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Landform investigation reports are fundamental datasets for ecology, geology, and geography as they record the morphological traces of planetary surface processes, which have been the focus of top journals and distinguished scholars. Investigating landforms on Earth and other planetary bodies is crucial for understanding planetary formation and geological evolution. Remote sensing techniques have proven to be powerful tools for studying terrestrial and planetary landforms, providing detailed insights into the interactions between land surfaces and both endogenic and exogenic forces and the mechanisms driving physical processes under different conditions. This study focuses on the remote sensing perspective of planetary landform investigations, highlighting recent progress in geomorphic research. Publications in top-tier journals over the last 30 years were selected for analysis. Our findings indicate that geological history and the environmental conditions conducive to the survival, growth, and daily activities of living organisms are of great concern. The United States, the European Union, China, Japan, and Canada, along with their aerospace research institutions, continue to be key research centers and play important roles all the time. Moreover, our literature survey reveals that research on planetary landforms is gaining momentum in more countries because of advancements in instrumentation and increased international collaboration. Celestial bodies that receive significant attention include planets, moons, and comets, while asteroids should receive more attention in the future. To advance our understanding of planetary landforms, higher-precision observation data and more refined simulations are essential. Continued improvements in international cooperation will be crucial for unraveling the complex geological histories within planetary landforms, contributing to our broader understanding of planetary evolution within the solar system.
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1 INTRODUCTION
Landform mapping and investigation are widely recognized as fundamental databases for resource surveys and geological research. Furthermore, landforms record the effects of interior and exterior forces of various geological activities that have left observable traces on the surface. Therefore, research on these unique features can reveal the geological evolution process and help predict probable future scenarios on Earth through comparative planetology. In accordance with these objectives, adequate knowledge of landforms on planetary bodies at different stages of formation is highly valuable. Their topographic mapping has played a crucial role in deep-space exploration engineering, supporting tasks such as landing (or sampling zone) site selection, flight navigation, path planning, and various scientific investigations on planetary geology, topographic features, and evolutionary history (Wu and Liu, 2017; Li and Wu, 2018; Geng et al., 2019; Ren et al., 2019; Fergason et al., 2020; Wu et al., 2020).
The main objective is to inform readers about recent progress in remote-sensing-based geomorphic research and provide a comprehensive understanding of key current issues. Developing detailed hypotheses on the evolution of present-day landform systems is beyond the scope of this work. Due to remote-sensing imaging characteristics, the morphology and spatial distribution patterns of planetary bodies are readily apparent. Furthermore, multiple spatial and temporal observations potentially reveal how land surfaces interact with endogenic and exogenic forces, providing promising insights into planetary geological evolution.
In this study, the intellectual background, knowledge structure, and research frontiers of the planetary landform literature, which was published from 1994–2024, were investigated. The literature was retrieved from the Web of Science (WOS), and we used CiteSpace software for bibliometric analysis. The goals of this study are as follows:
(1) To identify frontiers in planetary landform research and the evolutionary process of its core topics.
(2) To determine the significant countries and institutions actively engaged in planetary landform research.
(3) To summarize the important driving forces related to planetary landform studies.
The main contributing forces driving the development of planetary landform research were investigated, such as the most prolific institutions, leading countries, and keywords. Through cluster analysis in CiteSpace, all the keywords were categorized into diverse research topics, revealing the knowledge network in planetary landform studies. In this study, the knowledge network refers to the relationships among various aspects related to planetary landform research, including the relationships between different research topics and associations between the most prolific institutions and countries involved in this research field. Moreover, two case studies were presented to illustrate our findings from the literature survey. Studies of landforms on Mars aim to highlight the role of classic landforms as indicators in planetary evolution research (Ramsdale et al., 2019). Similarly, applications for lunar gravity models emphasize the importance of data quality and model optimization (Huang et al., 2022).
2 RESEARCH METHODS AND DATA
2.1 Analysis methods
In recent years, metrology tools for literature surveys, such as CiteSpace, VOSviewer, and HistCite, have emerged. Such software programs can effectively assist in discovering research hotspots and their interrelationships and can also be used to generate intuitive and visually appealing knowledge maps. CiteSpace, developed by Dr. Chaomei Chen’s team at Drexel University, is a Java-based application (Chen and Liu, 2020). By configuring different index values, diverse types of knowledge maps can be acquired, and each map can be analyzed to extract the evolution path, research development status, key focuses, and development frontiers. Given its high practicality, CiteSpace has been widely utilized across various fields in recent years.
2.2 Data sources
We focused on journal articles and reviews published over a 30-year period between 1994 and 2024. On the basis of our bibliometric analysis, we refined this extraction period more precisely. The extracted publications were published from 1994 to 1st November 2024 to obtain a more precise overview of planetary landform research.
All the publications were from the WOS, which is the most popular academic search engine. The WOS Core Collection database contains more than 100 subjects and is a trusted independent citation database. This database covers essentially all languages and documents (articles, conference papers, books, etc.) (Shao and Kim, 2022). This database is comprehensive enough to cover the targeted top-tier journals, which identified as the most representative of the literature. Our selected journals cover science, nature, and their sub-journals. Publications about planetary landforms are common in other average journals, and many landform-featured journals are also popular. In this study, we preferred to determine what top-category journals are concerned with over planetary landforms. We focused on nature, science, and their sub-journals for several reasons. First, these are globally leading academic publications with high impact factors and broad dissemination, which can quickly attract attention from various groups to our planetary landform findings. Second, they excel at interdisciplinary integration, breaking barriers between fields such as geology, physics, and biology and spurring new collaborations for our research. Third, their rigorous peer review vouches for research quality and highlights the rigor of our work. Fourth, they have long been academic benchmarks, and past landmark achievements in our field were often first published there, so we aimed to continue that tradition. By overviewing these top journals and cutting-edge research, we hope that some interesting conclusions can be drawn, which may serve as bellwethers for related researchers.
A title/abstract/keyword search was performed in the WOS database. The first keyword is related to landforms (such as landform, terrain, and geomorphology), the second keyword is related to remote sensing technology (such as remote sensing, images, and satellites), and the third keyword is related to planetary bodies in the solar system. We have tried to cover all the planetary bodies within the solar system with missions until now, and the third keyword is “Venus,” “asteroids,” “comets,” “dwarf planets,” “Neptune,” “lunar,” “Moon,” “Jupiter,” “Mars,” “Martian,” “Mercury,” “Neptune,” “Pluto,” “Saturn,” or “Uranus.”
In total, 389 publications were returned from the automated retrieval (searched on 12th November 2024), which were further reduced to 358 by identifying important themes or targets. In this process, we reviewed the titles and abstracts of all the articles to sort research sufficiently related to planetary landforms. We also focused on planetary minerals and outcrops because we recognized that they play crucial roles in shaping landforms. These local features can influence various aspects of a landform, such as its shape, structure, and distribution. Studies that use remote-sensing data only as basic maps of the study area, without analyzing typical landform features or exploring the possible mechanisms of landform evolution, may not carry as much weight. These excluded studies often focus mainly on atmospheric conditions, the solar nebula, or planetary waves, which limits the depth of understanding of the landforms. For example, the atmosphere can have a significant impact on landforms through wind erosion (Grotzinger et al., 2015a). Over time, strong winds can wear down rock formations, change the slopes of hills, and even create unique erosional landforms such as sand dunes. Furthermore, substances can be transported by the movement of the atmosphere and then condense in particular regions (Villanueva et al., 2023). Planetary waves, on the other hand, can influence tectonic activity (Fernando et al., 2022). They might cause stress variations in the planet’s crust, which, in turn, could affect the formation of faults, folds, and other structural features that are fundamental to the shaping of landforms (Stahler et al., 2022). Note that the number of screened publications is not the same as that of cited works because some works excluded in the retrieval process still deserve mentioning (e.g., those introducing the basic idea of certain algorithms).
Apart from the published journals, the academic influence of a publication is also reflected in its citation count. WOS provides powerful access to publications and citation information related to published research papers. Notably, only independent citations were considered in our analysis. WOS contains more than 90 million records and 1 billion cited references (Shao et al., 2021). The values considered were (Niu et al., 2022) C (citation, which refers to the citation frequency), CC (co-citation, which refers to the number of co-citations), and CCV (co-citation cosine coefficient, which refers to the ratio of co-citations between data (Chen, 2006a)). Additionally, several key terms need to be explained to improve our understanding of the research frontier. Using CiteSpace software, the research frontier is identified on the basis of Kleinberg’s burst-detection algorithm (Kleinberg, 2002) and extracts burst terms from titles, abstracts, descriptors, and identifiers of bibliographic records. These terms are subsequently used as labels of clusters in heterogeneous networks of terms and articles (Chen, 2006a). In this study, we refer to these terms as burst keywords. The centrality of a node is a graph-theoretical property that quantifies the importance of the node position in a network (Freeman, 1978). Nodes with high betweenness centrality tend to connect different clusters and can be used to identify and separate clusters (Girvan and Newman, 2002; Chen, 2006b). We use betweenness centrality to analyze the country, institution, and authorship to clarify the distribution and influence of each publication in planetary landform research. The literature data concerning planetary landform research were analyzed and visualized using the methods mentioned below:
(1) Publication network analysis: this provides an outline of planetary landform publications, including the number of countries, annual account dynamics (in this part, we begin with the year 1962, when the earliest paper was published), and collaborative networks of organizations, journals, and authors.
(2) Keywords analysis: keywords condense and distill the core ideas of the literature (Gurzki and Woisetschläger, 2017). By analyzing high-frequency keywords, we can quickly grasp the research hotspots and development in this field.
(3) The strongest burst keywords analysis: keywords with the strongest bursts reflect changes in the research topic and emphasize sudden changes within a period. These keywords always suggest more information than the research topic, such as the relevant policy or the attitudes of the authorities. For example, in the case of the National Aeronautics and Space Administration (NASA), the government’s policy of continuous investment in planetary exploration has led to a series of successful missions. This policy encourages scientists to pursue innovative research and provides the necessary resources for the development of advanced technologies (e.g., the Hubble Space Telescope, which has significantly advanced our understanding of the universe).
3 BIBLIOMETRIC ANALYSIS OF PLANETARY LANDFORM RESEARCH
In this section, six analyses were conducted, including growth trend analysis, keyword cluster analysis, keyword burst detection, and analyses of countries/territories, institutions, journals, and authors.
3.1 General characteristics of publication output analysis
As of November 2024, 358 publications on planetary landforms and remote sensing were retrieved for the final analysis. The number of annual publications is presented in Figure 1. The evolution of the number of publications can be divided into three stages according to the dates. The first stage spans from 1962–1990, when the publication outputs increased slowly and remained nearly unchanged. The earliest publication about the planetary landforms of top-tier journals within the WOS collection was published in 1962 (Salisbury, 1962). Scientists have discussed whether there is life on Mars on the basis of low-quality observations and the limited knowledge of planetary characteristics. In the second stage, from 1990–2011, the number of publications gradually increased, increasing from 10 to 143. The year 1990 marked the beginning of a new stage in space exploration with the launch of the Hubble Space Telescope (HST) was launched (Dermott and Sagan, 1995; Flasar et al., 2005; Schmidt et al., 2009). HST facilitates the identification of planetary landforms via three crucial methods. First, its high-resolution imaging captures minute surface features. Schmidt et al. (2009) utilized high-resolution images of asteroid 2 Pallas to analyze its shape and surface alterations and distinguish landforms such as mountains, canyons, and craters. Second, multiband observations help uncover diverse landform characteristics. For example, Flasar et al. (2005) used multiband data to analyze Saturn’s temperature, wind, and chemical composition, which are vital for understanding Saturnian landforms. Third, long-term monitoring allows the tracking of planets over time and the observation of dynamic landform changes such as seasons and geological activities, thus deepening our understanding of landform formation and evolution. The third stage is from 2011 to the present. Notably, within these 15 years, the number of publications accounted for half of all extracted publications. This rapid growth in the number of publications on planetary landforms has continued until now. This trend may be closely related to international attention from scholars and official governments. In addition, more than half of the top-tier journals published their first planetary landform research articles from 2011 to the present (Table 1). The fields of material science, mechanics, and physical chemistry have reached a relatively mature stage. Leveraging the knowledge and techniques from these well-established disciplines, we are now exploring and unveiling the further mysteries of deep space.
[image: Figure 1]FIGURE 1 | Annual number of publications indexed in the WOS published from 1962–2024.
TABLE 1 | Journal list and the first year of publication about planetary landforms.
[image: Table 1]3.2 Keyword cluster analysis
The keywords are the core content and the briefest summary of an article (Ji and Pei, 2019), as shown in Figure 2. Keyword co-word analysis can be employed to detect research hotspots and monitor field frontiers. Using CiteSpace software, the top 50 levels of the most cited or occurred items from each slice were selected.
[image: Figure 2]FIGURE 2 | Keywords with centrality signs from 1994–2024.
Cluster analysis was performed on the keywords of planetary landform publications via the CiteSpace clustering function. As shown in Figure 3, there are 10 clusters, which are labeled by the log-likelihood ratio (LLR) algorithm. Keyword clusters auto-generated by CiteSpace can objectively reveal research hotspots. However, this auto-generated output might sometimes be too specific for a research field. To better understand the field of planetary landforms, these 10 clusters were classified into 2 categories as follows.
(1) Planetary bodies: this category includes planets and several important moons. The only planet that appears here is #7 Mars. Iapetus #2 and Charon #8 are the moons of Saturn and Pluto, respectively. #6 Ganymede is the largest among the four moons of Jupiter and even our solar system. The #3 moon here means not only general natural satellites (such as the Moon) but also artificial satellites. Research on moons (Figure 3) has focused on the Moon and the satellite Mariner 10.
(2) Landform-related process and relative terms: this category contains items that are more directly related to landforms. #0 water has played a crucial role in the formation of different sets of fluvial landforms, shaping the #1 surface over time (Kereszturi, 2012). They may leave layered #5 deposits and #9 mixtures. It may be composed of sediment and water and may indicate the planetary geological history (Broz et al., 2020), and we can investigate the featured landform to explore the #4 evolution of planetary.
[image: Figure 3]FIGURE 3 | Keyword clusters of planetary landform research in 1994–2024. (A) Overview of all the keyword clusters. The color of the text labels is consistent with that of the node ranges. The text labels are numbered in ascending order according to the cluster size, and (B–C) details of “#3 moon” and “#7 Mars,” respectively. The numbers in parentheses represent the number of connected nodes.
By analyzing these clusters, it can be concluded that research on planetary landforms has expanded not only to include a specific planetary body but also to include a featured landform, which is always related to relevant driving forces. However, current research networks are highly concentrated within the solar system because of the limitations of current observational and analytical techniques. Although we are aware that there are landforms beyond the solar system that we cannot currently observe, our focus has been on the solar system due to available resources and capabilities.
3.3 Keywords with strong bursts
The bursts of keywords refer to words with high frequency. These words are concepts that receive more attention within a specific period of time. By exploring keyword bursts, we identified planetary landform research hotspots and dynamics from 1994–2024. The citation history of the top 10 keywords with the strongest citation bursts is shown in Figure 4. The blue and red spots indicate the beginning and end years of the hotspot period, respectively. The color bar indicates the level of popularity (how much attention the word receives). The higher the value, the darker the blue color that is shown on the color bar. The major events in space exploration history are divided into three time periods, namely, 1994–2009, 2009–2020, and 2020–2024. These time nodes are chosen for the following reasons:
(1) Before 2010, research on planetary landforms mainly focused on Europa and the Galilean satellites, with the missions beginning in bursts and transitioning out of this hotspot situation. This suggests that research has centered on some featured bodies via photogrammetry. Images were obtained by Voyager spacecraft in the 1970s. These spacecraft conducted flybys of Jupiter and discovered Jupiter’s ring system and signs of volcanic activity on Jupiter’s moons (Prockter et al., 2002). These images revealed sparse craters and line-shaped landforms on Europa’s surface, indicating a younger terrain than that of Ganymede and Callisto, two other moons of Jupiter (Tyler, 2008). The Galileo probe, launched in 1989, conducted long-term and detailed observations of Jupiter and its moons. It flew past the Galilean satellites multiple times and provided scientists with a large amount of data. Its higher-resolution (54 m per pixel) images of Europa revealed the detailed morphology of the terrain, which strongly supports the presence of liquid water at shallow depths below the surface, either today or in the past (Tyler, 2008). These data sparked the interest of scientists, prompting further research. For example, researchers at the University of Michigan reanalyzed the data obtained by the Galileo probe in the late 1990s and found evidence suggesting possible plumes from subsurface liquid water reservoirs (Jia et al., 2018), fueling questions about Europa’s ability to support life (Kereszturi and Keszthelyi, 2013). A new mission, the Europa Clipper (Roberts et al., 2023; Becker et al., 2024), is on its way to conduct detailed scientific investigations of Europa. The probe is expected to arrive in 2030 to assess Europa’s potential to support life.
(2) During the 2010s, origin and Mars appeared as hot keywords. During this period, researchers applied statistical methods to analyze surface morphology and propose possible hypotheses to explain the origin of these featured landforms. The Mercury Surface, Space Environment, Geochemistry, and Ranging (MESSENGER) spacecraft was the first satellite to study Mercury, and data were collected from 2008–2015. Researchers utilized the data transmitted by MESSENGER to investigate the environment of Mercury, publishing a series of significant papers in top-tier journals during the 2010s (Prockter et al., 2010; Vervack et al., 2010; Neumann et al., 2013; Paral and Rankin, 2013). During this period, more countries became involved in Mars research. Martian explorations by NASA were active all the time. With past success (e.g., the 2001 Mars Odyssey mission and the Phoenix mission), spacecraft instruments were significantly improved during this period, enabling more accurate measurements and higher-level observations. The Mars Science Laboratory mission and the Mars Atmosphere and Volatile Evolution (MAVEN) mission were launched in 2011 and 2013, respectively, to study the Martian environment, either through roving or from orbit. Advancements in detector technology enabled more detailed observations and further studies of Martian terrain, such as high-resolution cameras and ground-penetrating radars. Martian exploration missions were increasingly invested in by more countries and organizations, leading to breakthrough progress during this period. For example, NASA and the European Space Agency (ESA) jointly carried out exobiology on the Mars program (ExoMars program) (Kereszturi et al., 2016) in 2010. India launched the Mars Orbiter Mission (MOM) in 2013. Since the 2020s, the surge in Mars exploration missions has continued. China’s Tianwen-1 probe, the Mars 2020 Perseverance Rover, and the Hope Mars probe were successfully launched in 2020. The Zhurong rover has been used as an important data source to investigate Mars’ surface and environment (Ding et al., 2022; Li et al., 2022a; Liu Y. et al., 2022; Liu et al., 2023). These exploration missions have provided vast amounts of data and images about Mars’ landforms, further advancing research in this area.
(3) Since the late 2010s, five keywords, namely, history, ice, regolith, moon, and constraints, have appeared in burst detection. During this period, more keywords are detected, which indicates that research on planetary landforms has been rapidly gaining recognition and development. Some interesting findings can be drawn from this situation. Planetary history was further studied with proper constraints, building upon previous work on “origin.” Keywords such as regolith reveal detailed and specific materials and spheres (Li et al., 2022a; Robin et al., 2024) because more return samples and field observations are needed for laboratory analysis and model verification (Banerdt et al., 2020; Wang et al., 2024). Moreover, ice has become the most prominent keyword among all others.
[image: Figure 4]FIGURE 4 | Top 10 keywords with the strongest bursts of planetary landform research from 1994–2024.
3.3 Country/institution analysis
Planetary landform research has specific geographical trends. Research on planetary landforms is obviously influenced and restricted by the quality and sources of data, and most missions are promoted and executed by a few developed countries and organizations. As a result of the diverse geographical distributions of countries and organizations, research in this field has exhibited obvious disparities in terms of both depth and scope at the worldwide level. The country collaboration data from CiteSpace are presented in Figure 5 and Table 2. The United States published 276 articles, France published 108 articles, and Germany published 96 articles. In terms of the centrality of nodes, the highest centrality value was 0.33 for the United States. England, Japan, Italy, the Netherlands, and Belgium all had relatively high centrality values (more than 0.1, as shown in Table 3). This may have resulted from international interactions and joint exploration since the last century (Horneck et al., 2010; Ehrenfreund et al., 2012). Although most countries in this group are Western countries, Japan still engages in effective interactions with these countries through in-depth cooperation. For example, Japan is the only Asian country participating in the International Space Station, which is led by the United States. The concentration of such countries also reflects the powerful role of space organizations, such as NASA in the United States and the European Space Agency in Europe.
[image: Figure 5]FIGURE 5 | Collaboration network between countries for planetary landform research. The countries with high centrality values are shown by the pink line outside the circle.
TABLE 2 | Top 20 most productive institutions in planetary landform research.
[image: Table 2]TABLE 3 | Top 15 most productive countries in planetary landform research.
[image: Table 3]The three most productive institutions are the National Aeronautics and Space Administration, California Institute of Technology, and NASA Jet Propulsion Laboratory (JPL). The publication amounts of three institutions far exceed those of other institutions, with the figures being 156, 122, and 121, respectively. Among these institutions, the California Institute of Technology (centrality = 0.12) is both highly interrelated with other institutions and productive. Moreover, 70% of the top 10 most productive institutions are located in the USA, indicating specific geographical attributes in planetary landform research. With respect to node connection strength, institutions with strong connection strength tend to be in the same or neighboring countries. This finding is consistent with the results of the publication country analysis (Figure 5).
3.4 Journal network analysis
Co-citation analyses of journals containing planetary landform-related articles have been conducted to identify where researchers prefer to publish their findings (Azam et al., 2021). The journal co-citation network is plotted in Figure 6. The larger the node, the more important the journal is. In Figure 6, the journals with centrality values greater than 0.1 are highlighted. This dense network, with its closely connected links, indicates a strong co-citation relationship and frequent article references among these journals. The three most-cited journals are Science, Icarus, and JGR Planets, although none of these have high centrality values. Journals with high centrality (more than 0.1) include the Journal of Geophysical Research: Planets, Advances in Space Research, and Geophysical Research Letters (shown in Table 4), which are more field-specific than the journal scope of the literature covered in our survey.
[image: Figure 6]FIGURE 6 | Journal co-citation network of planetary landform research. The journals with high centrality values are represented by the pink line outside the circle.
TABLE 4 | Top 10 core journals in planetary landform research.
[image: Table 4]As analyzed above, journal network analysis reveals essential sources of research on planetary landforms. We have identified the core journals that serve as the primary sources for citation and survey, along with the links among these journals. Moreover, this network revealed the strong interdisciplinary nature of planetary landform research. This is consistent with the data and techniques we apply in our research.
3.5 Researcher network analysis
A co-citation analysis of planetary landform researchers was conducted to show the collaboration network of these productive authors. This network analysis highlights the development and improvement of planetary landform studies, which depend on collaboration among relevant researchers. As shown in Figure 7, many researchers are interested in planetary landforms, and their interactions are limited to two academic communities. The core researchers in both communities are also shown in Figure 7. There has been collaborations between the researchers HEAD JW, MCCORD TB, GREELEY R, and BOTTKE WF. This academic community involves more researchers and shows more centrality than others centering on WALSH KJ. Although the two groups are in different research fields, i.e., Mars and asteroids, the younger age of WALSH KJ may account for his fewer citations. The top 10 most influential researchers are listed in Table 5, which ranks the number of citations they have gained. HEAD JW was the most influential author, with 24 citations, followed by GREELEY R, with 21 citations in the field of planetary landforms. WALSH KJ had the highest centrality, with a value of 0.32, followed by HEAD JW, with a value of 0.28. In summary, many authors tend to collaborate in groups, while some authors choose to publish articles independently. The trend of working in collaboration is inevitable and necessary.
[image: Figure 7]FIGURE 7 | Author co-citation network for planetary landform research. The authors with high centrality values are shown by the pink line outside the circle.
TABLE 5 | Top 10 authors cited in papers published in Science and Nature.
[image: Table 5]4 CASE STUDY ON TYPICAL INDICATIVE LANDFORMS: WATER- AND ICE-RELATED LANDFORMS ON MARS
The surface of Mars features diverse geomorphic features, such as craters and basins, large shield volcanoes, canyon systems, dried-up riverbeds, polar ice caps, wind-formed dunes, collapse features, lava ridges, and domes (Hargitai and Kereszturi, 2015). These features indicate different mechanisms and geological evolutions of Mars. The water process on Mars is classic and has gained research attention. We take water- and ice-related landforms as examples to investigate their possible evolution (Séjourné et al., 2019).
The various landforms on Mars are water- and ice-related landforms. Standing water may accumulate on the surface in depression terrains such as large craters (Malin and Edgett, 2003; Pondrelli et al., 2019; Salese et al., 2019; Schmidt et al., 2021; Schmidt et al., 2022), the Valles Marineris canyon network (Lucchitta et al., 1994; Warner et al., 2013; Fueten et al., 2014; Fueten et al., 2014; Al-Samir et al., 2017; Schmidt et al., 2018), and even the hemispheric-scale northern plains (Fairén et al., 2003; Di Achille and Hynek, 2010; Li et al., 2022b). A large sedimentary succession within the NW Hellas Basin rim comprises a well-preserved channel and features deposition. Principles of architectural element analysis (Miall, 1985; Holbrook, 2001) were applied to a hierarchy of bounding surfaces, revealing river processes at varying scales. Bounding-surface data and the extensive, flat topography of these sediments indicate their formation through long-term aqueous processes (alluvial and lacustrine) rather than rapid meltwater flow, episodic flooding (Salese et al., 2020), or airfall processes such as aeolian and volcaniclastic deposition (Salese et al., 2016). Nevertheless, a thermophysical numerical model of the Martian regolith revealed that Martian channels or gullies can result from debris flows triggered by geologic dry ice processes that require no liquid water (Pilorget and Forget, 2016). It is suggested that the underlying CO2 ice is released as gas fluxes during the defrosting season, destabilizing the regolith and triggering gas-lubricated debris flows, which exhibit geomorphic characteristics similar to those of Martian gullies. This type of gully is observed only on pole-facing slopes between 30° and 45° latitudes, with a less clear orientation preference above the 45° latitude (Balme et al., 2006; Harrison et al., 2014).
Water- and ice-related landforms always reflect heat-absorbing and heat-releasing processes [e.g., sublimation and liquefaction of volatiles (Changela et al., 2021)]. Scalloped and dissected mantle terrains and thermokarst-like pits and scarps may have formed through subsurface ice sublimation (Lefort et al., 2010; Dundas et al., 2018). Complex valley terrains may have resulted from a combination of ice flow and distortion and the differential sublimation of glacial ice beneath patterned soils (Mangold, 2003; Mangold, 2011). The rate of Martian ice sublimation was estimated via long-term observations of Martian analog soil and a thermal model (Johnson and Lorenz, 2000), which is approximately four times greater than expected (Douglas and Mellon, 2019). The water process is also important for the formation of polygonal cracks on Mars. Research has shown that freeze‒thaw cycles form typical thermal contraction polygons (Mellon and Michael, 1997; Seibert and Kargel, 2001; Mangold, 2005; Marchant and Head, 2007; Lefort et al., 2009; Levy et al., 2009), and desiccation leads to polygonal cracks (Grotzinger et al., 2006; El-Maarry et al., 2014; Stein et al., 2018). They are very common (Levy et al., 2009) in early Martian sedimentary layers (McLennan et al., 2005; Grotzinger et al., 2006) or at mid-to-high latitudes and are always present at large scales (Mellon and Michael, 1997; Seibert and Kargel, 2001; Mangold, 2005; Marchant and Head, 2007; Lefort et al., 2009). Nevertheless, some water-related landforms are also observed in the low-latitude area of Mars. Cracks, crusts, agglomerated particles on dune surfaces and strip-like traces, fragmented soil blocks, and polygonal ridges lying in the lowest part of the interdune depression are most likely associated with the activity of saltwater (Qin et al., 2023). Its formation was hypothesized to involve repeated frost precipitation‒thawing cycles accompanied by hydrated silica and ferric oxide concentrations triggered by dissolved salts. The hypothesis of vestigial saltwater at middle and high latitudes corroborates models of the periodic variation in the obliquity of the Mars rotation axis (Leovy, 2001; Levrard et al., 2007) and the hypothesis of the paleoclimatic evolution of polar icecaps (Levrard et al., 2007).
Alterations in water processes and other geologic activities are believed to be the mechanism for the formation of composite structures on Mars (Poulet et al., 2005; Orgel et al., 2019; Liu Y. et al., 2022). Water processes have always been considered on Mars (Malin and Edgett, 2000). Rocks with hydrated minerals were found by the Mars Science Laboratory mission rover Curiosity, which is at the foundation of Aeolis Mons, near the center of the ∼140-km-wide Gale impact crater. The northern crater walls and rims of Gale eroded into gravel and sand, and these fragments were transported toward the cater interior and sorted downstream into finer sizes via surface streams. Finally, the finest deposits filled the internal crater and accumulated along the shore of an ancient lake (Grotzinger et al., 2015b). The inter-crater plain units show more complex interactions between volcanic activity and water processes. The late Noachian (∼3.7 Ga) sedimentary plain is locally covered with lava flows, and its lithology is predominantly composed of light-toned sedimentary rocks. The geomorphic features from high-resolution images and the lithologies of sedimentary and volcanic rocks verified an intense ancient sedimentary cycle, which was followed by broad volcanic flows (Salese et al., 2016).
The diversity of Martian landforms results from various comprehensive factors, serving as a bridge between the diversity of geomorphic features and the possible history of planetary evolution. Impact events, CO2 frost processes, windblown processes, volcanic activity, and water activity on the Martian surface are always related to geomorphological phenomena. Desiccation or thermal contraction during shrinkage causes stress in the sediments, which can ultimately lead to the formation of surface cracks, even at the centimeter scale (El-Maarry et al., 2014; Qin et al., 2023). When the associated stress is greater than the tensile strength of the regolith, cracks propagate in a direction perpendicular to the maximum tensile stress, eventually forming polygonal cracks (Shorlin et al., 2000; Baker, 2001; Osterloo et al., 2008).
5 CASE STUDY ON HIGH-QUALITY DATA: RESEARCH ON TYPICAL LUNAR LANDFORMS
The Moon is the only natural satellite of the Earth. Human lunar exploration has been carried out for decades, which has yielded fruitful results, such as lunar material composition (Nozette et al., 1994; Pieters et al., 2008), gravity field (Klipstein et al., 2013; Zuber et al., 2013), and topography (Ouyang et al., 2010; Smith et al., 2010; Tooley et al., 2010; Vondrak et al., 2010). On the basis of observations by ground-based astronomical telescopes, satellite images of the lunar topography and geomorphology, and field surveys from Apollo missions, lunar tectonics on the surface can be divided into two main categories, i.e., circular structures and linear structures (Luo et al., 2017).
Linear structures extend linearly on the lunar surface. Compared with circular structures, linear structures can reflect global or regional tectonic features and even geological information. Consequently, they are important indicators of lunar evolution (Heiken et al., 1991). However, not all of them can play a similar role in lunar history; for example, the linear strips created by large-scale impact events are sedimentary structures formed by the secondary crater chains (Head, 1976).
Lobate scarps are characteristic line-shaped landforms and indicate the heat dynamics of planetary evolution. The NAC images reveal a previously undetected array of narrow, shallow troughs west of the Lee–Lincoln scarp face, which is a well-known lobate scarp. These troughs are regarded as the smallest tectonic landforms yet observed on the Moon (Watters et al., 2010). They are thin and short (<25 m in width and 100–200 m in length), with slightly steeply sloping walls and flat floors. The maximum width roughly equals the depth of the regolith, revealing the extension of the regolith layer and the underlying mare basalts. Owing to their geographic features, known lobate scarps are identified only by high-resolution images such as the Apollo panoramic camera images (Schultz, 1976), which cover parts of the equatorial zone. Recently, NAC high-resolution images (0.5–2 m per pixel) and topography derived from NAC stereo images have expanded the spatial distribution of lobate scraps to the global zone. This image shows the most detailed features of the terrain, showcasing the relief of lunar lobate scraps (Watters et al., 2010). The NAC images of previously known and newly learned lobate scarps show crosscutting relationships with small-diameter impact craters. Based on their morphology and crosscutting relationships, lobate scarps are interpreted as contracted landforms due to low-angle thrust faulting (Watters, 2003). Scientists trying to reconstruct the lunar origin wonder what this type of landform means to the Moon. The smaller lobate scarps on the Moon indicate a subtle contraction from a partially molten scenario (Solomon and Head, 1980; Stevenson, 1986). Lobate scarps appear to be <1 billion years old, thus being among the youngest tectonic landforms on the Moon (Schultz, 1976; Binder and Gunga, 1985; Watters and Schultz, 2009). The most powerful evidence for this young age is their morphological intactness, with transected meter-scale craters (Copernican age) (Watters et al., 2010) and without the superimposition of large-diameter craters (>400 m). Finally, these globally distributed lobate scarps, which are small in scale and relatively young, indicate the late-stage radial contraction of the Moon.
Lunar gravity data provide detailed information on the lunar surface and near-surface geomorphological features (e.g., the thickness of the lunar crust (Wieczorek et al., 2013) and the elastic thickness of the lunar lithosphere). These data are commonly analyzed jointly with topographic data (Wieczorek and Simons, 2007). The gravity field of the Moon has been observed since the early lunar satellites, showing the locations of mass concentrations (also known as mascons), which are related to the nearside impact basins (Muller and Sjogren, 1968).
6 SUMMARY AND OUTLOOK
6.1 Research on planetary landforms via remote sensing data
This study used CiteSpace software to conduct a literature survey on planetary landforms from the WOS database from 1994–2024. Research on planetary landforms has grown significantly from 2011 to the present, with the number of related articles increasing to 358. This shows that more researchers are interested in this field. A large part of the research on this relationship has been concentrated in the United States, France, and Germany. Our literature survey also shows that research on planetary landforms is gaining momentum in more countries. This is due to both the advancements in instrument technology and the increase in international collaboration in this field. These two aspects have been well-demonstrated through exploration projects in recent years. Chang’e−6 features international cooperation in lunar exploration, with instruments such as the Sino-French Radon Gas Analyzer and ESA’s Lunar Surface Negative Ion Analyzer, along with contributions from Italy and Pakistan. In addition, the HAKUTO-R Mission involved the United Arab Emirates and the United States in addition to the Japan Aerospace Exploration Agency (JAXA).
Humans have always intensely longed to explore extraterrestrial space. We used CiteSpace to obtain 10 research clusters and 10 outbreak keywords in this research area, which represent what the broader scientific community considers to be key research directions on planetary landforms. In this study, we summarized three topics that receive significant interest from researchers all the time. First, the surface morphology is observed, and an in-depth exploration of its possible process is carried out to investigate planetary geological evolution. On this basis, the search for possible signs of life is conducted, and the habitability of the planet is evaluated (Domagal-Goldman et al., 2016). However, this logical order is reversed with the process of people asking questions and thinking due to curiosity. To some extent, this also explains our fascination with the planetary landforms that may have originated from water or ice dynamics.
CiteSpace analysis of the literature keywords also revealed a shift in the focus of research hotspots from planets and their satellites to asteroids (e.g., Ceres (Combe et al., 2016), Vesta (Denevi et al., 2012), and Bennu (DellaGiustina et al., 2019a; Ballouz et al., 2020; Robin et al., 2024) (Saito et al., 2006; DellaGiustina et al., 2019b)). Moreover, asteroids have already become neighboring nodes in the U.S., which is one of the hotspot centers of planetary landform research. The Hera asteroid probe (Küppers et al., 2022) of the ESA and the planned Tianwen-2 by China will both enhance our understanding of asteroids, and research on asteroids will also become more extensive in the future.
6.2 Future prospects and challenges
After years of development, many important achievements have been made, laying a foundation for exploring the mysteries of exoplanets. The bibliometric study of keywords and their burst history highlights the importance of scientific data and international collaboration.
The value of scientific data is embodied in its quality and quantity. The curve of annually published articles indicates that each accomplished space mission will vigorously propel the pace of scientific research on planetary studies. Moreover, multiple data types are required to verify the plausibility of the original hypothesis. The need for reliable data is common in planetary landform studies. Gravity data and gravity field models have emerged as invaluable tools for studying planetary morphology and evolution. Although direct ground-based observations, such as sample returns and high-precision seismology, remain challenging, orbital perturbation data from satellites provide high-resolution global coverage. For example, the highest-order lunar gravity model currently available is up to 1,500 degrees (Park et al., 2015), offering spatial resolutions down to ∼3.6 km, which has been extensively used to investigate the internal structure of the Moon at various scales (Andrews-Hanna et al., 2013; Wieczorek et al., 2013; Zuber et al., 2016). After the successful mission of Chang-e’ 5 with the rover and returned samples, the amount of research on the far side of the Moon has significantly increased (Liu J. et al., 2022; Luo et al., 2023). Together with in situ measurements and high-precision data, more small-scale targets can be investigated, such as boulders (Ballouz et al., 2020; Tomka et al., 2024) and the regolith (DellaGiustina et al., 2019a; Ballouz et al., 2020). In conclusion, continued advancements in data acquisition will be crucial for unraveling the complex geological histories of celestial bodies, contributing to our broader understanding of planetary evolution in the solar system.
The United States is the country with the largest number of published papers and the highest centrality value. This reflects the promoting role of international exchanges in scientific research. In view of the higher requirements for data quality in future research and the increasing number of target celestial bodies, fostering international collaboration and sharing data resources will greatly promote the development of planetary research.
In recent years, small and less space-faring countries have increasingly engaged in space exploration initiatives. Portugal established the Portuguese Space Agency (PSA) in 2019 and has been actively collaborating with the ESA. Projects such as ISTSat-1 are underway and are being applied to scientific research (Monteiro et al., 2022). In 2024, the PSA initiative funded scientific projects in space exploration, further promoting space research activities in Portugal. Ethiopia, despite economic challenges, launched its own space program with assistance from China in 2019 (Gadisa, 2023). This satellite provides valuable data for climate change research through its multispectral wide-band camera. The Ethiopian Space Science Society, established in 2004, now has over 10,000 members, 19 branches, and 100 space clubs, involving various institutions in space-related activities (Gadisa, 2023). These examples illustrate that small countries can contribute meaningfully to space exploration. Through international cooperation, investment in talent development, and the establishment of dedicated agencies, they enhance the global space exploration effort. Their participation not only benefits their own scientific and technological advancement but also enriches the diversity of the international space community. Future support and collaboration should be further encouraged to unlock greater potential in space exploration.
6.3 Limitations to this study
Some limitations to our study should be noted. First, foundational research may not always be published in top-tier journals, but it can pave the way for new research paradigms in certain planetary landform studies. As shown in Section 3.5, many other journals are always important in planetary landform research. Although our selected journals have provided valuable insights into this field of study, it is important to note that they do not encompass the entire body of research in the field. The exclusion of certain journals may have introduced a potential bias in our analysis. These biases are shown in two main aspects. In terms of research trends, some specialized journals focusing on unique geographical areas are crucial for studying landforms under local climate conditions. Omitting the research from these journals may lead to overlooking of unique findings, thus distorting our overall understanding of the global (in a planetary context) landform patterns. Second, owing to our limited subset of the available literature, the conclusions may be restricted. The landforms on different planets are unique because of different physical and chemical environments. The limited journal selection may prevent us from these differences, and the research conclusions may not be applicable to all types of geological landforms or planetary bodies. Third, using the citation count as an indicator of significance may lead to bias in highly relevant publications in a subfield, which have not gained widespread popularity. Consequently, our findings may lack comprehensiveness, as discussing all aspects of connections between many publications is not realistic. Fourth, the search terms selected in this paper have alternatives. With different search terms, the publication outputs may be skewed, such as research on asteroids. Further research can narrow the scope for a more detailed subdivision and a more exhaustive analysis of the search terms or expand the scope for more research areas. Fifth, this study merely reflects the general and fundamental state of research on planetary landforms. Considering its prevalence and complexity, future review studies could further explore the database for more in-depth analysis.
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