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Supplementary Text
Supplementary Text 1
Detailed petrography and mineral chemistry
NWA 5790
Nakhlite NWA 5790 consists of cumulate phenocryst phases, clinopyroxene (53.1%), olivine (19.9%), and Fe–Ti spinel (2.8%), set within a devitrified glassy matrix known as mesostasis (Fig. S1).
Clinopyroxene grains are coarse, with major axes of 500–1000 μm and minor axes of 200–300 μm, and occur as euhedral to subhedral prisms. Their cores are nearly homogeneous, with a composition of En32.0Fs26.6Wo41.4 and an average magnesium number (Mg#, defined as 100 × Mg/(Mg + Fe) in molar proportion) of 55 (Fig. S2). The cores are enveloped by thin Fe-rich rims (~10–15 μm wide) with an average composition of En17.1Fs44.1Wo38.8 and an Mg# of 28 (Fig. S2). These rims display a distinctive hopper morphology that indicates disequilibrium, a feature commonly observed where clinopyroxene interfaces with mesostasis.
Olivine grains are generally coarser, reaching 2–3 mm, and consist of uniform cores with an average composition of Fo35 (Fig. S2). These cores are surrounded by narrow rims of approximately Fo24, ~20–30 μm wide.
Fe–Ti spinel occurs both as large phenocrysts and as small interstitial crystals in NWA 5790. The phenocrystic Fe–Ti spinel is similar in size to clinopyroxene but has a lower aspect ratio, and its composition ranges from Usp25Mag64Hc6Chr4 to Usp16Mag72Hc8Chr3. Ilmenite lamellae formed by exsolution, about 0.5 μm wide, are widespread within the phenocrystic Fe–Ti spinel.
The mesostasis has a composition similar to that of Na-rich plagioclase and contains sporadic microcrystalline or skeletal crystals of potassium feldspar, silica, fayalite, ferrosilite, Fe–Ti spinel, and apatite (Fig. S3).
Qued Mya 005
Qued Mya 005 is a nakhlite meteorite discovered in Algeria in 2022 and has been little studied to date. It consists of 66.6% clinopyroxene, 19.7% olivine, 5.9% plagioclase, 2.5% orthopyroxene, 2.3% mesostasis, 1.0% clay minerals ("chlorophaeite" in the Meteoritical Bulletin Database), 1.7% Fe–Ti oxides, and 0.3% apatite (Fig. S1)..
Clinopyroxene grains in Qued Mya 005 are subhedral to anhedral and are interconnected, which results in indistinct grain boundaries. They are visibly larger than those in NWA 5790, with an average major axis of approximately 1 mm, making them among the largest recorded in nakhlites and comparable to those of NWA 10645, which has the largest average clinopyroxene size reported so far1. In the pyroxene quadrilateral diagram, clinopyroxene compositions in Qued Mya 005 show a clear decrease in Ca content from En38.6Fs23.2Wo38.2 at the core to En26.4Fs38.0Wo35.6 at the rim (Fig. S2). For a given Mg#, clinopyroxene in Qued Mya 005 has a lower Ca content than that in NWA 5790 (Fig. S2).
Olivine crystals in Qued Mya 005 are comparable in size to those in NWA 5790 but have undergone substantial alteration, including replacement by orthopyroxene coronas and the infiltration of alteration minerals into grain interiors. The range of Fo contents in Qued Mya 005 olivine is narrower than in NWA 5790, from 26.9 to 33.7 (Fig. S2). Orthopyroxene in Qued Mya 005 has an Mg# similar to that of the clinopyroxene rims, averaging 38.8.
In contrast to NWA 5790, Fe–Ti spinel in Qued Mya 005 occurs exclusively as large phenocrysts, 200–500 μm in size. These crystals are commonly associated with plagioclase and contain a higher proportion of the magnetite end-member, ranging from Usp15Mag80Hc4Chr1 to Usp10Mag86Hc3Chr1. Exsolution features, including ilmenite lamellae approximately 0.5–1 μm wide, are pervasive within the phenocrystic Fe–Ti spinel.
In Qued Mya 005, plagioclase forms tabular crystals approximately 1 mm long, commonly together with K-rich glass. Its composition ranges from An28.2Ab68.6Or3.2 to An37.6Ab59.8Or2.7.
Apatite crystals in Qued Mya 005 are euhedral to subhedral, and the largest grains reach up to 300 μm. These are notably larger than apatite in other nakhlites, which typically ranges from 5 to 50 μm, except in NWA 998, where grains reach 200 μm2. Some apatite grains are partially or entirely enclosed within plagioclase, Fe–Ti spinel, or olivine. This textural relationship indicates early crystallization and a cumulate origin. Calculated apatite compositions range from F0.7Cl0.1OH0.2 to F0.9Cl0.1OH0.0, consistent with fluorapatite.
Compared with NWA 5790, the mesostasis in Qued Mya 005 contains fewer devitrified crystals, in both variety and abundance (Fig. S4). It consists mainly of microcrystalline Fe-rich pyroxene and K-rich glass, with occasional larger apatite grains (Fig. S4).
Supplementary Text 2
Crystallization sequence and emplacement
The crystallization history of NWA 5790 can be inferred from phenocryst–mesostasis relations and poikilitic textures. First, the mesostasis mineral assemblage (plagioclase, K-feldspar, and silica) postdates the phenocryst assemblage (clinopyroxene, olivine, and Fe–Ti spinel). Second, some olivine and Fe–Ti spinel grains partially enclose clinopyroxene cores or are in contact with them, which indicates that clinopyroxene crystallized concurrently with, or slightly earlier than, olivine and Fe–Ti spinel. Third, ilmenite lamellae formed by subsolidus exsolution from host Fe–Ti spinel, marking the final stage in the formation of NWA 5790. The crystallization sequence of NWA 5790 can therefore be summarized as follows: clinopyroxene first, followed by olivine and Fe–Ti spinel, then the mesostasis assemblage (plagioclase, K-feldspar, and silica), and finally ilmenite exsolution from Fe–Ti spinel below the solidus (Fig. S1c).
The poikilitic texture of olivine and clinopyroxene in Qued Mya 005 resembles that in NWA 5790, further indicating that clinopyroxene crystallized before or simultaneously with olivine. Fe–Ti spinel shows a slightly different pattern: it not only partially encloses clinopyroxene crystals but also tends to occupy interstitial sites, indicating that Fe–Ti spinel crystallized after clinopyroxene and olivine.
A notable difference between Qued Mya 005 and NWA 5790 is the occurrence of large, well-formed plagioclase crystals in Qued Mya 005. These crystals occupy interstitial regions between clinopyroxene, olivine, and Fe–Ti spinel, and their association with K-rich glass indicates that plagioclase crystallized after substantial precipitation of clinopyroxene, olivine, and Fe–Ti spinel. This relationship is important because it implies a prolonged cooling period during which plagioclase nucleated and grew within the residual melt. The presence of large apatite grains provides further evidence for this extended cooling interval, indicating that Qued Mya 005 experienced a longer cooling history than NWA 5790.
Grain boundary geometries further indicate that orthopyroxene overgrowths formed after olivine, probably as a result of metasomatic reactions between a late-stage interstitial melt and olivine grains3-5. The cooling rate of Qued Mya 005 appears to have increased after the crystallization of plagioclase and the formation of orthopyroxene overgrowths. This acceleration in cooling explains the presence of K-rich glass rather than crystalline K-feldspar and silica: because the final solidification stage involved rapid cooling, K-feldspar and silica had insufficient time to crystallize and instead persisted as K-rich silicic glass. Ilmenite then exsolved from host Fe–Ti spinel at subsolidus temperatures, after Qued Mya 005 had solidified completely.
In summary, the crystallization sequence of Qued Mya 005 is: clinopyroxene and olivine first, followed by Fe–Ti spinel, then plagioclase and apatite together with orthopyroxene overgrowths and K-rich glass, and finally ilmenite exsolution (Fig. S1).
The differences in crystallization sequence between NWA 5790 and Qued Mya 005 highlight the strong influence of cooling rate on nakhlite textures. When rapidly and slowly cooled nakhlites are considered together, the thermodynamic crystallization sequence of nakhlites can be summarized as clinopyroxene/olivine, Fe–Ti spinel, plagioclase, K-feldspar/silica/orthopyroxene, and ilmenite. This sequence is consistent with the frameworks proposed by Treiman (2005)6 and Udry & Day (2018)1, and captures the general crystallization characteristics of nakhlites.
Two distinct chemical groups of nakhlites can be distinguished on the basis of geochemistry1. Group 1 nakhlites have elevated trace-element abundances and include NWA 817, NWA 5790, NWA 6148, NWA 10153, NWA 10645, NWA 11013, and the Miller Range nakhlites1. Group 2 nakhlites have lower trace-element abundances and include the Yamato nakhlites, Nakhla, Governador Valadares, Lafayette, and NWA 9981. Group 1 nakhlites generally record higher cooling rates than Group 2 nakhlites. Within Group 1, cooling rates range from 0.05 °C/h in the slowest-cooling specimen, NWA 11013 7, to 15–40 °C/h in the fastest-cooling specimen, NWA 57908. Within Group 2, cooling rates range from <0.015 °C/h (NWA 998 and Lafayette9) to 0.03 °C/h (Yamato 0005939). These differences produce substantial petrological and mineralogical distinctions between the two groups. For example, Group 1 nakhlites lack large plagioclase crystals (>20 μm) and have markedly higher mesostasis contents than Group 2 nakhlites6. Group 2 nakhlites consistently contain large apatite grains (>5 μm in the shortest dimension)3,10. Orthopyroxene is also commonly associated with olivine and clinopyroxene in Group 2 nakhlites3-5, which is accompanied by a decrease in the wollastonite component from the cores to the overgrowths of clinopyroxene. In Group 1 nakhlites, by contrast, the wollastonite component of clinopyroxene remains relatively constant or changes only slightly during the late stages of magma evolution.
NWA 5790 is an exceptional nakhlite with distinctive characteristics: it has the highest mesostasis content, the lowest proportion of cumulate phases, and the highest trace-element concentrations among nakhlites, which together suggest derivation from an evolved magma that cooled rapidly on the Martian surface11,12. Despite these distinctive features, its mineral and bulk compositions fall within the range of other rapidly cooled nakhlites such as NWA 817 and the Miller Range meteorites. This consistency indicates that NWA 5790 corresponds to Group 1 nakhlites. NWA 5790 can therefore be regarded as representative of nakhlites with high cooling rates, which are inferred to have been emplaced at the top of the nakhlite lava pile1,11,13.
By contrast, the affinity of Qued Mya 005 with other nakhlites is less clear, because this sample preserves petrological features indicative of both fast and slow cooling. Although K-rich glass points to rapid cooling, a closer examination reveals features that are more consistent with the slow-cooling Group 2 nakhlites. For example, abundant cumulate crystals, large euhedral apatite grains, and orthopyroxene overgrowths around olivine make Qued Mya 005 more similar to Group 2 nakhlites. In addition, all melt inclusions in Qued Mya 005 consist of multiphase crystalline assemblages, and the ilmenite exsolution lamellae in its Fe–Ti spinel are substantially wider and more abundant than in NWA 5790. This difference implies that Qued Mya 005 experienced a markedly longer thermal annealing history than NWA 5790, again consistent with the slow-cooling characteristics of Group 2 nakhlites. Qued Mya 005 is therefore assigned to Group 2. The coexistence of slow- and fast-cooling features may reflect a transition in formation conditions, from low to high cooling rates. The crystals in this sample may have originated deep within a flowing lava, where they acquired characteristics typical of slowly cooled Group 2 nakhlites. Gravitational settling of crystals and escape of intercumulus liquid could then have transported part of the assemblage towards the base of the flow, where proximity to the chilled Martian surface led to faster cooling and the formation of glassy mesostasis. This scenario places Qued Mya 005 near the base of the nakhlite lava pile and NWA 5790 at the top. The greater abundance of clay minerals and pyrrhotite grains in Qued Mya 005 further supports this interpretation, as these phases are attributed to thermal alteration by crustal fluids and assimilation of crustal material, processes that are more likely to occur at the base of the layered nakhlite complex14,15.
Supplementary Text 3
Nakhlite Parental Magma Composition for Phase Equilibrium Modeling
In this study, the observed crystallization sequence, thermodynamic equilibria, and thermobarometry results were used to evaluate all previously proposed parental magma compositions and to select the composition adopted for the subsequent volcanic physics modeling. The evaluation criteria are described below.
Candidate parental magma compositions
Because all nakhlites are notably enriched in cumulate minerals, mainly clinopyroxene and olivine, their bulk-rock compositions do not represent those of their parental magmas6. This discrepancy has sustained a long-standing debate over the parental magma composition of nakhlites. To date, 23 candidate parental magma compositions have been proposed (Table S1), derived from diverse approaches that include mass-balance calculations involving bulk rock and minerals11,16-18, calculations based on clinopyroxene–melt partition coefficients19, analyses of melt inclusions hosted in clinopyroxene and olivine18,20-26, and clinopyroxene crystallization experiments27. These studies broadly agree that the nakhlite parental magma resembles a "Martian tholeiitic magma" with low Al and high Fe contents. Nevertheless, the proposed compositions differ substantially, particularly in Si, Fe, Mg, Al, and alkali contents (Table S1), spanning a range from picritic basalt to trachyandesite. The observed crystallization sequence, thermodynamic equilibria, and thermobarometry results were therefore used to evaluate each candidate systematically and to identify the composition best suited to the volcanic physics modeling, as described below.
[bookmark: _Hlk123920347]Crystallization sequence
As described in the preceding sections, the observed crystallization sequence of nakhlites is: (suprasolidus) clinopyroxene ± olivine → clinopyroxene + olivine + Fe–Ti spinel → clinopyroxene + olivine + Fe–Ti spinel + plagioclase → clinopyroxene + olivine + Fe–Ti spinel + plagioclase + K-feldspar ± silica → (subsolidus) clinopyroxene + olivine + Fe–Ti spinel + plagioclase + ilmenite. By comparing the stable mineral assemblages in each calculated phase diagram with this observed sequence, candidate magmas that fail to stabilize the minerals in the required order can be excluded. Thermodynamic modeling shows that 6 of the 23 candidates, namely NA03, NK01, PTL53, PTL40, T93, and YIM, reproduce the observed crystallization sequence.
[bookmark: _Hlk123920358]Clinopyroxene–melt equilibria
Because clinopyroxene cores show no textural evidence of disequilibrium crystallization, we focused on the most Mg-rich (highest Mg#) clinopyroxene compositions, which are inferred to have been in equilibrium with the parental magma23,24. Equilibrium for each clinopyroxene–melt pair was evaluated following the approach of ref.28, as summarized below. First, Fe–Mg equilibrium between clinopyroxene and each candidate magma was assessed using a partition coefficient of 0.28 ± 0.03 (ref.29). Next, component equilibria involving diopside–hedenbergite (DiHd), enstatite–ferrosilite (EnFs), and calcium Tschermak (CaTs) were evaluated for each pair following ref.30, using the spreadsheet of ref.31. Finally, the clinopyroxene–melt pairs were examined for Ti equilibrium following ref.32, with the correction of the erratum in ref.33. A conservative equilibrium threshold of 0.5 wt.% TiO2 was applied, consistent with the low TiO2 content of the magma (approximately 1 wt.%). Only a candidate magma that is in equilibrium with the majority of clinopyroxene cores for all evaluated parameters can be regarded as a plausible nakhlite parental magma. The results show that eight candidates, namely N, NK93, HC, NK01, PTL53, PTL40, T93, and PTL62, are in equilibrium with clinopyroxene cores for all tested parameters.
[bookmark: _Hlk124532826]Clinopyroxene P–T path
For a candidate magma to represent the parental magma, pressure–temperature (P–T) conditions calculated with clinopyroxene–melt thermobarometers should agree with those derived from single-clinopyroxene thermobarometers. All candidates that satisfied both the crystallization sequence and the clinopyroxene–melt equilibrium criteria were therefore evaluated: NK01, PTL53, PTL40, and T93. Among these, only PTL53 yielded best-fit P–T pairs that were consistent between the clinopyroxene–melt and single-clinopyroxene thermobarometers. We therefore conclude that PTL53, as proposed in ref.20, most likely represents the parental magma composition of nakhlites.
Supplementary Text 4
Excess pressure calculations
[bookmark: _Hlk143543435]Geophysical and thermal modeling results indicate that the formation of a large volcanic region with a thickened crustal root on Mars favors the generation of partial melt in the silicate mantle, specifically at the crust–mantle interface34. This process produces an excess pressure (Pe) that arises from the positive buoyancy of the magma in the upper mantle35 and is described by:
                                                       (S1)
[bookmark: _Hlk143543157]where D is the crustal thickness, H is the vertical extent of the melting region in the mantle, ρM and ρm are the densities of the mantle and magma, respectively, and g is the gravitational acceleration. The range of H on Mars has not been determined, but it is estimated at 17–36 km for the Moon and appears to be inversely proportional to gravitational acceleration35. Given the comparable proportions of volcanic areas on the Moon and Mars36, H on Mars is estimated to range from 7.5 km to 15.8 km. The mantle density ρM was determined from recent InSight seismic constraints, as detailed in the supplementary material of ref.37, and is approximated here as 3347 kg·m-3 at depths less than 44.2 km, 3462 kg·m-3 at depths of 44.2–80.0 km, and 3500 kg·m-3 at depths greater than 80.0 km.
Supplementary Text 5
Critical overpressure estimates
The critical overpressure (ΔPcrit) is defined by Eqn. (S2)38:
                                      (S2)
where κ is the thermal diffusivity of the magma, μm is the magma viscosity, c is the heat capacity of the magma, dTwr/dx is the temperature gradient in the wall rocks along the dike path, L is the latent heat, and E is the Young's modulus of the wall rocks.
Values of these parameters, which are required to estimate the critical overpressure, were determined as follows:
(1) Thermal diffusivity (κ) and specific heat capacity (c). Sehlke et al. (2020)39 measured the thermal diffusivity and specific heat capacity of a synthetic nakhlite analog sample (referred to as "NAK") over a temperature range of 250–1750 K. We used their values at magmatic temperature (>1000 °C), namely κ = 3 × 10-7 m2 s-1 and c = 1600 J kg-1 K-1, to calculate the critical overpressure.
(2) Magma viscosity (μm). The viscosity used in Eqn. (S2) depends on the magma temperature before eruption and on the crystal volume fraction. This dependence is resolved in the following steps:
a) Pre-eruption magma temperature. The magma temperature before eruption was determined from the intersection of the 0 kbar isobar with the magma ascent path in the pseudosection, yielding 1114 °C (Fig. 2 in the main text).
b) Viscosity of crystal-free nakhlite parental magma (μ0). Using this pre-eruption temperature and the corresponding magma composition, the viscosity was estimated as μ0 = 102.18 Pa s with the magma viscosity calculator of ref.40.
c) Viscosity of crystal-bearing magma. The system viscosity before eruption was obtained from a hybrid viscosity equation for crystal-bearing magma41:
                                                         (S3)
Here, Φ is the crystal volume fraction, and Φ0 and C are crystal constants that depend on the crystal size and shape distributions. Suitable values of Φ0 and C for magma rheology calculations are 0.64 and 3, respectively41. For the nakhlites, Φ is estimated to be approximately 0.55 before eruption, based on modal abundances of phenocryst cores that are inferred to have crystallized within the magma chamber6,42.
(3) Temperature gradient (dTwr/dx): The surface heat flow on Mars at the time of nakhlite eruption, estimated at 20 mW m-2 43, allows the temperature gradient to be calculated. For a given heat flow, different crustal densities (ρc) yield different values of dTwr/dx:
                                                        (S4)
For example, dTwr/dx = 16 °C km-1 for ρc=2600 kg m-3, 15.4 °C km-1 for ρc=2700 kg m-3, 14.9 °C km-1 for ρc=2800 kg m-3, 14.4 °C km-1 for ρc=2900 kg m-3, and 13.9 °C km-1 for ρc=3000 kg m-3.
(4) Latent heat of magma (L): The latent heat was determined from the enthalpies of fusion of characteristic minerals. For the inferred composition of Martian magmas, the calculation yields 414 kJ kg-1 44.
(5) Young’s Modulus (E): Young’s modulus describes the elastic behavior of crustal rocks and depends on the deformation modulus (E*) and depth (z). On Earth, this relationship is expressed as E = E* + z0.4 45. For Martian crustal rocks, Young’s modulus is calculated as:
                                                 (S5)
Here,  = 0.38, ρEarth = 2830 kg m-3 is the average crustal density of Earth46, z is the depth below the Martian surface, and E* is 23.7 GPa45. 
All the parameters are summarized and listed in Table S2.
All parameters are summarized in Table S2. With the values above, the critical overpressure is estimated to range from 21 to 55 MPa, with a mean of 38 MPa. These values are generally consistent with the range of 10–40 MPa reported for terrestrial volcanic systems38.
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Martian crustal models and global thickness inversion
Recent InSight data, combined with reference models of the Martian interior, have enabled mature inversion techniques to resolve the density and thickness of the Martian crust on a global scale. Smrekar et al. (2019)47 developed a set of Martian interior models based on geodesy data together with geochemical and thermal constraints (Table 4 and Fig. 19 of ref.47), with the aim of providing references for InSight seismic measurements. These reference models differ in bulk mantle composition, temperature profile, and mantle and core radius and density.
Using InSight seismic data, the crustal thickness beneath the landing site (4.5 °N, 135.9 °E) was determined to be 20 km for a two-layer crust or 39 km for a three-layer crust48. A subsequent re-analysis by Durán et al. (2022)49 confirmed the three-layer structure, and Wieczorek et al. (2022)50 extrapolated these results to determine global crustal thickness. Their inversion proceeded in four steps:
1. Assuming the observed gravity field results from variations along the surface, crust–mantle interface, and hydrostatic density interfaces in the mantle and core.
2. Determining the relief of hydrostatic density interfaces in the mantle and core using different reference models and Martian crustal densities.
3. Calculating the relief along the crust–mantle interface to correspond with the observed gravity field.
4. Computing the crustal thickness as the difference between the surface radius and the crust–mantle interface radius.
In this study, we followed the approach of ref.50 to invert the global thickness of the Martian crust. For each reference model, we extracted the spherical harmonic coefficients of global thickness variations for different crustal densities (2550–3100 kg m-3) using the constraint from the InSight landing site (39 km48) and the ctplanet software50. These coefficients were then converted into gridded data with the Python script SHTOOLS51, and crustal thickness was computed at 1° intervals in latitude and longitude. The gridded data contain location coordinates together with the corresponding crustal thickness and density, which allows the residual pressure to be calculated at any site on Mars. This procedure ultimately provides estimates of the maximum and minimum permissible crustal densities.
Supplementary Text 7
Error and uncertainty estimation
Variations in the model parameters can substantially affect the numerical simulations, so their plausible ranges must be taken into account to obtain reliable results. Young's modulus (E), magma system viscosity (ηm), and the vertical extent of the melting region (H) are particularly influential. E describes the stiffness of the surrounding rocks, and ηm represents the resistance of the melt to flow; both control the critical overpressure required for magma ascent through the crust. H controls the excess pressure within deep magma reservoirs and therefore the force exerted by ascending magma in the Martian crust. The plausible range of each parameter was therefore evaluated.
In previous gravity field modeling, values of E as high as 100 GPa have been used to describe the elastic behavior of Martian crustal rocks43,52. Laboratory experiments on basalts from the East Pacific Rise yielded a wide range of elastic moduli, from 27 to 106 GPa53, based on compressional wave velocities measured under varying composition and pressure conditions (Table 2 of ref.53). For natural basalts, however, E is commonly about an order of magnitude lower than values measured under laboratory conditions, mainly because fissures reduce the stiffness of natural rocks38,54,55. Studies of terrestrial basalts emplaced in the shallow crust have therefore adopted much lower values, around 10 GPa55,56. At greater depths, higher pressures progressively close rock fissures, so E in the deep crust should be substantially higher than in surface or near-surface rocks. E in the deep crust of Mars is therefore expected to exceed the lower bound of 10 GPa typical of terrestrial basalts. To capture this range, we explored E values between 10 and 100 GPa. 
For a fixed magma composition and crystallinity, ηm is governed mainly by temperature, and higher temperatures reduce ηm57. In this study, the P–T path of magma ascent indicates a magma temperature of approximately 1114 °C where the magma migrates through the shallow crust of Mars. This value agrees, within the 1σ error of ±71 °C, with the temperature of 1139 °C obtained from the liquid thermometer for the NPM05 composition [Eqn. (13) of ref.29]. We therefore considered the variation in ηm caused by a temperature range of 1114 ± 71 °C and its effect on the simulation results.
An H of 7.5–15.8 km for the upper mantle of Mars is reasonable for several reasons. First, physical modeling of volcanism on the nearside and farside of the Moon gives an H of 17–36 km for the Moon35. Because H is expected to be approximately inversely proportional to gravitational acceleration58, it should be about 2.28 times smaller on Mars than on the Moon if no other factors intervene. Second, the lunar maria consist of volcanic materials and account for ~17% of the lunar surface, whereas remote-sensing analyses indicate that volcanic materials make up ~22% of the Martian surface36. The similar proportions of volcanic regions on the two bodies suggest that their mantle source regions have similar thermal structures, so gravitational acceleration becomes the key determinant of H. Third, H in Earth’s upper mantle typically ranges from 2 to 40 km 59,60, a range controlled by the water content of the mantle source: a higher water content lowers the melting point of the mantle rock and increases H. Martian mantle source regions are essentially anhydrous (<50 ppm 61,62) compared with terrestrial ones (100–400 ppm 63), so H on Mars should lie at the lower end of the terrestrial range. Taken together, these geophysical and geochemical considerations indicate that an H of 7.5–15.8 km for the Martian mantle source region is reasonable.
To evaluate the effect of parameter variations on the estimated pressure, we performed Monte Carlo simulations over a range of crustal thicknesses and densities. Five crustal densities (2600, 2700, 2800, 2900, and 3000 kg m-3) and five crustal thicknesses (10, 30, 50, 70, and 90 km) were considered, and each crustal condition was tested with 10,000 simulation trials to ensure statistical robustness. The simulations show that when E, ηm, or H is varied individually within its range while the other parameters are held fixed, the resulting distributions deviate from a normal distribution. Varying E produces an inverse relationship between frequency counts and residual pressure (Fig. S6), varying ηm produces a direct relationship (Fig. S7), and varying H produces no clear relationship (Fig. S8). When the three parameters are varied together, the frequency distribution of residual pressure closely resembles a normal distribution (Fig. S9). It is nevertheless important to quantify the effect of each parameter on the standard deviation of the calculated residual pressure. A variation of E from 10 to 100 GPa yields a standard deviation of 3.84–4.08 MPa (Fig. S6). Changing ηm through a temperature variation from 1185 to 1043 °C yields a standard deviation of 0.47–0.50 MPa (Fig. S7). Varying H from 7.5 to 15.8 km yields a standard deviation of 3.08–4.49 MPa (Fig. S8). Overall, including the variation of all three parameters within their respective ranges gives a standard deviation of 3–5 MPa for the residual pressure (Fig. S9), which is robust with respect to the plausible parameter ranges.
In this study, we used the optimized values of E and ηm, which represent the most probable scenario, and set H to its maximum value. The calculated residual pressures are therefore relatively high compared with those obtained from the Monte Carlo simulations, and the resulting constraints on the potential area of magma eruption on the Martian surface are correspondingly conservative. With the optimized parameter values, the residual pressure exceeds that obtained in more than 90% of the Monte Carlo trials for each crustal density–thickness relation. This implies that where a residual pressure below 0 MPa is obtained for a given crustal density and thickness, the confidence that magma cannot reach the surface exceeds 90%. The results presented in the main text are therefore robust, as they are only weakly influenced by the plausible variability of the parameters.
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Fig. S1 | Hand-traced mineral maps of NWA 5790 and Qued Mya 005 and their crystallization sequences. a, Mineral map of NWA 5790. b, Mineral map of Qued Mya 005. Colors denote the identified mineral phases, as given in the legend. c, Crystallization sequences of NWA 5790 (fast-cooling nakhlite) and Qued Mya 005 (slow-cooling nakhlite) from the liquidus to the solidus; mesostasis assemblages are boxed. Scale bar, 5 mm.
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Fig. S2 | Pyroxene quadrilateral and olivine compositions of nakhlites. a, Clinopyroxene compositions in the pyroxene quadrilateral (Di–Hd–En–Fs) from this study and from previous work1, 4, 10, 42. Grey curves are isotherms, and the dashed line marks the polythermal boundary of the “forbidden zone”. b, Forsterite (Fo) contents of olivine in the same samples, shown as the range for each nakhlite. Dashed vertical lines mark Fo50 and Fo100.
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Fig. S3 | Representative mesostasis texture of NWA 5790. a, Backscattered electron (BSE) image. b, Energy-dispersive spectrometry (EDS) elemental X-ray maps. Abbreviations: Cpx, clinopyroxene; Tmt, titanomagnetite; Fa, fayalite; Si, silica; Kfs, K-feldspar; Na-rich glass, Na-rich glass.
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Fig. S4 | Representative mesostasis texture of Qued Mya 005. a, Backscattered electron (BSE) image. b, Energy-dispersive spectrometry (EDS) elemental X-ray maps. Abbreviations: Cpx, clinopyroxene; Pl, plagioclase; Ap, apatite; K-rich glass, K-rich glass.


[image: Qued成因模式图]
Fig. S5 | Emplacement model and inferred positions of NWA 5790 and Qued Mya 005 within the nakhlite lava pile. a, Initial state: the nakhlite magma erupts onto the Martian surface, carrying zoned olivine and clinopyroxene crystals. b, Crystal settling: the lava flow cools, and crystals settle towards the base of the pile under gravity while Fe–Ti spinel and plagioclase begin to crystallize. c, Complete solidification: before the magma fully solidifies, the interstitial liquid reacts with olivine to form orthopyroxene overgrowths. From the base to the top of the pile, the proportion of cumulate phases and the grain size of the mesostasis decrease, whereas the cooling rate first decreases and then increases as heat is lost through both surfaces of the lava flow, ultimately producing nakhlites that belong to different groups. NWA 5790 originated from the top of the pile and Qued Mya 005 from the base. The relative positions of the other nakhlites shown in c do not imply that they all originated from the same lava pile.


[image: Volcano_Model_1_Pr_Distribution]
Fig. S6 | Frequency histograms of residual pressure for different crustal density–thickness relations from 10,000 Monte Carlo trials. In each trial, Young's modulus was assigned a random value between 10 and 100 GPa, while all other parameters were held fixed. Columns and rows correspond to crustal densities of 2600 to 3000 kg m-3 and crustal thicknesses of 10 to 90 km, respectively. In each subpanel, the red curve is the Gaussian fit to the frequency counts, and the accompanying text gives the mean and standard deviation of the residual pressure.


[image: Fig S7]
Fig. S7 | Frequency histograms of residual pressure for different crustal density–thickness relations from 10,000 Monte Carlo trials. In each trial, the magma temperature was assigned a random value between 1043 and 1185 °C, while all other parameters were held fixed. Columns and rows correspond to crustal densities of 2600 to 3000 kg m-3 and crustal thicknesses of 10 to 90 km, respectively. In each subpanel, the red curve is the Gaussian fit to the frequency counts, and the accompanying text gives the mean and standard deviation of the residual pressure.
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Fig. S8 | Frequency histograms of residual pressure for different crustal density–thickness relations from 10,000 Monte Carlo trials. In each trial, the vertical extent of the melting region was assigned a random value between 7.5 and 15.8 km, while all other parameters were held fixed. Columns and rows correspond to crustal densities of 2600 to 3000 kg m-3 and crustal thicknesses of 10 to 90 km, respectively. In each subpanel, the red curve is the Gaussian fit to the frequency counts, and the accompanying text gives the mean and standard deviation of the residual pressure.


[image: Fig S9]
Fig. S9 | Frequency histograms of residual pressure for different crustal density–thickness relations from 10,000 Monte Carlo trials. In each trial, Young's modulus (10–100 GPa), magma temperature (1043–1185 °C), and the vertical extent of the melting region (7.5–15.8 km) were all assigned random values within these ranges. Columns and rows correspond to crustal densities of 2600 to 3000 kg m-3 and crustal thicknesses of 10 to 90 km, respectively. In each subpanel, the red curve is the Gaussian fit to the frequency counts and the pentagram marks the residual pressure calculated with the optimized parameter values. The text at the top of each subpanel gives the mean and standard deviation of the residual pressure, and the text next to the pentagram gives the quantile of the optimized value relative to all simulated values.
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Fig. S10 | Residual pressure as a function of crustal thickness for crustal densities of 2600 to 3150 kg m-3 (colored curves). The intersection of each curve with the zero-isopleth of residual pressure defines the maximum crustal thickness at which nakhlite magma can reach the Martian surface.


Table S1 | Proposed parent magma compositions of nakhlites.
	No.
	wt.%
	SiO2
	TiO2
	Al2O3
	Cr2O3
	FeO
	MgO
	MnO
	CaO
	Na2O
	K2O
	P2O5
	Total
	Mg#
	Ref

	1
	C
	43.47
	0.73
	4.38
	0.31
	30.15
	11.73
	1.01
	8.59
	1.09
	0.44
	-
	101.9
	41.0
	17

	2
	D
	45.13
	0.59
	3.39
	0.31
	26.84
	12.06
	0.88
	10.57
	0.86
	0.34
	-
	100.97
	44.5
	17

	3
	N
	49.01
	1.06
	2.85
	0.08
	26.23
	5.22
	0.73
	13.92
	0.86
	0.34
	-
	100.27
	26.2
	19

	4
	GV1
	46.77
	4.24
	8.14
	-
	23.31
	5.14
	-
	9.65
	2.08
	1.05
	-
	100.38
	28.2
	21

	5
	NK3
	45.76
	3.13
	7.18
	-
	26.05
	5.7
	-
	10.43
	0.83
	1.35
	-
	100.43
	28.1
	21

	6
	NIM
	46.27
	3.69
	7.66
	-
	24.68
	5.42
	-
	10.04
	1.46
	1.2
	-
	100.42
	28.1
	21

	7
	NK93
	50.2
	1
	8.6
	0.1
	19.1
	4
	0.4
	11.9
	1.2
	2.8
	0.7
	100
	27.2
	18

	8
	HC
	49.75
	0.8
	5.73
	0.05
	22.96
	4.56
	0.58
	12.22
	1
	1.04
	0.17
	98.86
	26.1
	27

	9
	NK01
	49.8
	0.8
	7.5
	0.1
	22.3
	4.6
	0.5
	10.4
	1.1
	2.4
	0.6
	100.1
	26.9
	25

	10
	GH6
	55.4
	1.1
	9.4
	0.2
	13.4
	4.9
	0.2
	10.2
	3.2
	0.6
	0.3
	98.9
	39.5
	26

	11
	NA03
	47.2
	0.88
	5.9
	-
	26.9
	4.6
	0.71
	10.1
	2.3
	0.39
	0.09
	98.4
	23.4
	24

	12
	NA04
	51.2
	0.84
	7.1
	-
	19.6
	4.6
	0.53
	11.2
	2.1
	0.70
	0.97
	98.8
	29.5
	24

	13
	FMI
	49.5
	1.55
	9.8
	-
	24.5
	2.25
	0.46
	8.7
	2.35
	0.78
	0.64
	100.53
	14.1
	22

	14
	YIM
	47.26
	0.60
	5.12
	0.18
	26.09
	3.66
	1.15
	12.42
	1.88
	0.59
	0.67
	99.62
	20.0
	16

	15
	NPM05
	49.1
	1.1
	6.2
	0.04
	22.6
	5.3
	0.55
	12.1
	1.8
	0.32
	0.36
	99.47
	29.5
	23

	16
	PTL53
	47.6
	0.79
	6.4
	0.09
	26.3
	5.5
	0.34
	9.7
	0.9
	1.8
	0.52
	100
	27.2
	20

	17
	PTL40
	47.0
	0.78
	6.3
	0.09
	28.9
	3.8
	0.34
	9.6
	0.9
	1.8
	0.51
	100
	19.0
	20

	18
	T93
	47.1
	0.75
	7.1
	0.04
	25.7
	5.4
	0.30
	9.8
	1.0
	2.3
	0.58
	100
	27.2
	20

	19
	PTL62
	52.6
	0.82
	7.2
	0.14
	21.3
	4.5
	0.41
	10.9
	1.1
	0.8
	0.13
	100
	27.4
	20

	20
	J1
	52.54
	0.97
	11.69
	0.02
	18.71
	1.72
	0.36
	6.70
	4.61
	1.40
	0.90
	99.63
	14.1
	11

	21
	J2
	52.33
	0.93
	11.03
	0.03
	18.81
	2.32
	0.36
	7.38
	4.31
	1.30
	0.84
	99.65
	18.0
	11

	22
	J3
	52.40
	0.98
	11.68
	0.01
	19.09
	1.70
	0.36
	6.64
	4.57
	1.38
	0.89
	99.69
	13.7
	11

	23
	J4
	52.12
	0.85
	9.24
	0.04
	17.98
	4.39
	0.35
	9.54
	3.50
	1.04
	0.67
	99.72
	30.3
	11
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Table S2 | Parameters used for volcanic physics modeling.
	Symbol
	Descriptions
	Values or sources
	Units
	References

	c
	Magma heat capacity
	1600
	J kg-1 K-1
	39

	C
	Crystal constants (for viscosity calculation)
	3
	
	41

	D
	Crustal thickness
	Obtained from crustal model 
	km
	50

	dTwr/dx
	Wall-rock temperature gradient along the ascent path
	13-16
	°C km-1
	43

	E
	Young's modulus of the crustal wall rocks
	Dependent variable
	GPa
	45

	E*
	Deformation modulus
	23.7
	GPa
	45

	g
	Mars gravitational acceleration
	3.72
	m s-2
	

	gEarth
	Earth gravitational acceleration
	9.8
	m s-2
	

	H
	Vertical extent of the deep magma reservoir
	7.5-15.8
	km
	35

	L
	Latent heat of magma
	414
	kJ kg-1
	44

	Pe
	Excess pressure in the mantle
	Dependent variable
	MPa
	

	Po
	Overpressure in the magma reservoir
	Dependent variable
	MPa
	

	Pr
	Residual pressure after magma effusion
	Dependent variable
	MPa
	

	z
	Depth below the Martian surface
	Dependent variable
	km
	

	ΔPcrit
	Critical overpressure
	Dependent variable
	MPa
	

	κ
	Magma thermal diffusivity
	3×10-7
	m2 s-1
	39

	μ0
	Pure magma viscosity
	151.4
	Pa s
	40

	μm
	Magma-crystal viscosity
	Dependent variable
	Pa s
	

	ρc
	Crustal density (Mars)
	2500-3100
	kg m-3
	

	ρEarth
	Crustal density (average Earth)
	2830
	kg m-3
	46

	ρM
	Mantle density
	3347 (<44.2 km depth), 3462 (44.2-80 km depth), 3500 (>80 km depth)
	kg m-3
	37

	ρm
	Magma-crystal density along the ascent path
	Output from GeoPS
	kg m-3
	64

	σd
	Differential stress
	0.11
	MPa
	45

	Φ
	Volume fraction of crystals
	0.55
	
	6

	Φ0
	Crystal constants (for viscosity calculation)
	0.64
	
	41




Table S3 | The minimum permissible crustal density (MIPCD) and the corresponding thickness for each reference model.
	Reference model
	MIPCD (kg m-3)
	Crustal thickness (km)

	
	
	Average
	Max
	Min

	DWThotCrust1r
	2859
	51.9 
	98.9 
	12.7 

	EH45ThotCrust2r
	2858
	52.7 
	101.5 
	11.5 

	EH45Tcold
	2857
	52.8 
	102.6 
	11.1 

	SANAK
	2852
	54.6 
	109.9 
	8.1 

	LFAK
	2853
	56.3 
	113.4 
	6.6 

	ZG_DW
	2857
	52.6 
	101.6 
	11.5 

	Khan2022
	2852
	54.1 
	107.3 
	9.1 

	DWAK
	2852
	54.6 
	110.3 
	7.9 

	TAYAK
	2853
	54.5 
	108.9 
	8.5 

	YOTHotRc1810
	2854
	55.3 
	110.0 
	8.0 




Table S4 | The maximum permissible crustal density (MAPCD) and the corresponding thickness for each reference model.
	Reference model
	MAPCD (kg m-3)
	Crustal thickness (km)

	
	
	Average
	Max
	Min

	DWThotCrust1r
	3098 
	58.9 
	136 
	0

	EH45ThotCrust2r
	3061 
	59.2 
	136 
	0

	EH45Tcold
	3056 
	59.1 
	135 
	0

	SANAK
	2982 
	59.2 
	133 
	0

	LFAK
	2957 
	60.3 
	132 
	0

	ZG_DW
	3058 
	59.1 
	136 
	0 

	Khan2022
	3006 
	59.2 
	134 
	0 

	DWAK
	2978 
	59.1 
	133 
	0

	TAYAK
	2992 
	59.4 
	133 
	0

	YOTHotRc1810
	2984 
	60.0 
	133 
	0




Caption for the supplementary data
Data S1
EPMA data of mineral phases of NWA 5790 and Qued Mya 005 in this study. 
Data S2
[bookmark: _Hlk124688534]EPMA dataset in terms of major-element compositions (SiO2–TiO2–Al2O3–Cr2O3–FeO–MnO–NiO–MgO–CaO–Na2O–K2O) of nakhlite clinopyroxene and thermobarometric calculation results.
[bookmark: _GoBack]Data S3
The spreadsheet for determining the minimum permissible and generating Fig. 3 and Fig. 4 in the main text.
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