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Science Concept 5: Lunar Volcanism Provides a Window into the 

Thermal and Compositional Evolution of the Moon 

 
Science Concept 5: Lunar volcanism provides a window into the thermal and compositional 

evolution of the Moon 

 

Science Goals: 

a. Determine the origin and variability of lunar basalts. 

b. Determine the age of the youngest and oldest mare basalts. 

c. Determine the compositional range and extent of lunar pyroclastic deposits. 

d. Determine the flux of lunar volcanism and its evolution through space and time. 

 

INT RODUCTION  

Features of Lunar Volcanism  

The most prominent volcanic features on the lunar surface are the low albedo mare regions, which 

cover approximately 17% of the lunar surface (Fig. 5.1).  Mare regions are generally considered to be made 

up of flood basalts, which are the product of highly voluminous basaltic volcanism.  On the Moon, such 

flood basalts typically fill topographically-low impact basins up to 2000 m below the global mean elevation 

(Wilhelms, 1987).  The mare regions are asymmetrically distributed on the lunar surface and cover about 

33% of the nearside and only ~3% of the far-side (Wilhelms, 1987).  Other volcanic surface features 

include pyroclastic deposits, domes, and rilles.  These features occur on a much smaller scale than the mare 

flood basalts, but are no less important in understanding lunar volcanism and the internal evolution of the 

Moon.  Table 5.1 outlines different types of volcanic features and their interpreted formational processes.  

TABLE 5.1 Lunar Volcanic Features 

Volcanic Feature Interpreted Process 

Pyroclastic deposit violent eruption caused by the rapid exolution of 

volatiles  

Flood basalts high volume of extrusive lavas 

Domes local build-up of extrusive or intrusive materials 

Sinuous rilles channels or collapsed lava tubes; uncertain if origin is 

erosional, constructive or both 

Linear rilles 

possible magmatic degassing of a stalled, subsurface 

dike; possible lava tube or channel following 

morphology of pre-existing structure; possible tectonic 

feature; possibly multiple 

 

Volcanic materials are surficial expressions of subsurface magmatism and can be used as tools for 

understanding large-scale internal and external lunar processes, links between the Earth and the Moon, and 

planetary evolution within the inner solar system.  Volcanic processes on Earth are comprised of a series of 

related, complex volcanic and tectonic systems that are not fully understood (Head and Coffin, 1997).  A 

general understanding of volcanic processes on both the Earth and the Moon is required to fully understand 

each planetary body individually as well as the relationships between the closely coupled Earth-Moon 
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System.  Moreover, each terrestrial planet in the solar system has unique compositional, thermal, and 

resurfacing properties.  It is imperative to understand how the evolution of volcanic processes through 

space and time vary between terrestrial planets.  Such information provides necessary supplemental data for 

completing our understanding of the thermal evolution of our own planet.  

Beyond describing the thermal evolution of terrestrial planets, a complete investigation of Science 

Concept 5 can provide ancillary information for other NRC (2007) Science Concepts, enhancing our 

knowledge of not only the Moon as a whole, but of the entire solar system.  For example, accurately dating 

volcanic resurfacing events will help refine crater size-frequency calculations with the result of advancing 

our understanding of the impact flux in the early and recent solar system (Science Goals 1a and 1d).  Also, 

understanding the depths and locations of source regions for volcanic materials provides information on the 

thermal, structural, and compositional evolution of the crust (Science Goals 2a, 3c, and 3d), upper mantle 

(Science Goal 2b), and heat-producing regions within the lunar interior (Science Goal 2d).  Sampling 

different types of volcanic rocks, including KREEP component samples, high-aluminum basalts, high 

titanium basalts, and low titanium basalts within their geologic context will supplement the lunar rock 

database with new samples of previously unsampled rocks types (Science Goal 3b) and will provide new 

and essential information on planetary differentiation properties (Science Goal 3a).  Describing lava ascent 

mechanisms will give insight into the structure of the regolith and mega-regolith layers (Science Goal 3e).  

Surface-covering lava layers from different depths and ages can provide insight into the scales on which 

weathering occurs on the lunar surface (Science Concept 7).  Sampling cryptomare regions reveal 

mechanisms and extent to which impact events mix layered materials in ejecta (Science Goal 6d).  Finally, 

studying the magma ascent through impact-induced fracture fields and extrusion through crater floors will 

advance our knowledge of impact processes, which is the most frequent geological resurfacing process 

within the solar system (Science Concept 6). 

 

FIGURE 5.1 Global albedo map of named mare regions. 
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Volcanic materials are also useful as resources for in-situ mineral resource extraction for both rocket 

propulsion and life-support systems and as shielding materials from the hostile space environment (e.g. 

uncollapsed lava tubes or loose pyroclastic deposits).  Thus, sampling and studying lunar volcanic deposits 

should be a prime scientific goal for future missions to the Moon. 

 

DATASETS AND METHODS   

To achieve the objective of determining the global coverage of all possible locations where individual 

goals of Science Concept 5 Science Goals can be addressed, the following steps were used: 

1. Detailed literature review of previous studies of lunar volcanism; 

2. Digitizing, geo-referencing and combining datasets where volcanic deposits, structures and 

features can be identified and categorized: 

a. Maps from previous studies. 

b. Tables from previous studies. 

c. Maps/images of the lunar surface from orbiting spacecraft. 

3. Where applicable, further mapping using current datasets to achieve global distribution 

coverage. 

A summary of the various datasets used in this study is presented in Table 5.2 (the mare basalt and glass 

database compiled by Clive Neal at Notre Dame University was also utilized).  Compositional, age, 

pyroclastic deposits, volcanic features, stratigraphic features, and other global maps were compared to 

identify locations where multiple features were located within 10 and 20 km of each other, reflect the 

current walk-back safety limits for crews during Extra-Vehicular Activities (EVAs).  This method enabled 

suggestion of landing sites where the maximum number of Science Concept 5 Science Goals may be 

addressed.  We separate these sites into Group 1 and Group 2 sites based on diversity of volcanic features, 

complexity of geology, accessibility to these features, and importance to addressing individual goals.  

TABLE 5.2 Table of datasets used to identify Science Concept 5 candidate landing sites. 

Mission Year Instrument  Data Description Resolution 

Lunar Orbiter I-V 
05/1967ï

10/1967 
Camera 

Individual frames and 

digitized and 

orthorectified image 

mosaics 

1ï154 m/pixel 

Apollo 8-17 
03/1968ï

12/1971 
Camera 

Panoramic and single 

frame images 
 

Clementine 
01/1994ï

06/1994 

Laser Image 

Detection and 

Ranging (LIDAR) 

system 

Topographic data 

Horizontal: ~1.9 

km/pixel, 

Vertical: ~140 

m/pixel 

  
Ultra-violet/Visible 

Camera (UVVIS) 

5 bands between 415 

and 1000 nm 
60ï160 m 

  
Near-infrared 

camera (NIR) 

6 bands between 1100 

and 2780 nm 
135ï240 m 
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Clementine: 

Metadata 

01/1994ï

06/1994 
UVVIS and NIR   

Lunar Prospector 
01/1997ï

01/1998 

Gamma Ray 

Spectrometer 
  

 

 

SCIENCE GOAL 5A: DETERMINE THE ORIGIN A ND VARIABILITY  OF LUNAR BASALTS  

Introduction  

Lunar volcanism covers approximately 17% of the Moonôs surface (Head, 1976).  The majority of this 

volcanism erupted on the lunar near-side, suggesting a fundamental difference between the near-side and 

far-side in terms of the thermal and compositional evolution of the Moon (e.g., Wasson and Warren, 1980; 

Lucey et al., 1994; Shearer et al., 2006).  The lunar magma ocean hypothesis, based on data provided by 

lunar basalts (e.g., Neal and Taylor, 1992), does not completely explain this asymmetry but continues to 

guide our understanding of the differentiation and evolution of the Moon.  Since the Moon and the early 

Earth have closely linked compositional and thermal histories during formation, understanding the origin 

and evolution of the Moon will provide insight into the early magmatic evolution of the Earth. 

The integration of petrographic, chemical, isotopic and age studies of basalts guides our understanding 

of the origin and processes involved in the generation of basaltic lavas.  Due to this multifaceted nature of 

studying basalt petrogenesis, a spatially and chemically diverse set of samples is needed to resolve 

discrepancies between petrogenetic models. 

Samples returned by the Apollo and Luna missions include several types of basalts, but global remote 

sensing data from the Clementine and the Lunar Prospector missions that a much broader range of 

compositions exist on the lunar surface.  Therefore, a strategic assessment of potential landing sites suitable 

for sampling additional basalts is needed. 

Methodology 

The following steps were applied to address Science Goal 5a: 

1. Determine chemical criteria for locating unsampled basalt units from literature and available 

compositional datasets; 

2. Compile detailed global compositional information in a spatial context using ArcGIS; 

3. Quantitatively combine compositional global maps with possible stratigraphic features, volcanic 

features, pyroclastic deposits, and surface age into global maps; 

4. Find an example location where multiple compositionally diverse and interstratified basalt flows 

may be studied. 

Mare Volcanism 

Mare volcanism on the Moon was mapped by the USGS (Wilhelms and McCauley, 1971; Wilhelms 

and El-Baz, 1977; Scott et al., 1977; Stuart-Alexander, 1978; Lucchitta, 1978; Wilhelms et al., 1979) based 

on their dark color and surface morphology (Wilhelms, 1987).  Figure 5.2 shows the distribution of mare 

volcanism, which clearly exhibits the nearside-farside asymmetry.   
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Lunar Basalt Types  

Lunar basalt compositions range in major and trace element abundances (BVSP, 1981).  Returned lunar 

samples are geochemically classified primarily based on Ti content for mare basalts (e.g., Neal and Taylor, 

1992; Papike et al., 1998).  In addition to the flood basalts of mare volcanism, KREEP volcanism is 

thought to represent pre-mare volcanism and has been collected in mostly highlands terrain (Papike et al., 

1998).  Figure 5.2 shows four examples of basalts returned from the Apollo missions.  The recognition of 

both sampled and unsampled basalt types will be important for the return to the Moon, because most likely 

there will be a restriction on the amount of sample permitted to return to Earth for study.  Identifying and 

ultimately collecting a variety of basaltic samples will aid in our understanding of the bulk Moon 

composition.  The bulk Moon composition is essential for determining the igneous evolution of the Moon 

as well as how the Moon and Earth can be compared (Lunar And Planetary Sample Team, 1985).  

 

FIGURE 5.2 Map of USGS Mare Units.  E = Eratosthenian, I = Imbrian, m = mare.  Data: US Geological 

Survey. 
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Chemical Compositions of Lunar Basalts 

The returned lunar basaltic lavas have provided a wealth of compositional information and provide 

important input for the magmatic evolution of a differentiated Moon.  However, these models are poorly 

constrained by existing samples of limited quantity and diversity of sample locations on the lunar surface.  

Therefore, more samples from chemically diverse regions need to be collected.  The present returned-

sample chemical data provide a solid foundation for establishing the chemical criteria to be used in 

selecting future sample sites where basalts with variable compositions are located. 

The compositional diversity of lunar basalts is revealed in major and trace element geochemistry, and 

has been reviewed in detail by Papike et al. (1976), BVSP (1981), Taylor et al. (1991), Neal and Taylor 

(1992), and Papike et al. (1998).  Three basalt type groups are reveled in MgO variation diagrams, 

especially MgO versus TiO2: a high TiO2 group (~8ï14 wt. %), a low TiO2 group (~1ï6 wt. %), and a very-

low-Ti group (<1 wt. %).  The majority of the returned lunar basalts range from ~15ï24 wt % FeO, while 

the highlands material, including anorthosite, range from ~1ï4 wt. % FeO (Spudis and Bussey, 2003).  This 

difference allows for identification of basalts using Fe remote sensing data.  The pre-mare KREEP basaltic 

lavas also have a distinct FeO content of ~10 wt. %.  The combination of the Fe content, enriched 

incompatible elements, and Th abundances allow for remote recognition of these rarely sampled basalts. 

Remote Sensing Data 

Chemical remote sensing data from the Clementine and Lunar Prospector missions has provided global 

geochemical information from the surface of the Moon.  Three datasets used to select possible landings 

sites are FeO and TiO2 weight percent from the LPI Clementine Mapping Project using the Lucey et al. 

(2000) method and a resolution of 0.5 km/pixel and +/- 1wt. %, and Th abundances derived by the Lunar 

 

FIGURE 5.3 Example photographs of different lunar basalt types.  All  images are from NASA JSCôs The 

Lunar Sample Compendium (http://curator.jsc.nasa.gov/lunar/compendium.cfm). 

http://curator.jsc.nasa.gov/lunar/compendium.cfm
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Prospector mission in half degree intervals and with less than 1 ppm margin of error (Lawerence et al., 

2000).  Maps of the global variations of these quantities are shown in Figs. 5.4ï5.6. 

 

 

FIGURE 5.4 Clementine FeO concentration Map of Possible Lunar Basalts.  The FeO weight percent 

ranges include the margin of error for tentative mare and non-mare compositions. 

 

FIGURE 5.5 Global Clementine TiO2 Composition Map.  Showing the possible compositional range of 

lunar basalts.  Compositional ranges include the margin of error. 



300 

Fe-Ti-Th Ratio Maps 

 The combination of Fe, Ti, and Th concentrations provides more comprehensive constraints on the 

global distribution and variability of lunar basalts.  Ratio maps of these quantities reveal regions of 

potentially unsampled basalt compositions.  Figure 5.7 shows a map of Clementine FeO/TiO2 ratio in each 

pixel.  Major areas of potentially unsampled basalts include Mare Frigoris, northern Mare Imbrium, 

Oceanus Procellarum, Aristarchus, and a cryptomaria region south of Mare Humorum.  Compared to the 

Apollo and Luna landing site compositions, these unsampled regions have different compositional values 

of FeO and TiO2. 

A Fe/Th ratio map (Fig. 5.8) shows potential locations where KREEP basalts might be found, as well as 

presenting a more comprehensive comparison for determining locations with additional chemical diversity.  

The majority of unsampled Fe/Th compositions are located in Oceanus Procellarum, southern Mare 

Imbrium, Mare Serenitatis, Mare Nubium, and Mare Humorum.  Some of the regions with unsampled 

Fe/Th and Fe/Ti overlap, which make them particularly interesting targets for exploration.  Ultimately, 

combining many high resolution datasets will provide the best constraints on potentially unsampled basalt 

types. 

 

FIGURE 5.6 Global Th Abundance Map.  Color scale represents relative concentrations. 


