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			Abstract: The Pantasma crater is a complex impact structure characterized by a clearly defined circular rim at 14 km, which is easily discernible in topographic maps. The presence of an outer rim has been identified, located 20 km from the geometric center of the crater. This study aims to assess the lithological environment and infer the location of structural rims to provide an updated lithological framework for the region. The methodology is based on the integration of terrestrial and satellite geological and geophysical records, allowing for the correlation of both parameters and the definition of the corresponding geological setting. Proximal and distal flow materials were identified and associated with monomict megabreccia impactites and polymict breccias containing altered melt fragments (suevite-type). A negative magnetic signature was also detected, associated with impact-induced demagnetization. Furthermore, inversions provided density contrasts related to high-density impactites. Therefore, this work provides a new lithological map of the crater, resolving interpretative ambiguities that support its genesis as an impact structure.

			Keywords: Pantasma; impact crater; impact lithology; impact geophysics; Central America.

			Resumen: El cráter de Pantasma es una estructura de impacto compleja, caracterizada por un borde circular claramente definido en 14 km, el cual es fácilmente discernible en mapas topográficos. Se ha identificado la presencia de un borde exterior, localizado a 20 km del centro geométrico del cráter. Este estudio, tiene como propósito evaluar el entorno litológico e inferir la ubicación de bordes estructurales con el fin de proporcionar una nueva actualización litológica de la región. La metodología se basa en la integración de registros geológicos y geofísicos terrestres y satelitales, permitiendo correlacionar ambos parámetros y definir el marco geológico correspondiente. Se identificaron materiales de flujo proximal y distal, asociados con impactitas megabrechas monomícticas y brechas polimícticas que contienen fragmentos fundidos alterados (tipo suevita). Desde luego, se obtuvo una firma magnética negativa asociada con la desmagnetización por el efecto del impacto. Además, las inversiones brindaron contrastes de densidad que se relacionan con impactitas de alta densidad. Por lo tanto, este trabajo provee una nueva cartografía litológica del cráter, resolviendo ambigüedades interpretativas que sustentan su génesis como estructura de impacto.

			Palabras clave: Pantasma; cráter de impacto; litología de impacto; geofísica de impacto; América Central.

			Introduction

			The Solar System is dynamic and continues to evolve, although at very slow rates, affecting the structure, orbital trajectories, and gravitational relationships among planetary bodies today (Burbine, 2013). While the probabilities of impacts from Near-Earth Objects (NEOs) are statistically low, the potential risk of a collision with Earth’s surface cannot be completely ruled out (Peña Asensio & Campo Bagatin, 2024; Azadmanesh et al., 2023; McFadden et al., 2007). However, the level of risk associated with NEOs involves catastrophic damage, making the assessment of these threats a fundamental priority for the scientific community (Wheeler et al., 2023).

			During the 19th century, it was accepted that meteorites could impact the Earth, leading to the formation of craters of various morphological scales (Marvin, 2006). The discovery of the Canyon Diablo iron meteorite in Arizona and Barringer Crater marked the beginning of the debate on the origin of these impact structures (Barringer, 1905, 1928; Foote, 1891; Gilbert, 1896). In the following decades, several circular-shaped structures were interpreted as cryptovolcanic according to Boon & Albritton (1936). Certainly, they were confirmed as hypervelocity impact structures by Bucher (1936). Consequently, around 200 impact structures (Fig. 1) have been recognized in various states of preservation, ranging from those that are morphologically clearly visible to others that are highly eroded or even erased from the Earth’s surface (Osinski et al., 2022). Among these, the Pantasma Crater (Nicaragua) is an example of a confirmed hypervelocity impact structure, characterized by a preserved inner cavity rim and largely intact impactite fill (Osinski et al., 2022).
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			The Pantasma impact structure is a circular depression located at coordinates 13°22′N (north) -85°57′W (west) in the northern region of Nicaragua (Fig. 2). The depression itself, with a diameter of 14 km, is characterized by a regional oblique topographic slope (Fig. 3), with a (probable) 20 km outer topographic rim that becomes visible in the drainage network north of the area, flowing toward the Coco River (Rochette et al., 2019). The outer rim was identified by Garvin et al. (2023) using a Radial Profile Analysis (RPS) system, which allows the detection of outer rims from digital models with a spatial resolution of 4 m, applied to complex-type structures like Pantasma, estimating an approximate diameter of 35.2 km relative to the geometric center of the structure. However, this proposal has been challenged by Voosen (2023), who argues that Garvin et al. (2023) study would require additional diagnostic evidence, such as deformation features or geophysical variations, to corroborate the existence of the outer rim. They also highlight the idea that Pantasma morphological setting shares similarities with the geological and structural conditions of the Bosumtwi impact structure (Baratoux et al., 2019).
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			The main obstacle in identifying terrestrial impact craters lies in the processes of volcanism, tectonics, and active erosion, as they alter their original geometries, often masking or even completely erasing these structures (Osinski et al., 2022). In this context, it is crucial to avoid interpretations that without considering all available evidence may attribute an inaccurate origin, as in the case of Morales Bravo (2020), who relied on the geological features described by Hodgson (2000) to interpret the crater as a volcanic caldera. However, this study fails to incorporate the geological and geochemical evidence supporting an impact origin, as documented in the research by Hoffman et al. (2013), Rochette et al. (2019), Massotta et al. (2020), Rochette et al. (2021) and Rochette et al. (2023).

			Therefore, this research aims to evaluate the current lithological setting of the Pantasma structure, infer structural boundaries within the study area where the inner rim (crater) is located and identify materials associated with impactites, as well as the likelihood of an outer structural rim formed by ejecta blanket, which remains poorly defined. The new geological mapping is based on the analysis of existing geological data, field observations conducted by Rochette et al. (2019), and the integration of terrestrial magnetic data from study Castro (2021), along with gravity inversion derived from the Global Gravity Model (GGMplus). This model incorporates gravitational data from GRACE/GOCE/EGM2008/SRTM, providing a spatial coverage of 200 m resolution (Hirt et al., 2013). This work will allow a reassessment of current knowledge based on available geological literature about Nicaragua. The initiative seeks to contribute to the advancement of geosciences at both national and international levels by generating scientific knowledge in the field of Planetary Sciences.

			Methodology

			Geological component

			At this stage, a reference map base covering the local and regional area of the Pantasma crater was acquired. A review of available lithological literature was conducted, including authoritative sources from the Nicaraguan Institute of Territorial Studies (INETER) and the Federal Institute for Geosciences and Natural Resources (BGR, 1995), as well as contributions from Hodgson (2000) and Morales Bravo (2020). Moreover, field observations by Rochette et al. (2019) were taken into account, supplemented by typical lithologies associated with impact craters in volcanic environments (Kenkmann, 2021). This was done to define the geomorphological structures, formations, and lithological units of the Pantasma crater and its surroundings up to the visible outer morphological rim. 

			Land and Satellite Geophysics Component 

			Terrestrial magnetic data from the Castro (2021) survey were integrated, acquired using GEM proton precession magnetometers (GSM-19T model) and Overhauser effect magnetometers (Fig. 4). The initial dataset consisted of the observed total magnetic field map of the central crater zone (Castro Hidalgo, 2021). From this data, the vertical gradient will be calculated to remove the influence of deep sources and obtain a flattened residual field. This process allows for the identification of local anomalies (Estrada, 2009; Gómez-Sánchez et al., 2024).
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			Therefore, the reduction-to-the-pole technique was applied using PyGMI (Python Geophysical Modeling and Interpretation), an open-source software specialized in potential field data processing (Cole, 2014, 2025; available at https://github.com/Patrick-Cole/pygmi). This method corrected the asymmetric distortions present in the total magnetic field data, caused by magnetic inclination, by transforming and normalizing the anomalies to a vertical position (Baranov & Naudy, 1964; Zhang et al., 2014).

			The reduction-to-the-pole calculation allowed the determination of the inclination angle that integrates the observed magnetic field and its gradient, highlighting lateral boundaries associated with discontinuities and geological contacts, particularly when the angle approaches zero (Miller & Singh, 1994; Salem et al., 2008). This methodological approach enabled the systematic integration of geological and geophysical data, facilitating the precise correlation of impact effects with the current lithological context of the Pantasma crater.

			Gravitational inversion models

			The processing of investment for Bouguer anomalies derived from satellite-based gravitational data is described, using the GGMplus model based on GRACE/GOCE/EGM2008 (GGE) and topographic gravity (SRTM), as a result of the work by Hirt et al. (2013). The purpose is to estimate density contrasts at shallow depths through weighted least-squares inversion for a tensor grid and iteratively reweighted (IRLS) fractal-tree mesh. Consequently, the SIMPEG algorithm (Simulation and Parameter Estimation in Geophysics) was used an open-source coding framework developed in Python (Cockett, 2015), available at http://simpeg.xyz, derived from the method defined by Li and Oldenburg (1998). Thus, the code’s effectiveness has been validated in various geophysical studies (Ardestani et al., 2021; Ardestani et al., 2022; Doyoro et al., 2022; Sobouti et al., 2015).

			A discretized mesh with 220 m tensor cells was designed for a uniform and regular spacing of the main structure of the Pantasma crater. For the peripheral area, a hierarchical fractal structure with 440 m cells was implemented. The inversion process was subsequently carried out using the Gauss-Newton conjugate gradient from SIMPEG. This procedure is iterative and progressively seeks the best possible solution, evaluating the chi-square values and convergence criteria at each step until a model is achieved that reduces the RMS below 5 %. In our study, the resulting percentage RMS was 2.4 %, indicating a good fit between the observed and predicted data (Ec.1).
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			Results 

			Geomorphological Setting

			The Pantasma crater is a structure with prominent circular symmetry, characterized by oblique slopes and a secondary annular formation of lower relief, discernible beyond 20 km. In its northern sector, flat topographic areas predominate, where recent sediments have accumulated as a result of erosion, transport, and deposition processes. This geomorphological unit, located at an elevation range between 300 and 440 meters above sea level (m a.s.l.), exhibits a predominantly dendritic drainage pattern. Additionally, elongated and rounded hills composed of metamorphic rocks and breccias are observed in its northern and northwestern portions. In contrast, the southern sector features more rugged terrain, with elevations ranging between 440 and 1,000 m (a.s.l.). This area is primarily composed of andesites, rhyolites, and ignimbrites, and its drainage system is characterized by subparallel and dendritic patterns.

			Geological environment

			The Pantasma region and its surroundings are located within Nicaragua’s Central Geologic Province, characterized by materials from the Matagalpa Group (ranging from the Eocene-Oligocene to the Miocene), the Lower Coyol Group (from the Pleistocene-Holocene), and Paleozoic metamorphic rocks (Hodgson, 2000; Rochette et al., 2019). The depression itself displays an inverted stratigraphic sequence, with circular symmetry and outward-dipping layers features consistent with the typical geological characteristics of impact craters, as noted by Rochette et al. (2019).

			Alluvial Deposit Unit (Quaternary)

			This unit is predominantly distributed in the northern part of the study area, as well as along the Pantasma River channel. It is characterized by the presence of unconsolidated sediments, both fine and coarse, including sands, clays, silty-sandy soils, fossil soils, colluvial deposits, and residual materials. These deposits reflect fluvial sedimentation processes and mass wasting, which are characteristic of the Quaternary period.

			Metamorphic Rock Unit (Paleozoic)

			This unit mainly crops out in the northeastern and northwestern sectors of the crater, forming the geological basement of the exposed units in the region. These rocks correlate with Paleozoic formations found in Honduras and Guatemala. Their lithology consists of phyllites, schists, graphitic schists, and quartzites. It is noteworthy that the schists exhibit discordant contacts with altered volcanic units, as shown in Figures 5a and 5b.

			Matagalpa Group (Paleogene–Neogene)

			This is the most widespread lithological unit in the Pantasma crater area and its surroundings. It is composed of andesites with a high degree of hydrothermal alteration and evidence of oxidation, observable in representative outcrops (Figures 5c and 5d). Its extent and petrographic characteristics suggest sustained volcanic activity during the early Cenozoic. Furthermore, the unit composed mainly of tuffs, dacites, and ignimbrites is integrated into this group (Figures 5e and 5f).
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			Lower Coyol Group (Neogene)

			It is composed of rhyolites that overlie the ignimbrites of the Matagalpa Group, indicating a complex stratigraphic evolution with successive eruptive events during the Neogene (Figures 5g and 5h). The rock has an aphanitic texture, composed of minerals such as quartz, plagioclase, feldspars, amphiboles, and biotite. Its color is whitish-gray, although it may exhibit brownish tones depending on its degree of alteration.

			Impactite Unit (Shocked Rocks, Impact Breccias, or Melt Rocks)

			The most distinctive lithologic unit corresponds to proximal impactites with outcrops of stratified monomict megabreccias and polymict breccias (Fig. 6), dipping outward at the crater rim. These materials are composed of altered melt fragments resembling suevite, initially documented in the study by Rochette et al. (2019). The study of a polymict breccia found at the site (Fig. 7a) provided isotopic evidence of the ⁵⁴Cr isotope, suggesting the impactor was an ordinary chondrite (Rochette et al., 2019). Chromium-54 (⁵⁴Cr) is a stable isotope produced through stellar nucleosynthesis. It was present in the molecular cloud from which our early Solar System formed. While ⁵⁴Cr is found throughout the Solar System, its initial distribution was heterogeneous, leading to variations in concentration among different planetary bodies. Compared to Earth, ordinary chondrites are generally depleted in ⁵⁴Cr, whereas carbonaceous chondrites exhibit a significant enrichment (Dauphas et al., 2010). These differences are quantified using the epsilon-⁵⁴Cr (ε⁵⁴Cr) notation, which expresses the parts-per-million deviation in the ⁵⁴Cr/⁵²Cr ratio of a sample relative to a terrestrial standard (Mougel et al., 2016, 2017).
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			Breccias are abundant in the central zone of the Pantasma River and overlie alluvial deposits, indicating a source within the depression. At the same site, impact glasses with FRIGN zircon-reidite and coesite (Fig. 7b) are exposed, formed under high-pressure and high-temperature conditions. In the northern zone of the crater, Paleozoic metamorphic rocks outcrop alongside materials from the Matagalpa Group, revealing an excavation process that exposed older basement rocks. In the case of distal impactites formed by ejecta blankets and shock waves, they are more difficult to identify in the field due to adverse outcrop conditions, characterized by intense weathering and dense vegetation cover.

			Geophysical Signatures

			Based on the magnetic signature obtained from the research conducted by Castro (2021), total magnetic field values were found to range between -200 nT and -600 nT (Fig. 8a). The vertical gradient yields shallow anomalies ranging from 50 nT to -100 nT (Fig. 8b). Consequently, the reduction-to-pole (Fig. 8c) produced a central negative anomaly of -600 nT and a semicircular positive pattern of -300 nT. The anomalies corresponding to the inclination angle highlighted lateral structural edges associated with the crater’s rim, with maxima of 1.5 rad and 0.5 rad.
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			Density contrasts were obtained with intervals ranging from 0.2 g/cm³ (bluish-green tones) up to maximum values of 0.12 g/cm³, represented in orange-red tones. A radial flow was identified, distributed in maximum-density bodies located in the central zone and main rim (red circle) of the crater. At a radial distance of approximately 20 km from the geometric center of the crater, an asymmetric pattern was detected. The spatial distribution of the dense bodies coincides with the structural orientation of the inferred outer rim (black circle).

			Lithologic mapping

			The geological mapping of the study area was carried out through the systematic integration of field geological data with indirect parameters from potential methods. Consequently, a typical complex impact crater structure was identified, with the following lithology: 

			
					Most of the area consists of rocks from the Matagalpa Group, with approximate ages between 25 and 52 million years. In the lower northern zone of the Pantasma crater, a lithological contact was identified where Paleozoic metamorphic rocks overlie the Matagalpa Group rocks. Based on the inclination of these layers and the slope of the cavity, an excavation process is inferred. 

					The Coyol Group, with ages between 3 and 30 million years, constitutes a large portion of the heterogeneous lithology in the southern and southwestern parts of the crater. This unit is combined with Matagalpa Group rocks in the main rim area. 

					Alluvial deposits originated from sediment transport by the Pantasma River, although impact breccias and impact glasses, such as those shown in Fig. 7, were also found in this same sector. 

					The impactite unit formed during the cratering process, which altered the original setting of the target rocks from the Matagalpa Group, Coyol Group, and metamorphic rocks. Breccias in the crater’s center and rim contain Paleozoic clasts, consistent with hydrothermal activity, where the impact event excavated and mixed material from the Paleozoic era. 

					The formation age of the Pantasma crater (815 ± 11 thousand years) and the link to an ejected material found in Belize (804 ± 9 thousand years) allowed for the establishment of this genetic lithology between a distal ejecta and a known impact structure (Fig. 10).

			

			Discussion 

			The magnetic signature we find is associated with a complex-type impact craters. Negative anomalies indicate that the impact altered or eliminated the pre-existing magnetism of the exposed volcanic rocks, generating a demagnetization effect in the central area of the crater. This is consistent with the typical signatures reported in studies such as Pilkington and Hildebrand (2003). It was also compared with those from the Australian field and the Bosumtwi crater (Boateng et al., 2023). 

			In contrast, the spatial distribution of densities within the Pantasma structure displayed an asymmetric pattern typically caused by an oblique impact, as suggested by Davison and Collins (2022). A zone of maximum impact was identified in the southeastern part of the crater (Fig. 9), indicating remnants of the process that formed the asymmetric central uplift or peak, composed of dense bodies measuring 0.12 g/cm³, similar to those observed in terrestrial impact structures such as Chicxulub and Mjølnir (Tsikalas, 2005; Urrutia-Fucugauchi et al., 2022). This was also compared with the lunar impact crater Schrödinger, traditionally referred to as a walled plain (Kring et al., 2025).
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			However, the outer rim identified approximately 20 km from the geometric center of the crater exhibits a gravitational signature associated with an asymmetric radial flow. It features a trail of high-density ejecta materials with a density of 0.12 g/cm³ expelled outward and forms part of an irregular ramp related to an ejecta layer composed of impactites—predominantly polymict and monomict breccias generated during the excavation of the Paleozoic metamorphic basement as shown in Fig. 10, as suggested by Rochette et al. (2019). Due to erosion, these materials may be concealed and preserved within a stratigraphic layer, as described by Rochette et al. (2023). Furthermore, Pantasma’s signature bears similarities to the morphology of the Bosumtwi structure in Ghana, both being impact structures emplaced in volcanic rocks and of relatively young age (Rochette et al., 2019). Bosumtwi shares characteristic morphological traits with Martian rampart craters. For example, the Martian crater Steinheim (Fig. 11) displays an outer rim formed by an ejecta deposit with an asymmetric circumferential embankment (Baratoux et al., 2019; Wulf et al., 2018).
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			Conclusions

			This study proposes a detailed lithological cartographic update of the Pantasma impact structure, located in northern Nicaragua, through the integration of geological, terrestrial geophysical, and satellite data. This new mapping resolves interpretative ambiguities and supports an impact genesis.

			Consequently, a magnetic signature associated with demagnetization processes typical of impact structures was identified, as well as density contrasts linked to a rampart or wall-like morphology. The geophysical signature enabled the construction of a lithological map of the Pantasma crater by integrating existing geological and field data.

			Therefore, the resulting lithology consists of a predominant basement unit. An observed contact between these rocks and Paleozoic metamorphic rocks, along with the inclination of the strata and the cavity’s slope, provides evidence of the excavation process associated with the impact. The overlying cover, combined with rocks of the Matagalpa Group in the principal rim area, defines the lithological heterogeneity of the structure.

			Recent alluvial deposits, associated with sediment transport by the Pantasma River, partially cover the structure. Nevertheless, impact breccias and impact glasses similar to obsidian are preserved in this same sector, which are direct indicators of the event. The impactite unit a type of lithology formed by shock deformation, impact melting, and ultra-high-pressure minerals altering the preexisting volcanic rock composition creates unique hybrid rocks. This correlation not only confirms the impact origin of the Pantasma structure but also provides a framework for interpreting Neogene impact events in the Central American region.
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Fig. 1: Distribution map of impact structures on Earth. This map shows the locations of all confirmed impact craters.
hypervelocity impact craters, and impact deposits derived from the Earth Impact Database (available online at http:/www.
impactearth.com), as well as from the impact record modified from Osinski et al. (2022).
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Fig. 5: Lithological samples found in outcrops within the Pantasma crater (projection WSG84 zone 16 N): a) Outcrop of
metamorphic rocks (X:1482720 m — Y:620355 m). b) Schist sample (X: 1482720 m- Y: 620355 m). ¢) Andesite outcrop
of the Matagalpa Group (X:1479034 m- Y: 614273 m). d) Andesite sample (X:1473989 m — Y: 608364 m). e) Ignimbrite
outcrop (X: 1481187 m —Y: 609724 m), f) Ignimbrite sample (X: 1473765 m-Y: 608189 m). g) Rhyolite outcrop (X:
1478308 m —Y: 621784 m). h) Rhyolite sample (X: 1472593 m —Y: 607945 m).
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Fig. 9: New lithological distribution proposal based on geological and geophysical data from the Pantasma Crater.
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Fig. 7: Total magnetic field maps of a). Vertical Gradient b). Reduction to Pole ¢). and Tilt Angle d) for the central area of
Pantasma Crater.
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Fig. 3: Morphology of Pantasma Crater. The crater exhibits an oblique slope, with a steeper inclination on the southern
sector. The drainage pattern suggests a radial arrangement in the northern area. which has been dissected by the Pantasma
River. The main rim of the crater rises between 400 and 600 meters above sea level. with an approximate diameter of 14
kilometers. An outer circular edge extending up to 20 kilometers from the center of the structure is also identified.
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ABSTRACT: The Pantasma crater is a complex impact structure characterized by a clearly defined circular rim at 14 km,
which is easily discernible in topographic maps. The presence of an outer rim has been identified, located 20 km from the
geometric center of the crater. This study aims to assess the lithological environment and infer the location of structural rims
to provide an updated lithological framework for the region. The methodology is based on the integration of terrestrial and
satellite geological and geophysical records, allowing for the correlation of both parameters and the definition of the corres-
ponding geological setting. Proximal and distal flow materials were identified and associated with monomict megabreccia
impactites and polymict breccias containing altered melt fragments (suevite-type). A negative magnetic signature was also
detected. associated with impact-induced demagnetization. Furthermore, inversions provided density contrasts related to
high-density impactites. Therefore, this work provides a new lithological map of the crater, resolving interpretative ambigui-
ties that support its genesis as an impact structure

Keywords: Pantasma; impact crater; impact lithology: impact geophysics; Central America.

RESUMEN: El crater de Pantasma es una estructura de impacto compleja, caracterizada por un borde circular claramente
definido en 14 km. el cual es facilmente discernible en mapas topograficos. Se ha identificado la presencia de un borde ex-
terior, localizado a 20 km del centro geométrico del créter. Este estudio, tiene como propésito evaluar el entorno litolégico
e inferir la ubicacion de bordes estructurales con el fin de proporcionar una nueva actualizacion litologica de la region. La
metodologia se basa en la integracion de registros geologicos y geofisicos terrestres y satelitales, permitiendo correlacionar
ambos parametros y definir el marco geologico correspondiente. Se identificaron materiales de flujo proximal y distal, aso-
ciados con impactitas megabrechas monomicticas y brechas polimicticas que contienen fragmentos fundidos alterados (tipo
suevita). Desde luego, se obtuvo una firma magnética negativa asociada con la desmagnetizacion por el efecto del impacto.
Ademas, las inversiones brindaron contrastes de densidad que se relacionan con impactitas de alta densidad. Por lo tanto, este
trabajo provee una nueva cartografia litologica del crater, resolviendo ambigiiedades interpretativas que sustentan su génesis
como estructura de impacto.

Palabras clave: Pantasma; crater de impacto; litologia de impacto; geofisica de impacto; América Central.
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Fig. 2: Location of the Pantasma crater: The study areas are shown within the outlined boxes, and the boundaries are
represented by circular polygons.
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Fig. 8: Gravity Investment Model of the Pantasma Crater. The distribution of proximal flow density (high-density deposits
extending along the crater rim and center) and distal flow (deposits extending beyond the impact structure) is shown.
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Fig. 6. a) Sample of polymict impact breccia: b) impact glass with reidite in FRIGN zircon and coesita.





