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Introduction:  Studies of the sources of water (H, 

OH, H2O) in lunar polar deposits have focused on H de-

rived from the solar wind or deposited by hydrous im-

pactors. Since the discovery of water in lunar magmatic 

products, volcanic eruptions are clearly viable sources 

for volatiles. Such eruptions deposited substantial vol-

umes of H2O and other volatiles into the lunar exo-

sphere, possibly leading to the formation of an atmos-

phere with pressures up to 0.06 kPa [1]. Here we focus 

on water trapped in the lunar crust that might be released 

by lunar tectonic and impact processes as a possible 

long-term source for water to the surface system. 

Water Inventory in the Crust:  Water was clearly 

present in lunar magmas producing mare and KREEP 

basalts, and intrusive igneous rocks (e.g., [2-3]). Using 

available data and estimates on water concentrations in 

pre-eruptive magmas, volumes of mare basalts and py-

roclastic deposits, crustal thicknesses, and crustal geo-

chemical signatures, we have evaluated the total amount 

of hydrogen species (expressed as H2O) in the lunar 

crust. One uncertainty is the ratio of intrusive to extru-

sive mare basalt magma. On Earth, the intrusive/extru-

sive ratio ranges from 1 to 10, with a median of 5:1 [4]. 

Basaltic shields have ratios of 1:2, whereas ocean ridges 

have ratios of 5:1. We tentatively assume 2:1 for the 

Moon, and that mare basalt lavas lost 95% and pyroclas-

tics lost 98% of their initial H2O concentrations. We 

also assume that the crust in the PKT was composed en-

tirely of intrusive rocks of the Mg-suite and other 

KREEP-related magmas, or their impact-melted equiv-

alents (e.g., LKFM), adjusted for the volume of intruded 

mare basaltic magmas. For the volume of KREEP-

related rocks we use the volume of the Procellarum 

KREEP Terrane as determined by a crustal thickness of 

34 km and the Th distribution [5]. From published water 

measurements (summarized in [2,3]) we estimate that 

the average mare basaltic magmas contained 100 ppm 

H2O, pyroclastic magmas contained 1000 ppm, Mg-

suite magmas contained 100 ppm, and that the feld-

spathic highlands crust contains 0.1 ppm (double the 

amount measured in FAN rocks). Combined with esti-

mates of the volumes, these order-of-magnitude as-

sumptions result in a total interior mass of H2O of 5.7 × 

1016 kg (Table 1). For comparison, the polar cold traps 

are estimated to contain 1012 kg of H2O [6,7]. 

Water mobility: Theoretical considerations indi-

cate that Ar can be lost by diffusion from the lunar in-

terior [8] and there is some evidence from lunar high-

land samples for migrating fluid phases in the lunar 

crust, such as millimeter-sized volatile-rich apatite 

crystals in granulitic breccia 79215 [9]. On the other 

hand, precipitation of hydrous minerals provide stable 

sites for OH, inhibiting further transport. Furthermore, 

crystallizing magmas at depth are unlikely to lose sub-

stantial amounts of water to the surrounding rocks be-

cause of the low concentrations and high solubility of 

H2O. For example, at a depth of 20 km (middle of the 

crust), the pressure is about 0.1 GPa (1 kbar) and water 

has a solubility of 3 wt%, much higher than the con-

centration in Mg-suite parent magmas (0.01 wt%). 

Even after 99% crystallization of anhydrous minerals, 

H2O concentration would rise to only 1 wt%, still be-

low the saturation level. Moreover, apatite would crys-

tallize after 90% crystallization, hence decreasing 

H2O in the residual magma and, most important, 

providing a thermodynamically stable site for it as OH. 

A complicating factor is that a significant percentage 

of H-species in the magma is H2 (e.g., [10]), which is 

likely to be much more mobile than OH or H2O [11]. 

However, this would lead to a decrease in H2O in the 

interior, with delivery of only molecular hydrogen to 

the surface. Water transport to the surface is enhanced 

by early bombardment because of the extensive frac-

turing of the crust, which led to short diffusion dis-

tances before encountering a pore space [8]. Abundant 

porosity has been proven though analysis of the 

GRAIL data (e.g., [12]) and has been observed in mid-

crustal rocks of large impact basins [13].  

A more forceful process than diffusion is required 

to deliver significant amounts of water to the surface. 

We consider two here: moonquakes and impacts. 

Table 1. Inventory of H2O in the lunar crust. 

Water migration triggered by moonquakes: 

Apollo seismic data and morphological studies indicate 

that moonquakes are frequent. Many events release ar-

gon (summarized in [14]), so it is reasonable to assume 

that they could also mobilize loosely-bound H2O from 

 H2O (kg) 

Mare basalt 1.3 × 1014 

Intrusive mare basalt magma 5.2 × 1015 

Pyroclastic deposits 2.1 × 1012 

Intrusions of pyroclastic magma 1.0 × 1014 

Mg-suite and KREEP 3.8 × 1016 

Feldspathic highlands 1.4 × 1016 

Total water in crust 5.7 × 1016 
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the porous megaregolith. The most promising are shal-

low moonquakes confined to the crust, such as those 

producing some of the lobate scarps and causing boul-

der falls. These so-called “high-frequency teleseismic 

(HFT) events” are correlated with releases of  40Ar [15]. 

We can estimate the amount of H2O released by these 

moonquakes in two ways: the correlation of H2O with 
40Ar and from the volume of material affected by 

stresses in fault zones that encompass the entire thick-

ness of the crust.  

Grava et al. [14] reexamined the data from the Lunar 

Atmosphere Composition Experiment (LACE) de-

ployed during the Apollo 17 mission, estimating that on 

average 6.7 × 103 kg of 40Ar were released during each 

HFT event. We can use measurements of the H2O/40Ar 

ratio due to the HFT moonquakes to estimate the 

amount of water released by such moonquakes.  The 

LACE experiment indicated H2O/40Ar of 0.07 [16]. In 

contrast, the Suprathermal Ion Detector Experiment 

(SIDE) indicated a H2O/40Ar ratio of 2.4. Using these 

values as upper and lower limits, and a crustal 40Ar con-

tent of 2.9 × 1018 kg (from a K concentration of 400 ppm 

and decay of 40K during 4 Ga), a crustal H2O content of 

5.7 × 1016 kg, and 5 HFT events per year, we estimate 

that the amount of H2O released per year is between 4.6 

× 102 to 1.6 × 104 kg (see shaded area in Fig. 1). 

We estimated water loss during faulting, assuming 

an H2O concentration of 10 ppm, a fault plane width of 

100 km, fault zone thickness of 10–100 meters, and fault 

plane length equal to a 30 plane through a crust 34 km 

thick. Assuming 10–100% water loss, and that each 

fault has a lifetime of 1 My, this amounts to 102–104 

kg/y, in the range determined from Ar release (Fig. 1). 

 
Fig. 1. Water release per year as a function of fault zone 

thickness and the percentage of water lost over the 

lifetime of each fault.  

Impact Cratering. The Moon is heavily cratered. If 

moonquakes can cause water to be released from the 

crust, surely impacts can, too. Assuming an average 

crustal H2O concentration of 10 ppm (most of the crust 

is anorthositic with H2O of only 0.1 ppm), we calculated 

the amount lost during impacts over the past 3 Ga, as-

suming the Hartmann crater production function (equa-

tions 5.11 [17]) for craters ranging from 1 to 100 km in 

diameter, and used the melt production function from 

Abramov et al. [18], assuming an impact velocity of 14 

km/s and an impact angle of 45 degrees. We also made 

the reasonable assumption that all water is lost from the 

impact melt, and a less certain assumption that only 

10% of the water is lost from the displaced material. The 

result is that the integrated loss due to impacts in the 1–

100 km size range is 2 × 103 kg/y, in the range calculated 

for release by faulting. Thus, moonquakes and impacts 

cause the release of similar amounts of water from the 

interior. 

Comparisons with other sources. The amount of 

water released from the interior due to moonquakes and 

impact cratering, 102–104 kg/y is lower than that esti-

mated to be contributed by the solar wind [18] and hy-

drous asteroids [20], both about 107 kg/y. While mag-

matism would have been a more efficient way to deliver 

water from the interior to the surface in ancient lunar 

history, current seismic and impact activity that pene-

trates beneath the regolith may deliver small abun-

dances of water to the lunar exosphere. 
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