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Introduction:  Large impact basins on the lunar 

nearside are filled with thick accumulations of basaltic 
lava flows: the lunar maria. The emplacement of these 
flows requires the ascent of basaltic magma from the 
mantle source region, through the crust, to the surface. 
Buoyancy of melts is considered a primary driving 
force for magma ascent [1]. However, gravity data 
from the Gravity Recovery and Interior Laboratory 
(GRAIL) mission indicate that lunar crustal densities 
are substantially lower [2] than those of basaltic melts 
corresponding to lunar compositions [3], creating diffi-
culties for solely buoyancy-driven magma ascent sce-
narios. Further, sub-basin lithospheric stress gradients 
adverse to magma ascent can result from downward 
loads on the lithosphere [4-6]. Such loads can result 
from super-isostatic compensation of surface topogra-
phy, a condition that was inferred to exist at basins 
exhibiting large “mascon” (mass concentration) gravity 
anomalies as a result of the impact process [7]. In con-
trast, initial sub-isostatic conditions [8], producing 
upward loads on the lithosphere, can create stress gra-
dients that favor magma ascent [4, 9]. Here we exam-
ine the implications of initially sub-isostatic conditions 
at impact basins for the ascent of basaltic magmas. 

Initial Compensation State of Basins:  Joint anal-
ysis of GRAIL gravity data and topography data from 
the Lunar Orbiter Laser Altimeter (LOLA) instrument 
[10] aboard the Lunar Reconnaissance Orbiter (LRO) 
mission allows generation of maps of the Bouguer 
anomaly, the signal remaining after the gravitational 
attraction of surface topography is removed. Generally, 
impact basins are surrounded by annuli of low 
Bouguer anomaly values [11] implying the presence of 
annular zones of thickened crust [8]. Hydrocode mod-
els of the impact process predict the formation of such 
zones by downward movement of crust [12, 13]. The 
compensation state of such annuli is sub-isostatic, and 
the areally integrated anomalies are generally of mag-
nitudes comparable to or greater than the super-
isostatic signals in the center of mascon basins [8].  

Methods: We use an analytic loading solution [14-
16] that includes both flexural and membrane support 
to calculate deflections and stresses of an elastic litho-
sphere from initial sub-isostatic loads. The loading 
stresses are used to predict locations of favored magma 
ascent based on two criteria: stress orientations at the 
top and bottom of the lithosphere (horizontal extension 

[17]) and stress gradients throughout the lithosphere 
(extension increasing upwards, [18]). For flexural 
loading alone, one of these criteria is violated some-
where in the lithosphere [5]. However, for small plan-
ets like the Moon, membrane stresses  can place seg-
ments of the lithosphere into extension with positive 
stress gradients [4, 5], allowing direct ascent of mag-
mas from the mantle to the surface. 

We calculate magma ascent velocity uz in a dike of 
width w [18]: 

uz = (1/3 η) w2 (dΔσy/dz + dΔP/dz -Δρ g )   
where η is magma viscosity, Δσy is the tectonic stress 
(tension positive), or horizontal stress σy minus verti-
cal stress σz, dΔσy/dz is the vertical gradient in tectonic 
stress, dΔP/dz is the gradient in overpressure, and -Δρ 
g is magma buoyancy (g is negative in our coordinate 
system so positive buoyancy increases uz). We adopt 
values of w = 10 m and η = 100 Pa/s. We also calcu-
late an “effective buoyant density” [18, 5] by equating 
the first and third terms in the rightmost parentheses 
and solving for Δρ.  

We model basins with sub-isostatic loads corre-
sponding to annular zones of crustal thickening calcu-
lated by the iSALE hydrocode for the Orientale basin 
[12, 13]. Two thermal profiles are considered, both 
with surface temperature gradients of 10 K/km, but 
with temperatures diverging at depth to generate 
“warm” and “cold” target models (denoted as thermal 
profiles 1 and 2, respectively, in [13]). Crustal thicken-
ing is substantially greater for the cold target model. 
The zones of crustal thickening are modeled by an 
annulus that is thin but wide for profile 1 (thickness t = 
2.5 km, radius range r = 220-600 km) and thick but 
narrow for profile 2 (t = 20 km, r = 170-360 km).  

Results: For the warm model at an appropriate 
elastic lithosphere thickness (Te = 40 km), modest an-
nular uplift produces a zone of favored magma ascent 
on the outer part of the basin (r = 200-600 km): the 
ascent condition is satisfied for tangential (hoop) stress 
in the center of this zone and for the radial stress on the 
margins. The effective buoyancy peaks at about 250 
kg/m3, somewhat less than the density contrast be-
tween mafic basaltic melts and felsic highland crust. 
Compared to the warm model, the cold model (Te = 50 
km) with a narrower but larger load produces substan-
tially more uplift that is more dome-shaped (Fig. 1), 
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and the resulting stress profiles produce direct ascent 
zones for both tangential and radial stresses at the cen-
ter of the basin, with a small fringing zone for the radi-
al stresses further outboard (but still within the outer-
most ring of the basin). The effective buoyant density 
in parts of these zones well exceeds expected 
melt/crust density contrasts.  

Discussion: The lithospheric stress state produced 
by a thickened crustal annulus corresponding to the 
“cold” Orientale hydrocode models [13] results in an-
nular zones of favored magma ascent in the inner/mid 
basin, with effective buoyancies in excess of the nega-
tive buoyancy of lunar basaltic melts with respect to 
lunar crust. These annular zones are likely to be the 
sources of the oldest maria flows. Once a substantial 
amount of basalt is emplaced, loading conditions will 
change to move favored ascent locations outward to 
the outer basin via indirect intrusive pathways [15, 16] 
or outer- and trans-basin areas via direct ascent path-
ways similar to those discussed here [4, 5]. Initial su-
per-isostatic conditions [7] would produce these latter 
states immediately; however, such conditions are not 
likely to be preserved for significant time scales [19]. 

Our results suggest, somewhat counterintuitively, 
that a relatively cold initial condition favors the erup-
tion of mare basalts (where melts are present in the 
subsurface) via maximizing the size of the impact-
induced sub-isostatic crustal annulus. This may in part 
account for why the ancient South Pole-Aitken (SPA) 
basin, with a presumably warm initial condition and 
lacking evidence for a crustal annulus, is relatively 

deficient in mare units compared to younger basins 
(although the declining role of stress gradient-inducing 
flexural stresses with increasing basin size may also 
play a role at SPA [5]). Of course, local varations in 
temperature related to content of radiogenic isotopes 
(e.g., the PKT terrain) will play roles in terms of initial 
thermal conditions and potential for basaltic melt gen-
eration. Colder target conditions will limit subsequent 
melt production, suggesting the existence of a “Goldi-
locks” optimum condition that balances the beneficial 
effects of cool (annular uplift) and hot (melt genera-
tion) conditions for the production of mare units.  
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Figure 1. Model results for loading by crustal annulus corresponding to the “cold” target model, Te  = 50 km. 

Blue (red) curves/points correspond to tangential (radial) horizontal principal stresses. (a) Lithospheric deflection. 
(b) Lithospheric stress: solid (dashed) curves for top (bottom) of lithosphere. (c) Magma ascent velocity; dashed 
horizontal lines give effective buoyant density. (d) magma ascent criteria; “Top” and “Bot.” refer to stress orienta-
tion [17] criterion at top and bottom of lithosphere, respectively; “Grad.” refers to stress gradient criterion [18] 
throughout lithosphere, “ALL” shows where all criteria are satisfied.  
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