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Abstract

:

Upwelling mantle plumes often instigate extensional stress within the continental crust of Earth. When stress exceeds crustal strength, extensional structures develop, reducing the effective stress and trigger magmatic processes at the crust–mantle boundary. However, such processes and their relationship to the formation of many surface structures remain poorly characterized on Mars. We identified a series of extensional structures in the southern highlands of Mars which collectively resemble continental rift zones on Earth. We further characterized these extensional structures and their surrounding region (area of ~1.8 M km2) by determining the surface mineralogy and bulk regional geochemistry of the terrain. In turn, this constrains their formation and yields a framework for their comparison with extensional structures on Earth. These terrains are notable for olivine and high-Ca pyroxene with a high abundance of potassium and calcium akin to alkali basalts. In the case of Mars, this Earth-like proto-plate tectonic scenario may be related to the plume-induced crustal stretching and considering their distribution and temporal relationship with the Hellas basin, we conclude that the plume is impact-induced. Overall, the findings of this work support the presence of mantle plume activity in the Noachian, as suggested by thermal evolution models of Mars.
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1. Introduction


The internal dynamics [1,2] of terrestrial planets have contributed tremendously to the evolution of their outer surfaces. Mars, with low present-day heat flow (avg. 19 mWm−2; [3]), may have lost most of its internal heat by generating superplumes [4] at the very early phase of evolution through volcanism and tectonism [5], perhaps in a form of heat-pipe processes [2,6]. It is well accepted that early Mars possessed a periodically reversing Earth-like magnetic field (thermoremanent magnetization in first ~500 Ma to ~800 Ma; [7,8,9] since its formation), which possibly resulted due to surface heat flux enhanced by plate tectonics [10]. There are compelling indications of the existence of transform faults [8] and arguments that the northern lowlands formed due to seafloor spreading [11]. On a regional scale, several extension zones in and around Tharsis have been characterized by the ‘planetary analogs to terrestrial continental rifts’ [12,13,14] with additional support from giant impacts [13]. However, typical Earth-like plate tectonics models for Mars have been strongly criticized in the absence of any notable present-day plate boundaries on the surface [15]. According to Breuer and Spohn (2003) [16], early Mars plate tectonics models become difficult to reconstruct with a post-plate tectonics crust; however, they do not exclude the possibility of an “early phase of plate tectonics” that was unable to develop fully. In the southern highlands, especially in the Noachis Terra and Terra Sabaea regions, we found evidence of volcanoes and volcanic resurfacing associated with tectonic fabrics. These tectonic fabrics include extensional structures of diverse architecture and morphology (Figure 1A) such as grabens, half grabens, and transfer faults. Such arrangement of structures and the associated rocks can reveal the dynamic evolution of terrestrial planets.



On Mars, an abundance of orbital spectroscopy has been focused on possible extensional features [17,18,19] which show basaltic material consisting of feldspar, high and low-calcium pyroxene, and higher olivine enrichment than the surroundings. These settings have been proposed to have originated in volcano-tectonic settings. However, a debate is ongoing about whether many features on the surface of Mars are extensional or form from vertical collapse, including both small-scale graben [17,20,21] and areas associated with Tharsis [22,23,24] and the Hellas impact [23,24,25]. On Earth, areas of rifting are usually associated with alkaline volcanic rocks, which makes concentrations of sodium and potassium unique markers for extensional settings on Mars.



Previous hypotheses suggest that the Martian extensional structures around Tharsis were produced by concentric extensional membrane stresses [26]. On the other hand, Hellas basin concentric structures were modeled as a product of the Hellas basin’s isostatic relaxation [27] and basinward drag of the upper lithosphere [23]. These late Noachian-aged extensional structures [28] were categorized as the result of the upper lithosphere’s drag [23] towards the interior of the Hellas basin without much consideration of the morphological and petrological observations. To clarify the origin of the tectonic structures around the Hellas basin, we assessed the morphology and geometry of tectonic structures from the study area using ConTeXt (CTX) [29] and High-Resolution Stereo Camera (HRSC) images [30,31]. To subsequently interpret early Martian geologic evolution and the consistency between the lithology and tectonic structures, we consider the mineralogy derived from the Compact Reconnaissance Imaging Spectrometer (CRISM) hyperspectral data [32] and regional bulk geochemistry from the Gamma Ray Spectrometer (GRS) data [33]. Evaluating the results, we hypothesize an uprising mantle plume [1] responsible for the extensional structures in the Noachis–Sabaea region. These findings contribute to the understanding of the Martian heat loss mechanism and the generation of tectonic structures that formed in and around the same time (3.8 Ga) or before the earliest paleomagnetic evidence of plate motion on Earth. Furthermore, investigation of the tectonic structures further constrains the mystery of the absence of plate boundaries on Mars and its effect on the volcano-tectonic evolution of the planet.




2. Geology of the Study Area


The study area is located within the Noachis Terra and Terra Sabaea regions which are part of the southern highlands of Mars (Figure 1A). The latter region is heavily resurfaced by giant impact craters, such as Hellas, Argyre, Huygens, and Isidis, as well as their impact ejecta deposits [15,34]. It also consists of Pre-Noachian to Hesperian-aged volcanic plains (Hesperia Planum, Syrtis Major Planum) [35] surrounded by the Noachian massive highland units [15,25]. As a key source/pathway of lava to the volcanic plains (i.e., feeder), giant dikes (Figure 1A) are reported from the northern part of the Hellas basin [36]. Hesperian compressional tectonics are recorded within the volcanic plains as wrinkle ridges [28,37,38,39]. The orientations of these compressional structures indicate ENE-WSW compressive stress responsible for their formation, and the timing coincided with the Martian global peak contraction [38,39,40]. The late Noachian-aged extensional structures [28] are mostly concentrated around the western and northern parts of the Hellas basin, in between the Hellas and Argyre basins (Figure 1B). The responsible stresses for these extensional structures were previously linked to the development of the Hellas basin [18,23]. The eastern part of the Hellas basin has been identified with the presence of volcanoes and their associated Paterae (red dots in Figure 1A) of the late Noachian period [19,24]. According to Williams et al., (2009) [24], morphologically, they resemble flood volcanism from localized edifice-building eruptions. Strong positive gravity anomalies indicate the possibility of dense magma bodies beneath these volcanoes [24].



The Hellas impact and its perimeter areas have been studied extensively through spectral analyses. Irwin et al. (2018) [41] detected a wide variety of minerals (e.g., olivine, pyroxene, feldspar, phyllosilicates, sulfates, and chlorite) in the area of Terra Sabaea, north–northwest of the Hellas impact perimeter. Though the work focused primarily on crater floors, areas within some of the Hellas-concentric graben were considered to have contained lava flows, whereas felsic materials within craters was concluded as of basement rocks. The Hellas basin itself contains an abundance of lava flow and basaltic material, as well as many types of sedimentary and volcanic deposits that have undergone extensive aqueous alteration [42,43,44]. Due to its complicated geologic history, bedrock is often covered and not always detectable within higher-resolution CRISM observations. However, Thermal Emission Spectrometer (TES) and Mars Express Observatoire pour la Minéralogie, l’Eau, les Glaces, et l’Activité (OMEGA) instruments are useful in analyzing the general mineralogy of larger areas, in which regional transitions from high-calcium pyroxene poor to high-calcium pyroxene rich can be observed across the outer rings of the Hellas impact basin [45]. The CHVP shows a complicated composition of volcanic material, which is difficult to discern but potentially consists of tuff, basaltic lava flows, or a combination of the two [24]. Furthermore, attempts have been made to place an epicenter of volcanism on the eastern side of the CHVP [46] based on the possible identification of volcanic edifices (e.g., calderas) and outflow channels that lead into Hellas basin. In this research, we tried to explore the possibilities of the genetic links between CHVP and the extensional structures in the study area.




3. Methodology


We utilized a variety of orbital data sets to distinguish the characteristics of the linear structures observed around the Hellas basin. Here, we also used the previously published morpho-structural maps [15,25] and reevaluated them using CTX camera images (6 m/pixel) [29] and HRSC-Mars Orbital Laser Altimeter (MOLA) blended Digital Elevation Models (DEM) (200 m/pixel) [47] to discriminate and categorize each of characteristic structures. The mineralogy of the associated lithology was inferred from CRISM data and further validated with available terrestrial spectra from the USGS library for the reliable determination of the mineral type [48]. We used seven full-resolution observations (FRT, 18 m/pixel) and four half-resolution observations (HRL, 36 m/pixel) from relatively dust-free regions of the grabens and the associated region. We used the CRISM Analysis Tool (CAT) package available in the Environment for the Visualization of Images (ENVI), following the method described by Flahaut et al. (2015) [49] and Schmidt et al. (2022) [50]. Both the photometric correction and volcano-scan atmospheric correction methods available in CAT were used in all the presented ratioed spectra. CRISM analysis was focused primarily on spectral features in the near-infrared but also the visible spectrum when specifically determining the presence of olivine. Spectral parameters from Viviano-Beck et al. (2014) [51] were used to map absorptions specific to certain minerals. In some areas, hydrated minerals were identified by observing the overtones and fundamental vibrational absorption features in the 1.0–2.6 µm interval, where CRISM can identify hydrated minerals [49,52]. We examined individual pixels for relevant signatures and created regions of interest (ROI) with averages of 10 pixels. Spectral parameters from band depth calculations at relevant wavelengths were mapped to identify the presence of a given mineral. The key parameters used were OLINDEX3, LCPINDEX2, HCPINDEX2, and BD1300 [51,53]. We complemented these local outcrop scale characterizations with the bulk (i.e., decimeter depth scales) regional geochemistry derived from GRS data [54] within the study area. To determine the geochemical signatures of geologic evolution, here, we compared the regional geochemistry to the rest of the Martian crust (i.e., the Martian crust in the mid to low latitudes, excluding the study region as a means of minimizing sampling biases) following a modified box plot method [55]. We analyzed four GRS-derived chemical maps (Ca, K, Si, and Th) from the Planetary Data System and the public archive [54] of published papers. In our analysis, we excluded polar regions from the analysis to reduce the effects of elevated hydrogen, limiting the chemical maps to 5° × 5°-pixel resolution in the mid-latitudes.



We integrated the data into the ArcGIS platform (version 10.8.1) using a Lambert Conformal Conic projection.




4. Results


4.1. Morpho-Structural Features


The extensional structures (marked in red, blue, and green; Figure 1A) are mostly distributed on the western boundaries of the Hellas basin, following the outer ring curvature of the Hellas basin or at a high angle to it [28]. These structures were categorized according to their distributions around the Hellas basin as (a) Circum Hellas (CH), (b) Western Hellas (WH), and (c) North-western Hellas (NWH). The extensional structures of the CH region are in close proximity to the Hellas basin (Figure 2A), most common in the western boundaries, and extend to the northwestern and northern margins. The extensional zone from this set of structures is defined with a series of concentric normal faults dipping towards the Hellas basin, and grabens are tilted basinward (Figure 2B) (set 1 graben on Figure 2: [25]). The extracted profile sections (Figure 2B) suggest that the graben shoulder away from the basin is always at a higher elevation than the shoulder nearer to the basin. The average widths of the grabens are ~35 km with a maximum arc length of 200 km [25]. On the other hand, WH and NWH extensional structures do not show any trend to follow the curvature of the Hellas basin rim and are at a high angle to it. In contrast to the CH extensional structures, the elevation profiles of the WH and NWH grabens rule out the possibility of shoulder elevation offsets in the graben bounding normal faults, and tilt in the graben floor is also missing. The WH grabens are the widest (maximum width > 100 km) and lengthiest (maximum length of 1200 km) among all other sets of extensional structures. WH extensional structures generally trend in the NNE-SSW direction (Figure 3A–C). In the case of NWH extensional structures (Figure 4A–C), they extend ~1500 km, with an ENE-WSW trend, and the average graben width is ~30 km. The maximum width of the WH and the NWH extension zones are 700 and 150 km, respectively.



Extracted HRSC-MOLA blended DEMs around the WH and NWH regions portray a domal shape of the basement along the WH and NWH regions. The domal region is ~2 km higher than the surroundings (Figure 1B). The dominant extensional structures among these two sets (WH and NWH) include grabens, collateral synthetic faults (Figure 5A), and relay ramps. Grabens typically have the elevation offset of the bounding normal faults between 0.8 and 1.0 km. Collateral synthetic faults of the NWH region form a succession half-graben with a crescent-shaped geometry, where one half-graben ends, and typically the next one takes over. Relay structures and ramps (Figure 5B–D) form in the process of strain transformation from one fault to another [56]. These first-order relay structures are typical of accommodation zones observed in all active terrestrial rift zones, including the Rio Grande and East African Rift systems [57]. However, we do not observe matured rift zones surface features such as transfer faults (resulting due to rift perpendicular shearing; [57]) and isolated volcanic edifices (inferring plate opening is accommodated by faulting; [58]) along the rift valley (in both cases, WH and NWH region). Instead, fissure eruptions dominate along the faults in the WH and NWH regions. It should be noted that we found low, narrow, and broadly arcuate giant dikes of the late Noachian age [36] in the eastern part of the NWH region.




4.2. Mineralogy


Eleven targeted CRISM observations (Figure 6A) were used to infer the mineralogy from the study region (Figure 6B). We identified olivine, pyroxene (high-calcium pyroxene (HCP); low-calcium pyroxene (LCP)), plagioclase (Figure 6B), as well as phyllosilicates, hydrated sulfates, and hydrated silica by analyzing the general waveform of the reflectance spectra of groups of pixels (10 s to 100 s of pixels) within each CRISM observation. We focused on significant absorption bands within the 1.0–2.6 µm interval (Figure 6C). Igneous rock minerals such as HCP and LCP were spectrally identified on the graben floors by absorption at 1 and 2 µm with different absorption centers (LCP: 0.9–1.8 µm, HCP:1.05–2.3 µm) [59,60] due to crystal field transition. Olivine has overlapping absorptions near 0.85, 1.05, and 1.15 µm, and it broadens towards longer wavelengths with increasing Fe content and grain size [60]. Although differences in grain size between separate olivine detections were not identifiable, color differences were apparent, with outcrops appearing as black, dark to light grey, and red (Figure 3B).



Olivine is the most common mineral, followed by pyroxene. Within one of the more complicated mineralogic sites, observation FRT0000C423, spanning upwards from the graben floor to the horst, olivine was observed at 1.9–2.0 µm, LCP from 2.0 to 2.1 µm, and HCP from 2.1 to 2.3 µm. In most cases, the pyroxene on graben floors is dominated by HCP and sometimes shows no LCP. Two exceptions, however, are in observations FRT0000C8C7 and FRT00024BBD, where the pyroxene is predominately LCP. In another case, observation FRT0000C1C8, the graben floor of mostly olivine surrounds a mixture of HCP and occasionally LCP. Within FRT0000C1C8, a felsic signature was peculiarly found on the rims of two craters on the graben floor, whereas within FRT0000C423, a felsic unit was found within the wall of a graben about 50 m below the plateau surrounded by HCP and olivine. Our observation is consistent with the observations of Irwin et al. (2018) [41] within the extensional structures of the NWH region, which yielded similar mineralogy. Felsic (silica-rich) rocks are found only in the ejecta or the crater floor, where the basement crust is either excavated or exposed.




4.3. Geochemistry


We selected an area dominated by extensional structures of the WH and NWH region (Figure 7A) for further analysis. The concentration of Ca and K (Figure 7B,C) were selected for the analysis to determine the alkaline characteristics of the rocks. Si and Th (Figure 7D,E) were selected to characterize the basement composition.



Figure 7F shows composition ratios between the study area and the rest of the Martian crust for the elements Ca, K, Si, and Th. Box plots not overlapping with unity identify notable deviations from the two interchangeably and what constitutes the rest of Mars. Error bars show propagated median average deviations. The box plots indicate higher Ca, K, and Th concentrations than the average Martian composition and Si content is almost equal to the global Martian average.





5. Discussion


Combining the results, we obtain photogeological evidence that the Noachis–Sabaea region sustained extension with progressive deformation. Substantial morphological variations (e.g., unequal graben shoulder heights; suggesting distal side of the basin extending more, basin concentric and basinward dipping normal faults, absence of relay structures; Figure 2A,B) from the CH region to the WH and NWH structures indicate two discrete mechanisms that were responsible for their formation. The origin of the extensional structures in the CH region can be related to the stresses generated during the Hellas basin evolution phase. At that time, Mass Concentration (MASCON)-related basinward drag of the upper lithosphere generated both near and peripheral faults in the surroundings (i.e., the CH structures). Eventually, mantle plume rose. The generation of mantle plumes is often correlated with the large and giant impacts [63] even on Mars [64], where the high thermal impulse of the bolide possibly alters the mantle-core dynamics [65]. Therefore, it is possible to form a mantle plume with a thick diapir that pushes the lithosphere from below.



A similar scenario could have prevailed in our study area because a present-day strong gravity anomaly is observed surrounding the Hellas basin [66,67], which indicates the possibility of the presence of mantle plumes. In the eastern and southern boundary of Hellas, volcanoes from CHVP of the late Noachian age [24] are aligned (Figure 1A) in more or less a similar trend to the extensional structures of the WH region [28]. Although the CHVP is ~3000 km from the extensional structures, their age similarities are intriguing since these might imply genetic links between the CHVP and the extensional features.



A plume-induced continental-type rift hypothesis forming the WH and NWH structures is well-supported by the CRISM data. In similar terrestrial settings, a mantle diapir rose, then decompression melting led to igneous activity where continental rifting occurred [68,69]. In this case, the igneous process was restricted only to fissure-type activities through the faults. HCP and olivine are the two main constituents [70] of such rocks, also consistent with our mineralogic observations. Generally speaking, alkaline rocks contain more alkalis than other silicate rocks, and the excess alkali appears in feldspathoids, sodic pyroxenes, or other alkali-rich phases. The chemical trends observed through GRS are relatable to the alkaline rocks in a tonalite-trondhjemite-granodiorite (TTG) basement (granitic composition) with high Si content in the feldspar [70]. In general, TTG is linked to Archean lithologies on Earth and has been reported from the presumed continental crust of early Mars [71]. Similarly, this part of the southern highlands preserves a crust that is early Noachian in age [15,28,35]. This relatively low K TTG crust was then overlain by the high K basalt resulting in the detection of abundant K in the area. An opposite scenario occurs with the Si and Al content. The primitive crust might have had a higher Si and Al content, but the alkaline rocks associated with the floor basalts (feldspathoids) reduce the total Si and Al content, consistent with the GRS observations.



The basement rocks are covered by flood basalts [18] in arears of lower elevation. In the Earth scenario, at the early stages of continental rifting, flood basalts were very common features [72,73] and were generated by decompression melting of abnormally hot mantle brought by the plumes [74]. Therefore, both signatures are observed here. It should be mentioned that high K does not necessarily imply alkaline rocks (albeit there is a high K subfamily of the alkaline series); calc-alkaline magmatic rocks are also commonly rich in K [75]. The difference is more in the sodium content, for which chemical maps are unavailable. Strictly speaking, the relation between total alkalis vs. silica, among others, serves to distinguish between alkaline and calc-alkaline affinities. Therefore, this is an observation based on the available data. On the other hand, some part of our study area is from continental basements of TTG composition [71,76], which can be chemically compared with granites or rhyolites. It is also possible that higher K and higher Al related to the calc-alkaline trend is due to the assimilation of crustal granites by basaltic magmas.




6. Possible Scenario


We hypothesize four geologic stages to explain the extensional structures around Hellas basin. We summarize them in chronological order: Initially, a bolide impact (~4 Ga ago) excavates the lithosphere, making the Hellas basin (Stage 1 in Figure 8). The impact generates extensive frictional heat and raises the mantle temperature leading to a density deficit in the surroundings. Hence, MASCON develops. Dragging the pressure gradient from the exterior to the basin interior by visco-elastic flow analogous to lunar counterparts [77] leads to the doming of the mantle (Stage 2 in Figure 8). With time this heated and upraised mantle loses heat by conductive cooling. Eventually, the transient cavity collapses, inducing gravitational collapse. As a result, the surrounding upper lithosphere encompasses a basinward tension (Stage 3 in Figure 8), resulting in extensional structures of the CH region [23]. This process develops unequal scarp heights of the bounding faults and tilted graben floors, as well as normal faults dipping towards the basin interior.



Subsequently, a mantle plume arises, located just below the (intermediate or relay area between) WH and NWH structures. With two arms radiating from it, this upwelling mantle plume produces a diapir and leads to thermal erosion at the base of the lithosphere. Initially, doming leads to horizontal deviatoric stress that results in crustal stretching, followed by the development of vertical fractures. With continued thermal erosion, the lithospheric mantle triggers uplift and extension (and, therefore, thinning) of the entire lithosphere (including the crust). The fractures act as preferred channels for the ascent of melts extracted from the head of the mantle plume for hot plume material to approach the surface.




7. Conclusions


We evaluated the extensional structures present over a possible diapiric region of the Martian southern highlands and observed a compelling analog to a failed rift zone based on both morphological and compositional characteristics. We detected basalts [18] of alkaline composition which likely resulted from dikes and fractures as surface pathways. The extensional structures are within a similar trend and age resembling those of the CHVP. Therefore, this continental-type rifting (or continental dispersion), mirrors the Rodinia breakup of the continental lithosphere on Earth [78]. We find it plausible that this proto-plate tectonic regime of the lithosphere of the southern highlands of Mars was triggered by an upwelling mantle plume. This also signifies that Noachian Mars initiated active tectonics due to basal and internal heating, at least in the southern highlands. Similar to the ‘heat-pipe’ cooling hypothesis [2,6], which is the last significant stage of endogenic resurfacing, a rapid drop in volcanism [79] is observed just after the failed attempt of plate tectonics initiation. Nevertheless, a better understanding of the plume’s origin and behavior requires further investigation.



In the future, we would like to conduct a comprehensive set of simulations using the shock physics code iSALE [80,81] covering a wide range of impact conditions mimicking the Hellas impact event. Later, we will use mantle convection codes [82] to understand the impact-induced early Martian mantle behavior. The results may comment on our hypothesis of impact-generated plumes and their possibility to create a proto-plate tectonic scenario.
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Figure 1. (A) Colorized elevation map showing the distribution of extensional structures around the Hellas basin. The red dots indicate the positions of Paterae associated with volcanism. CH: Circum Hellas structures (marked in blue lines); WH: Western Hellas (structures marked in red lines), NWH: North-western Hellas (structures marked in green lines); dashed parallelogram represents the linear orientation of Paterae in the Circum Hellas Volcanic Province (CHVP). A topographic profile transect (AA’) is shown in (B). AA’ shows the extensional structures on the top of the domal (~2 km) region. (PP: Pityusa Patera; MP: Malea Patera; PP’: Peneus Patera; AP: Amphitrites Patera; HP: Hadriaca Patera; TP: Tyrrhena Patera). 
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Figure 2. (A) CH extensional structures are shown in THEMIS images in the western flank of the Hellas basin. (B) A topographic profile section is extracted along B–B’ using HRSC−MOLA blended DEM. The derived profile section clearly shows the difference in elevation on each side of the graben. 
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Figure 3. (A) WH extensional structures shown on CTX images. High-resolution view of a 35 km wide WH graben in Noachis Terra region. (B) Traces of structures drawn over Figure A. (C) the topographic profile section C–C′ shows that the graben in this set of extensional structures have similar elevations implying both faults on either side of the graben have received equal importance during extension. 
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Figure 4. (A) NWH extensional structures are shown in the CTX image with its central location 27°55′ E/28°15′ S. (B) High-resolution view of a 10 km wide NWHG. Detailed structures are drawn over Figure A. (C) graphical representation of the topographic profile section D–D′. 
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Figure 5. (A) A magnified region showing collateral synthetic half grabens with half-moon-shaped geometry. Balls indicate downdip direction. (B) Relay ramps associated with the graben. (C) Relay structures associated with a half-graben. Several morphometric terminologies associated with the relay ramps are shown in (D). 
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Figure 6. CRISM analysis and minerals detected in the study area. (A) Location map. WH and NWH structures are traced in red and black. Colored dots represent specific minerals from each observation. (B) A sample presentation of the CRISM analysis from FRT0000C423. (a) False color composite with four regions of interest marked by four colored squares which correspond to the colors of the adjacent spectra. The black square represents the location of the neutral spectra used to produce the presented ratioed spectra. (b) RGB composite with summary parameters highlighting olivine (red) and pyroxene (green) [R = OLINDEX3 (0.000–0.173), G = LCPINDEX2 (0.000–0.024), B = HCPINDEX2 (0.000–0.027)]. (c) RGB composite with summary parameters highlighting olivine (red), pyroxene (green), and plagioclase (blue, outlined by white circle) [R = OLINDEX3 (0.000–0.187), G = LCPINDEX2 (0.000–0.025), B = BD1300 (0.000–0.017)]. (d) CRISM-ratioed spectra showing from top to bottom: olivine (green), plagioclase (grey), LCP (light brown), and HCP (dark brown). (C) Sample spectra from CRISM observations FRT0000C423, FRT0000C1C8, FRT00013C86, HRL0000AAA2, and FRT0000C8C7. CRISM-ratioed spectra numbered 1–10 and color-coded to match the dot colors used in Figure 1A. (a) Spectra are indicative of igneous minerals olivine (1), anorthite (2,3), LCP (4), and HCP (5,6). (b) Spectra indicative of hydrated minerals hydrated silica (7), vermiculite (8), and monohydrated sulfate (9), as well as water ice (10). (c) Validating USGS library spectra of Fe-olivine (1), anorthite (2,3), LCP augite C1PP48 (4), HCP pyroxene C1S801 (5,6), opal TM8896 (7), vermiculite LAVE01 (8), kieserite F1CC15 (9), water ice (10). 
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Figure 7. (A) Areas with pervasive extensional structures selected for GRS analysis. The coordinates of each corner of the hexagonal area are stated parenthetically. (B–E) The concentrations of Ca, K, Si, and Th, with the study region outlined (global maps are provided in Supplementary Figures S1 and S2). Mass fractions are percentages except for Th in mg/kg. The study region’s geochemistry compared with the rest of the Martian crust, following the modified box plot method. (F) The ratios are shown as 25th/75th percentile (orange), 50th/50th percentile, and 75th/25th (grey) percentile [61]. The error bars were calculated by propagating the median average deviations (MAD), where MAD = median (|Xi–median (Xi)|) [62]. 






Figure 7. (A) Areas with pervasive extensional structures selected for GRS analysis. The coordinates of each corner of the hexagonal area are stated parenthetically. (B–E) The concentrations of Ca, K, Si, and Th, with the study region outlined (global maps are provided in Supplementary Figures S1 and S2). Mass fractions are percentages except for Th in mg/kg. The study region’s geochemistry compared with the rest of the Martian crust, following the modified box plot method. (F) The ratios are shown as 25th/75th percentile (orange), 50th/50th percentile, and 75th/25th (grey) percentile [61]. The error bars were calculated by propagating the median average deviations (MAD), where MAD = median (|Xi–median (Xi)|) [62].
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Figure 8. A schematic model explaining the development of the extensional structures. Stage 1. A giant impact (~4.0 Ga) excavates the upper crust and penetrates up to the upper mantle. Stage 2. Impact-induced frictional heat raises temperatures of the mantle, creating a density deficit relative to the ambient, and it induces a visco-elastic flow, and MASCON develops. Stage 3. Due to conductive cooling and viscoelastic evolution, gravitational collapse happens. The collapse drags the upper lithosphere towards the interior of the basin. Consequently, fractures open in the surrounding basin to accommodate the vacant space. Stage 4. A mantle plume originates around ~3.8 Ga and initiates rifting. 
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