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Despite active transport mechanisms into the Earth’s mantle, water has been present on 15 

our planet’s surface for most of geological time1,2, yet water disappeared from the Martian 16 

surface soon after its formation. While the Martian water inventory was partially depleted 17 

by loss to space via photolysis following the collapse of the planet’s magnetic field3-5, 18 

widespread serpentinisation of Martian crust6,7 attests to metamorphic hydration reactions 19 

having played a critical role in its sequestration. Here we quantify the relative volumes of 20 

water that could be removed from each planet’s surface via the burial and metamorphism 21 

of hydrated mafic crusts, and calculate mineral transition-induced bulk-density changes at 22 

elevated pressure–temperature conditions in each. The metamorphic mineral assemblages 23 

in relatively FeO-rich Martian lavas can hold ~25% more structurally-bound H2O than 24 

those in metamorphosed terrestrial basalts, and transport it to greater relative depths 25 
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within the Martian interior. Our calculations suggest that in excess of 9 vol. % of the 26 

Martian mantle may contain hydrous mineral species as a consequence of surface reactions, 27 

compared to ~4 vol. % of the Earth. Furthermore, neither primitive nor evolved hydrated 28 

Martian crust show significantly different bulk densities compared to their anhydrous 29 

equivalents, in contrast to mafic terrestrial crust that transforms to eclogite upon 30 

dehydration. This would have allowed efficient over-plating and burial of early Martian 31 

crust in a stagnant lid tectonic regime, thus providing a significant sink for hydrospheric 32 

water and a mechanism to oxidise the Martian mantle. Conversely, relatively buoyant mafic 33 

crust and hotter geothermal gradients on Earth reduced the potential for upper mantle 34 

hydration early in its geological history, leading to water being retained close to its surface, 35 

thus creating conditions conducive for the evolution of complex multicellular life. 36 

 37 

Surface water has existed on Earth for the vast majority of geologic time1, with its volume having 38 

remained approximately constant since the end of the Archean (2.5 Ga) and initiation of 39 

subduction-driven plate tectonics2. However, despite evidence for it having once possessed liquid 40 

water, the modern-day surface of Mars is essentially dry and lacks any widespread features of 41 

active plate tectonics8. The loss of surficial water from Mars since its formation has been 42 

attributed to both photolysis in the upper atmosphere and/or sequestration into the crust via 43 

metamorphic hydration reactions9. Although loss to space by atmospheric sputtering and 44 

hydrodynamic escape likely became increasingly viable after cessation of the Martian magnetic 45 

field at c. 4.1 Ga3-5, uncertainties in its efficiency, the timing of field collapse, and the initial 46 

water inventory suggest that this process alone may not have depleted the entire volume of the 47 

hydrosphere over the lifetime of the planet10-12. Instead, petrological evidence for crustal 48 

hydration—a notably more efficient mechanism to sequester large amounts of H2O from a 49 

planet’s hydrosphere—is present as serpentinized surface basalts6,7 and the widespread 50 

distribution of oxidised hydrated phyllosilicate minerals7. The disassociation of water during such 51 



3 

silicate-mineral hydration reactions and the subsequent loss of hydrogen to space, for example, 52 

may account for the presence of oxidised magnetite13 and maghemite in Martian meteorite 53 

NWA7034 and the Gusev crater rocks it resembles14, while the source region of Martian SNC 54 

meteorites is much more reduced14,15. 55 

 56 

Aside from the proportion of iron, the terrestrial and Martian mantles have broadly similar 57 

chondritic major element compositions16,17. The abundance of iron in planetary mantles—and 58 

hence erupted surface material—is primarily controlled by the prevailing oxygen fugacity (fO2) 59 

of planetary accretion, which was higher during Martian core formation than terrestrial core 60 

formation. As a result, terrestrial basalts are relatively FeO-poor (~7–10 wt. %)18 compared to 61 

more FeO-rich (~17 wt. %)19 basalts derived from the Martian upper mantle. As bulk-rock 62 

composition is the primary control on the mineral assemblages that stabilise during surface 63 

hydration and metamorphism at elevated pressure (P) and temperature (T) conditions, these 64 

compositional differences likely played a critical role in controlling each planet’s bulk 65 

geochemistry and surface water budget over geological time. Here, we have quantified the 66 

balance between mantle hydration and density in both terrestrial and Martian interiors using 67 

integrated thermal and petrological modelling. We show that metamorphosed primitive and 68 

evolved Martian basalts can hold ~25% more structurally-bound water in hydrous minerals than 69 

terrestrial equivalents can, with the majority stable to greater depths within Mars (>90 km) than 70 

within Earth (~70 km). In addition, time-integrated mass-balance calculations show that the 71 

absolute volume of the Martian mantle that has potentially been hydrated over geological time 72 

(>9%) is at least twice as large as the terrestrial mantle (~4%). 73 

 74 

Although achieved at different times in their cooling histories, in order to model their surface 75 

evolutions we considered a mantle potential temperature (TP) of 1650 °C for both the terrestrial 76 

and Martian primitive basalts, and a lower bound of 1400 °C for evolved rocks. SNC meteorites 77 
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indicate that the rate of secular cooling on Mars was conservatively about three-times faster than 78 

that of Earth20. We combined this with a plate cooling model, taking into account secular cooling 79 

and radiogenic heat production in order to calculate likely aerotherms and geotherms through the 80 

lithospheres of each planet. The petrological changes that would occur in the end member cases 81 

of primitive and evolved, fully hydrated and fluid-undersaturated crust during each planet’s 82 

geological evolution were then investigated using thermodynamic phase equilibrium modelling at 83 

conditions defined by these P–T gradients. For Mars, we utilised bulk compositions for primitive 84 

(Fastball) and evolved (Backstay) basalts, and for Earth we utilised a high-MgO Archean 85 

tholeiitic basalt and a modern-day MORB (see Methods). We considered metamorphism at 86 

pressures of 8–26 kbar (Earth) and 3–10 kbar (Mars), and temperatures of 500–1200 °C. 87 

Hydration at lower-grade conditions is controlled by phases belonging to the serpentine, 88 

phyllosilicate, and clay mineral groups, with higher water contents. Phase diagrams for each rock 89 

type considering fluid-saturated conditions are presented in Extended data Figures 1–4. 90 

 91 

Calculated water contents and bulk-rock densities for each terrestrial and Martian protolith as a 92 

function of depth within the planetary interior are shown in Figure 1. Unlike terrestrial modern 93 

MORB, the higher water-carrying potential of high-MgO Archean terrestrial basalts is primarily a 94 

result of their more refractory nature, with the absence of quartz allowing water-bearing 95 

amphiboles to persist to higher temperatures21, and thus greater depths in the mantle (Figure 1a). 96 

A similar trend characterises Martian materials, with metamorphosed primitive basalt (Fastball) 97 

being comprised mostly of hornblendic amphibole at subsolidus P–T conditions. Evolved 98 

Martian melts (Backstay-type compositions) contain a smaller proportion of water-bearing 99 

minerals at these temperatures, but retain their water to greater depths. In both cases, the net 100 

water-bearing potential of Martian materials exceed those of their terrestrial counterparts. 101 

 102 
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The decomposition of amphibole during prograde metamorphism marks the terminus of hydrous 103 

mineral stability in both terrestrial and Martian materials. Indeed, evolved Martian basalts may 104 

retain amphibole to temperatures in excess of 1200 °C, where they are calculated to become Ti-105 

rich, matching observed compositions from Martian meteorites22. Although hydration extends to 106 

similar absolute depths on both bodies, the shallower Martian aerotherm implies that the volume 107 

fraction of silicate Mars that may be hydrated following crustal subduction is about double that of 108 

the Earth (Figure 2). Additionally, the faster cooling of Mars20 progressively extends the depth of 109 

hydration, exacerbated by the presence of more evolved basalts over-plating the Martian surface 110 

and the negative Clapeyron slope for hornblende dehydration. The effect that hydration has on 111 

bulk-rock density heightens this effect; metamorphosed terrestrial basalts are all significantly less 112 

dense—and hence buoyant—when fluid-saturated, and undergo densification upon dehydration 113 

(Figure 1b). The relatively Fe-rich Martian materials are, however, calculated to exhibit relatively 114 

little volume expansion during hydration, with more evolved basalts showing minimal change in 115 

bulk-rock density, and significant densification (>5%) of a water-bearing restite, post-melting. 116 

Here, the main reaction products of high-pressure hornblende dehydration at the fayalite–117 

magnetite–quartz (FMQ) buffer are clinopyroxene, plagioclase, garnet, magnetite, and silicate 118 

melt. 119 

 120 

Hydrated Martian basalts generate relatively high degrees of melt (~30%) at moderate 121 

temperatures (~800–900 °C), leaving a hydrous residual assemblage of neutral or negative 122 

buoyancy. This suggests that, unlike on Earth, hydrated materials could have been transferred 123 

into its mantle via sagduction or crustal delamination23,24 (Figure 3). Mars may therefore have 124 

undergone extensive hydration of its mantle simply by magmatic overplating, burial and 125 

metamorphism of hydrated surface basalts. This mechanism may also have been responsible for 126 

delivering oxidised material to the source region of the Martian surface basalts14. On Earth, the 127 

increased buoyancy of hydrated Archaean greenstones and steeper geotherm limit the water-128 
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carrying capacity of over-plated material. The secular evolution of plate tectonics and the 129 

transition from early-Earth high-MgO basalts to modern-day MORB basalts (with an inherently 130 

lower water-carrying capacity)25 further limits the mechanisms of water transport into the 131 

terrestrial interior. Mars shows the opposite trend, as its secular cooling, high water-carrying 132 

capacity of surface basalts, and the neutral buoyancy of hydrated materials acted to preferentially 133 

sequester water back into its interior. 134 

 135 

On Earth, surface water is transported into the upper mantle primarily by K-amphibole26, which 136 

typically forms in hydrated MgO-rich metabasalt. In contrast, more ferruginous Martian basalts 137 

stabilize iron-rich hydrous phases at equivalent P–T conditions, such as hornblende and biotite 138 

(Extended Data  -  Figure 5). The decomposition of hornblendic amphibole during metamorphism 139 

is controlled by P, T, and fO2, with lower temperatures and reducing conditions specifically 140 

favouring its stability27. Owing to its smaller size, Martian aerotherms have higher dT/dP 141 

gradients than geotherms on Earth, which suggests that hydrous phases, such as amphibole, 142 

comprise a greater proportion of its mantle. Rock-hydration reactions may therefore be important 143 

both as a surface water-loss mechanism and as a means to transport oxidised material to upper-144 

mantle depths. However, as hydration reactions are typically associated with a decrease in bulk-145 

rock density, re-entrainment of crustal material into the mantle—either via burial or subduction—146 

may be limited until dehydration has occurred. 147 

 148 

In the absence of subduction-driven plate tectonics early in each planet’s geologic history28, both 149 

Earth and Mars would have experienced significant basaltic surface over-plating. Elevated mantle 150 

potential temperatures would have led to higher degrees of partial melting and more voluminous, 151 

low-viscosity magmas. Erupted29 or emplaced30 in the presence of water, they may be assumed to 152 

efficiently hydrate31. Our results show that the ability of a planet to retain surface water is not 153 

simply a function of its bulk composition or size, but also its accretion history, not least the 154 
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oxygen fugacities prevailing during core formation. By setting the bulk silicate FeO content, 155 

mantle redox state places a first-order control on the amount of amphibole production and 156 

stability, and hence high-pressure water-carrying minerals. Earth-like planetary size allows a 157 

long-lived steep geotherm, which in turn promotes dewatering of hydrated phases close to the 158 

planetary surface, and thus the efficient return of buried water to the surface (Figure 1). In 159 

contrast, Mars exhibits evidence of long-lived water reservoirs both extant as sub-surface ice32 160 

and as hydrated crust33. These, together with the elevated FeO contents of the Martian mantle and 161 

smaller planetary size, results in significant water sequestration into the Martian mantle via 162 

increased amphibole content and the production of hydrous restite of neutral or negative 163 

buoyancy. Taken concurrently, the individual water-carrying capacities of erupted magmas and 164 

their respective fates upon burial are key to understanding the early hydrological cycles on each 165 

planet. 166 

 167 
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CAPTIONS 181 

Figure 1 | Calculated petrophysical properties for each modelled basaltic protolith. a, Plot of 182 

the structurally-bound water content (wt. %) in metamorphosed primitive and evolved basalt on 183 

Earth and Mars. b, Relative density deficit between a crustal column comprised of fully hydrated 184 

and nominally anhydrous metabasalt (dr = (ranhydrous − rhydrated)/ranhydrous). 185 

 186 

Figure 2 | Degree of mantle hydration on Earth and Mars as a function of dewatering of 187 

metamorphosed basalts. 188 

 189 

Figure 3 | Schematic cross sections through primitive (a) Martian and (b) terrestrial mafic 190 

crust. Lithological components of metamorphosed hydrated and nominally anhydrous mafic 191 

crusts on Earth and Mars based on calculated phase assemblages. Orange (Early Mars) and 192 

yellow (Early Earth) detail represent melt.  193 
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 286 
METHODS 287 
Petrological modelling procedures 288 

All phase diagrams were constructed using THERMOCALC v. 3.45i34 and the internally 289 
consistent thermodynamic data set ds62 (ref. 35; updated 6/2/2012). Modelling was performed in 290 
the Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–O2 (NCKFMASHTO) compositional 291 
system using the following activity–composition relations for solid-solution phases: tonalitic 292 
melt, clinoamphibole, and augitic clinopyroxene36, orthopyroxene, garnet, biotite, muscovite, 293 
chlorite, and ilmenite–hematite37, plagioclase and K-feldspar38, olivine and epidote35, and spinel–294 
magnetite39. Pure phases included albite, rutile, sphene, quartz, and H2O. The initial bulk-rock 295 
compositions used for modelling of all protoliths were converted from wt. % oxides, as reported 296 
in each original study (Table 1, Extended Data ), to mol. % oxides, with fluid contents adjusted 297 
on an individual basis, as described below. The software and data files used to generate the phase 298 
diagrams may be downloaded from http://www.metamorph.geo.uni-mainz.de/thermocalc 299 
 300 
For modelling under water-present conditions (Table 2, Extended Data ), bulk-rock fluid contents 301 
were individually fixed such that each lithology was minimally saturated at the intersection of the 302 
relevant geotherm/aerotherm and its solidus. Here, we define minimal saturation as the 303 
equilibrium phase assemblage containing 0.5 mol. % of free water (H2O) at the point of first 304 
melting. Additional H2O was present within the bulk-rock composition in each case as 305 
structurally bound water within hydrous minerals. For nominally anhydrous conditions, the 306 
absolute amount of H2O within each bulk-rock composition was fixed at a total of 0.5 mol. % 307 
(prior to melt loss), with these bulk compositions shown in (Table 3, Extended Data ). Invariably, 308 
free H2O was absent from calculated assemblages, with all bulk-rock H2O at the solidus being 309 
structurally bound within hydrous phases. For internal consistency and ease of comparison, 310 
calculations for all rock types used a molar bulk-rock XFe3+ [= Fe2O3/(Fe2O3+FeO)] value of 0.1 311 
(cf. refs. 40,41). Uncertainty on the absolute positions of assemblage field boundaries in P–T space 312 
generally do not exceed ±1 kbar and ±50 °C for low variance equilibria at the 2σ level42,43. Such 313 
variation is largely a function of propagated uncertainty on end-member thermodynamic 314 
properties within the internally consistent dataset. However, as all phase diagrams were 315 
calculated using the same dataset and a–x relations, similar absolute errors associated with dataset 316 
end-members cancel, and calculated phase equilibria are expected to be relatively accurate to 317 
within ±0.2 kbar and ±10–15 °C42,43. 318 
 319 
The petrological effects of open-system melting and melt loss were modelled using manipulation 320 
of the read-bulk-info (RBI) matrix44. We assumed that melt loss was a cyclical process, with 321 
drainage events occurring each time a rock’s melt proportion reaches a rheologically critical 322 
threshold. The melt-extraction threshold for intermediate and felsic magmas is around 20–323 
30%45,46, and we used the upper limit of this range (30%) as our transition point. Ten-percent of 324 
this melt was assumed to remain in the source rock following each drainage event, given that a 325 
minimum proportion of ~8% melt must be present in a rock in order to overcome the liquid 326 
percolation threshold45. From a computational standpoint, this was implemented by reducing the 327 
calculated modal proportion of the melt phase in the RBI matrix from 0.3 to 0.1 at each relevant 328 
P–T point along the relevant geotherm/aerotherm. 329 
 330 
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Petrological modelling: theory and application 331 
The petrological modelling employed herein relies upon a thermodynamic-equilibrium model of 332 
metamorphism, in which it is assumed that equilibrium on a local scale is maintained among 333 
mineral, fluid, and melt phases during the evolution of the rock47-50. A model is used to represent 334 
the thermodynamics of each phase, comprising properties for its end-members combined with 335 
activity–composition (a–x) relations to describe their mixing in solid solution51. This allows 336 
calculation of the equilibrium compositions and proportions of phases (mineral, melt, and aqueous 337 
fluid) in the stable assemblage, at given pressure, temperature and bulk composition52. Equilibrium 338 
conditions in such a system require the equality of chemical potentials of each component in all 339 
phases, and must conform to the constraints of mass balance. Such calculations are frequently 340 
performed in metamorphic geology, with the help of appropriate software34,52, to construct 341 
pseudosections: phase diagrams that map out the thermodynamically stable assemblages that would 342 
form in a particular bulk-rock composition across P–T space50,53. This calculation procedure and 343 
the a–x relations utilised are mature, and have been demonstrably effective in both forward 344 
(predictive) and inverse (descriptive) petrological modelling studies (cf. refs. 53-55 for representative 345 
examples). All phase abbreviations are after 56, alongside “L” or “Melt” for silicate melt. 346 
 347 
 348 
Calculated bulk-rock density profiles 349 
Calculated bulk-rock densities considered all phases in the equilibrium assemblage (solids, 350 
aqueous fluids, and melt) at each P–T point. Metamorphism of terrestrial NMORB in a hydrous 351 
system produces a relatively low density metamorphic product, owing to the abundance of H2O 352 
leading to the formation of amphibole and biotite (Extended Data  - Fig. 5). In contrast, relatively 353 
dense garnet and pyroxene form in the nominally anhydrous case (Extended Data  - Fig. 6). We 354 
considered an open-system scenario in this work, whereby melt generated during metamorphism 355 
can reach a critical escape threshold and leave the local environment, which is a realistic 356 
approximation of a natural system. Differential degrees of melt-loss lead to a density inversion 357 
between terrestrial and Martian metabasalts at upper amphibolite-/granulite-facies conditions. As 358 
shown by our calculations, partial melting begins earlier (i.e. at lower temperature) in a hydrated 359 
NMORB than in a nominally anhydrous equivalent, owing to the abundance of amphibole in the 360 
former. In addition, melt generation is more voluminous, and quartz and feldspar are 361 
preferentially consumed as part of the melt-producing reactions. The density inversion for 362 
hydrous versus nominally anhydrous NMORB occurs at the point of first melt extraction, when 363 
the former becomes melt-depleted, and the residual phase assemblage is entirely anhydrous 364 
(Grt+Aug). As bulk-rock density was calculated for the entire petrological system (i.e. solid plus 365 
melt, prior to extraction), melt loss from the initially hydrated protolith causes the remaining solid 366 
residue to become denser than the initially nominally anhydrous equivalent, which has not yet 367 
accumulated sufficient melt to cause a drainage event. Density differences between both studied 368 
Martian basalts are also a result of bulk-rock composition and melt fertility, with the relatively 369 
high alkali content of the Fastball protolith producing low-density feldspars in anhydrous 370 
conditions, but relatively dense amphibole in a water-rich environment. 371 

 372 

 373 
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 Thermal modelling procedures 374 

The thermal model was constructed analytically as a solution to the one dimensional heat flow 375 
problem in a plate61, including an additional source term to account for radiogenic heat 376 
production62,63 377 

 378 
where k is the thermal diffusivity, t0 is today, and A0 is the present-day radiogenic heat 379 
production rate with time constant tr

63. We apply boundary conditions 380 

 381 
where Tp is the mantle potential temperature, ts is the secular cooling time constant, and L is the 382 
lithospheric thickness. Initial conditions at the time of lithospheric generation take into account 383 
the secular cooling 384 

 385 
with the same parameters as the boundary conditions above. The solution may be expressed as a 386 
Fourier Series: 387 

 (1) 388 
which we evaluate the first 200 terms to produce each geotherm and aerotherm. 389 
 390 
To explore the uncertainty on the radiogenic heat production and secular cooling rates, we 391 
sampled 3240 geotherms and 3780 aerotherms, with a range of cooling rates on Earth of 20Ga < 392 
ts < 45Ga and Mars of 10Ga < ts < 40Ga, and radiogenic heat production rates of 0.1µWm-3 < A0 393 
< 1.0µWm-3. This resulted in a range of mantle potential temperatures for early Earth 1500°C < 394 
Tp < 1600°C, late Earth 1300°C < Tp < 1400°C, early Mars 1600°C < Tp < 1700°C64,65, and late 395 
Mars 1350°C < Tp < 1450°C66. We then took the mean and 99% confidence interval of 150Ma 396 
lithosphere for each family of thermal models, equivalent to a Tp of 1550/1650°C and 397 
1350/1400°C for the primitive and evolved rocks of Earth/Mars respectively, as the input for the 398 
petrological modelling and error estimates.  399 
 400 
To assess the validity of a 1D model when used as an approximation for a spherical shell we 401 
compared the steady state (ts ® ∞, t ® ∞) solution of eqn (1) to the steady state spherical shell 402 
solution, 403 
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where R is the planetary radius, L the lithospheric thickness, and r the radial position. We found 405 
that the error obtained using a 1D approach compared to a spherical shell is 0.9% for the Earth 406 
and 1.77% for Mars, which is well within the uncertainty on the other parameters defined above. 407 
 408 
Numerical simulations for the temperature structure were also calculated a posteriori from the 409 
results of the petrological modelling to account for depth dependent variations in the thermal 410 
diffusivity (k) due to density variations in the bulk mineral assemblages. We found that the 411 
maximum deviation in the thermal structure due to compositional effects to be <1.5% for times 412 
after 10 Ma and thus could also be safely neglected, in agreement with other recent work67. 413 
 414 

Data Availability Statement: Authors can confirm that all relevant data are included in the 415 
paper and/ or its supplementary information files  416 
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 529 
 530 
 531 
[Extended Data – fig 1] 532 
[Extended Data  – fig 1 legend] Pressure–temperature (P–T) pseudosection calculated for the bulk-533 
rock composition of Palaeoarchean high-Mg basalt sample 02MB256 from 57. Some small fields 534 
are unlabelled for clarity. Bold dashed line labelled ‘Early-Earth geotherm’ represents the P–T 535 
profile calculated via thermal modelling, and is enveloped by short-dashed lines representing upper 536 
and lower confidence intervals on these values. 537 
 538 
[Extended Data  – fig 2] 539 
[Extended Data  – fig 2 legend] Pressure–temperature (P–T) pseudosection calculated for the bulk-540 
rock composition of NMORB from 58. Some small fields are unlabelled for clarity. Bold dashed 541 
line labelled ‘Modern-day terrestrial geotherm’ represents the P–T profile calculated via thermal 542 
modelling, and is enveloped by short-dashed lines representing upper and lower confidence 543 
intervals on these values. 544 
 545 
[Extended Data  – fig 3] 546 
[Extended Data  – fig 3 legend] Pressure–temperature (P–T) pseudosection calculated for the bulk-547 
rock composition of Fastball from 59. Some small fields are unlabelled for clarity. Bold dashed line 548 
labelled ‘Early Martian aerotherm’ represents the P–T profile calculated via thermal modelling, 549 
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and is enveloped by short-dashed lines representing upper and lower confidence intervals on these 550 
values. 551 
 552 
[Extended Data  – fig 4] 553 
[Extended Data  – fig 4 legend] Pressure–temperature (P–T) pseudosection calculated for the bulk-554 
rock composition of Backstay from 60. Some small fields are unlabelled for clarity. Bold dashed 555 
line labelled ‘Late-stage Martian aerotherm’ represents the P–T profile calculated via thermal 556 
modelling, and is enveloped by short-dashed lines representing upper and lower confidence 557 
intervals on these values. 558 
 559 
[Extended Data  – fig 5] 560 
[Extended Data  – fig 5 legend] Calculated mineral proportions, bulk-rock densities, and water 561 
contents during metamorphism of hydrated terrestrial and Martian basalts along their respective 562 
planetary geotherms and aerotherms. 563 

 564 
Vertical dashed lines represent pressure–temperature (P–T) points at which melt extraction events 565 
occurred (see Methods). 566 

 567 
[Extended Data  – fig 6] 568 
[Extended Data  – fig 6 legend] Calculated mineral proportion and bulk-rock densities during 569 
metamorphism of nominally anhydrous terrestrial and Martian basalts along their respective 570 
planetary geotherms and aerotherms. 571 

 572 
Vertical dashed lines represent pressure–temperature (P–T) points at which melt extraction events 573 
occurred (see Methods).  574 
 575 
 576 
[Extended – Data table 1 – Title ] Bulk compositions of mafic crustal components used in this 577 
work (weight % oxides). 578 
 [Legend]: - N.R. = not reported. 57Kato and Nakamura (2003), sample 02MB256; 58Gale et al. (2013); 579 
59Squyres et al. (2007); 60McSween et al. (2006), Backstay “preferred composition”. 580 
 581 
 582 
 [Extended – Data table 2 – Title ] Bulk compositions used in phase equilibrium modelling 583 
(molar % oxides) under minimally fluid-saturated conditions. 584 
[Legend]: - N.B. O contents were calculated assuming a bulk-rock XFe3+ = Fe2O3/(FeO+Fe2O3) = 0.1, 585 
where XFe3+ = (2 × O)/FeOtot. Stage numbers refer to the number of melt-extraction events, and the 586 
associated bulk compositions for numbers ≥1 represent increasingly melt-depleted residua (i.e. 0 = initial 587 
undepleted bulk composition; 1 = residual bulk composition following one melt-loss event, 2 = residual 588 
bulk composition following two melt-loss events etc.) 589 
 590 
 [Extended Data  – Data table 3 – Title ] Bulk compositions used in phase equilibrium 591 
modelling (molar % oxides) under nominally dry conditions. 592 
[Legend]: N.B. O contents were calculated assuming a bulk-rock XFe3+ = Fe2O3/(FeO+Fe2O3) = 0.1, 593 
where XFe3+ = (2 × O)/FeOtot. Stage number nomenclature is the same as for Table S2. 594 
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