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Abstract

:

Mare basalts on the lunar surface are tangible expressions of the complex thermal evolution and geological processes that have occurred within the lunar interior. These basaltic manifestations are highly important because they provide invaluable insights into lunar geological evolution. Notably, the Oceanus Procellarum region, which is renowned for its extensive and long-lasting basaltic volcanism, is a premier location to investigate late-stage lunar thermal evolution. The primary aim of this research is to elucidate the geomorphological, compositional, and temporal attributes that define the mare basalts within the Oceanus Procellarum region. To achieve this aim, we comprehensively analyzed the geomorphological features present within the region, leveraging Kaguya/SELENE TC images and digital elevation models. Specifically, these geomorphological features encompass impact craters, wrinkle ridges, sinuous rilles, and volcanic domes. Subsequently, we thoroughly examined the mineralogical attributes of basalts in the Oceanus Procellarum region, leveraging Kaguya/SELENE MI data and compositional map products. To more accurately reflect the actual ages of the mare basalts in the Oceanus Procellarum region, we carefully delineated the geological units within the area and employed the latest crater size-frequency distribution (CSFD) technique to precisely determine their ages. This refined approach allowed for a more comprehensive and accurate understanding of the basaltic rocks in the study area. Overall, our comprehensive study included an in-depth analysis of the volcanic activity and evolution of the Oceanus Procellarum region, along with an examination of the correlation between the mineralogical composition and ages of mare basalts. The findings from this exhaustive investigation reveal a definitive age range for basalt units within the Oceanus Procellarum region from approximately 3.69 Ga to 1.17 Ga. Moreover, the latest mare basalts that formed were pinpointed north of the Aristarchus crater. Significantly, the region has experienced at least five distinct volcanic events, occurring approximately 3.40 Ga, 2.92 Ga, 2.39 Ga, 2.07 Ga, and 1.43 Ga, leading to the formation of multiple basalt units characterized by their unique mineral compositions and elemental abundances. Through the application of remote sensing mineralogical analysis, three primary basalt types were identified: low-titanium, very-low-titanium, and intermediate-titanium basalt. Notably, the younger basalt units exhibit an elevated titanium proportion, indicative of progressive olivine enrichment. Consequently, these younger basalt units exhibit more intricate and complex mineral compositions, offering valuable insights into the dynamic geological processes shaping the lunar surface.
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1. Introduction


Lunar geological evolution represents a pivotal scientific goal within the realm of lunar exploration [1]. Mare basalts, which envelop approximately 17% of the lunar surface, play a central role in this pursuit [2]. Accurately determining the ages of mare basalts is highly important because it facilitates a more profound understanding of lunar volcanic activity and thermal evolution [3,4]. Of particular significance, the Oceanus Procellarum region is assumed to play a central role as the epicenter of the most extensive and long-lasting occurrences of late-stage mare basaltic volcanism on the lunar surface. Consequently, this area is the foremost location for in-depth exploration of the Moon’s late-stage thermal evolution [5].



The lunar sample return missions of the Luna and Apollo programs brought back approximately 382 kg of lunar rock and soil specimens. Through rigorous isotopic analyses, the ages of mare basalts and pyroclastic glasses have been precisely determined to be within the range of approximately 3.1 Ga to ~3.9 Ga [6,7,8]. These findings provide indispensable reference points for the comprehensive examination of the Moon’s volcanic history and thermal evolutionary processes [7,9]. In 2020, 1731 g of lunar sample was successfully returned by Chang’e-5 (CE-5) mission, China’s maiden sample return mission [10]. The isotopic age analyses of these lunar samples reveal an approximate age of ~2.03 Ga, facilitating a fresh comprehension of late-stage lunar volcanism [10,11,12]. However, it is worth noting that precise age determinations for mare basalts are currently limited to a few sample locations. Age determination of global mare basalts relies heavily on remote sensing techniques, such as crater counting, a method that has been widely studied and includes methods such as those of Hartmann (1966) [13], Neukum et al. (1971) [14], Hartmann (1984) [15], Hiesinger et al. (2012) [16], and Yue et al. (2022) [17]. There is a substantial ongoing debate regarding the cessation of late-stage lunar volcanic activity. The prevailing view is that lunar mare volcanic activity on the near side of the Moon commenced at approximately 4.0 Ga and ceased before 2.5 Ga, with a total duration of approximately 1.5 Ga [18,19,20,21,22,23]. However, in 2011, Morota et al. conducted CSFD measurements on the Procellarum KREEP Terrane (PKT) and proposed that lunar volcanic activity persisted until approximately 1.5 Ga [4]. However, Hiesinger et al. (2003) [5], using a dating method of CSFD based on remote sensing data, suggested that lunar volcanic activity may have persisted until approximately 1 Ga. Braden et al. (2014) [24], through age determination of small irregular mare basalt patches on the lunar nearside, proposed that their formation occurred at approximately 100 Ma, which is notably younger than the previously determined cessation of volcanic activity, as indicated by Hiesinger et al. (2011) [25].



Oceanus Procellarum, the largest mare basalt region on the Moon’s surface, has experienced multiple large-scale volcanic eruptions and basaltic infillings [3]. It is characterized by high abundances of heat-producing elements, such as thorium, potassium, and uranium [26,27,28,29,30], as well as low elevations and thin crust [31,32]. To date, numerous scholars have conducted extensive studies on various aspects of the Procellarum region, including the composition, thickness, and geological features of mare basalts [27,33,34,35,36,37,38,39,40,41]. These studies provide valuable references for a deeper understanding of mare basalts in the Procellarum region, aiding in the identification of essential details of lunar geological evolution. Previous research has included extensive remote sensing dating work on mare basalts in the Oceanus Procellarum region. Boyce et al. (1974) [42] and Boyce (1976) [43] used crater morphology methods to establish a model age of 2.5 Ga for Oceanus Procellarum, considering Aristarchus as the youngest area, with a model age of 1.7 Ga. Young (1977) [44] conducted CSFD measurements in the northern part of Oceanus Procellarum, suggesting that lunar mare volcanic activity may have persisted until ~1.97 Ga to ~1.57 Ga. Schultz and Spudis (1983) [45] proposed that basalts surrounding the Lichtenberg crater in the middle of Oceanus Procellarum are younger than 1 Ga. Hiesinger et al. (1998; 2001; 2002; 2003; 2010; 2011) [5,18,19,25,46,47,48] classified mare basalt units using Clementine data and determined mare basalt ages through CSFD measurements. In the Oceanus Procellarum region, mare basalts have been determined to have ages ranging from ~3.7 Ga to ~1.2 Ga, with the youngest mare basalts located around the Aristarchus plateau, considering the Oceanus Procellarum and Mare Imbrium regions as the youngest areas [5]. Morota et al. (2011) [4] conducted comprehensive dating of 49 young mare basalt units in the Oceanus Procellarum region using both the Neukum chronology model [49] and the Ivanov chronology model [50], suggesting that lunar volcanic activity persisted until ~1.5 Ga, possibly peaking at approximately 2.2 Ga to 1.8 Ga, with the youngest mare basalt units appearing in the central area of the Procellarum KREEP Terrane (PKT). Chen et al. (2022) [51] published a 1:2.5 million lunar lithologic map. The ages of mare basalt units in the Oceanus Procellarum region were determined to be between 3.7 Ga and 1.7 Ga, which is largely based on the units and mode ages of Hiesinger et al. (2003) [5], with supplements of new CSFD dating results on some previously unidentified basalt areas from Morota et al. (2011) [4]. Following the successful implementation of the CE-5 mission, many scholars have conducted chronological investigations in the region of the landing area in the Oceanus Procellarum. However, the results from different studies have shown variations [52,53,54,55,56,57]. Zhao et al. (2023) [3] conducted a geochronological study of mare basalts at the boundaries of lunar maria, including the Oceanus Procellarum, Mare Imbrium, Mare Vaporum, and Mare Insularum regions. Mare basalts with model ages ranging from 3.78 Ga to 1.71 Ga were obtained, with the estimation that the last major eruption occurred at approximately 1.8 Ga.



This study, based on various high-resolution data from multiple sources and the latest research findings from CE-5 mission samples, comprehensively explores the geomorphological characteristics, chemical compositions, mineralogical features, and evolution of mare basalts in the Procellarum region. We identified and extracted typical structural features in the Oceanus Procellarum region, including impact craters, sinuous rilles, wrinkle ridges, and dome structures, allowing for a systematic depiction of the detailed geological context of the Procellarum region. Furthermore, we performed a detailed classification of mare basalt units in the Oceanus Procellarum region based on new multisource data and obtained accurate model ages for the mare basalts using the latest dating model [17]. This enabled us to investigate the eruptive episodes of mare basalts and late-stage lunar volcanic activity. Finally, we explored the correlation between the age of mare basalts in the Oceanus Procellarum region and their composition and mineral content. Through this research, we provide crucial data and insights for a deeper understanding of mare basalts in the Procellarum region.




2. Datasets and Methods


2.1. Datasets


This study comprehensively investigated the Oceanus Procellarum region, focusing on its morphological, topographical, compositional, and chronological characteristics using high-resolution imaging and spectral datasets. We utilized Kaguya/SELENE TC image data (10 m/pixel) [58,59], topographic data synthesized from the Lunar Reconnaissance Orbiter (LRO) mission’s Lunar Orbiter Laser Altimeter (LOLA) and Kaguya TC digital terrain model (DTM) (SLDEM2015, 59 m/pixel) [58] and a Lunar Reconnaissance Orbiter Camera (LROC) (Narrow Angle Camera (NAC, 0.25–2 m/pixel) [60]) to describe the geological features of the Oceanus Procellarum region and extract small impact craters within it. Additionally, we employed FeO, CaO, Al2O3, MgO, TiO2, and Mg# abundance maps derived from Kaguya/SELENE MI data (20 m/pixel) [61], along with Kaguya/SELENE MI false-color composites. Furthermore, semiglobal mineral abundance maps derived from Kaguya/SELENE MI data [62,63] were utilized to analyze the mineralogical variations in the Oceanus Procellarum region.




2.2. Compositional and Mineralogical Analyses


Otake et al. (2012) [64] developed an inversion algorithm to estimate FeO and TiO2 contents using Kaguya/SELENE MI data and the method proposed by Lucey et al. (1998) [65]. Lemelin et al. (2015) [63] introduced a new algorithm for the inversion of FeO content using Kaguya/SELENE MI data and utilizing the Hapke radiative transfer model. The abundance maps of FeO, CaO, Al2O3, MgO, TiO2, and Mg# used in this study were derived from Wang et al. (2021) [66], who utilized machine learning algorithms to process Kaguya/SELENE MI data and generate chemical maps of the lunar surface.



Furthermore, we employed abundance maps of olivine, clinopyroxene, orthopyroxene, and plagioclase derived from Kaguya/SELENE MI data graciously supplied by Lemelin et al. (2019) [63]. The mare basalts are overlayed with numerous small and loosely packed regolith layers, which are primarily formed by fresh impact crater ejecta or subjected to intense space weathering processes [3]. To mitigate the effects of space weathering and gain deeper insight into the mineralogical variations among basaltic geological units, this study selected 6800 impact craters with diameters smaller than 1000 m for a comprehensive compositional and mineralogical analysis of basaltic geological units spanning different ages.




2.3. Topographical and Geochronological Analyses


Kaguya/SELENE TC image data and the SLDEM 2015 digital elevation model have been extensively utilized in studies of regional topography and local features [58,59]. Additionally, owing to their relatively high spatial resolution, Narrow Angle Camera (NAC) images are well suited for in-depth examination of small-scale geological features [60].



The determination of mare basalt ages typically involves multiple steps, including mare basalt unit classification, the selection of dating regions, the identification of impact craters, the removal of secondary craters, the determination of the area and crater diameter, and the application of dating models to generate CSFD curves and absolute model ages [3,67,68,69]. Mare basalts represent a ubiquitous lithological occurrence across the lunar surface, and their classification predominantly relies on the geological features and chemical composition of these rocks. Variances in material composition and content are frequently observed among mare basalts spanning different epochs. Consequently, researchers routinely employ criteria such as disparities in luminosity, morphological attributes, impact crater density, crater degradation level, spectral characteristics, and stratigraphic relationships to systematically categorize mare basalts [4].



Hiesinger et al. (1998; 2001; 2002; 2003; 2010; 2011) [5,18,19,25,46,47,48] and Morota et al. (2011) [4] have harnessed multispectral image datasets acquired from Clementine to delineate mare basaltic units within the tempestuous Oceanus Procellarum region. Nonetheless, owing to the comparatively reduced resolution of Clementine data, subtle distinctions may evade comprehensive discernment. In this study, we employed element abundance maps and false-color composites derived from the Multiband Imager (MI) data of Kaguya/SELENE, which has a spatial resolution of 20 m [66]. These data were used to delineate the boundaries of mare basalts in the Oceanus Procellarum region. False-color composites are highly sensitive to lunar soil maturity and composition [70]. We applied Kaguya/SELENE MI data in the visible wavelength range to generate ratio-based false-color composites, with the red channel (750 nm/415 nm) and green channel (750 nm/950 nm) reflecting variations in the lunar soil maturity and titanium content, respectively, while the blue channel (415 nm/750 nm) indicates changes in the iron content [70]. Furthermore, the selection of regions for chronological analysis must adhere to two pivotal prerequisites: (1) the designated area should exhibit relatively even terrain to minimize potential inaccuracies in crater diameter data resulting from substantial topographic undulations; (2) the chosen region should lack secondary impact craters, as these could exert direct influence on CSFD outcomes, potentially leading to a marginal inflation of estimated ages [71].



The CSFD is a prevalent method employed for estimating the absolute model age (AMA) of lunar surfaces and other planetary bodies [72]. This method is based on radioisotopic age data from lunar samples and involves the establishment of a function to infer the ages of planetary surface units. Simultaneously, this method is underpinned by two primary principles: (1) presuming a stochastic distribution of impact craters on the lunar surface within the same geological epoch; (2) maintaining a consistent pattern of size-frequency relationships for impact craters across distinct geological epochs. Hartmann and several other researchers have made multiple improvements and optimizations to the CSFD curves [13,17,67,73,74]. Equation (1) [13,17,67,73,74] symbolizes the Neukum chronology model [49], acknowledged widely as a classical model. Equation (2) [17] symbolizes the revised chronology model proposed by Yue et al. (2022) [17], integrating the most recent research findings and updated ages of Chang’e-5 samples. Importantly, the modified ages for specific lunar regions reveal noteworthy disparities when juxtaposed with the ages predicted by the Neukum model [49].


  N ( 1 , t ) = 5.44 ×   10   − 14   (  e  6.93 t   − 1 ) + 8.38 ×   10   − 4   t  



(1)






  N ( 1 , t ) = 1.089 ×   10   − 13   (  e  6.757 t   − 1 ) + 7.660 ×   10   − 4   t  



(2)







In Equations (1) and (2),  N (1) represents the temporal variation of cumulative impact crater frequency at D = 1 km (number per km2) over time ( t ), where t denotes the age (109 a).



In this study, we employed the CraterTools component [75] to extract impact craters with diameters exceeding 200 m and subsequently export. scc (space crater count) files. To ensure the efficacy and precision of the identified crater count, a rigorous validation process was undertaken by multiple assessors, culminating in meticulous reviews and requisite adjustments to the extraction results. Then, with craterstats2.sav software [68], we applied Yue et al.’s (2022) [17] updated dating model to determine the ages of mare basalt units in the Oceanus Procellarum region.





3. Results


3.1. Geomorphology


3.1.1. Impact Craters


In the Oceanus Procellarum region, there are numerous bowl-shaped and flat-floored craters, which tend to have relatively small diameters. The Galilaei T crater exhibits a representative bowl-shaped morphology in the region, showcasing a well-defined circular shape. False-color images of the crater materials exhibit significant differences from those of the surrounding terrain, indicating variations in elemental and mineral abundances (Figure 1a). Whereas The Guess crater exemplifies a typical flat-floored morphology on the Moon (Figure 1b). Within this area, there are also several impact craters that have been partially or completely inundated by late-stage mare basalts, resulting in the filling of crater floors and some parts of their walls. Notably, only some of the higher rim regions of these craters have remained uncovered. Typical impact craters inundated by mare basalts in this region include the Russell crater, with a diameter of 103 km; the Struve crater, with a diameter of 164 km; and the Eddington crater, with a diameter of 120 km (Figure 1c). Among them, the Struve crater is the largest crater in the area; its crater floor is filled by mare basalts, and it also contains many smaller impact craters that formed later. The Aristarchus crater stands out as one of the most prominent and brightest impact craters on the Moon and is characterized by its prominent rays (Figure 1d). Moreover, the central peak of Aristarchus is predominantly composed of feldspar supplemented by small quantities of pyroxene and olivine [76]. This composition suggests that Aristarchus may have unearthed a feldspar-rich crust during its formation [76,77]. The Lichtenberg crater exhibits typical radial rays, indicating that the impact direction for Lichtenberg was from the southeast (Figure 1e). The Briggs crater’s floor features several irregular fractures of varying sizes, which are arranged in concentric, radial, or polygonal patterns, representing typical geological features of crater floors (Figure 1f).




3.1.2. Wrinkle Ridges


Wrinkle ridges are linear surface features extending across the lunar landscape. These features, distinguished by their elongated structure and relatively elevated positions, are primarily situated within and along the boundaries of mare basalt regions [78,79,80]. These geological features typically consist of gentle and wide-arched segments as well as sharp, irregular ridges [81,82]. Wrinkle ridge formation has been widely attributed to compressional stress forces in previous studies [78,79,80,83], with the formation spanning approximately 4 Ga to 1.2 Ga and peaking at approximately 3.5 Ga to 3.1 Ga [84,85]. Nypaver et al. (2022) [86] argue that the most recently active wrinkle ridges (approximately 1.5 Ga to 0.056 Ga) exhibit a slender and meandering morphology and are widely distributed within lunar nearside basalt. The formation of these ridges is believed to result from a combination of stresses induced by orbital, tidal, and crustal shrinkage and from impact events.



In the Oceanus Procellarum region, a total of 3898 wrinkle ridges have been systematically identified. Among these, the more distinctive formations include Wrinkle Ridge Bucher, Wrinkle Ridge Arduino, Wrinkle Ridge Argand, Wrinkle Ridge Niggli, Wrinkle Ridge Whiston, Wrinkle Ridge Scilla, Wrinkle Ridge Burnet, Wrinkle Ridge Ewing, and Wrinkle Ridge Rubey, while the remaining ridges remain unnamed. This comprehensive survey has significantly advanced our comprehension of the intricate and complex patterns shaping the wrinkle ridges within the Oceanus Procellarum region. Simultaneously, the analysis of the relationships between wrinkle ridges and mare basalt units serves as a valuable tool for determining the chronological sequence of basalt formation (Figure 2a).



The Dorsa Whiston, located in the Oceanus Procellarum region, exemplifies a typical linear wrinkle ridge with an approximate length of 221 km, as depicted in Figure 2a. In comparison to other regions, the northwestern portion of the Oceanus Procellarum area features a greater density of linear wrinkle ridges [87], as shown in Figure 2b. This observation signifies the prevalent stress and magmatic activity in the area. An analysis of rose diagrams for ridge orientation-frequency and ridge orientation-length cumulations in the Oceanus Procellarum region reveals that the majority of the wrinkle ridges are primarily oriented in the NW–SE direction. Consequently, the formation of wrinkle ridges in the Oceanus Procellarum region is likely influenced primarily by compressional stress in the NE–SW direction. The rose diagrams for ridge orientation-frequency cumulation and ridge orientation-length cumulation in the area point in this direction, implying that the formation of wrinkle ridges in Oceanus Procellarum was primarily controlled by directional compressional stress (Figure 2c).




3.1.3. Sinuous Rilles


Sinuous rilles are primarily distributed within mare basalt regions and appear as slender, meandering channels, often originating from circular or arcuate depressions and frequently accompanied by pyroclastic deposits [88,89]. The formation of lunar rilles signifies past volcanic eruptions in the area [90].



In the Oceanus Procellarum region, we have identified a total of 155 lunar rilles. Among these, the more prominent examples include Rima Sharp, Rima Brayley, Rima Diophantus, Rima Marius, Rima Galilaei, Rimae Aristarchus, Rima Suess, Rima Milichius, and Rimae Herigonius. Notably, the density of lunar rilles is relatively higher around the Aristarchus crater (Figure 3a). Rima Marius, a typical sinuous rille in the Oceanus Procellarum region, consists of two segments measuring 280 km and 212 km in length (Figure 3b). False-color composite imagery suggests that Rima Marius exhibits significant color variations compared to the surrounding mare basalts, implying a higher titanium (Ti) content, indicating a magma source with an elevated degree of evolution or lower partial melting degree (Figure 3b). The Oceanus Procellarum region hosts several typical lunar rilles, which are more dense in the central area and often feature volcanic vents at their sources, such as Rimae Aristarchus, Rima Sharp [91], Rimae Prinz [90], Rimae Maestlin, and Rima Agricola (Figure 3c).




3.1.4. Volcanic Domes


Volcanic domes are common broad, circular, or semicircular raised landforms in mare basalt areas and are primarily formed by the extrusion and intrusion of magma [92,93] (Figure 4d,e). In the Oceanus Procellarum region, an exhaustive examination has been conducted, leading to the identification of a total of 17 expansive volcanic domes. Notable among them are the Aristarchus Plateau, Helmet, Marius Hill, Mons Gruithuisen Delta, Mons Rümker, and Prinz–Harbinger. It is pertinent to highlight that each of these substantial volcanic domes frequently harbors numerous smaller volcanic domes (Figure 4a). The Oceanus Procellarum region hosts numerous volcanic dome structures, with Marius Hill exhibiting the highest density, thereby indicating complex volcanic activity in this area [94]. A total of 87 volcanic domes are identified within Marius Hill (Figure 4b). The false-color composite image exhibits complex mixed hues, suggesting a diverse composition in the region, featuring a higher olivine content compared to that in other areas (Figure 4c). Volcanic domes are also widespread in several typical subregions of the Oceanus Procellarum region, including the Mons Gruithuisen Delta, Mons Gruithuisen Gamma, Mons Hansteen, Aristarchus Plateau, and Mons Rümker [56,95].





3.2. Age of the Mare Basalts


Hiesinger et al. (2003) [5] utilized color variations in Clementine data to partition lunar mare basalt units in the Oceanus Procellarum region into 58 units, subsequently determining model ages for these basaltic formations. In this investigation, we build upon the mare basalt boundary delineation results reported by Hiesinger et al. (2003) [5] and reclassify them utilizing high-resolution Kaguya/SELENE MI elemental maps and multispectral false-color composites. The modifications made aim to enhance clarity and precision in conveying the process of reclassification and the datasets employed. We divided the mare basalts in the Oceanus Procellarum region into 100 units (Figure 5). Within these 100 mare basalt units, we selected 167 areas that were flat and free from secondary impact crater interference. In these selected areas, we identified and mapped 25,835 craters with diameters exceeding 200 m. We recalculated the absolute model ages of the mare basalt units using the latest CSFD model [17], as shown in Table 1.



In this study, using the most recent CSFD data, we found that the model ages of basaltic geological units in the Oceanus Procellarum region range from approximately 3.69 Ga to 1.17 Ga. This implies that lunar basaltic volcanic activity lasted more than 2.5 Ga, further supporting the notion of an extensive duration of basaltic eruptions in the Oceanus Procellarum region.



The CSFD measurements indicate that 51 basaltic units in the Oceanus Procellarum region formed during the late Imbrian epoch. During this period, lunar basaltic eruptions were most extensive. A total of 16 units formed during the early Eratosthenian epoch, while an additional 33 units formed during the late Eratosthenian epoch (Table 1).



In the Oceanus Procellarum region, the youngest mare basalt unit, OP29, dates back to 1.17 Ga, situated in the northwestern part of the Nielsen impact crater (Figure 6a), corresponding to a small region on the northern side of the Aristarchus Plateau. The most ancient mare basalt unit, OP99, traces back to 3.69 Ga, located in the northernmost part of the region (Figure 6b). Concurrently, younger lunar mare basalt units are predominantly distributed in the central area of Oceanus Procellarum, while older basalt units are concentrated along its periphery. Younger lunar mare basalt units primarily occupy the central region of Oceanus Procellarum, while older basalt units are concentrated along its periphery (Table 1). We obtained chronological results from the landing site of the CE-5 mission, corresponding to OP09, yielding an age of 2.06 Ga (Figure 6c). The landing site of Luna 7 is within the mare basalt unit OP49, with a determined age of 1.67 Ga (Figure 6d). Luna 8′s landing site is within the mare basalt unit OP40, and the determined age in the second dating region of this unit is 3.37 Ga (Figure 6e). Luna 13′s landing site is within the mare basalt unit OP41, revealing a determined age of 1.73 Ga in the second dating region of this unit (Figure 6f). The determined age of unit OP03 is 3.58 Ga (Figure 6g), OP05 is 2.21 Ga (Figure 6h), and OP21 is 3.36 Ga (Figure 6i).




3.3. Composition of the Oceanus Procellarum Region


According to the Kaguya/SELENE MI false-color composite images, the Oceanus Procellarum region exhibits distinct hues. The northern portion appears orange, denoting a higher iron content, whereas the central and southern areas appear dark blue, signifying a higher titanium content [96]. Notable color variations are observed around the Aristarchus crater (Figure 6a). Elemental abundance maps reveal elevated FeO and TiO2 contents in the central and southwestern parts of Oceanus Procellarum compared to those in the northern area. Furthermore, distinct elemental contents are observed in the Kepler and Copernicus craters relative to their surroundings. The northwestern and northern regions of Oceanus Procellarum exhibit higher MgO and Al2O3 contents and Mg# values. Additionally, enhanced MgO, Al2O3, and Mg# abundances are observed in the Aristarchus, Copernicus, and Kepler craters, as well as some smaller craters, suggesting the excavation of fresh ejecta.



Mineral abundance maps are based on the work of Lemelin et al. (2015; 2019) [62,63], derived from Kaguya Multiband Imager (MI) data. The Kaguya team’s topographic correction results within the latitude range of ±50° are relatively accurate, focusing primarily on this latitude band for their inversion. Furthermore, this limitation has minimal impact on the mineral analysis of the Oceanus Procellarum region. Mineral abundance maps indicate that the area around the Aristarchus crater within the Oceanus Procellarum region contains the highest olivine content (Figure 7a). Moreover, the orthopyroxene and clinopyroxene contents are comparatively higher in the northwestern part of the Marius crater than in most areas surrounding the Aristarchus crater, implying the significant influence of ejecta from the Aristarchus crater (Figure 7b,c). Generally, the plagioclase content distribution is opposite to that of orthopyroxene and clinopyroxene (Figure 7d).





4. Discussion


4.1. Reliability Assessment of Ages Determined by CSFD Method


The CSFD method is widely employed in geology, especially in lunar chronology studies. This method scrutinizes the distribution of impact craters on the lunar surface, offering vital insights into the relative timing of geological events. Hiesinger et al. (2011) [25] partitioned the mare basalt in the Oceanus Procellarum region into 58 units and 68 counting areas. They employed the Neukum chronology model [49] based on Clementine data to determine ages for individual basaltic units (Figure 8a). Subsequently, Morota et al. (2011) [4], Chen et al. (2022) [51], Zhao et al. (2023) [3], and others conducted basaltic unit division and dating studies in specific regions of the Oceanus Procellarum. In this study, the mare basalt in the Oceanus Procellarum region is segmented into 100 units and 167 counting areas, with ages determined for each unit (Figure 8b).



This division is characterized by meticulous unit segmentation, extensive partitioning areas, utilization of the latest age model, relatively high image resolution, and typical counting areas. (1) Detailed segmentation of basaltic units can differentiate mare basalt units that erupted at different times but have similar compositions. For example, the determined ages for units OP04 and OP99 are 2.9 Ga and 3.69 Ga, respectively, whereas Hiesinger et al. (2011) [25] grouped them into the same mare basalt unit with an age of 3.4 Ga. OP97 and OP76 units have basalt ages of 3.07 Ga and 2.05 Ga, respectively, but Hiesinger et al. (2011) [25] grouped them into the same mare basalt unit with a determined age of 2.1 Ga. Therefore, detailed unit segmentation enables a more precise distinction of mare basalts with age differences. (2) This basalt dating study identifies previously unextracted and partitioned areas, such as OP84, OP98, OP17, OP46, OP12, OP15, OP18, and OP20, which were overlooked by Hiesinger et al. (2011) [25]. (3) The basalt dating in this study incorporates the age model of Yue et al. (2022) [17], integrating the ages of Chang’e-5 samples, reflecting the model’s accuracy. (4) Kaguya/SELENE TC image data and Kaguya/SELENE MI data have high resolutions, providing element maps and false-color images with relatively high resolution. This ensures the integrity and accuracy of the extracted small impact craters. (5) A total of 167 counting areas were selected, all in flat regions with a lack of secondary impact craters. Multiple counting areas in the same region also ensure the accuracy of age determination results.



In 2023, the isochronous age of China’s CE-5 lunar sample landing site was determined to be 2.03 Ga [10,11,12], challenging previous understandings of lunar chronology. In this study, the chronological results at the CE-5′s landing site, corresponding to OP09, brought back an age of 2.06 Ga. This age differs notably from measurements by Hiesinger et al. (2011) [25] but aligns closely with determinations from Morota et al. (2011) [4], Chen et al. (2022) [51], Zhao et al. (2023), and Li et al. (2021) [10,11,12]. The landing sites of Luna 13, Luna 7, and Luna 8 are located in basaltic units OP49, OP40, and OP41, respectively. The ages determined in this study substantially agree with the results of Hiesinger et al. (2003; 2011) [5,25], Zhao et al. (2023) [3], Morota et al. (2011) [4], and Chen et al. (2022) [51]. The ages of basaltic units OP03, OP05, and OP21 are 3.58 Ga, 2.21 Ga, and 2.36 Ga, respectively, showing significant differences from the dating results of Hiesinger et al. (2011) [25] but aligning closely with Morota et al. (2011) [4]. This further emphasizes the reliability and accuracy of our dating results.




4.2. Geologic Evolution of the Oceanus Procellarum Region


The geomorphological description of the Oceanus Procellarum region is of paramount importance in comprehending the geological evolution of this lunar mare. Within this region, there is a relative abundance of ridges, sinuous rilles, and domal structures compared to other mare areas. These features reflect the region’s rich and complex internal dynamic geological processes. It has been observed that the ridges and sinuous rilles primarily align with the NW–SE direction, indicating a substantial influence of compressional stress in the NE–SW direction within the Oceanus Procellarum region. However, further exploration is required to fully comprehend the reasons behind this influence. The region also harbors a significant number of concealed impact craters, with most of these areas being covered by lunar mare basalts. This suggests that their formation predates that of the mare basalts. Additionally, the Oceanus Procellarum region is characterized by an abundance of radial-rayed impact craters and a considerable number of well-preserved impact craters, making it a crucial location for the study of young impact craters. Furthermore, the identification of linear structures through stratigraphic relationships can assist in delineating basaltic units.



Mare basalts are the products of volcanic eruptions on the lunar surface and serve as tangible evidence of the Moon’s internal thermal evolution [2]. By examining the eruption events and spatial distribution characteristics of mare basalts, we can indirectly deduce the magnitude, duration, and geological progression of the Moon’s internal magmatic activity, either locally or globally. The Oceanus Procellarum region has experienced diverse geological processes, including magma ocean differentiation, crustal plutonic magmatism, volcanic activity, and external meteoroid impact events [3]. CSFD dating results for the Oceanus Procellarum region reveal five major basalt eruption events (Figure 9a). The initial period occurred between 3.69 Ga and 3.14 Ga, when the most extensive eruptions occurred; this eruption encompassed the majority of the Oceanus Procellarum region, with lava flows totaling approximately 1,048,048 km2, accounting for approximately 54.2% of the region’s area. The mare basalt eruption intensity peaked at approximately 3.42 Ga. The subsequent period commenced from 3.14 Ga to 2.60 Ga, when lava flows were primarily concentrated in three extensive areas, covering approximately 353,664 km2 or approximately 18.2% of the region’s total area. The third period spanned 2.60 Ga to 2.29 Ga and was characterized by scattered lava flows distributed across seven mare basalt units, covering a combined area of 104,625 km2 or approximately 5.4% of the total region. The fourth period emerged from 2.29 Ga to 1.60 Ga, encompassing an area of approximately 343,225 km2 or 17.7% of the total region. The final period extended from 1.60 Ga to 1.17 Ga and was primarily distributed across three mare basalt units located on the western side of Kepler crater and on the northeastern and northwestern sides of Aristarchus crater; these units covered an area of 84,157 km2 or approximately 4.4% of the total area. Overall, the mare basalt eruption scale gradually diminished, ultimately ending at approximately 1.17 Ga (Figure 9b,c).




4.3. Compositional Variation of Mare Basalts


Mare basalt units are characterized by FeO contents exceeding 10 wt.% [45]. The TiO2 content serves as a crucial discriminator for mare basalt classification, mirroring the fundamental compositional traits of the lunar mantle source region and being closely linked to lunar magma ocean differentiation processes [97]. Based on their TiO2 content, mare basalts can be further classified into five categories: very-low-titanium (VLT, TiO2 ≤ 1.5 wt.%), low-titanium (LT, 1.5 wt.% < TiO2 ≤ 4.5 wt.%), medium-titanium (MT, 4.5 wt.% < TiO2 ≤ 7.5 wt.%), high-titanium (HT, 7.5 wt.% < TiO2 ≤ 9.5 wt.%), and very-high-titanium (VHT, TiO2 > 9.5 wt.%) basalts [98,99,100,101,102,103]. In the Oceanus Procellarum region, three primary mare basalt types are observed: VLT, LT, and MT. Among these types, LT basalts are the most prevalent, encompassing approximately 49.76% of the total area, followed by VLT basalts at approximately 25.26% and MT basalts making up 24.99% of the total area. These mare basalt types exhibit significant associations with eruption epochs. The first, second, and third epochs predominantly feature VLT, LT, and MT basalt types, respectively, whereas the fourth and fifth epochs primarily feature LT and MT basalt types. Within the first epoch (3.69–3.14 Ga), LT basalts dominate, with minimal MT basalt occurrences. During the second epoch (3.14–2.60 Ga) and the third epoch (2.60–2.29 Ga), MT basalts are prevalent. The fourth epoch (2.29–1.60 Ga) and the fifth epoch (1.60–1.17 Ga) feature mostly MT basalts. Across these epochs, the proportion of MT mare basalts gradually increases from the first to the fifth epoch, whereas the proportion of LT mare basalt decreases. Moreover, the proportion of VLT mare basalt exhibits a consistent decrease over time (Table 2).



In the Oceanus Procellarum region, mare basalts of different ages exhibit variations in their composition and mineral content. Specifically, Al2O3, CaO, Mg#, orthopyroxene (Opx), and plagioclase (Pl) contents are positively correlated with the ages of mare basalts, while FeO, TiO2, olivine (Ol), and clinopyroxene (Cpx) contents are directly negatively correlated with age (Table 2). This study unveils an augmented presence of MgO, Al2O3, and Mg# in the Aristarchus, Copernicus, and Kepler craters as well as some smaller craters. On the one hand, mare basalts in the Oceanus Procellarum region may undergo the influence of lunar space weathering, characterized by a substantial coverage of loose regolith layers. Fresh impact craters excavate unaltered basalt from the subsurface, resulting in elemental variations between the crater floor and its surroundings. On the other hand, substantial impact events might penetrate the lunar crust, extracting material rich in olivine from deeper layers, leading to significant disparities in MgO, Al2O3, and Mg# content.



The lunar magma ocean (LMO) [104] hypothesis postulates that, during the solidification of magma oceans, olivine crystallizes first. Owing to its higher density, olivine tends to descend towards the bottom of the magma ocean during crystallization and differentiation. In contrast, orthopyroxene, with a relatively lower density, may undergo upward movement during differentiation, thereby completing the crust–mantle differentiation on the Moon. Our research findings suggest a slight increase in olivine content with the age of basalt, while orthopyroxene exhibits a slight decrease with basalt age. Consequently, we hypothesize that young lunar basalts in the Oceanus Procellarum region may have originated from partial magma upwelling induced by mantle thermal flux, predominantly emanating from the deep lunar mantle. This outcome aligns with the lunar magma ocean hypothesis. The LMO hypothesis posits that plagioclase and clinopyroxene are pivotal minerals in the lunar highlands. The lunar mantle is enriched in olivine, with aluminum being abundant in orthopyroxene, calcium in anorthite, and magnesium in olivine. Therefore, The Al2O3 abundance in mare basalts from the Oceanus Procellarum region is positively correlated with CaO abundance and Mg# but negatively correlated with MgO abundance (Figure 10a). Mg# is directly related to MgO abundance and inversely related to FeO abundance (Figure 10b). Therefore, In the oldest mare basalt units of the Oceanus Procellarum region, the TiO2, FeO, and olivine contents can reach 0.83 wt.%, 12.99 wt.%, and 17.59 wt.%, respectively. The CaO content reaches 12.84 wt.%. In the youngest mare basalt units, the TiO2 content can reach 3.69 wt.%, the FeO content can reach 16.93 wt.%, the olivine content can reach 18.39 wt.%, and the CaO content can reach 11.41 wt.%.





5. Conclusions


This study comprehensively investigated the morphology, mineralogy, composition, and chronology of mare basalts in the Oceanus Procellarum region. We utilized Kaguya/SELENE TC images, SLDEM2015 data, mineral and chemical compositional maps derived from Kaguya/SELENE MI datasets, and LROC NAC images for our analyses. The main findings are as follows:




	(1)

	
The Oceanus Procellarum region features abundant volcanism-related features of rilles, wrinkle ridges, and volcanic domes, indicating extensive lunar basaltic volcanism in this area. Simultaneously, the Oceanus Procellarum region is influenced by significant compressional stress in the NE–SW direction;




	(2)

	
The mare basalts in the Oceanus Procellarum region were divided into 100 units, and CSFD dating was conducted. The results indicate that volcanic activity in the Oceanus Procellarum region commenced at approximately 3.69 Ga and persisted until 1.17 Ga, spanning a total duration of ~2.5 Ga. The highest mare basalt eruption flux occurred during the late Imbrian period. The region experienced five major episodes of large-scale mare basalt eruptions, which took place during the following time intervals: 3.69 Ga to 3.14 Ga, 3.14 Ga to 2.60 Ga, 2.60 Ga to 2.29 Ga, 2.29 Ga to 1.60 Ga, and 1.60 Ga to 1.17 Ga. The peak volcanic activity for each episode occurred at approximately 3.40 Ga, 2.92 Ga, 2.39 Ga, 2.07 Ga, and 1.43 Ga, respectively;




	(3)

	
The youngest mare basalts in the Oceanus Procellarum region are located within a small unit north of the Aristarchus crater, which is spatially different from the youngest unit in previous studies. This discovery not only provides crucial insights for a comprehensive understanding of lunar geological evolution but also establishes valuable scientific objectives for future exploration missions. It contributes to unraveling the dynamic history and geological processes of the Moon;




	(4)

	
Three main types of mare basalts are present in the Oceanus Procellarum region: VLT, LT, and MT basalts, with LT basalts being the most abundant. The composition and mineral content of mare basalts are strongly correlated with age. Younger mare basalts exhibit characteristics of evolved parental magma with the highest FeO, TiO2, clinopyroxene, and fayalitic olivine contents, along with the lowest orthopyroxene, plagioclase, Al2O3, and CaO abundances and Mg# values. The olivine content is the highest around the Aristarchus crater, while the northwestern part of the Marius crater contains higher concentrations of orthopyroxene and clinopyroxene.
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Figure 1. Representative impact craters in the Oceanus Procellarum region based on Kaguya/SELENE TC image. (a) A representative bowl-shaped crater in the area: Galilaei T crater. (b) A typical flat-floored crater in the region: Guess crater. (c) Representative craters inundated by mare basalts in the area: Russell crater, Struve crater, and Eddington crater. (d) An impact crater with the most prominent lunar rays: Aristarchus crater. The crater’s rays are indicated by blue dashed lines. (e) An impact crater in the region exhibiting only one-sided lunar rays: Lichtenberg crater. The crater’s rays are represented by blue dashed lines. (f) An impact crater in the region with typical crater floor fractures: Briggs crater. Typical crater floor fractures within the crater are depicted by yellow dashed lines. 
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Figure 2. Wrinkle ridges in the Oceanus Procellarum Region. (a) Wrinkle ridges in the Oceanus Procellarum area. The blue lines represent the wrinkle ridge structures. (b) Typical wrinkle ridge: Dorsa Whiston. The blue lines represent the plot of the trend of Dorsa Whiston. (c) Rose diagram of wrinkle ridges in the Oceanus Procellarum area. 
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Figure 3. Sinuous rilles in the Oceanus Procellarum region. (a) Comprehensive map of lunar rilles within the Oceanus Procellarum region. (b) Depiction of a typical lunar rille in the area: Rima Marius. The blue lines represent the overall trend and trajectory of Rima Marius. (c) False-color composite image of Rima Marius. 
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Figure 4. Volcanic domes in the Oceanus Procellarum region. (a) Comprehensive map of volcanic domes within the Oceanus Procellarum region. (b) Depiction of the summits of volcanic domes within Marius Hill. The yellow outline denotes the perimeter of Marius Hill, and the red lines signify the locations of the volcanic domes. (c) False-color composite image of Marius Hill. (d,e) Exemplification of a typical volcanic dome located on Marius Hill. 
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Figure 5. Map illustrating the division of mare basalt units. (a) MI false-color composite, (b) MgO abundance, (c) TiO2 abundance, (d) FeO abundance, (e) Mg#, and (f) Al2O3 abundance. 
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Figure 6. Cumulative crater frequency diagrams and absolute model ages (AMAs) for selected mare basalt units in the Oceanus Procellarum region. Including (EF = ‘Hartmann (1984) [15]’; PF = ‘Moon, Neukum et al. (2001) [47]’; CF = ‘Moon, Yue et al. (2022) [17]’) (a) OP29, the youngest mare basalt unit. (b) OP99, the most ancient mare basalt unit. (c) OP09, the mare basalt unit at the CE-5 landing site. (d) OP49, the mare basalt unit at Luna 7 landing site. (e) OP40, the mare basalt unit at Luna 8 landing site. (f) OP41, the mare basalt unit at Luna 13 landing site. (g) OP03, a mare basalt unit. (h) OP05, a mare basalt unit. (i) OP21, a mare basalt unit. 
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Figure 7. Mineral abundance maps of the Oceanus Procellarum region: (a) olivine, (b) clinopyroxene, (c) orthopyroxene, and (d) plagioclase. 
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Figure 8. A comparative diagram of mare basalt unit boundaries and counting areas in the Oceanus Procellarum region: this study and Hiesinger et al. (2011) [25] (a), and model ages of basalt units in the Oceanus Procellarum region (b). 
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Figure 9. Evolution of mare basalts in the Oceanus Procellarum region. (a) Evolution diagram of mare basalts. Relative frequency and chart of mare basalt epochs showing model ages (b) and areas (c) of mare basalts units in the Oceanus Procellarum region. 
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Figure 10. Mineralogical and elemental analyses of the Oceanus Procellarum region. (a) Correlation of Al2O3 abundance with that of other elements. (b) Relationships between Mg# and abundances of other elements. 
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Table 1. Model ages of lunar basaltic units in the Oceanus Procellarum region.






Table 1. Model ages of lunar basaltic units in the Oceanus Procellarum region.





	
Unit

	
Hiesinger et al. (2011) [25]

	
Chen et al. (2022) [51]

	
Morota et al. (2011) Model A [4]

	
Morota et al. (2011) Model B [4]

	
Model Ages in This Study

	
Mean Model Ages in This Study






	
OP01

	
3.6 Ga

	
3.6 Ga

	
-

	
-

	
    3.63   − 0.024   + 0.021     Ga

	
3.63 Ga




	
    3.64   − 0.039   + 0.031     Ga




	
OP02

	
3.6 Ga

	
3.6 Ga

	
-

	
-

	
    3.61   − 0.078   + 0.051     Ga

	
3.61 Ga




	
OP03

	
2.9 Ga

	
2.9 Ga

	
2.87/3.70 Ga

	
3.05/3.70 Ga

	
    3.58   − 0.048   + 0.037     Ga

	
3.58 Ga




	
OP04

	
3.4 Ga

	
3.4 Ga

	

	

	
    2.90   − 0.21   + 0.15     Ga

	
2.90 Ga




	
OP05

	
1.7 Ga

	
1.7 Ga

	
2.50 Ga

	
2.82 Ga

	
    2.21   − 0.24   + 0.24     Ga

	
2.21 Ga




	
OP06

	
-

	
-

	
-

	
-

	
    3.37   − 0.13   + 0.073     Ga

	
3.37 Ga




	
OP07

	
-

	
-

	
-

	
-

	
    1.92   − 0.33   + 0.33     Ga

	
1.92 Ga




	
OP08

	
3.4 Ga

	
3.4 Ga

	
-

	
-

	
    3.55   − 0.048   + 0.037     Ga

	
3.34 Ga




	
    3.29   − 0.079   + 0.055     Ga




	
OP09

	
1.3 Ga

	
1.3 Ga

	
1.91/3.46 Ga

	
2.20/3.46 Ga

	
    2.06   − 0.11   + 0.11     Ga

	
2.06 Ga




	
OP10

	
3.5 Ga

	
3.5 Ga

	

	

	
    3.41   − 0.023   + 0.020     Ga

	
3.41 Ga




	
    3.38   − 0.13   + 0.073     Ga




	
OP11

	
3.1 Ga

	
3.1 Ga

	

	

	
    3.25   − 0.079   + 0.056     Ga

	
3.25 Ga




	
OP12

	

	
3.1 Ga

	

	

	
    3.62   − 0.051   + 0.038     Ga

	
3.56 Ga




	
    3.52   − 0.053   + 0.039     Ga




	
OP13

	
3.6 Ga

	
3.6 Ga

	
3.04 Ga

	
3.15 Ga

	
    3.16   − 0.14   + 0.088     Ga

	
3.61 Ga




	
OP14

	

	

	

	

	
    3.50   − 0.077   + 0.051     Ga

	
3.50 Ga




	
OP15

	

	

	

	

	
    2.31   − 0.26   + 0.26     Ga

	
2.30 Ga




	
    2.30   − 0.20   + 0.19     Ga




	
OP16

	

	
3.3 Ga

	

	

	
    3.42   − 0.047   + 0.036     Ga

	
3.42 Ga




	
OP17

	

	
3.0 Ga

	

	

	
    3.43   − 0.064   + 0.046     Ga

	
3.43 Ga




	
OP18

	

	

	

	

	
    2.08   − 0.16   + 0.16     Ga

	
2.08 Ga




	
OP19

	

	
1.9 Ga

	
2.20 Ga

	
2.53 Ga

	
    1.82   − 0.20   + 0.20     Ga

	
1.82 Ga




	
OP20

	

	

	

	

	
    3.52   − 0.11   + 0.064     Ga

	
3.47 Ga




	
    3.35   − 0.068   + 0.048     Ga




	
    3.54   − 0.032   + 0.026     Ga




	
    3.42   − 0.097   + 0.061     Ga




	
    3.75   − 0.042   + 0.033     Ga




	
OP21

	
1.2 Ga

	
1.2 Ga

	

	

	
    2.36   − 0.078   + 0.078     Ga

	
2.43 Ga




	
OP22

	
2.9 Ga

	
2.9 Ga

	
3.31 Ga

	
3.32 Ga

	
    2.15   − 0.36   + 0.36     Ga

	
2.15 Ga




	
OP23

	
1.7 Ga

	
1.7 Ga

	
2.10/3.52 Ga

	
2.43/3.48 Ga

	
    1.52   − 0.15   + 0.15     Ga

	
1.47 Ga




	
    1.42   − 0.14   + 0.14     Ga




	
OP24

	
2.1 Ga

	
2.1 Ga

	
2.56 Ga

	
2.87 Ga

	
    2.90   − 0.094   + 0.082     Ga

	
2.90 Ga




	
OP25

	

	
3.3 Ga

	

	

	
    3.33   − 0.16   + 0.084     Ga

	
3.32 Ga




	
    3.33   − 0.16   + 0.084     Ga




	
OP26

	
2.9 Ga

	
2.9 Ga

	
3.21/3.49/3.72 Ga

	
3.24/3.49/3.72 Ga

	
    3.51   − 0.022   + 0.019     Ga

	
3.51 Ga




	
OP27

	

	

	

	

	
    3.39   − 0.20   + 0.088     Ga

	
3.39 Ga




	
OP28

	
2.1 Ga

	
2.1 Ga

	
2.56 Ga

	
2.87 Ga

	
    3.23   − 0.28   + 0.12     Ga

	
3.30 Ga




	
    3.51   − 0.060   + 0.043     Ga




	
OP29

	
1.2 Ga

	
1.2 Ga

	
1.81 Ga

	
2.10 Ga

	
    1.17   − 0.25   + 0.25     Ga

	
1.17 Ga




	
OP30

	

	
3.3 Ga

	

	

	
    3.39   − 0.075   + 0.051     Ga

	
3.39 Ga




	
OP31

	
3.5 Ga

	
3.5 Ga

	

	

	
    3.33   − 0.15   + 0.081     Ga

	
3.39 Ga




	
    3.54   − 0.064   + 0.045     Ga




	
    3.12   − 0.37   + 0.16     Ga




	
    3.48   − 0.041   + 0.032     Ga




	
OP32

	

	

	

	

	
    3.09   − 0.20   + 0.12     Ga

	
3.09 Ga




	
OP33

	

	

	

	

	
    2.71   − 0.56   + 0.40     Ga

	
2.71 Ga




	
OP34

	

	

	

	

	
    3.30   − 0.21   + 0.098     Ga

	
3.30 Ga




	
OP35

	

	

	

	

	
    3.60   − 0.058   + 0.042     Ga

	
3.60 Ga




	
OP36

	
2.8 Ga

	
2.8 Ga

	
1.79/2.46/3.52 Ga

	
2.06/2.88/3.49 Ga

	
    2.04   − 0.15   + 0.15     Ga

	
2.12 Ga




	
    2.26   − 0.28   + 0.27     Ga




	
OP37

	
3.4 Ga

	
3.4 Ga

	

	

	
    3.30   − 0.050   + 0.039     Ga

	
3.30 Ga




	
    3.31   − 0.15   + 0.082     Ga




	
OP38

	

	
3.1 Ga

	

	

	
    3.14   − 0.29   + 0.14     Ga

	
2.93 Ga




	
    2.91   − 0.33   + 0.22     Ga




	
OP39

	

	

	

	

	
    2.94   − 0.25   + 0.17     Ga

	
2.94 Ga




	
OP40

	
3.3 Ga

	
3.3 Ga

	

	

	
    3.33   − 0.079   + 0.054     Ga

	
3.36 Ga




	
    3.37   − 0.042   + 0.033     Ga




	
OP41

	
2.0 Ga

	
2.0 Ga

	
1.71/3.21/3.81 Ga

	
1.97/3.27/3.80 Ga

	
     1.71   − 0.29   + 0.29   G a   

	
1.72 Ga




	
     1.73   − 0.19   + 0.19   G a   




	
OP42

	
1.2 Ga

	
1.2 Ga

	
1.73 Ga

	
2.00 Ga

	
    3.12   − 0.086   + 0.065     Ga

	
3.01 Ga




	
    2.92   − 0.24   + 0.17     Ga




	
OP43

	
1.9 Ga

	
1.9 Ga

	
1.84 Ga

	
2.13 Ga

	
    2.08   − 0.16   + 0.16     Ga

	
2.08 Ga




	
    2.09   − 0.25   + 0.25     Ga




	
OP44

	

	
3.3 Ga

	
1.85 Ga

	
2.13 Ga

	
    3.36   − 0.051   + 0.039     Ga

	
3.34 Ga




	
    3.27   − 0.10   + 0.065     Ga




	
    3.36   − 0.083   + 0.056     Ga




	
OP45

	

	
3.7 Ga

	

	

	
    3.12   − 0.080   + 0.061     Ga

	
3.10 Ga




	
    3.02   − 0.23   + 0.14     Ga




	
    3.02   − 0.51   + 0.23     Ga




	
    3.14   − 0.50   + 0.18     Ga




	
OP46

	
3.3 Ga

	

	

	

	
    3.65   − 0.064   + 0.045     Ga

	
3.59 Ga




	
    3.49   − 0.077   + 0.051     Ga




	
    3.60   − 0.052   + 0.039     Ga




	
OP47

	
2.1 Ga

	
2.1 Ga

	
1.58/3.48 Ga

	
1.81/3.48 Ga

	
    1.55   − 0.14   + 0.14     Ga

	
1.55 Ga




	
OP48

	
3.5 Ga

	
3.5 Ga

	

	

	
    3.29   − 0.049   + 0.038     Ga

	
3.45 Ga




	
    3.54   − 0.028   + 0.024     Ga




	
OP49

	
1.7 Ga

	
1.7 Ga

	
1.87/3.70 Ga

	
2.17/3.69 Ga

	
    1.67   − 0.080   + 0.080     Ga

	
1.67 Ga




	
OP50

	
3.0 Ga

	
3.0 Ga

	
2.60 Ga

	
2.91 Ga

	
    3.14   − 0.26   + 0.13     Ga

	
3.21 Ga




	
    3.12   − 0.12   + 0.083     Ga




	
    3.38   − 0.048   + 0.038     Ga




	
OP51

	
3.3 Ga

	
3.3 Ga

	

	

	
    3.35   − 0.15   + 0.079     Ga

	
3.31 Ga




	
    3.24   − 0.14   + 0.081     Ga




	
    3.25   − 0.52   + 0.15     Ga




	
OP52

	
3.7 Ga

	

	

	

	
    3.51   − 0.036   + 0.029     Ga

	
3.47 Ga




	
    3.34   − 0.19   + 0.090     Ga




	
    3.54   − 0.086   + 0.055     Ga




	
OP53

	
3.1 Ga

	
3.1 Ga

	

	

	
    3.28   − 0.094   + 0.062     Ga

	
3.24 Ga




	
    3.20   − 0.29   + 0.13     Ga




	
OP54

	
3.4 Ga

	
3.4 Ga

	

	

	
    3.25   − 0.17   + 0.091     Ga

	
3.3 Ga




	
    3.48   − 0.15   + 0.076     Ga




	
OP55

	
3.3 Ga

	
3.3 Ga

	

	

	
    3.05   − 0.78   + 0.26     Ga

	
3.05 Ga




	
OP56

	

	

	

	

	
    3.34   − 0.98   + 0.16     Ga

	
3.37 Ga




	
    3.44   − 0.12   + 0.069     Ga




	
OP57

	
2.6 Ga

	
2.6 Ga

	
2.87 Ga

	
3.06 Ga

	
    2.35   − 0.39   + 0.38     Ga

	
2.23 Ga




	
    2.22   − 0.39   + 0.38     Ga




	
OP58

	
3.1 Ga

	
3.1 Ga

	

	

	
    3.25   − 0.27   + 0.11     Ga

	
3.25 Ga




	
OP59

	
2.1 Ga

	
2.1 Ga

	
2.15/3.72 Ga

	
2.50/3.71 Ga

	
    2.47   − 0.26   + 0.25     Ga

	
2.47 Ga




	
OP60

	
2.4 Ga

	
2.4 Ga

	

	

	
    3.42   − 0.25   + 0.096     Ga

	
3.36 Ga




	
    3.35   − 0.087   + 0.057     Ga




	
OP61

	
3.0 Ga

	
3.0 Ga

	
2.05 Ga

	
2.37 Ga

	
    2.75   − 0.29   + 0.24     Ga

	
2.75 Ga




	
OP62

	
2.6 Ga

	
2.6 Ga

	
2.47 Ga

	
2.79 Ga

	
    2.33   − 0.28   + 0.27     Ga

	
2.33 Ga




	
OP63

	

	
3.5 Ga

	

	

	
    3.28   − 0.094   + 0.062     Ga

	
3.42 Ga




	
    3.39   − 0.43   + 0.12     Ga




	
    3.45   − 0.12   + 0.069     Ga




	
OP64

	
1.3 Ga

	
1.3 Ga

	
1.73/3.58 Ga

	
1.99/3.57 Ga

	
    2.51   − 0.27   + 0.26     Ga

	
2.43 Ga




	
    2.44   − 0.45   + 0.42     Ga




	
    2.39   − 0.22   + 0.21     Ga




	
OP65

	

	

	

	

	
    3.47   − 0.24   + 0.092     Ga

	
3.47 Ga




	
OP66

	
2.5 Ga

	
2.5 Ga

	
1.50/2.99 Ga

	
1.72/3.15 Ga

	
    1.38   − 0.17   + 0.17     Ga

	
1.40 Ga




	
    1.43   − 0.14   + 0.14     Ga




	
OP67

	
3.5 Ga

	
3.5 Ga

	

	

	
    3.20   − 0.12   + 0.077     Ga

	
3.20 Ga




	
OP68

	
2.1 Ga

	
2.1 Ga

	

	

	
    2.95   − 0.47   + 0.25     Ga

	
2.98 Ga




	
    3.09   − 0.56   + 0.21     Ga




	
OP69

	

	

	

	

	
    3.46   − 0.060   + 0.043     Ga

	
3.54 Ga




	
    3.61   − 0.044   + 0.034     Ga




	
OP70

	
3.6 Ga

	
3.6 Ga

	

	

	
    3.57   − 0.044   + 0.034     Ga

	
3.56 Ga




	
    3.45   − 0.080   + 0.053     Ga




	
OP71

	
2.1 Ga

	
2.1 Ga

	
1.88 Ga

	
2.18 Ga

	
    3.39   − 0.16   + 0.079     Ga

	
3.41 Ga




	
    3.53   − 0.28   + 0.095     Ga




	
OP72

	
3.3 Ga

	
3.3 Ga

	

	

	
    3.62   − 0.049   + 0.037     Ga

	
3.56 Ga




	
    3.51   − 0.052   + 0.039     Ga




	
OP73

	
3.5 Ga

	
3.5 Ga

	

	

	
    3.48   − 0.054   + 0.040     Ga

	
3.44 Ga




	
    3.37   − 0.16   + 0.080     Ga




	
OP74

	
3.5 Ga

	
3.5 Ga

	

	

	
    3.29   − 0.11   + 0.070     Ga

	
3.29 Ga




	
OP75

	
2.1 Ga

	
2.1 Ga

	
1.76 Ga

	
2.04 Ga

	
    1.89   − 0.28   + 0.28     Ga

	
1.89 Ga




	
OP76

	
2.1 Ga

	
2.1 Ga

	
1.88 Ga

	
2.18 Ga

	
    1.89   − 0.25   + 0.25     Ga

	
2.05 Ga




	
    2.12   − 0.28   + 0.28     Ga




	
OP77

	
3.4 Ga

	
3.4 Ga

	

	

	
    3.49   − 0.074   + 0.050     Ga

	
3.44 Ga




	
    3.20   − 0.22   + 0.11     Ga




	
    3.38   − 0.11   + 0.066     Ga




	
    3.23   − 0.15   + 0.085     Ga




	
OP78

	
2.3 Ga

	
2.3 Ga

	
1.91 Ga

	
2.21 Ga

	
    2.60   − 0.56   + 0.45     Ga

	
2.60 Ga




	
OP79

	
1.7 Ga

	
1.7 Ga

	
1.97 Ga

	
2.28 Ga

	
    1.79   − 0.19   + 0.19     Ga

	
1.79 Ga




	
OP80

	
3.0 Ga

	
3.0 Ga

	
2.73/3.66 Ga

	
2.98/3.64 Ga

	
    3.54   − 0.061   + 0.043     Ga

	
3.49 Ga




	
    3.44   − 0.083   + 0.055     Ga




	
OP81

	
3.0 Ga

	
3.0 Ga

	
2.73/3.66 Ga

	
2.98/3.64 Ga

	
    2.90   − 0.31   + 0.21     Ga

	
2.96 Ga




	
    3.17   − 0.29   + 0.13     Ga




	
    3.13   − 0.59   + 0.20     Ga




	
OP82

	

	

	

	

	
    3.17   − 0.29   + 0.13     Ga

	
3.17 Ga




	
OP83

	
3.3 Ga

	
3.3 Ga

	

	

	
    3.44   − 0.045   + 0.035     Ga

	
3.43 Ga




	
    3.42   − 0.11   + 0.064     Ga




	
    3.26   − 0.44   + 0.14     Ga




	
    3.32   − 0.19   + 0.091     Ga




	
OP84

	

	

	

	

	
    3.52   − 0.18   + 0.081     Ga

	
3.51 Ga




	
    3.50   − 0.19   + 0.084     Ga




	
OP85

	

	

	

	

	
    3.49   − 0.085   + 0.055     Ga

	
3.59 Ga




	
    3.64   − 0.14   + 0.070     Ga




	
OP86

	
3.7 Ga

	
3.7 Ga

	

	

	
    2.84   − 0.16   + 0.14     Ga

	
2.83 Ga




	
    2.80   − 0.40   + 0.29     Ga




	
OP87

	
3.1 Ga

	
3.1 Ga

	

	

	
    2.72   − 0.14   + 0.13     Ga

	
2.72 Ga




	
OP88

	
3.4 Ga

	
3.4 Ga

	

	

	
    2.39   − 0.37   + 0.36     Ga

	
2.39 Ga




	
OP89

	
3.4 Ga

	
3.4 Ga

	

	

	
    2.87   − 0.20   + 0.16     Ga

	
2.87 Ga




	
OP90

	
3.4 Ga

	
3.4 Ga

	

	

	
    2.36   − 0.30   + 0.29     Ga

	
2.36 Ga




	
OP91

	
2.1 Ga

	
2.1 Ga

	

	

	
    3.41   − 0.11   + 0.064     Ga

	
3.41 Ga




	
OP92

	

	

	

	

	
    1.93   − 0.40   + 0.40     Ga

	
1.93 Ga




	
OP93

	
2.1 Ga

	
2.1 Ga

	
2.19/3.39 Ga

	
2.49/3.40 Ga

	
    2.14   − 0.36   + 0.36     Ga

	
2.14 Ga




	
OP94

	
2.1 Ga

	
2.1 Ga

	
2.99 Ga

	
3.12 Ga

	
    2.91   − 0.37   + 0.23     Ga

	
2.91 Ga




	
OP95

	
3.5 Ga

	
3.5 Ga

	

	

	
    2.85   − 0.62   + 0.35     Ga

	
2.85 Ga




	
OP96

	
3.5 Ga

	
3.5 Ga

	

	

	
    2.83   − 0.32   + 0.23     Ga

	
2.83 Ga




	
OP97

	
2.1 Ga

	
2.1 Ga

	
1.88 Ga

	
2.18 Ga

	
    3.06   − 0.18   + 0.12     Ga

	
3.07 Ga




	
    3.14   − 0.36   + 0.15     Ga




	
OP98

	
3.3 Ga

	
3.3 Ga

	

	

	
    2.53   − 0.88   + 0.63     Ga

	
2.54 Ga




	
    2.33   − 0.25   + 0.24     Ga




	
OP99

	
3.4 Ga

	
3.4 Ga

	

	

	
    3.69   − 0.022   + 0.019     Ga

	
3.69 Ga




	
OP100

	
3.4 Ga

	
3.4 Ga

	
2.34 Ga

	
2.74 Ga

	
    1.98   − 0.20   + 0.20     Ga

	
1.98 Ga











 





Table 2. Elemental and mineral abundance data for mare basalts in the Oceanus Procellarum region.






Table 2. Elemental and mineral abundance data for mare basalts in the Oceanus Procellarum region.





	Model_Age
	Al2O3/wt.%
	TiO2/wt.%
	FeO/wt.%
	CaO/wt.%
	Mg#
	Ol/wt.%
	Cpx/wt.%
	Opx/wt.%
	Pl/wt.%
	Type





	3.69–3.14 Ga
	12.975
	2.642
	16.031
	11.849
	50.064
	19.889
	24.648
	17.122
	40.872
	MT/LT/VLT



	3.14–2.60 Ga
	12.211
	2.812
	16.612
	11.637
	48.534
	20.358
	25.862
	15.936
	40.048
	MT/LT/VLT



	2.60–2.29 Ga
	11.626
	3.843
	16.870
	11.574
	47.806
	20.999
	25.939
	13.910
	39.379
	MT/LT/VLT



	2.29–1.60 Ga
	11.493
	4.370
	16.798
	11.556
	47.802
	21.148
	26.420
	13.374
	40.865
	MT/LT



	1.60–1.17 Ga
	11.257
	5.455
	17.261
	11.429
	47.403
	23.547
	26.516
	11.566
	40.224
	MT/LT
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