide a
conceptual roadmap for early-career researchers and a concise update for seasoned geoscientists.
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Introduction

Rocks are nature’s archives, preserving clues about pressure, temperature, fluid chemistry, and time. Deciphering their
origin—petrogenesis—is not merely an academic pursuit; it underpins the exploration of mineral deposits, groundwater,
and hydrocarbon reservoirs. Interestingly, many of the field’s most significant breakthroughs emerged from fierce
intellectual disputes. Revisiting these debates offers invaluable perspective on how scientific paradigms evolve and how
new methodologies open unexpected windows into Earth’s interior.

Igneous Petrology: The Granite Problem

Among all rock types, granite has provoked the longest and most intense controversy.

¢ The Classic Rivalry: For much of the 20th century, two schools clashed over granite’s origin. The magmatists
argued that granite crystallized from molten silicate magma, while the transformists maintained it formed by
solid-state metasomatism of pre-existing rocks. The magmatist view ultimately prevailed, but victory raised a new
question: could granite derive solely from fractional crystallization of basaltic magma?

¢ Modern Consensus: High-P-T experiments and isotopic tracing have now shown that many granite suites are
products of partial melting of the lower continental crust, triggered by mantle heat pulses. The parent basaltic
magma hypothesis survives only in specific settings (e.g., oceanic plagiogranites).

¢ Ongoing Puzzles: The origin of voluminous granitoids in large igneous provinces (e.g., Siberian Traps) remains
hotly debated. Some researchers have proposed multi-stage models, while others question the very definition of
“granite” as a single rock type.

Sedimentary Petrology: From Macro-Sequences to Micro-Mechanisms

Sedimentary rocks are the primary reservoirs of fossil fuels and groundwater, and they encode high-resolution records

of past climates and tectonic events.

¢ The Fine-Grained Challenge: Mudstones and shales—the most abundant sedimentary rocks—are notoriously
difficult to study because of their fine grain size, complex mineralogy, and organic matter content. Recent research
systematically categorizes their detrital components into three end-members: terrigenous (continental erosion),
intrabasinal (biogenic and chemical precipitates), and volcano-hydrothermal (ash and hydrothermal fluids).

+ Innovations in Classification: New classification schemes now incorporate total organic carbon (TOC) as a key
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parameter. The origin of dolomite—the “dolomite problem”—is still unresolved, but isotopic and microbial studies
are yielding fresh insights.

Metamorphic Petrology: Ultra-High P-T Records of Plate Tectonics
Metamorphic rocks are the direct testimony of subduction and continental collision, revealing extremse conditions that
would otherwise remain hidden.

¢ Ultra-High Pressure (UHP): Discoveries of coesite and diamond in metamorphic terranes—from the Western
Gneiss Region (Norway) to the Dabie—Sulu belt (China) and the Alborz Mountains (Iran)—prove that continental
crust can be subducted to depths greater than 100 km and exhumed back to the surface. This paradigm shift
overturned the earlier assumption that continental crust is too buoyant to sink deeply.

¢ Ultra-High Temperature (UHT): Granulite-facies rocks from the North China Craton and other ancient shields
record peak temperatures exceeding 1000 °C, requiring special heat sources such as mantle upwelling or radiogenic
heating.

¢ Quantitative Advances: The development of thermodynamic databases (e.g.,, THERMOCALC, GeoPS) and phase-
equilibrium modeling now allows petrologists to precisely reconstruct P-T paths, while partial melting (anatexis) and
melt extraction have been quantitatively linked to granite generation.

The Big-Data and Machine-Learning Revolution

The 21st century has brought an unprecedented volume of geochemical, geochronological, and mineralogical data. This

abundance is shifting the research paradigm.

+ National-Scale Databases: Initiatives like the Chinese Continental Scientific Drilling and global geochemical
repositories (e.g., EarthChem, GEOROC) have compiled millions of analyses. In Iran and other active orogenic belts,
regional databases are being built to support exploration.

+ Machine-Learning Applications: Supervised and unsupervised learning are now used to:

Classify volcanic rocks based on trace-element patterns.
Predict mineral-fluid equilibrium and reaction pathways.
Identify geochemical anomalies for mineral prospectivity mapping.

e Caveats: Big data does not replace mechanistic understanding; it complements it by revealing hidden correlations
and outliers that challenge existing models.

Conclusions and Outlook

The history of petrology is a testament to the vitality of scientific debate. From the granite controversy to the UHP
revolution, each major advance has come from questioning established views and embracing new tools. As we move
forward, the integration of field observations, experimental petrology, computational thermodynamics, and machine
learning will offer a more holistic understanding of Earth’s lithospheric evolution. For young researchers, the key lesson
is clear: the most exciting discoveries lie at the intersections—between disciplines, between data and theory, and
between the deep past and the digital future.
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