[image: image1]Petrography and geochemistry of Late Carboniferous dolostone-hosted soapstone in the Sherwan Formation, Hazara Basin: insights into hydrothermal and dynamic metamorphic processes

		ORIGINAL RESEARCH
published: 23 May 2025
doi: 10.3389/feart.2025.1585240


[image: image2]
Petrography and geochemistry of Late Carboniferous dolostone-hosted soapstone in the Sherwan Formation, Hazara Basin: insights into hydrothermal and dynamic metamorphic processes
Khawaja Umair Majeed1,2, Muhammad Saleem Mughal1*, George Kontakiotis3*, Syed Kamran Ali1, Shamim Akhtar4, Hammad Tariq Janjuhah5, Kamaran Siddique1, Evangelia Besiou3 and Assimina Antonarakou3
1Institute of Geology, University of Azad Jammu and Kashmir, Muzaffarabad, Pakistan
2School of Geological Engineering and Surveying, Chang’an University, Xi’an, China
3Department of Historical Geology and Paleontology, Faculty of Geology and Geoenvironment, National and Kapodistrian University of Athens, Athens, Greece
4Department of Earth Sciences, University of Sargodha, Sargodha, Pakistan
5INTI, International University Nilai, Negeri Sembilan, Malaysia
Edited by:
Omid Haeri-Ardakani, Department of Natural Resources, Canada
Reviewed by:
Cun Zhang, Qilu University of Technology, China
Mastaneh Liseroudi, Department of Natural Resources, Canada
* Correspondence: Muhammad Saleem Mughal, saleem.mughal@ajku.edu.pk; George Kontakiotis, gkontak@geol.uoa.gr
Received: 28 February 2025
Accepted: 06 May 2025
Published: 23 May 2025
Citation: Majeed KU, Mughal MS, Kontakiotis G, Ali SK, Akhtar S, Janjuhah HT, Siddique K, Besiou E and Antonarakou A (2025) Petrography and geochemistry of Late Carboniferous dolostone-hosted soapstone in the Sherwan Formation, Hazara Basin: insights into hydrothermal and dynamic metamorphic processes. Front. Earth Sci. 13:1585240. doi: 10.3389/feart.2025.1585240

Introduction: This study investigates the petrography and geochemistry of soapstone-bearing dolomite within the Sherwan Formation, Hazara Basin, with a focus on understanding hydrothermal dynamic metamorphism and resolving the age controversy surrounding the host rock.Methods: Field observations, petrographic analysis, and geochemical techniques were used, including X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive spectroscopy (EDS), to characterize mineral composition and alteration processes.Results: Petrographic evidence confirms that talc formed through hydrothermal alteration of Late Carboniferous dolomite, facilitated by faulting, folding, and silica-rich fluid infiltration. Distinct geological features such as stromatolitic dolomite, pseudotachylitic veins, and mylonitization suggest episodic brittle deformation under high-temperature conditions. The presence of Anthracoporella spectabilis supports a Late Carboniferous age for the dolomite, while the soapstone is dated to the Permian, linked to Pre-Himalayan tectonics, Panjal volcanism, and dolerite intrusions. Mineralogical analyses reveal that soapstone is primarily composed of talc (steatite), with secondary minerals including brucite, magnesite, willemseite, and montmorillonite. The occurrence of pyrite and hematite indicates hydrothermal interactions, contributing to metal enrichment and oxidation.Discussion: Geochemical data show silica enrichment and structural weakening as key factors in dolomite-to-talc transformation. Trace levels of chromium (100–300 ppm) raise concerns over Cr6+ toxicity, but the absence of arsenic, lead, cadmium, and mercury supports the environmental safety and industrial potential of the soapstone. The study underscores the complex interplay of tectonic, metamorphic, and geochemical processes in the evolution of the Sherwan soapstone.Keywords: Permian soapstone-bearing dolomite, hydrothermal metamorphism, Late Carboniferous dolomite, Pre-Himalayan orogeny, geochemical analysis, fluid-rock interactions
1 INTRODUCTION
Talc is a hydrous magnesium silicate that forms predominantly through metasomatic and metamorphic processes and is typically hosted in magnesium carbonate rocks and ultramafic bodies (Anderson et al., 1990; Hecht et al., 1999; Zedef et al., 2000). Globally, talc deposits are classified into three main genetic types, magmatic hydrothermal often associated with mafic-ultramafic intrusion, regional metamorphic related to greenschist to amphibolite facies conditions and sedimentary diagenetic where talc replaces dolomite in shallow basinal environments (Groppo and Compagnoni, 2007; Prochaska, 1989; Woelfler et al., 2015). Each type varies based on fluid composition, protolith mineralogy, pressure-temperature (P-T) conditions and the structural framework (Schandl et al., 2002; Moine et al., 1989).
Talc commonly develops along fault zones or shear bands where structural permeability facilitates the influx of MgO and SiO2 rich fluids under moderate temperature and pressure typically within greenschist facies conditions (Barbosa and Castillo, 2023; Shin and Lee, 2003). Its formation is influenced by decarbonation reaction especially in carbonate rich rocks like dolomite and fluid rock interactions that drive mineralogical transformations. However, the presence of Al, Ca and K in the protolith can hinder talc stability and promote competing hydrous silicates such as chlorite, phlogopite or tremolite (Bucher and Grapes, 2011). The role of plate tectonics is crucial in this process, as it promotes fluid infiltration and subsequent mineralogical changes (Easthouse et al., 2025; Pudsey et al., 1985).
Several studies have described talc formation in diverse geological settings including the Eastern Alps, Western Canada and central Turkey providing analogues for dolomite hosted talc deposits formed via hydrothermal dynamic metamorphism (Blount and Vassiliou, 1980; Evans and Guggenheim, 1988). However, the Sherwan Formation in the Hazara Basin of northern Pakistan remains less well understood, especially regarding the timing and mechanism of talc mineralization. The region has undergone multiple tectono-thermal events related to Pre-Himalayan and Himalayan orogeny’s which likely influenced by fluid migration and mineral alteration (Joshi and Sharma, 2015; Sajid et al., 2018).
This study investigates the petrographic and geochemical characteristics of dolomite hosted soapstone within the Sherwan Formation, Hazara Basin aiming to understand the role of hydrothermal dynamic metamorphism in talc genesis. Though an integrated approach combining field observation, petrographic analysis and geochemical data, the study identifies mineral assemblages, textures and chemical trends associated with talc formation. Analytical techniques include XRD, SEM for mineral characterization and bulk chemical analysis for compositional data. The results help constrain the metamorphic conditions and fluid interactions responsible for talc formation while also contributing to the ongoing discussion on the age and evolution of the Sherwan Formation, Hazara Basin. Additionally, the study addressed the longstanding controversy surrounding the age of Sherwan Formation, Hazara Basin by examining lithological characteristics and alteration patterns. The findings contribute to a broader understanding of talc deposits genesis particularly dolomite-hosted types and the role of hydrothermal processes in shaping Earth’s mineral resources (Prochaska, 1989).
1.1 Study area
Large deposits of soapstone are exposed in the Sherwan area of Abbottabad, Hazara. Several mines in this area are mining premium quality of soapstone for industrial applications. This study examined the dolomite of the Sherwan Formation in the Khandakhu Mine, located 42 km from Abbottabad. The Khandakhu mine is located in the geographical coordinates 34° 10′11.05″N and 73° 02′49.2″E.
1.2 Geological and tectonic setting
The Hazara Basin, located in the northwestern Himalayan orogenic belt of Pakistan, forms part of the NE-SW trending Lesser Himalayan tectonostratigraphic zone. It contains a thick sedimentary succession ranging from Precambrian to Miocene, including alternating clastic and carbonate sequences that record the complex depositional and tectonic history of the region (Ahsan and Chaudhry, 1998; Chaudhry et al., 1997; Fazal et al., 2022; Zaheer et al., 2022; Rehman et al., 2023). The basin’s evolution reflects polyphase deformation linked to the convergence and eventual collision of the Indian and Eurasian plates. During the Late Cretaceous (∼100 Ma), the Kohistan-Ladakh Island Arc (KIA) collided with the Eurasian Plate along the Shyok Suture Zone, initiating a major tectonic event in northern Pakistan (Pudsey et al., 1985; Treloar et al., 1989). This was followed by the obduction of the KIA onto the Indian Plate between ∼85 and 50 Ma along the Main Mantle Thrust (MMT), the western extension of the Indus-Tsangpo Suture, resulting in crustal shortening, accretion, and significant structural complexity (Kazmi and Jan, 1997; Le Fort, 1975). The subsequent India-Asia continental collision during the Early Eocene (∼55–50 Ma) triggered widespread deformation across the Himalayan belt. In the Hazara Basin, this is reflected in major structural features such as the Panjal Thrust, Maira Anticline, and Darband Fault, which define the southern, eastern, and western boundaries of the study area (Figure 1). These structures record a complex interplay of compressional and extensional forces, and their associated faults, folds, and synclines have played a key role in controlling fluid flow and deformation pathways critical factors in the formation and localization of talc mineralization.
[image: Figure 1]FIGURE 1 | Geological map of the study area modified after (Calkins et al., 1975).
Magmatic activity associated with the Kohistan Arc (Jurassic to Eocene) and post-collisional intrusions influenced regional geothermal gradients. Although major plutons are absent in the immediate study area, the thermal impact of nearby arc-related magmatism is believed to have facilitated regional metamorphism and fluid mobilization (Petterson and Windley, 1985; Treloar et al., 1989). During the Oligocene to Miocene, the basin experienced greenschist-facies metamorphism, under which dolostone units in the Sherwan Formation were altered to talc-bearing soapstone. This alteration occurred primarily through dynamic metasomatism along structurally prepared zones such as shear bands and thrusts (Bucher et al., 2002; Shin and Lee, 2003). Petrographic evidence, including porphyroblastic talc, brucite, pseudotachylitic textures, and mylonites, indicates multistage deformation and recrystallization. Since the post-Miocene, the area has undergone significant uplift, exhumation, and erosion, which has exposed soapstone bodies at the surface. These processes also led to oxidative weathering and trace element redistribution, as evidenced by the presence of environmentally sensitive elements such as chromium and sulfur in the altered rocks. These elements serve as proxies for understanding past environmental conditions, with their concentrations reflecting changes in weathering and oxidation states (Konhauser et al., 2011; Carroll, 1970). The formation of talc in the Sherwan area is thus interpreted as the product of a tectonically driven hydrothermal metamorphic system, consistent with dolomite-hosted talc deposits described in other orogenic belts, such as the Eastern Alps and central Anatolia (Prochaska, 1989; Groppo and Compagnoni, 2007). The integration of field relationships, petrographic textures, and geochemical signatures with the documented regional tectonomagmatic framework supports a robust paragenetic model for talc genesis in the Hazara Basin. The study area contains synclinal structures, characterized by the presence of dolomite in the core and the Tanol Formation in the limbs. The formation of the Sherwan normal fault can be attributed to the development of extensional forces within the core of the syncline. Notably, the dolomite in the fracture zone of the Sherwan normal fault had undergoes a transformation into talc.
2 METHODOLOGY
A detailed fieldwork was conducted in the study area, where fresh samples were collected from the Hazara Basin formation. All collected rock samples were cut and ground in the laboratory to make thin sections for petrographic studies. A detailed examination was carried using a polarizing microscope. Following the petrographic analysis, most of the samples collected were grounded and made into powder pallets for additional laboratory analyses, including X-ray diffraction (XRD), X-ray fluorescence (XRF), and scanning electron microscopy (SEM), to gain a better understanding of their mineralogical composition and correlate these findings with the geological history and tectonic evaluation of the Hazara Basin.
The SEM images and XRD analyses were performed at the Centralized Resource Laboratory, University of Peshawar, Pakistan, while the XRF analysis was performed at the Chinar group of companies in Islamabad and School of Geological Engineering and Surveying, Chang’an University. X-ray diffraction patterns were obtained for mineral identification using the ‘Jade’ software, at the Institute of Geology, University of Azad Jammu and Kashmir, Muzaffarabad, Pakistan.
Rock powders were prepared for SEM analysis using the ‘JSM-IT100’ scanning electron microscope at the NCEG, University of Peshawar, Pakistan. The cut samples were attached to a SEM specimen plug with double carbon tape and coated with conductive metal gold (Au) in an evaporative coater. The coated samples were placed in the electron optics column of the sample chamber, which was evacuated to a high vacuum.
3 RESULTS
3.1 Field study
In Sherwan area, talc mineralization occurs predominantly within dolomitic rocks exposed along fault and shear zone. The dolomite displays chopboard weathering patterns (Figure 2a). Algal structures identified as Anthracoporella spectabilis, are preserved in dolomite with stromatolitic texture (Figures 2b,c). Chert dolomite is also observed (Figure 2d). In several locations dolomite transform into talc while preserving boudinage textures (Figure 2e). Structural deformation features include mylotinization and brittle fracturing (Figures 2f,g). Soapstone is observed in situ at several locations (Figure 2h) and samples were collected for analysis (Figure 2i).
[image: Figure 2]FIGURE 2 | Field photographs showing soapstone formation and associated geological features in the Sherwan area, (a) chopboard weathering patterns on dolomite, highlighting structural weaknesses and initial weathering, (b,c) algal dolomite (Anthracoporella spectabilis) with stromatolithic textures, suggesting a biochemical origin and precursor lithology, (d) stromatolithic dolomite partially altered into talc, demonstrating hydrothermal fluid infiltration, (e) dolomite altered into talc through hydrothermal metamorphism, (f) cherty dolomite enriched with siliceous material, associated with metasomatic processes, (g) evidence of mylonitization in dolomitic rocks, indicating intense shearing and tectonic deformation, (h) in situ soapstone outcrop, representing the final product of dolomite alteration, (i) collected soapstone samples for geochemical and petrographic analysis, showing variable textures and mineralogy.
3.2 Petrography
Petrographic analysis shows that soapstone primarily consists of talc (steatite) with associated minerals including quartz, brucite, magnesite, pyrite, hematite and lazurite. Dolomite exhibits planar and non-planar textures with evidence of replacement of earlier calcite veins (Figures 3a,b). Pseudotachylite veins cut across dolomite in deformed zones (Figure 3c) and calcite shows ductile deformation features while dolomite displays brittle fracturing (Figure 3d). Rainbow twinning is observed in magnesite grains (Figure 3e). Talc commonly exhibits radiating crystal habits and porphyroblastic textures (Figures 3f, g, i). Quartz grains are scattered within the soapstone matrix (Figure 3h).
[image: Figure 3]FIGURE 3 | Petrographic analysis of the samples showing various textures and mineralogical features: (a) dolomitized algae (Anthracoporella spectabilis), indicating microbial activity and diagenetic alteration, (b) dolomite vein cutting through algal structures, suggesting fluid infiltration and mineralization, (c) pseudotachylite vein within dolomite, representing brittle deformation and localized melting, (d) mylonitized calcite within dolomite, highlighting ductile deformation under high strain, (e) magnesite twinning, indicative of deformation and recrystallization, (f) radiation pattern in mineral grains, possibly formed due to nucleation and radial growth, (g) talc mineral with a cavity and radiation pattern, suggesting hydrothermal alteration, (h) quartz grain within the matrix, indicating detrital or metamorphic origin, (i) brucite shows porphyroblastic texture with distinct birefringence, representing metamorphic overgrowth and recrystallization.
Brucite also forms large porphyroblasts. Granoblastic textures with 120° triple junction are seen in brucite (Figure 4a). Pseudotachylite veins within talc show sheared margins, dendritic structures and mylonitic overprints (Figures 4b–f). Pyrite (up to 3%) occurs as cubic grains (Figure 4g) and lazurite is present in discrete grains (Figure 4h). Hematite partially replaces talc in some samples (Figure 4i).
[image: Figure 4]FIGURE 4 | Petrographic analysis of the sample showing various textures and mineralogical features: (a) brucite shows granoblastic texture with equigranular grains and triple junctions indicating recrystallization under static metamorphic conditions, (b) mylonitized pseudotachylite vein within talc, suggesting ductile deformation followed by brittle failure and melting, (c) pseudotachylite veinlets in talc with a shared-type pattern, indicative of hydrothermal activity and mechanical deformation, (d) dendritic pattern within a pseudotachylite vein, formed due to rapid crystallization under high strain and rapid cooling, (e) pseudotachylite vein surrounded by talc, representing brittle failure followed by talc alteration during retrograde metamorphism, (f) pseudotachylite vein in talc, highlighting repeated brittle deformation events and rapid quenching, (g) pyrite crystal within talc, formed through sulfur-rich hydrothermal fluid interactions under reducing conditions, (h) lazurite grains in talc, suggesting multiple metamorphic events, (i) hematite replacing talc indicate oxidation processes.
3.3 Xray diffraction (XRD)
The XRD analysis confirms the mineralogical composition identified in the petrographic study, with talc (Mg3Si4O10(OH)2) being the dominant phase across all samples. The patterns display sharp and well-defined peaks, indicative of the crystalline nature of the minerals (Figures 5a–c). In Figure 5a, talc exhibits the highest intensity peaks, highlighting its abundance. Minor peaks corresponding to brucite (Mg(OH)2) and magnesite (MgCO3) are also present, suggesting their occurrence as secondary phases. Figure 5b shows a similar mineral assemblage, with additional reflections corresponding to willemseite ((Ni,Mg)3Si4O10(OH)2) and montmorillonite ((Na,Ca)0.3(Al,Mg)2Si4O10(OH)2·nH2O). Willemseite is identified by distinct peaks in the lower 2θ region. Talc remains the most prominent mineral phase, based on the relative intensity of its peaks.
[image: Figure 5]FIGURE 5 | X-ray diffraction (XRD) patterns of three samples showing mineralogical compositions: (a) Talc (Tlc), Brucite (Brc) and Magnesite (Mgs); (b) Talc (Tlc), Montmorillonite (Mnt) and Willemseite (Wlm); (c) Talc (Tlc), Montmorillonite (Mnt) and Brucite (Brc).
In Figure 5c, a broader range of minerals is detected. Besides talc, strong peaks for montmorillonite indicate a significant presence. Minor peaks of willemseite and brucite are also noted, further supporting the mineral diversity in this sample. Overall, the XRD data confirm that talc is the principal mineral, while brucite, magnesite, willemseite, and montmorillonite are present in varying amounts. Variations in peak intensity and 2θ position reflect their relative abundances and crystalline quality.
3.4 Scanning electron microscope (SEM)
The Scanning Electron Microscopy (SEM) images reveal the microstructural features of a mineral assemblage that includes talc, brucite, magnesite, and dolomite. These images show a complicated intergrowth of various minerals, with talc showing as thin, flaky, and platy sheets that indicate its layered silicate structure. Brucite exhibits tiny, needle like structures in aggregates, indicating its hydroxide content. Magnesite occurs as irregular grains, while dolomite is characterized by rhombohedral crystals with well-developed cleavage lines (Figures 6a,c,e).
[image: Figure 6]FIGURE 6 | Scanning electron microscopic (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) patterns of three samples showing mineralogical compositions: (a,c,e) shows talc (Tlc), brucite (Brc), magnesite (Mgs) and dolomite (Dol), (b,d,f) shows elemental composition, with peaks for Mg, Si, O, C, Ca, and Fe.
The associated Energy Dispersive X-ray Spectroscopy (EDS) spectra validate the elemental composition, with peaks for Mg, Si, O, C, Ca, and Fe supporting the mineral identification. The presence of Fe in some spectra suggests minor iron substitution, which may influence mineral stability (Figures 6b,d,f).
3.5 Soapstone major and trace element geochemistry
The major and trace element compositions of representative soapstone samples are provided in Table 1. The chemical analysis indicates that SiO2 content in soapstone ranges from 30.61 to 81.56 wt%. The bulk compositions of Sherwan soapstone plot along the calcite-antigorite tie-line in the CaO-MgO-SiO2 ternary diagram, primarily due to the highly variable concentration of CaO and CO2 and nearly constant Mg/Si ratios (Figure 7). This indicates significant carbonate metasomatism and decarbonation processes. The compositional spread underscores the influence of precursor dolomitic lithologies and hydrothermal alteration on the soapstone’s chemistry. The alignment along the calcite, antigorite tie-line highlights the critical role of silica- and magnesium-rich fluids during metamorphism. These findings provide insights into the physicochemical conditions responsible for the soapstone’s evolution (Figure 7). The bulk rock compositional variations of soapstone from the Sherwan area, illustrated on a CaO-MgO-SiO2 (CMS) ternary diagram, predominantly align along the calcite–antigorite tie-line. The alignment reflects the interplay of calcite, antigorite, and minor talc, driven by variable CaO and CO2 contents while maintaining a nearly constant Mg/Si ratio. Notably, the evaluated soapstone samples were free from measurable amounts of arsenic (As), lead (Pb), cadmium (Cd), and mercury (Hg), suggesting that these key hazardous elements are not a concern in the researched material. However, given the presence of chromium, particularly the potential for its dangerous hexavalent form in numerous samples, further study is essential to assure safety and compliance with health and environmental regulations.
TABLE 1 | Major and Trace elements of Soapstone, Sherwan, Abbottabad.
[image: Table 1][image: Figure 7]FIGURE 7 | Bulk rock compositional variations of soapstone from Sherwan area, CaO-MgO-SiO2 (CMS) ternary compositional diagram with molar whole rock proportions and projected mineral endmembers for comparison (Scambelluri et al., 2016).
4 DISCUSSION
The petrographic, geochemical, and structural evidence from the Sherwan area supports a multi-phase geological history involving tectonic deformation, hydrothermal fluid flow, and dynamic metamorphism, which collectively facilitated the transformation of dolomite into talc-rich soapstone deposits. Field observations show that talc occurrences are localized along fault zones, shear bands, and fractured dolomitic units. These structural discontinuities likely served as pathways for hydrothermal fluids during multiple deformation events. The Sherwan Formation, deposited during the Late Carboniferous, underwent significant tectonic reactivation during both the Pre-Himalayan and Himalayan orogenic events (Joshi and Sharma, 2015; Sajid et al., 2018). The presence of boudinage structures, mylonitic textures, and pseudotachylitic veins supports episodic brittle and ductile deformation under varying pressure-temperature regimes, consistent with dynamic metamorphism (Molnar and Tapponnier, 1975).
The transformation of dolomite into talc in structurally weakened zones is evidenced by the preservation of algal textures, stromatolitic layering, and chopboard weathering. These features suggest that talc alteration retained some of the primary lithological characteristics of the protolith. The co-occurrence of quartz, brucite, and magnesite with talc supports metasomatic alteration involving silica and magnesium rich hydrothermal fluids, possibly derived from deeper magmatic or sedimentary sources. This interpretation aligns with previous work indicating that quartz-saturated hydrothermal fluids can replace dolomite with talc through fluid-rock interaction (Hecht et al., 1999; O'Hanley, 1996). Petrographic features such as porphyroblastic talc and brucite, 120° triple junctions in brucite, radiating talc textures, pseudotachylitic veins, and mylonitic shear fabrics reflect multistage metamorphism. These textural variations highlight shifts between static and dynamic recrystallization under differential stress fields. Notably, rainbow twinning in magnesite and ductile behavior in calcite contrast with brittle deformation in dolomite, indicating mineral-specific rheological responses (Molnar and Tapponnier, 1975). XRD and SEM-EDS analyses confirm the mineralogical and chemical composition of soapstone, with talc as the dominant phase and secondary minerals including brucite, magnesite, willemseite, montmorillonite, and quartz. SEM imagery shows flaky talc, fibrous brucite, irregular magnesite grains, and rhombohedral dolomite, while EDS spectra reveal Fe, Mg, Si, Ca, and minor S peaks. These features are consistent with a low-to medium-grade metamorphic overprint and metasomatic alteration in a tectonically active environment (O'Hanley, 1996).
Geochemical data show that Sherwan soapstone compositions align with the calcite–antigorite tie-line in the CaO-MgO-SiO2 ternary diagram, suggesting carbonate metasomatism and decarbonation. This trajectory reflects silica enrichment and relative Ca removal while preserving Mg/Si ratios processes typical of talc formation in ultramafic and dolomitic settings affected by hydrothermal fluids (Scambelluri et al., 2016).
Further complexity in the metamorphic history is indicated by the occurrence of lazurite, which appears to be overprinted onto pre-existing talc. Its presence, along with late-stage hematite, suggests multiple hydrothermal and metamorphic pulses, potentially related to evolving redox conditions during retrograde metamorphism (Cuitino, 2010; Groves and Yue, 2009; Hill, 2018; McGrath, 2017; Vezzoni et al., 2020). These mineralogical transitions reflect shifts from reducing to oxidizing conditions, possibly caused by changes in fluid composition or temperature. The petrographic identification of algal textures and fossiliferous microstructures including well preserved Anthracoporella spectabilis confirms a Late Carboniferous age for the dolomitic protolith in the Sherwan Formation, Hazara Basin. These microfossils typically associated with shallow marine carbonate environment are widely recognized as biostratigraphic marker for upper Carboniferous strata (Groves and Yue, 2009). The stromatolithic fabric and chopboard weathering observed under the microscope further support this interpretation, reflecting low-energy, shallow water depositional setting that typify Carboniferous peritidal dolostone platform (Riding, 2000; Rowland and Shapiro, 2002). In contrast the alteration of dolomite to talc characterized by the development of talc, brucite and quartz assemblages and metasomatic textures is attributed to Permian hydrothermal activity associated with Gondwana rifting and the emplacement of Panjal volcanics and dolerite intrusion as also suggested by Sajid et al. (2018) and comparable findings from talc bearing carbonate system in Central Asia and Turkey (Prochaska, 1989; Zedef et al., 2000).
The collective data support a paragenetic model in which talc formed through a four-stage evolutionary process: (a) deposition of stromatolitic limestone in a shallow marine environment during the Late Carboniferous period, followed by diagenetic transformation into stromatolitic dolostone. This stage established the biological and sedimentary framework, including stromatolites and algal fossils (A. spectabilis), forming the base for talc-hosted units, (b) during the Gondwana rifting event, magmatic activity including intrusive (dolerite) and extrusive (Panjal volcanics) rocks facilitated the generation and circulation of hydrothermal solutions rich in silica and magnesium. These fluids interacted with the stromatolitic dolostone, leading to metasomatic alteration and decarbonation, forming talc, brucite, and associated mineral phases (Sajid et al., 2018), (c) genesis of mineral assemblages continued interaction and metamorphic conditions resulted in the formation of talc, brucite, lazurite, and pyrite. These mineral assemblages represent the key mineralogical expression of the altered dolostone units and (d) during the Himalayan orogeny, compressional tectonic forces reactivated preexisting structural weakness, resulting in the uplift of mylotinized soapstone, accompanied by intense recrystallization and deformation. This tectonic activity furter facilitated the formation of pseudotachylite veins and promoted oxidative alteration processes, leading to the development of iron oxides (Hematite). Late-stage metamorphism further modified the mineralogy, resulting in secondary growth of brucite, recrystallized talc, and overprints of hematite formed via oxidative weathering of pyrite. Post-orogenic uplift and erosion exposed the mineralized zones at the surface. Weathering processes altered pyrite to hematite and talc-brucite assemblages formed soapstone, now observable in outcrop. Minor structures like pseudotachylite were also preserved during this uplift phase (Figure 8).
[image: Figure 8]FIGURE 8 | Schematic diagram illustrating the four-stage paragenetic evolution of soapstone mineralization: protolith development, pre-Himalayan hydrothermal alteration, genesis of mineral and surface exposure.
5 CONCLUSION

1. This study demonstrates that the formation of soapstone in the Sherwan area resulted from the hydrothermal dynamic metamorphism of Late Carboniferous dolomite, facilitated by structurally controlled fluid flow along faults, shear bands and fractures. tectonic reactivation during both Pre-Himalayan and Himalayan orogeny’s played a critical role in localizing deformation and channeling mineralization fluids as evidenced by field structures such as pseudotachylitic veins, boudinage zone, mylonite’s and stromatolithic dolomite textures.
2. Petrographic, mineralogical and microstructural analysis including thin section, XRD, SEM and EDS confirms that the soapstone is composed predominantly of talc (steatite) with accessory brucite, magnesite, quartz, willemseite and montmorillonite. The occurrence of porphyroblastic talc, 120° triple junction in brucite and rainbow twinning in magnesite indicates metamorphic recrystallization under variable pressure temperature regimes. The presence of lazurite and hematite overprinting earlier talc assemblages suggest multiphase hydrothermal and retrograde metamorphic events.
3. Geochemical data support a metasomatic origin for talc, with sample composition trending along the calcite antigorite tie-line in the CaO-MgO-SiO2 system. This reflects silica enrichment, decarbonation and stable Mg/Si ratio characteristics of hydrothermally altered dolomitic protoliths. The preservation of algal textures and the presence of Anthracoporella spectabilis confirms a Late Carboniferous age for the original dolostone, while talc is linked to Permian hydrothermal activity associated with Gondwana rifting and Panjal magmatism.
4. Trace element analysis reveals moderate chromium concentration (100–300 ppm) and elevated sulfur content (up to 5700 ppm in ST15) likely derived from pyrite and hematite. The potential presence of Cr6+ raises environmental considerations, particularly under oxidative weathering. However, the absence of other toxic elements (As, Pb, Cd, Hg) suggests the soapstone has low overall environmental risk and remains suitable for industrial use.
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