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ABSTRACT  

   

Both volcanic and tectonic landforms are surface expressions of the inner workings 

of a planet. On Earth, volcanism and crustal deformation are primarily surface expressions 

of plate tectonics. In contrast, the lunar crust has been deformed by solely endogenic 

processes following large impact events. 

The Procellarum KREEP (potassium (K), rare earth elements (REE), and 

phosphorus (P)) Terrane (PKT) is a thermally and chemically distinct geologic province 

on the Moon. Despite the wealth of remote sensing data, the origin and evolution of the 

PKT is poorly understood. This study focuses on floor-fractured craters and silicic magma 

genesis within the PKT. 

First, I present a detailed study of floor-fractured craters, including morphometric 

measurements using topographic datasets from the Lunar Reconnaissance Orbiter Camera 

(LROC), variations in temporal heat flow, lithospheric rheology and the locations of floor-

fractured craters relative to impact basins. The overarching conclusion is viscous relaxation 

and magmatic intrusion are not necessarily mutually exclusive, as has been argued in 

earlier studies. This work also provides new evidence for the existence of the putative 

Procellarum basin. 

 Next, with rhyolite-MELTS modeling, I demonstrate that fractional crystallization 

of KREEP basalt magmas is a plausible mechanism for generating silicic melts. The results 

suggest that following crystallization, the composition of the remaining ~30 wt.% liquids 

are consistent with returned lunar silicic fragments. 

 Finally, using crater counting methods I tested the stratigraphic relationship 

between the floor-fractured crater, Hansteen, and the silicic volcanic landform, Mons 
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Hansteen. Absolute model ages (AMAs) suggest that the basalts on the floor of Hansteen 

crater formed contemporaneously with Mons Hansteen, implying that bimodal volcanism 

might have played a role in silicic magma genesis on the Moon. 
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CHAPTER 1 

INTRODUCTION 

Across the Solar System, volcanism is ubiquitous and is one of the dominant 

processes for forming planetary crusts. Crusts subsequently undergo large-scale 

deformation due to tectonic processes. As such, both volcanic and tectonic landforms are 

surface expressions of the inner workings of a planet. On Earth, volcanism and crustal 

deformation are primarily surface manifestations of plate tectonics (Kearney et al., 2007). 

In the absence of plate tectonics, the lunar crust has been deformed by endogenic processes 

following basin-scale impacts (D > 300 km). Understanding the formation and deformation 

of the lunar crust provides insights into the thermal and lithospheric evolution of the Moon. 

This work addresses two high-priority science questions outlined in the National 

Aeronautics and Space Administration (NASA) Planetary Decadal Survey – 1) How have 

myriad chemical and physical processes that shaped the Solar System operated, interacted, 

and evolved over time, and 2) What are the major surface features and modification 

processes on each of the inner planets? (NRC, 2011). 

There is a distinct topographic and geochemical dichotomy between the nearside 

and farside. The lunar nearside surface is dominated by large impact basins filled with vast 

expanses of volcanic deposits. In the nearside, large impacts caused the thinning of the 

primary crust and were subsequently modified by the infilling of basaltic lavas (mare 

basalts) formed from the partial melting of the mantle. Much of the nearside surface makes 

up the Procellarum KREEP (potassium (K), rare earth elements (REE), phosphorus (P)) 

Terrane (PKT) (Jolliff et al., 2000; Wieczorek & Phillips, 2000).  
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The PKT is a thermally and chemically unique province delineated by thorium (Th) 

abundance of > 3 ppm, as measured by the Lunar Prospector Gamma Ray Spectrometer 

(LP-GRS) (Lawrence et al., 1999). The PKT is home to volcanic landforms such as shield 

volcanoes, silicic volcanic constructs, and tectonic landforms such as wrinkle ridges, 

graben, and floor-fractured craters. Four out of the six Apollo missions landed within the 

PKT; as such, heat flow measurements, seismic data, and much of the samples collected 

are representative of this region. Since the Apollo era, a wide variety of orbital datasets 

from the Clementine, Lunar Prospector, Kaguya, and the Lunar Reconnaissance Orbiter 

(LRO) have improved our understanding of the lunar surface (REFs). However, despite the 

wealth of data, the origin and evolution of the PKT is still poorly understood (REF). This 

dissertation focuses on floor-fractured craters and silicic volcanic landforms within the 

PKT to constrain its thermal and lithospheric evolution. 

   Floor-fractured craters are a class of impact craters that have undergone 

deformation due to volcano-tectonic processes and are preferentially distributed along the 

boundary of the PKT (Schultz, 1976; Jozwiak et al., 2012). In chapter 2, morphometric 

measurements from Lunar Reconnaissance Orbiter Camera (LROC) topographic datasets 

(Robinson et al., 2010; Scholten et al., 2010) are presented to test the extent of modification 

floor-fractured craters underwent relative to non-floor-fractured craters. Temporal heat 

flow and the geothermal gradient are modeled to test if conditions were viable for viscous 

relaxation of floor-fractured crater topography early in lunar geologic history (i.e., the pre-

Nectarian period).  

 Silicic volcanic landforms on the Moon are rare and are distributed along the PKT 

boundary. The presence of silicic volcanic landforms on the Moon is enigmatic given that 
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the key ingredients (i.e., water and plate tectonics) that are typically invoked for producing 

large-scale silicic melts on Earth are not part of our foundational understanding of lunar 

formation and evolution. The work presented in chapter 3 tests the two leading hypotheses 

for the formation of silicic melts on the Moon – crustal melting and fractional 

crystallization of KREEP basalt magmas (Hagerty et al., 2003; Ryder, 1976). Both 

hypotheses are tested using the rhyolite-MELTS program to simulate silicic magma genesis 

in the lunar environment (Gualda et al., 2012). Chapter 3 also explores the Anorthosite-

Mangerite-Charnockite-Granite (AMCG) suite as a potential terrestrial analog to lunar 

silicic volcanic landforms. 

 Silicic volcanic landforms and floor-fractured craters are located within ~50 km of 

each other. Chapter 4 is a pilot study that tests the potential stratigraphic relationship 

between Hansteen crater, a floor-fractured crater and Mons Hansteen, a silicic volcanic 

landform in southern PKT. Due to the lack of samples from both Mons Hansteen and 

Hansteen craters, absolute model ages (AMAs) are derived from crater size-frequency 

distribution (CSFD) measurements. From the derived AMAs, I test whether bimodal 

volcanism was plausible in the geologic history of the Moon. 

 Chapter 5 summarizes the findings of the three studies presented in this dissertation 

and outlines knowledge gaps that need to be addressed in the future.  
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CHAPTER 2 

ORIGIN OF LUNAR FLOOR-FRACTURED CRATERS: REVISITING THE 

VISCOUS RELAXATION HYPOTHESIS 

This is a manuscript in preparation with co-authors M. S. Robinson and T. R. Watters 

2.1 Abstract 

The origin of the Procellarum potassium, rare earth elements, and phosphorus (KREEP) 

Terrane (PKT) is not well understood. The PKT contains the largest concentration of floor-

fractured craters and silicic volcanic landforms on the Moon. The mechanisms contributing 

to the formation of floor-fractured craters remain enigmatic after decades of study. The 

current widely accepted floor-fractured crater origin hypothesis is magmatic intrusion; 

primarily based on heterogeneous gravity anomalies exhibited by these landforms. 

However, unmodified craters also exhibit similar gravity characteristics, making the 

magmatic intrusion hypothesis problematic. The other hypothesized formation mechanism 

is viscous relaxation, where short wavelength topographic features of a crater undergo a 

reduction in amplitude in response to viscous flow enabled by elevated lithospheric 

temperatures.  

Here we test the viscous relaxation and magmatic intrusion formation hypotheses using 

morphometric measurements, temporal heat flow models, and the spatial distribution of 

floor-fractured craters. Floor-fractured craters exhibit significantly lower volumes than 

unmodified craters of all age ranges, indicating an extensive modification to their 

topography. Rim-crest relief measurements reveal that ~40% of the floor-fractured craters 

exhibit lower rims than unmodified craters. Our estimated heat flow values within the PKT 

during floor-fractured crater formation (i.e., 4 Ga – 3.5 Ga) coupled with their 
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spatiotemporal association in areas with initial geothermal gradients > 30K km-1 and 

topographically subsided pre-Nectarian basins, is consistent with the viscous relaxation 

hypothesis. Lastly, we find circumstantial evidence for the existence of the Procellarum 

basin based on the spatial distribution of floor-fractured craters circumferential to the PKT.  

2.2 Introduction 

 

Figure 2.1 Characteristics of lunar floor-fractured craters. (A) Vitello crater (D = 40 km, -

30.4, 322.5) exhibits radial/concentric fractures, (B) Gassendi crater (D = 100km, -17.4, 

320) exhibits mare basalt infill, and (C) Alphonsus crater (D = 110km, -13.4, 357) 

exhibits DMDs. 

Floor-fractured craters are impact craters that underwent modification by volcano-

tectonic processes as evidenced by polygonal, radial, or concentric fractures, normal faults, 

and graben. They sometimes host volcanic landforms such as mare basalt infill and dark 

mantle deposits (DMDs) (Fig. 2.1 A-C). Morphometric studies show that floor-fractured 

craters exhibit low depth/diameter (d/D) ratios compared to morphologically fresh craters 

(i.e., Copernican and Eratosthenian) of the same size (Schultz, 1976; Jozwiak et al., 2012; 

Ravi and Robinson, 2019). Floor-fractured craters were formed either by viscous relaxation 
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or magmatic intrusion (Schultz, 1976; Jozwiak et al., 2012; Hall et al., 1981). In the 

magmatic intrusion hypothesis, crater floors undergo uplift and fracturing due to an 

intruding magma body such as a dike or a laccolith. This mechanism contributes to floor 

uplift and thus shallowing of the craters, as evidenced by low d/D ratios. In the viscous 

relaxation hypothesis, short wavelength topographic features of the host crater (i.e., crater 

rims) undergo modification through a reduction in amplitude long wavelength crater floors 

are uplifted due to lateral viscous flow of crustal materials in response to elevated 

temperatures. 

Floor-fractured craters occur preferentially along mare basin margins with >60% 

concentrated along the western boundary of the Procellarum KREEP (potassium (K), rare 

earth elements (REE), and phosphorus (P)) Terrane (PKT; Fig. 2.2). However, the age of 

the host crater, the timing of fracture formation, and the formation mechanism of floor-

fractured craters are not well constrained. 

Here we test the leading hypotheses for the formation of floor-fractured craters using 

morphometric measurements (crater volumes and rim-crest height measurements) and the 

geospatial association of floor-fractured craters with mare basins using image and 

topography datasets from the Lunar Reconnaissance Orbiter Camera (LROC; Scholten et 

al., 2012; Robinson et al., 2010). Determining the mechanism(s) that resulted in these 

landforms and documenting their spatial distribution is essential to constraining spatio-

temporal variations in the heat flow within and the thickness of the lunar lithosphere. 
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2.3 Geologic Background 

2.3.1 Procellarum KREEP Terrane 

There are three major geological provinces on the Moon – the PKT (Fig. 2.2), the 

Feldspathic Highlands Terrane (FHT), and the South Pole Aitken Terrane (SPAT) (Jolliff 

et al., 2000). Observations from the Lunar Prospector Gamma Ray Spectrometer (LP-GRS) 

shows that the PKT is a thermally and geochemically unique province delimited by Th 

abundance (Wieczorek and Phillips, 2000; Jolliff et al., 2000). The highly incompatible 

KREEP material in urKREEP formed the last remains of the lunar magma ocean between 

the anorthositic crust and the denser, mafic-ultramafic mantle (Wieczorek and Phillips, 

2000; Jolliff et al., 2000; Warren, 1985; Wood et al., 1970).  

There are two widely debated hypotheses for the presence of the PKT. On the one hand, 

the presence of the PKT and the asymmetry in the crustal thickness between the near and 

farside are attributed to the formation of a “Gargantuan basin” early in lunar history at 

~4.1-4.2 Ga, as evidenced by whole-rock isochrons from returned Apollo samples 

(Cadogan, 1974). Additionally, the thinner nearside crust (relative to the farside) is 

attributed to ejecta from the “Gargantuan basin.” Whitaker (1981) postulated the presence 

of the “Gargantuan basin,” henceforth, the Procellarum basin, bounded by Mare Frigoris 

to the north, Mare Vaporum to the east, Mare Cognitum to the south, and western Oceanus 

Procellarum. The highly subdued relief (i.e., lack of multiple ring systems common in large 

impact basins) of the putative Procellarum basin is attributed to its formation in early lunar 

history, at a time when the relatively thin lithosphere coupled with relatively higher 

geothermal gradients led to viscous relaxation (Whitaker, 1981). Additionally, formation 
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of the Procellarum basin would have excavated and distributed KREEP-rich materials 

(Whitaker, 1981; Wilhelms, 1983; Wilhelms, 1987; McEwen, 1994). 

Alternatively, the Imbrium impact event was responsible for excavating KREEP-rich 

materials as evidenced by high-Th concentrations in the central nearside (e.g., Schultz and 

Spudis, 1985; Spudis and Schultz, 1985). In this hypothesis, the presence of the PKT is 

attributed solely to the Imbrium impact event (e.g., Schultz and Spudis, 1985; Spudis and 

Schultz, 1985), and the boundary for the proposed Procellarum basin (Whitaker, 1981) 

represents the outer ring of the Imbrium basin (Schultz and Spudis, 1985; Spudis and 

Schultz, 1985; Spudis, 1993). 

 

Figure 2.2 Lunar Prospector Gamma Ray Spectrometer (LP-GRS) thorium abundance 

map (Lawrence et al., 1998) overlain on the Lunar Reconnaissance Orbiter Camera 

(LROC) Wide Angle Camera (WAC) monochrome mosaic (Robinson et al., 2010). Lat: + 

65; Lon: + 180. The PKT is defined by this compositional anomaly and is shown in white 

(Jolliff et al., 2000; Wieczorek and Phillips, 2000), the Imbrium basin (Spudis, 1993) is 

shown in a solid black line, and the proposed Procellarum basin (Whitaker, 1981) in shown 

in a dotted black line. 
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2.3.2 Formation hypotheses for Floor-fractured craters 

2.3.2.1 Magmatic intrusion 

 

Figure 2.3 Diagram illustrating the magmatic intrusion hypothesis. (A) Pre-existing impact 

crater topography; (B) the crater floor experiences flexure in response to intruding magma 

at the base of the crater floor; (C) the intruding laccolith causes uplift and brittle 

deformation of the crater floor, resulting in fractures; (D) topographic profile of Mersenius 

crater (floor-fractured crater) and corresponding plan view. 

In the magmatic intrusion model, the floors of pre-existing craters are uplifted and 

deformed by the intrusion of dikes and sills (Schultz, 1976; Jozwiak et al., 2012). Since 

most floor-fractured craters formed along the margins of impact basins, it was postulated 

that the magmatic intrusions that gave rise to the maria likely also deformed overlying 

impact craters (Schultz, 1976; Jozwiak et al., 2012). The intruding laccolith causes the 



11 

crater floor uplift, which results in isotropic extensional stresses, thereby forming 

polygonal normal faults and graben (Fig. 2.3). The magmatic intrusion mechanism only 

affects long-wavelength topographic features such as the crater floor, while short 

wavelength topographic features such as the rim-crest height remain unchanged (Schultz, 

1976; Jozwiak et al., 2012; Fig. 2.3). However, the shallowing of crater floors could also 

be the effect of viscous relaxation (Schultz, 1976; Hall et al., 1981; Jozwiak et al., 2012). 

Jozwiak et al. (2017) interpreted heterogeneous gravity anomalies associated with floor-

fractured craters resulted from magmatic intrusions of varying density (Jozwiak et al., 

2017). However, we observe that the floors of morphologically fresh craters also exhibit 

similar heterogeneous gravity anomalies, inconsistent with the magmatic intrusion 

hypothesis. 
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2.3.2.2 Viscous relaxation 

 

Figure 2.4 Diagram illustrating the modification of Lalande crater due to viscous 

relaxation (Hall et al., 1981). In this half-space model, both long and short wavelength 

features experience modification as exhibited by the shallowing of crater floor and the 

subsidence of the rim-crest. 

In the viscous relaxation model, the pre-existing crater (i.e., the crater prior to fracture 

formation) undergoes modification and deformation due to thermal anomalies (Schultz, 

1976; Hall et al., 1981; Jozwiak et al., 2012). Viscous relaxation contributed to the 
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shallowing of long-wavelength topographic features (i.e., crater floors) via uplift and the 

subsidence of short wavelength topographic features (i.e., rim-crest relief) of the impact 

craters that formed during basin relaxation (Fig. 2.4). While the duration of basin-scale 

viscous relaxation is not well constrained, it is likely that Copernican and Eratosthenian 

aged craters are largely unaffected by this mechanism. However, rim-crest relief 

measurements of floor-fractured craters (n = 10) appear unchanged compared to 

Copernican and Eratosthenian age craters, leading Jozwiak et al. (2012) to discount viscous 

relaxation as a formation mechanism (Fig. 2.9). Dombard and Gillis (2001) tested the 

viscous relaxation hypothesis by approximating the rheology of the lunar lithosphere using 

the strain rate (𝜖̇) of Columbia dry diabase and present-day heat flow measurements and 

concluded that the lunar lithosphere was too rigid for viscous relaxation to have contributed 

to the formation of floor-fractured craters (Dombard and Gillis, 2001).  

2.3.3 Spatial distribution of floor-fractured craters with respect to impact basins 

Floor-fractured craters are generally distributed along the mare-highlands boundary, 

with >50% (n = 100) preferentially clustered along the boundary of the PKT, 4% (n = 5) 

within Imbrian basins, 15% (n = 30) within Nectarian basins, and 32% (n = 65) within pre-

Nectarian basins (Schultz, 1976; Jozwiak et al., 2012; this study; Fig. 2.5).  

Lunar impact basins (D > 300km) exhibit a concentric peak ring, which formed 

between 4.3 Ga and ~3.5 Ga. The South Pole Aitken (SPA basin) is the oldest, and the 

Orientale basin the youngest (Hartmann and Wood, 1971; Wilhelms, 1987; Spudis, 1993). 

The basins are divided into three groups based on morphologic characteristics and gravity 

signatures – group 1 basins exhibit well-preserved topography, strong gravity signatures, 

and little to no mare infill; group 2 basins exhibit large volumes of mare basalt deposits, 
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and their topography and gravity are primarily influenced by mare deposits; and group 3 

basins exhibit low amplitude relief and weak gravity signatures (Table 1; Mohit and 

Phillips, 2006). All group 3 basins are pre-Nectarian in age, suggesting that they likely 

underwent viscous relaxation, given that the early lunar lithosphere was probably thinner 

and weaker, consistent with the highly subdued relief of these basins (Table 1; Mohit and 

Phillips, 2006). While previous studies report the association of floor-fractured craters with 

mare basins, their potential association with pre-Nectarian, group 3 basins have not yet 

been observed. 

 

Figure 2.5 Global spatial distribution of floor-fractured craters. The PKT is shown in red 

(Wieczorek and Phillips, 2000). Base map: LROC WAC GLD100 DTM (Scholten et al., 

2012), map is centered on 0N,0E; Lat: + 90; Lon:+180. 
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Table 2.1 Lunar basins classified based on their topographic characteristics and gravity 

signatures (from Mohit and Phillips, 2006). aP: pre-Nectarian; N: Nectarian; I: Imbrian; 

numbers increase with age. 

Basin Diameter 

(km) 

Agea Group Region 

South Pole-

Aitken 

2500 P-14 1 SPA 

Orientale 930 I-1 1 Limb 

Mendel-

Rydberg 

630 N-6 1 Limb 

Humboldtianum 600 N-4 1 Limb 

Freundlich-

Sharanov 

600 P-8 1 Far 

Hertzsprung 570 N-4 1 Far 

Coulomb-Sarton 530 P-11 1 Far 

Korolev 440 N-6 1 Far 

Moscoviense 440 N-6 1 Far 

Imbrium 1160 I-3 2 PKT 

Crisium 1060 N-4 2 Near 

Nectaris 860 N-6 2 Near 

Smythii 840 P-11 2 Limb 
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Humorum 820 N-4 2 PKT 

Serenitatis 740 N-4 2 Near 

Grimaldi 430 P-7 2 PKT-adj 

Fecunditatis 990 P-13 3 Near 

Australe 880 P-13 3 Limb 

Tranquillitatis 800 P-13 3 Near 

Mutus-Vlacq 700 P-13 3 Near 

NW Procellarum 700 P 3 PKT 

Tsiolkovskiy-

Stark 

700 P-14 3 Far 

Nubium 690 P-13 3 PKT 

Lomonosov-

Fleming 

620 P-13 3 Far 

Balmer 500 P(>=11) 3 Near 

Keeler-

Heaviside 

500 P-12 3 Far 

 

 

2.4 Methods 

2.4.1 Volumetric analysis 

Crater volume as a function of diameter is an indicator of the extent of crater 

modification due to uplift and intrusion (Fig. 2.6). We estimate the volumes of floor-

fractured craters (n = 200; Jozwiak et al., 2012; this study) and compare them to volumes 
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of unmodified craters of Copernican and Eratosthenian (n = 170; Ravi et al., 2017), Imbrian 

(n = 14; Wilhelms, 1987), and Nectarian (n = 30; Wilhelms, 1987) age. The volumes are 

calculated using the LROC WAC GLD100 Digital Terrain Model (DTM) at the 100 

meter/pixel scale (Scholten et al., 2012).  We exclude non-floor-fractured craters with mare 

basalt infill as they would skew our results.  The volume of the crater V is given by: 

𝑉 =  ∑(𝐸𝑅 − 𝐸𝑖) × 𝑃2

𝑛

𝑖=1

 

where ER is the average rim elevation, Ei is the elevation at each point inside the crater, and 

P is the pixel scale. 

 

Figure 2.6 Visual representation of the methods used to compute (A) crater volume and 

(B) crater rim-crest heights. The floor-fractured crater shown here is Cardanus (D = 50 

km). Base maps: LROC WAC GLD100 DTM (Scholten et al., 2012) overlain on LROC 

WAC monochrome mosaic (Robinson et al., 2009). 
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2.4.2 Rim-crest height measurements 

We measure and compute the exterior rim-crest heights of floor-fractured craters (n = 

200; Jozwiak et al., 2012; Ravi and Robinson, 2019) using the LROC WAC GLD100 DTM 

100 meter/pixel scale (Scholten et al., 2012). We then compare the rim crest heights to non-

floor-fractured craters of Imbrian (n = 14; Wilhelms, 1987), Nectarian (n = 30; Wilhelms, 

1987), and pre-Nectarian (n = 51; Losiak et al., 2014) ages to test the viscous relaxation 

hypothesis (Fig. 2.6).  The relief H of the rim-crest of a crater is given by: 

𝐻 = 𝐸𝑅 − 𝐸𝐵 

where EB is the average elevation of the surrounding area beyond the ejecta blanket (i.e., 

1.5 radii from the center of the crater; Fig. 2.6). 

2.4.3 Heat flow model 

The present-day heat flow at the Apollo 15 and Apollo 17 sites were measured as 21mWm-

2 and 15 mWm-2 respectively (Langseth et al., 1976). The thickness of the Earth’s elastic 

lithosphere is given by the depth to the 250C to 450C isotherm (Chen & Molnar, 1983; 

Wiens & Stein, 1983; see fig. 6 in Watters, 2022), which is likely appropriate for the lunar 

highlands. This corresponds to a present-day lunar lithospheric thickness of 30 km to 50 

km (Watters, 2022). The evolution of the lunar lithospheric thickness over time is not well 

constrained. Watters (2022) estimated the thickness of the lunar lithosphere beneath the 

PKT to be 10-18km if the heat flux was comparable to that of old terrestrial oceanic 

lithosphere, and ∼5–9 km if heat flux was comparable to young oceanic lithosphere during 

early wrinkle ridge formation (~4Ga). 

We estimate heat flow measurements beneath the PKT at 4Ga using Fourier’s law 

(Turcotte and Schubert, 1982).  
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Fourier’s law is given by: 

𝑞 =
𝑘 Δ𝑇

𝑙
 

where, q is the heat flux through a slab of thickness l, k is the thermal conductivity of 

the slab material assumed to be 2 W m-1 K-1, which is a reasonable estimate for the fractured 

anorthositic highlands crust (Wieczorek & Phillips, 2000; Watters, 2022), and Δ𝑇 is the 

temperature difference between the surface and base of the elastic lithosphere (Turcotte 

and Schubert, 1982). The global average surface temperature is estimated to be 262 K 

(Hurley et al., 2015). We find that a 10% uncertainty in the global average surface 

temperatures does not have any significant effect on the heat flow calculations. The heat 

flow measurements are calculated assuming an initial lithospheric thickness of 5 km to 9 

km and 10 km to 18 km (Watters, 2022). The thickness of the oceanic lithosphere increases 

linearly with the √𝑡, however this relation does not hold for t > 70 Ma (Calmant et al., 

1990). Therefore, we assume a simple linear increase in the thickness of the lithosphere 

over a timeframe extending billions of years. 

2.5 Results 

2.5.1 Volumetric analysis 

The volumes of floor-fractured craters are 45%, 90%, and 35% that of unmodified 

craters of Copernican and Eratosthenian (combined), Imbrian, and Nectarian age craters 

normalized to their diameters, respectively (this study; Fig. 2.7). Both magmatic intrusion 

and viscous relaxation can contribute to the shallowing of crater floors and as such overall 

volume of floor-fractured craters. Hence, this does not constrain the mechanism, prompting 
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the need to measure short-wavelength topographic features such as exterior rim-crest relief 

measurements. 

 

Figure 2.7 Volume vs. diameter for floor-fractured craters compared to unmodified 

Nectarian, Imbrian, and Copernican and Eratosthenian relative ages. 

2.5.2 Rim-crest height measurements 

Jozwiak et al. (2012) noted that both floor-fractured craters and non-floor-fractured 

craters of Copernican and Eratosthenian age exhibit similar rim-crest relief with respect to 

diameter, leading them to discount the viscous relaxation hypothesis. However, we noted 

that ~40% of floor-fractured craters exhibit rim-crest heights lower than non-floor-

fractured craters of Imbrian, Nectarian, and pre-Nectarian ages with respect to diameter 

(Fig. 2.8), consistent with the viscous relaxation hypothesis. Furthermore, we compared 

our rim-crest relief measurements of floor-fractured craters to that of Jozwiak et al. (2012), 

and non-floor-fractured craters of Copernican and Eratosthenian craters from Pike (1976) 

(Fig. 2.9). We find that 96% of floor-fractured craters have lower rim-crest heights 

compared to unmodified Copernican and Eratosthenian craters from Pike (1976) (Fig. 2.9). 

Jozwiak et al. (2012) only reported rim-crest relief measurements for 11 floor-fractured 
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craters and five fresh (i.e., Copernican and Eratosthenian age) craters, leading them to 

reject the viscous relaxation hypothesis as a plausible formation mechanism for floor-

fractured craters (Fig. 2.9). The discrepancies between the rim-crest height measurements 

of Jozwiak et al. (2012), Pike (1976), and this study remain unexplained, as the results of 

Jozwiak et al. (2012) are not reproducible. 

 

Figure 2.8 Rim-crest height measurements for floor-fractured craters (Jozwiak et al., 2012; 

this study) compared to unmodified craters of pre-Nectarian (Wilhelms, 1987), Nectarian 

(Wilhelms, 1987), and Imbrian (Wilhelms, 1987) relative ages. The data are fitted to a 

linear regression. 
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Figure 2.9 Rim-crest height measurements for floor-fractured craters (Jozwiak et al., 

2012; this study) compared to fresh craters (Pike,1976; Jozwiak et al., 2012). Data from 

this study and Jozwiak et al. (2012) are fitted to a linear regression. Data from Pike 

(1976) are fitted to a power law regression. 

2.5.3 Heat flow model 

Based on the shock physics code iSALE and thermal models, Ding and Zhu (2022) 

showed that a thermal gradient of >30 K km-1 is required for viscous relaxation of lunar 

topography. The threshold of 30 K km-1 was calculated based on the assumption of Th 

abundance of 4ppm for the bulk lunar crust or 10ppm for a 10km thick KREEP layer 

beneath the crust. We calculated the heat flow beneath the PKT as 104 mWm-2 to 64 mWm-

2 (assuming initial elastic lithospheric thickness Te = 5 km to 9 km) and 52mWm-2 to 

41mWm-2 (assuming initial Te = 10 km to 18 km) between 4 Ga and 3.5 Ga (Fig. 2.10), 

which are timescales corresponding to the formation of floor-fractured craters (Schultz, 

1976; Jozwiak et al., 2012). We calculated the corresponding thermal gradients as 52 K 
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km-1 to 32 K km-1 (assuming initial Te = 5 km to 9 km) during the formation of floor-

fractured craters (Fig. 2.11), consistent with the conditions favorable for viscous relaxation 

(Ding and Zhu, 2022). 

Kamata et al. (2013) computed heat flow and corresponding thermal gradients of lunar 

impact basins at the time of their formation (Fig. 2.12). We observe that floor-fractured 

craters are preferentially distributed within basins with initial thermal gradients > 30 K 

km-1, consistent with viscous relaxation (Fig. 2.12). 

 

Figure 2.10 Temporal heat flow variations beneath the PKT. The blue line represents an 

initial lithospheric thickness of 5 km to 9 km, and the red line represents an initial 

lithospheric thickness of 10 km to18 km given by the 250C and 450C isotherms 
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respectively. Shading indicates the range in age estimated for the formation of floor-

fractured craters.  

 

Figure 2.11 Temporal variations in the thermal gradient beneath the PKT derived from 

heat flow models. Shading indicates the range in age estimated for the formation of floor-

fractured craters. 
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Figure 2.12 Spatial distribution of floor-fractured craters, the PKT, and impact basins 

with modeled initial thermal gradients (i.e., thermal gradients due to basin impacts) 

(Kamata et al., 2013). Base map: LROC WAC GLD100 DTM (Scholten et al., 2012), 

map is centered on 0N,0E; Lat: + 90; Lon: +180. 
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2.5.4 Spatial distribution of floor-fractured craters with respect to impact basins 

 

Figure 2.14 Global spatial distribution of floor-fractured craters with respect to Imbrian-

age basins. Base map: LROC WAC GLD100 DTM (Scholten et al., 2012). Base map: 

LROC WAC GLD100 (Scholten et al., 2012), map centered on 0N, 0E; Lat: + 90; Lon: 

+ 180. 
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Figure 2.15 Global spatial distribution of floor-fractured craters with respect to Nectarian-

age basins. Base map: LROC WAC GLD100 (Scholten et al., 2012), map centered on 0N, 

0E; Lat: + 90; Lon: + 180. 
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Figure 2.16 Global spatial distribution of floor-fractured craters with respect to pre-

Nectarian-age basins. Base map: LROC WAC GLD100 (Scholten et al., 2012), map 

centered on 0E; Lat: + 90; Lon: + 180. 
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Figure 2.17 Relationship between the spatial distribution of floor-fractured craters and the 

proposed boundary for the Procellarum basin. Base map: LROC WAC GLD100 (Scholten 

et al., 2012), map centered on 0N, 0E; Lat: + 90; Lon: + 180. 
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Figure 2.18 Global spatial distribution of floor-fractured craters with respect to basins of 

all relative ages. Base map: LROC WAC GLD100 (Scholten et al., 2012), map centered 

on 0N, 0E; Lat: + 90; Lon: + 180. 

2.6 Discussion 

Here we examine the magmatic intrusion and viscous relaxation formation mechanisms 

for floor-fractured craters using morphometric measurements, temporal heat flow models 

and the spatial distribution of floor-fractured craters. The volumes of floor-fractured craters 

are less than those of unmodified craters of all relative ages, which is indicative of the 

extensive modification to the topography but does not constrain which mechanism is 

responsible (i.e., magmatic intrusion vs. viscous relaxation; Fig. 2.7). 40% of the floor-

fractured craters exhibit lower rim-crest relief compared to morphologically fresh craters 

of all relative ages, consistent with the viscous relaxation hypothesis (Fig. 2.8). Thermal 
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anomalies associated with basin-forming events could have contributed to the reduction in 

relief of short-wavelength topographic features such as crater rims. However, modeling 

has shown that viscous relaxation can cause an uplift of the crater rim in the unlikely case 

that long wavelength topography relaxes more rapidly than short wavelength features (Hall 

et al., 1981).  

Floor-fractured craters formed between 4 Ga and 3.5 Ga (Schultz, 1976; Jozwiak et al., 

2012) and we find they are preferentially (~76%) distributed circumferentially to the 

thermally anomalous PKT (Figs. 2.5, 2.13-2.17). Our temporal heat flow models beneath 

the PKT are 104 mWm-2  to 64 mWm-2 and the corresponding thermal gradient beneath 

the PKT as 52 K km-1 to 32 K km-1 (Fig. 2.11) (assuming initial Te = 5 km to 9 km) and 52 

mWm-2 – 41 mWm-2 (assuming initial Te = 10 km to 18 km) between 4 Ga and 3.5 Ga: 

conditions favorable to viscous relaxation (Ding and Zhu, 2022; Fig. 10).  Since floor-

fractured craters are spatio-temporally associated with regions of high heat flow (Fig. 12), 

viscous relaxation is a viable formation mechanism for floor-fractured craters contrary to 

recent studies (Jozwiak et al., 2012; Dombard and Gillis, 2001). However, the caveat is 

that the thermal gradient threshold of 30 K km-1 is dependent on the assumption that the 

Th abundance is ≥ 4 ppm for the bulk lunar crust or ≥ 10 ppm for a 10 km KREEP layer 

underlying the nearside crust (Ding & Zhu, 2022), which are reasonable estimates (see fig. 

2; Wieczorek & Phillips, 2000). However, the thickness of the KREEP layer is not known 

and since the Th abundance estimates depend on the assumed thickness of the KREEP 

layer (i.e., 10 km), the thermal gradient threshold of 30 K km-1 for viscous relaxation relies 

on these assumptions. 
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Floor-fractured craters (> 85%) are preferentially spatially distributed within pre-

Nectarian and Nectarian age basins, particularly, those basins that have undergone 

significant topographic subsidence (i.e., group 3 pre-Nectarian age basins; Fig. 15) 

compared to Imbrian and Nectarian basins (Figs. 2.13-2.14). In the case of Nectaris, 

Crisium, Humboldtianum, Moscoviense, and Smythii basins, floor-fractured craters are 

preferentially located within the first peak ring. Since the mantle (and corresponding 

thermal gradient) is uplifted in the center of the basin (i.e., within the first peak ring) (e.g., 

Muller & Sjogren, 1968; Neumann et al., 1996; Wieczorek & Phillips, 1999; Melosh, 2013) 

conditions were favorable for viscous relaxation of floor-fractured craters during the pre-

Nectarian and Nectarian periods. The lack of association of floor-fractured craters within 

relatively younger basins (i.e., Imbrian age basins) alludes to the state of the lithosphere at 

the time.  

The origin of the PKT has been attributed to the hypothetical Procellarum basin impact 

(Cadogan, 1974; Cadogan, 1975; Whitaker, 1981; Wilhelms, 1983; Wilhelms, 1987; Figs. 

2.16, 2.17). Several lines of evidence have been proposed for the existence of the 

Procellarum basin including but not limited to: (1) The Procellarum basin is thought to 

have excavated the primary crust in the lunar nearside, contributing to the thinning of the 

nearside crust and thickening of the farside crust; (2) the presence KREEP materials along 

the circumference of the PKT has been proposed to have excavated by the Procellarum 

basin (Cadogan, 1974; Cadogan, 1975; Whitaker, 1981; Wilhelms, 1983; Wilhelms, 1987) 

; (3) the presence of arcuate graben circumferential to the PKT has been attributed to the 

subsidence of a relatively weaker and thinner lithosphere post-Procellarum basin impact 

(Wilhelms, 1983); (4) low-Ca pryoxenes are spatially associated with impact basins such 
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as Imbrium, SPA, and Orientale based on Kaguya/SELENE spectral data (Nakamura et al., 

2012). The presence of low-Ca pyroxenes along the circumference of the PKT has been 

attributed to the Procellarum basin impact (Nakamura et al., 2012). The spatial distribution 

of floor-fractured craters circumferential to the PKT is consistent with the existence of the 

Procellarum basin, an area where the crust was thinned, and the crust-mantle interface was 

uplifted (Cadogan, 1974; Cadogan, 1975; Whitaker, 1981; Wilhelms, 1983; Wilhelms, 

1987; Figs. 2.16, 2.17). The results of this study show that the existence of the Procellarum 

basin is a possibility based on the abundance of floor-fractured craters circumferential to 

the PKT and the lack thereof around Imbrium and Serenitatis basins. The lithospheric 

strength within the PKT may have increased over time to support the Apennine mountains, 

which were likely uplifted during the Imbrium impact event (Cadogan, 1974; Cadogan, 

1975; Whitaker, 1981; Wilhelms, 1983; Wilhelms, 1987). Since the Imbrium and 

Serenitatis basins are superposed within the Procellarum basin, the increase in lithospheric 

strength over time likely restricted the formation of floor-fractured craters within these 

basins. 

2.7 Conclusions 

Based on our robust morphometric analysis of floor-fractured craters, their spatial 

distribution with respect to impact basins, and temporal heat flow models beneath the PKT, 

we conclude that viscous relaxation as a formation mechanism for floor-fractured crater is 

plausible, contrary to previous studies (Schultz, 1976; Dombard & Gillis, 2001; Jozwiak 

et al., 2012; Jozwiak et al., 2015; Jozwiak et al., 2017). Some key take-aways from this 

study are: 
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1. Volumetric measurements show that floor-fractured craters underwent extensive 

modification to their topography compared to non-floor-fractured craters, but such 

measurements do not constrain the mechanism (Fig. 2.7) 

2. Subsidence in external rim-crest heights is indicative of viscous relaxation (Fig. 

2.4; Hall et al., 1981). We find that 40% of floor-fractured craters exhibit lower 

rims than non-floor-fractured craters, thereby indicating that viscous relaxation 

cannot be ruled out as a plausible formation mechanism of floor-fractured craters 

(Fig. 2.8) 

3. Floor-fractured craters formed between the pre-Nectarian and Nectarian periods. 

Temporal heat flow models beneath the PKT and corresponding thermal gradients 

show conditions favorable for viscous relaxation (Figs. 2.10-2.12) 

4. The preferential spatial distribution of floor-fractured craters within pre-Nectarian 

and Nectarian periods coupled with our temporal heat flow models is suggestive of 

a weaker and thinner early lunar lithosphere, conducive to viscous relaxation (Figs. 

2.12, 2.14-2.16) 

5. Given the preferential spatial distribution of floor-fractured craters within pre-

Nectarian basins (Figs. 2.15-2.16) and the relatively high heat flow associated with 

the early lunar lithosphere (Figs. 2.10, 2.12), the floor-fractured craters distributed 

circumferentially to the PKT can be interpreted as the boundary of the proposed 

Procellarum basin (Cadogan, 1974; Cadogan, 1975; Whitaker, 1981; Wilhelms, 

1983; Wilhelms, 1987).  

In other words, the results of our study suggest not only is viscous relaxation as a 

likely formation mechanism for floor-fractured craters, but it also provides new 
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evidence for the existence of the Procellarum basin and by extension, the origin of the 

PKT. 
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CHAPTER 3 

LUNAR SILICIC MAGMA GENESIS: INSIGHTS FROM PETROLOGIC MODELING 

This is a manuscript in preparation with co-authors C. B. Till and M. S. Robinson 

3.1 Abstract 

The origins of lunar silicic magmas are not well understood. Lunar silicic volcanic 

landforms are rare and are predominantly distributed along the boundary of the thermally 

and geochemically anomalous geologic province, the Procellarum KREEP Terrane. While 

a few grains of silicic materials have been returned, none of the Apollo missions visited a 

silicic landform. Despite the wealth of remotely-sensed lunar datasets, their low spectral 

resolution has limited our ability to constrain the bulk composition of lunar silicic volcanic 

landforms and determine their formation mechanism and, by extension, their pressure-

temperature-composition (P-T-x) evolution.  

Here we test two proposed formation mechanisms for lunar silicic magma genesis 

– 1) crustal melting and 2) fractional crystallization of KREEP-rich basaltic magmas using 

rhyolite-MELTS models. Rhyolite-MELTS models of crustal melting show that only 10%-

20% partial melting of two likely starting compositions produces melts with > 60 wt% SiO2 

and < 3 wt% total alkalis, compared to > 5 wt% for returned lunar granitic fragments. 

Alternatively, rhyolite-MELTS models of fractional crystallization of KREEP basalt 

residual liquids can produce silicic melt compositions with >68 wt% SiO2 and >7 wt% total 

alkalis, consistent with returned Apollo silicic fragments. Furthermore, thorium (Th) 

partitioning calculations for fractional crystallization of KREEP basalt show the resulting 

silicic melts contain >60 ppm Th, consistent with returned samples. We further argue that 

fractional crystallization of KREEP basalt liquids at shallow depths along a relatively high 
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geotherm at low fO2 and nominally anhydrous conditions is the most likely formation 

mechanism for lunar silicic magmas based on analogous terrestrial Anorthosite-Mangerite-

Charnockite-Granite (AMCG) suites. 

3.2 Introduction 

 Lunar silicic volcanic landforms are rare and are predominantly distributed along 

the boundary of the thermally and geochemically distinct province, the Procellarum 

KREEP Terrane (potassium (K), rare earth elements (REE), and phosphorus (P)) Terrane 

(PKT) (Fig. 1). The presence of silicic volcanic landforms on the Moon are enigmatic given 

that the key ingredients (i.e., water and plate tectonics) that are typically invoked for 

producing large-scale silicic melts on Earth are not part of our foundational understanding 

of lunar formation and evolution. While the Apollo missions returned a few grains of silicic 

materials, none of the Apollo or Luna missions visited a silicic landform. Our knowledge 

of these terrains is thus limited to remote sensing observations, motivating the need for 

petrologic modeling.  

3.2.1 Lunar Differentiation and the Procellarum KREEP Terrane  

The lunar crust is hypothesized to have evolved from the differentiation and 

crystallization of a global lunar magma ocean (LMO), thereby giving rise to the less dense 

anorthositic primary crust and the denser mafic-ultramafic cumulates (e.g., troctolites, 

norites, gabbros, and dunites) that make up the lunar mantle  (Kaula, 1979; Warren, 1985, 

1986; Wood et al., 1970). Post-differentiation impact-basin-forming events contributed to 

the local removal of the anorthositic crust. Impact-generated decompression melting of the 

ultramafic cumulates is thought to have produced basaltic melts which filled these basins, 

thereby giving rise to the maria – the secondary crust (Elkins-Tanton et al., 2004, 2011; 
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Zhong et al., 2000). The highly incompatible KREEP materials are proposed to have 

originated as the last dregs of the magma ocean, located between the anorthositic crust and 

the lunar mantle (Warren, 1985; Wieczorek & Phillips, 2000; Wood et al., 1970) (Fig. 3.1). 

 

Figure 3.1 Graphic showing the LMO (layer thicknesses not to scale). 

There are three distinct geological provinces on the Moon – the Procellarum KREEP 

Terrane (PKT), the Feldspathic Highlands Terrane (FHT) and the South Pole Aitken 

Terrane (SPAT). While the PKT constitutes only ~10% of the lunar crust by volume, it 

contains ~40% of the lunar crustal Th, thereby making it a thermally and geochemically 

distinct province (Jolliff et al., 2000; Wieczorek & Phillips, 2000). The PKT is home to 

some of the most enigmatic lunar features such as silicic volcanic landforms, which are 

predominantly located along the PKT-FHT boundary, except for the Compton-Belkovich 

Volcanic Complex (CBVC) (Fig. 3.2).  
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Figure 3.2 Global spatial distribution of lunar silicic volcanic landforms. (1) Gruithuisen 

domes; (2) Mairan domes; (3) Hansteen Alpha; (4) Wolf crater; (5) Lassell Massif; (6) 

Compton Belkovich Volcanic Complex. Map: Lunar Prospector Gamma Ray 

Spectrometer (LP-GRS) thorium abundance map (Lawrence et al., 1999) overlain on the 

Lunar Reconnaissance Orbiter Camera (LROC) Wide Angle Camera (WAC) monochrome 

mosaic (Robinson et al., 2010). Lat: + 65; Lon: + 180. The PKT is defined by this 

compositional anomaly and is shown in white (Jolliff et al., 2000; Wieczorek & Phillips, 

2000) 

Post-Apollo era studies based on Lunar Orbiter images identified anomalous features 

(Fig. 3.2) that are thought to be of silicic compositions based on their high albedo and 

strong absorption in the UV, leading them to be called “red spots” (Malin, 1974). 

Morphometric studies of these landforms estimate yield strengths (τ) and plastic viscosity 

(η) on the order of 105 Pa and 109 Pa⋅s respectively, which are characteristic of silicic lavas 

(Wilson & Head, 2003). The Lunar Prospector Gamma Ray Spectrometer (LP-GRS) 

detected thorium abundances associated with the “red spots” (Hagerty et al., 2006; 

Lawrence et al., 1999, 2000, 2005), which are comparable to evolved lithologies such as 
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such as quartz monzogranites (QMGs) in the lunar sample suite ([Th] > 50ppm). Around 

six samples of lunar granites (fragments in a lunar breccia) have been identified in the lunar 

sample suite and are composed of 60-74 wt% SiO2, > 6 wt% total alkali (Na2O + K2O) and 

17.2-66 ppmTh (Hagerty et al., 2006).  

The most recent remotely-sensed dataset pertaining to silicic landforms is from the 

Lunar Reconnaissance Orbiter (LRO) Diviner instrument, a multispectral radiometer, 

which has three narrow spectral bandpass filters centered at ~8m. These channels are used 

to characterize the Christiansen Frequency (CF), which is used to detect bulk SiO2. The 

Diviner radiometer detected concave up spectra for Hansteen , the Gruithuisen domes, 

Lassell Massif, and Aristarchus crater (Fig. 3.2), indicative of evolved, silicic compositions  

(Boyce et al., 2018; Glotch et al., 2010, 2011, 2017; Greenhagen et al., 2017). Based on 

morphological characteristics (i.e., steep slopes of 22-27), Hansteen  and the 

Gruithuisen domes are interpreted to be extrusive volcanic landforms likely composed of 

rhyolite, whereas Aristarchus crater and Lassell Massif are thought to expose excavated 

silicic lithologies from depth (Glotch et al., 2010). 

3.2.2 Lunar Silicic Magma Genesis Hypotheses 

There are three proposed processes for the formation of silicic melts on the Moon – 

(1) fractional crystallization of KREEP basalt residual melts from the LMO (Ryder, 1976); 

(2) Silicate Liquid Immiscibility (SLI) which occurs when a basaltic magma undergoes > 

90% fractional crystallization (e.g., Blanchard et al., 1977; Hess et al., 1975); and (3) partial 

melting of the pre-existing lunar crust (composed of anorthosite or ferroan anorthosite) by 

basaltic underplating (Hagerty et al., 2003).  
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Prior work has tested all three possible formation mechanisms, although none have 

successfully reproduced all the inferred characteristics of lunar silicic landforms. Ryder 

(1976) petrographically and geochemically examined Apollo sample 15405, which 

contained coarse grained granite and KREEP basalt clasts, and noted there is granitic 

residual glass within the KREEP basalt clast. The discovery by Ryder (1976) that the 

composition of the residual glass was different from that of the granitic clast, was thus 

interpreted as evidence of slow fractional crystallization of shallow KREEP basalt magma 

chambers (Ryder 1976).  

Hess et al. (1975) conducted fractional crystallization experiments on high-Ti basalt 

(Apollo 75055, 70017), low-Ti basalt (Apollo 12038), and KREEP basalt (Apollo 14310) 

compositions at 0.8 log units below the iron-wüstite (Fe-FeO) oxygen fugacity (fO2) buffer. 

The experiments reached the liquid immiscibility field at 90% - 95% fractional 

crystallization and at a temperature range of 975 C to 1050 C, thereby producing two 

coexisting, yet immiscible, melts – one of which is enriched in SiO2 (felsic component) 

and the other that is enriched in FeO (mafic component). The composition of the felsic 

residual liquid was comparable to returned Apollo granitic sample 12013 (Hess et al., 

1975). SLI as a formation mechanism for silicic lithologies on the Moon was also proposed 

by Blanchard et al. (1977) based on geochemical analyses of a felsite clast within Apollo 

17 breccia 73125 that exhibits a K/La ratio of 1690 compared to a typical lunar ratio of 70, 

requiring K to be preferentially concentrated in this silicic liquid relative to other rhyolites 

(Blanchard et al., 1977).  

Gullikson et al. (2016) tested the basaltic underplating hypothesis using experimental 

petrology. In the basaltic underplating plating model, the injection of KREEP basalt 
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magmas are thought to partially melt the pre-existing primary crust composed of 

anorthosites. The partial melt, which is rich is silica and therefore buoyant, erupts at the 

surface to form silicic domes observed on the lunar surface (Hagerty et al., 2003). In the 

experiments by Gullikson et al. (2016), pulverized basalt was doped with thorium with 

similar compositions as Apollo 15 KREEP basalt was melted above the liquidus and was 

slowly cooled (30C/h). The basaltic liquid split into two immiscible melts (SLI), however, 

the thorium partitioned into the mafic component rather than the silicic component, 

inconsistent with lunar remote sensing observations. The results of the study are thus 

inconclusive based on the fact that it proposed to test the basaltic underplating hypothesis, 

yet the experiments were designed to mimic fractional crystallization of basalts and even 

then, do not support the SLI hypothesis.  

 To better resolve the outstanding question as to the origin of lunar silicic landforms, 

here we conduct rhyolite-MELTS models to test two formation hypotheses – basaltic 

underplating and fractional crystallization of the residual melts of KREEP basalts 

(Blanchard et al., 1977; Hess et al., 1975; Hildreth, 1981). We compare the modeled 

compositions of the resulting products to that of returned samples to place constraints on 

the igneous processes that produced the lunar silicic landforms, as well as the pressure-

temperature-composition conditions of those processes, to provide new constraints into the 

thermal history and differentiation of the Moon. 
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3.3 Methods  

3.3.1 Thermal Calculations 

We conduct a series of thermal calculations to the test the plausibility of a KREEP-rich 

basaltic magma partially melting the pre-existing anorthositic crust (Sparks & Marshall, 

1986; Till et al., 2019) using the equation: 

Initial heat of basalt =  Tbasalt ⋅ Cp 

where Tbasalt is the temperature of the basaltic magma (assumed to be the liquidus 

temperature) and Cp is the heat capacity of basalt = 1100 J kg-1K-1 (Till et al., 2019). We 

also use the equation: 

Amount of heat required to drive crustal melting

=  Cp(Tmelt − Tbasalt) + Hf ⋅ fmelt +  Cp(Tsolidus − Tcrust) 

where Tmelt is the temperature of the partial melt, Tsolidus is the solidus temperature of 

the crust, which is assumed to be 1273 K (Toksöz et al., 1974), Hf is the heat of fusion = 

3 × 105 J kg-1 (Till et al., 2019), fmelt is the melt fraction, and Tcrust is the temperature of 

the crust = 873 K (Toksöz et al., 1974).  

We then run thermal calculations to determine the amount of heat necessary from 

underplating KREEP basalt to drive melting of an anorthosite crust at melt fractions from 

10% - 100% 

3.3.2 Rhyolite-MELTS Modeling 

Rhyolite-MELTS is a thermodynamic model for phase equilibria in magmatic systems 

calibrated on a variety of petrologic experiments on volcanic systems on Earth (Gualda et 

al., 2012). We employe this program to test both the basaltic underplating and fractional 

crystallization hypotheses. Using rhyolite-MELTS, we modele the pressure and 
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temperature regimes under which silicic melts might have been produced in lunar 

conditions from the bulk compositions of returned lunar anorthosite samples and KREEP 

basalts (Table 1). Since silicic melts on the Moon are proposed to form at a depth of 1km 

(Jolliff et al., 1999), we calculated the pressure of the magmatic system from: 

P = ρgz 

where P is pressure (Pa),  is density (kg m-3), g is the gravitational acceleration (1.62 

m s-2), and z is depth (m) and accordingly ran the models at a constant pressure of 41 bars. 

Since the redox state of the Moon is reducing, we ran the models with 2 log units below 

Iron-Wüstite (IW) oxygen fugacity (fO2) buffer (Wadhwa, 2008). 

Basaltic Underplating Model 

We use a range of lunar anorthosite compositions as the proxy for the lunar crust in our 

models (Table 1). Since the lunar silicic landforms are enriched in thorium, it is 

hypothesized that the underplating materials could be KREEP basalts,  and as such we also 

use the compositions of KREEP basalts returned by the Apollo 14 and 15 missions in our 

model (Table 1).  

Fractional Crystallization Model 

We simulate isobaric fractional crystallization of KREEP basalts returned by the 

Apollo missions (Table 1), starting at the calculated liquidus temperature for each starting 

composition and then  stepping down temperature at 50C intervals until 100% fractional 

crystallization was reached.  
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Table 3.1: Bulk compositions of lunar samples relevant for this study returned by the 

Apollo missions. Source: Lunar Sample Compendium. 

SiO2 (wt%) TiO2 (wt%) Al2O3 (wt%) FeO (wt%) MnO (wt%) MgO (wt%) CaO (wt%) Na2O (wt%) K2O (wt%) P2O5 (wt%)

Cataclastic anorthosite (60015) 43.97 0.02 35.83 0.36 - 0.25 18.95 0.34 0.01 -

Ferroan anorthosite (60025) 44.54 0.36 27.65 5.14 - 6.35 15.46 0.34 0.08 -

Granoblastic anorthosite 44.6 0.06 32.9 1.2 0.01 1.68 17.8 0.63 0.04 0.03

Ferroan anorthosite (60629) 44.6 0.01 35.1 0.36 0.05 0.26 19.2 0.41 0.02 0.03

Troctolitic anorthosite 41.94 0.02 28.23 7.4 0.09 6.34 15.74 0.2 0.01 -

Anorthosite (65326) 44.5 - 35.6 0.23 - 0.07 19.1 0.45 0.06 0.03

Ferroan anorthosite (67635) 44.93 0.01 34.77 0.26 0.006 0.16 8.9 0.62 0.02 -

Anorthosite (67636) 44.5 0.036 32.88 1.9 0.006 1.76 17.6 0.52 0.017 -

Noritic anorthosite (67955) 45.01 0.27 27.68 3.84 0.05 7.69 15.54 0.4 0.05 0.03

Noritic anorthosite (67746) 46.7 0.21 24.77 5.46 0.07 9.77 11.24 0.42 0.05 0.01

KREEP basalt (14073) 48.3 1.5 20.74 7.78 0.11 8 11.61 0.76 0.52 0.38

KREEP basalt (14276) 47.6 1.2 21.34 7.94 0.12 7.1 13.18 0.72 0.48 0.4

KREEP basalt (15382) 52.4 1.78 17.8 8.6 0.1 7.1 9.9 0.96 0.57 0.55

KREEP basalt (15386) 50.83 2.23 14.77 10.55 0.16 8.17 9.71 0.73 0.67 0.7  

3.3.3 Thorium Partitioning 

Since Apollo silicic fragments exhibit Th concentrations of up to ~65 ppm (Korotev et 

al., 2011; Seddio et al., 2013, 2014), we calculate the Th concentrations in the residual melt 

for each starting composition (Table 2) as fractional crystallization progresses. 
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Table 3.2 Modal mineralogy (in %) and the densities of minerals in Apollo KREEP 

basalts (KB). 

 KB 

14073a 

KB 

14276a 

KB 

15382b 

KB 

15386b 

 (g cm-3) 

Plag 50 65 43 43 2.7c 

Cpx 25 - - - 3.37c 

Opx 20 33 41 43 3.43c 

Ilm 2 2 6 3 4.8d 

Cristobalite - - - 8 2.65c 

Notes: Plag = plagioclase; Cpx = clinopyroxene; Opx = orthopyroxene; Ilm = ilmenite. 

Data compiled by aGancarz et al., 1971; bTaylor et al., 1991; cMoore & Ponce, 2001; dde 

Vries et al., 2010. 

 

From the modal % of each mineral for each starting composition (Table 2) and the 

density of each mineral (Table 3), we calculate the corresponding weight proportions and 

weight % of each mineral in the sample from: 

Weight proportion of each mineral, Wϕ =  modeϕ × ρϕ 

where,  is the density of the mineral (g cm-3; Table 3) and  is the mineral in question 

Weight fraction, Xϕ =  
Wϕ 

Total weight proportion 
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Table 3.3 Weight fractions (X) and distribution coefficient for Th (DTh
) of each mineral 

phase of Apollo KREEP basalts (KB). 

 KB 

14073 

KB 14276 KB 15382 KB 15386 DTh
 

Plag 0.45 0.59 0.41 0.39 0.05a 

Cpx 0.28 - - - 0.0006b 

Opx 0.23 0.38 0.49 0.49 0.014c 

Ilm 0.03 0.03 0.1 0.05 0.0006c 

Cristobalite - - - 8 0.006d 

Notes: Plag = plagioclase; Cpx = clinopyroxene; Opx = orthopyroxene; Ilm = ilmenite; 

Opqs = opaques. Data compiled by aMckenzie & O’nions, 1991; bHauri et al., 1994; 

cKlemme et al., 2006; dNash & Crecraft, 1985. 

We also calculate the bulk distribution coefficient (Di; Table 4) for each of the starting 

compositions from: 

Di =  ∑ Xϕ

ϕ

Di
ϕ

 

where X is the weight fraction of mineral phase  and Di
 is the distribution coefficient of 

trace element i in mineral phase  (Table 3).  
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Table 3.4 Th concentrations and bulk distribution coefficients (DTh) of Apollo KREEP 

basalts (KB)  

Sample CTh
O (ppm) DTh 

KB 14073 11.8a 0.0267 

 

KB 14276 8b 0.0298 

KB 15382 10.5c 0.0207 

KB 15386 13.7d 0.0201 

Notes: aTera & Wasserburg, 1972; bBrunfelt et al., 1972; cO’Kelly et al., 1976; dHubbard 

et al., 1973 

As a magma undergoes fractional crystallization, the concentration of Th changes 

in the residual melt. We calculate the Th concentration in the residual melt as the magma 

undergoes fractional crystallization from the Rayleigh equation: 

CTh
L = CTh

O F(DTh−1) 

where, CTh
L is the concentration of Th in the residual melt, CTh

O is the concentration of Th 

in the magma before any crystallization has begun (Table 4), DTh is the bulk distribution 

coefficient of Th in the magma (Table 4), and F is the melt fraction. 

3.4 Results 

3.4.1 Basaltic Underplating 

Thermal Calculations 

Our calculations show that the heat input from underplated KREEP basalts into the 

lunar crust would range between 1.6 x 105 – 1.7 x 106 J kg-1, depending on the liquidus 
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temperature of the basaltic magma. As the thermal energy required to partially melt lunar 

anorthosites ranges from 4.5 x 105 – 1.2 x 106 J kg-1 depending on the temperature of the 

partial melt, the higher end of the range of heat input from the underplated basaltic magma 

would be sufficient to partially melt the anorthositic crust between 0-100% (Fig. 3.3).  

 

Figure 3.3 Thermal energy required to drive crustal melting on the Moon. The heat input 

from basaltic magmas is an order of magnitude greater than the required amount of heat to 

partial melt the anorthositic primary crust of varying compositions. 

Rhyolite-MELTS Modeling 

Based on our rhyolite-MELTS modeling, very minimal partial melting (10-20%) of 

two starting compositions of lunar crustal lithologies (i.e., anorthosite 65326 and noritic 

anorthosite 67955), produce >60 wt% SiO2 (andesitic-dacitic) melts at a pressure of 41 bar 
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and temperature of 900C (Fig. 3.4). However, the alkali compositions (Na2O + K2O wt%) 

of these resulting melts does not match that of returned lunar silicic fragments (Fig. 3.6). 

Partial melting of all other starting compositions produces melts that are more mafic than 

returned lunar silicic fragments as shown in Fig. 3.6). 

 

Figure 3.4 Partial melting of various lunar anorthosite compositions using rhyolite-

MELTS. Gray regions represent target compositions based on returned lunar silicic 

fragments. 
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3.4.2 Fractional Crystallization of KREEP Basalts 

Rhyolite-MELTS modeling 

Based on our rhyolite-MELTS model, >70% fractional crystallization of KREEP 

basalts produces silicic melts with SiO2 > 65 wt% and total alkali (Na2O + K2O) > 6 wt%, 

which is consistent with returned Apollo samples (Figs. 3.5-3.6). In contrast, the basaltic 

underplating model only produces <5% partial melt with K2O < 1.5 wt% (Fig. 3.4D), 

inconsistent with lunar silicic fragments which exhibit K2O between 4 wt% and 8 wt%.  

 

Figure 3.5 Evolution of melt composition through fractional crystallization of lunar 

KREEP basalts in rhyolite-MELTS model. Gray regions represent target compositions 

based on returned lunar silicic fragments. 
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Figure 3.6 Total Alkali-Silica (TAS) diagram representing the KREEP basalts (in black), 

anorthosite partial melts from rhyolite-MELTS models (in green), melts from the fractional 

crystallization of KREEP basalts in rhyolite-MELTS (in red), and Apollo silicic fragments. 

Thorium partitioning 

We calculate the concentration of Th in the residual melt as fractional 

crystallization progresses for four KREEP basalt starting compositions (Tables 2-4). Since 

Th is an incompatible element (DTh < 1; Table 4), its concentration increases in the residual 

melt during fractional crystallization (Fig. 3.7 A-D). Using the starting compositions 

KREEP basalts 14073 and 14276, we find Th concentrations of > 150 ppm in fractionated 

liquids with SiO2 > 65 wt% (Fig. 3.7 A-B). For the residual melts (i.e., < 30%) of KREEP 

basalts 15382 and 15386, we find Th concentrations of > 60 ppm for SiO2 > 65 wt% (Fig. 

3.7 C-D), which is consistent with both remote observations and returned silicic samples 

(Hagerty et al., 2006; Korotev et al., 2011; Seddio et al., 2013, 2014). 
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Figure 3.7 Results of Th partitioning model for KREEP basalt starting compositions (A) 

14073; (B) 14276; (C) 15382; (D) 15386. The evolution of [Th] as fractional crystallization 

progresses is shown in blue and melt fraction is shown in red. Gray regions represent target 

SiO2 compositions based on returned lunar silicic fragments. 
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3.5 Discussion 

3.5.1 Testing Two Hypotheses for Lunar Silicic Magma Genesis 

Results from our thermal models show that a KREEP-rich basaltic magma has 

approximately an order of magnitude higher heat capacity than is required to partially melt 

the pre-existing anorthositic crust of a wide range of compositions (Fig. 3.4). While our 

rhyolite-MELTS model shows that only a 10%-20% partial melting of two of these starting 

compositions(anorthosite 65326 and noritic anorthosite 67955) can produce melts with > 

60 wt% SiO2 consistent with lunar silicic volcanic lithologies (Korotev et al., 2011; Ryder, 

1976; Seddio et al., 2013, 2014; Warren et al., 1983) (Fig. 3.4) their total alkali (Na2O + 

K2O) contents (Fig. 3.6) is significantly lower than returned fragments,. Therefore, partial 

melting of the primary crust by basaltic underplating does not meet all the criteria for 

generating silicic melts with all their presently understood characteristics. 

Previous studies testing the fractional crystallization hypothesis showed that 

starting liquids of alkali gabbronorite composition produce silicic melt (67 wt% SiO2) only 

after 95% fractional crystallization. In contrast, starting liquids of monzogabbro 

composition can produce up to 40% melt of intermediate composition (56 wt% SiO2). 

However, all these melt compositions do not match the compositions of the Apollo sample 

suite (Gullikson et al., 2016). Additionally, fractional crystallization experiments 

conducted by Gullikson et al. (2016) resulted in SLI, producing two co-existing silicate 

melts, one mafic and one silicic, yet Th was partitioned into the immiscible mafic melt 

rather than the silicic melt, inconsistent with remote observations and returned samples of 

lunar silicic magmas. However, the rhyolite-MELTS modeling simulating fractional 

crystallization of KREEP basalts conducted here produces silicic melts with major element  
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consistent with returned Apollo silicic fragments (Ryder, 1976; Seddio et al., 2013; Warren 

et al., 1983, 1987)(Fig. 3.6) 

One of the limitations of the rhyolite-MELTS model is that it is not designed to 

simulate SLI. However, there is little to no evidence of SLI based on returned lunar silicic 

fragments. While Ryder (1976) argues against SLI as a formation mechanism for lunar 

silicic melts based on the high amounts of Fe and Mg in lunar granites,. if SLI was 

responsible for silicic magmas on the Moon, returned fragments would lack mafic 

minerals, as they would preferentially be found in the mafic residual liquid (Ryder, 1976), 

which they do not. Futhermore, even if SLI was a plausible mechanism, it would only occur 

at >90% fractional crystallization in the rhyolite-MELTS models, based on the results of 

Gullikson et al. (2016). Accordingly, the results of the rhyolite-MELTS model pertaining 

to 10% to 30% residual liquid (i.e., 70% - 90% fractional crystallization) should still be 

below the point at which SLI occurs, and as such, the compositions of the residual liquids 

remain consistent with returned lunar silicic fragments (Figs. 3.5-3.6). In the case of <10% 

residual melts in our models, the plausibility of their migration through the lunar crust and 

subsequent eruption without crystallizing seems unlikely. Therefore, we favor 70% - 90% 

fractional crystallization of KREEP basalt magmas to produce lunar silicic melts. 

Thorium behavior in analogous magmatic systems is also consistent with fractional 

crystallization origin for lunar silicic magmas. The results of our Th partitioning 

calculations suggest Th concentrations of > 150 ppm in the residual melts after > 70% 

fractional crystallization of a liquid with the composition of KREEP basalts 14073 and 

14276 (Fig. 3.7 A-B), compared with a maximum of 65 ppm Th inferred from remote 

observations, and measured in returned Apollo fragments (Hagerty et al., 2006; Korotev et 
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al., 2011; Seddio et al., 2013, 2014). The apparent discrepancy between the modeled Th 

concentration in the silicic melt and other observations could be the result of the low spatial 

resolution of the LP-GRS (15 km/pixel) (Hagerty et al., 2006; Lawrence et al., 1999, 2000), 

and the scarcity and the lack of known provenance for returned lunar silicic fragments. 

Nevertheless, the increase in Th concentration with increasing SiO2 content (Fig. 3.7 A-D) 

is consistent with the compositions of returned Apollo silicic fragments (Korotev et al., 

2011; Seddio et al., 2013; Warren et al., 1983, 1987). (Fig. 3.7 C-D). Our results 

demonstrate that KREEP basalts were plausibly the parent magmas for lunar silicic 

magmas consistent with the work of Ryder (1976), rather than alkali gabbronorite or 

monzogabbro identified by previous work (Gullikson et al., 2016).  

While the results of our model have demonstrated that fractional crystallization of 

KREEP basalt magmas gives rise to silicic residual liquids with both major and trace 

element (i.e., Th) compositions comparable to returned lunar fragments, the probability of 

eruption of <30% residual liquid is still an outstanding question. This is because >70% 

crystallization of a KREEP basalt magma would likely lead to a locked matrix of crystals, 

inhibiting the eruption of the residual silicic liquid (Cooper and Kent, 2014). Instead, we 

propose that silicic magmas were likely extruded effusively to make dome-like structures 

due to nearby impacts, which would not inhibited by the presence of >70% crystals and is 

consistent with previous studies (e.g., Ryder, 1976; Glotch, 2010). Alternatively, the 

locked matrix of crystals could be remobilized by the heat of a subsequent magma intrusion 

and/or convection within the magmatic reservoir (Cooper and Kent, 2014).  
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3.5.2 Terrestrial Analogs 

Proterozoic Anorthosite Mangerite Charnockite Granite (AMCG) Suite 

Settings and compositions similar to those proposed for lunar silicic magma genesis 

are found on Earth. The Anorthosite Mangerite Charnockite Granite (AMCG) belts are 

restricted in time to the Proterozoic eon (Barker et al., 1975a; Emslie, 1978a, 1985; F. H. 

Hubbard & Whitley, 1978; Smith et al., 1999) but are found globally, including but not 

limited to the Arabian-Nubian shield (Arabian peninsula), the Dharwar craton (India), the 

Baltic shield (Scandinavia), and the Kaapvaal craton (South Africa) (Ashwal, 1993). The 

granites associated with the AMCG suite are identified as A-type (or anorogenic) and are 

thought to have formed due to intraplate volcanism rather than at convergent plate 

boundaries (e.g., Anderson & Bender, 1989; Ashwal, 1993; Barker et al., 1975; Emslie, 

1978, 1991; F. H. Hubbard & Whitley, 1978; Simmons & Hanson, 1978; Smith et al., 

1999). A-type granites are formed in low fO2 (i.e., more reducing and anhydrous), high-

temperature magmas, and are enriched in REEs, particularly Th, and exhibit high alkali 

content (Anderson & Bender, 1989; Ashwal, 1993; Barker et al., 1975a; Emslie, 1978a, 

1991; Frost & Frost, 1997; Haapala & Rämö, 1999; F. H. Hubbard & Whitley, 1978; Smith 

et al., 1999) (Fig. 3.8). The similarity in the composition and formation conditions of 

AMCG A-type granites and our modeled lunar silicic melts make the Proterozoic AMCG 

suites a potential terrestrial analog for lunar silicic magmas (Fig. 3.8). The spatio-temporal 

association of Proterozoic A-type granites with anorthosite massifs led early workers to 

conclude a cogenetic magmatic origin (i.e., same parent magma) for A-type granites and 

anorthosites (e.g., Ashwal, 1993; Barker et al., 1975b; Emslie, 1978b; Simmons & Hanson, 

1978). However, recent studies have shown that while the anorthosites and A-type granites 
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of the Proterozoic AMCG suite are spatio-temporally related, the A-type granites likely 

formed from the fractional crystallization of magma of basaltic composition (e.g., Barker 

et al., 1975a; Frost et al., 2002; Scoates & Chamberlain, 2003; Smith et al., 1999). The 

Proterozoic basalts (i.e., the likely protoliths for terrestrial A-type granites) are also 

compositionally similar (silica and alkali) to returned Apollo KREEP basalts (Fig. 3.8). 

Therefore, we interpret lunar silicic magmas to have erupted through bimodal volcanism, 

formed from the fractional crystallization of KREEP basaltic plutons at shallow crustal 

depths, consistent with previous work (Ryder, 1976; Seddio et al., 2013) (Fig. 3.8). The 

close spatial association of mare basalts and lunar silicic volcanic landforms is also 

consistent with bimodal volcanism (Fig. 3.2). The silicic melts plausibly exposed on the 

lunar surface by impact events as proposed by previous work (e.g., Glotch et al., 2010; 

Jolliff et al., 1999; Seddio et al., 2013). 

 

Figure 3.8 TAS diagram representing terrestrial Proterozoic lithologies, returned lunar 

samples, and results of rhyolite-MELTS modeling fractional crystallization of KREEP 

basalts. 
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3.6 Conclusions 

Here we demonstrate that fractional crystallization of KREEP basalt magmas is a 

plausible mechanism for the formation of lunar silicic melts in early lunar geologic history. 

Specifically, the results of our rhyolite-MELTS modeling suggest that following 

crystallization, the composition of the remaining ~30 wt.% liquids are consistent with 

returned lunar silicic fragments (Figs. 6-8). Lastly, we note that fractional crystallization 

of anhydrous basalts, which produce lunar silicic melts, may be analogous to the terrestrial 

Proterozoic AMCG suites. Since lunar silicic melts formed in anhydrous (low fO2), high-

temperature magmas (900C-950C – from rhyolite-MELTS models) at shallow crustal 

depths, we conclude that the geothermal gradient within the PKT, where the majority of 

the silicic landforms are located, was relatively high at the time of silicic magma genesis 

(3.8-3.9 Ga).  
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CHAPTER 4 

SPATIO-TEMPORAL ASSOCIATION OF MONS HANSTEEN AND HANSTEEN 

CRATER: IMPLICATIONS FOR SILICIC MAGMA GENESIS 

This is a manuscript in preparation with co-authors M. S. Robinson and J. D. Clark 

 

4.1 Abstract 

Lunar floor-fractured craters and silicic volcanic landforms typically occur along 

the boundary of the thermally anomalous Procellarum KREEP (potassium (K), rare earth 

elements (REE), and phosphorus (P)) Terrane. Though rare, lunar silicic volcanic 

landforms are closely spatially associated (within 50 km) with floor-fractured craters, 

leading to the question if they are also temporally associated and the implications for silicic 

magma genesis on the Moon. 

Here we test the temporal association of the floor-fractured crater, Hansteen, the 

silicic volcanic landform, Mons Hansteen, and Billy crater. Based on Absolute Model Ages 

(AMAs) derived from Crater Size Frequency Distribution (CSFD) measurements, we find 

that Hansteen crater formed at 3.8 +0.04/-0.05 Ga, which was then followed by two 

contemporaneous events – the eruption of basalts on the floor of Hansteen crater (3.4 +0.1/- 

0.3 Ga) and the formation of Mons Hansteen (3.4 +0.1/- 0.3 Ga), and finally the eruption 

of basalts at Billy crater (1.4 + 0.1 Ga). Firstly, we show that Mons Hansteen is younger 

by ~0.3 Ga compared to previous estimates. Secondly, we interpret the temporal 

association of basalts at Hansteen crater and silicic lithologies at Mons Hansteen as a form 

of bimodal volcanism: that is the rising basaltic melt played a role in generating the silicic 

magmas. Lastly, we show that it is unlikely that the basaltic eruptions at Billy crater (1.4 + 
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0.08 Ga) contributed to the formation of ~2 Ga older Mons Hansteen, as proposed by 

previous studies. 

4.2 Introduction 

Lunar landforms such as floor-fractured craters and silicic volcanic constructs are 

surface expressions of thermal anomalies within the lithosphere (Fig. 4.1). The majority of 

floor-fractured craters (> 60%) and silicic volcanic landforms (five out of the six identified) 

are located along the boundary of the Procellarum KREEP (potassium (K), rare earth 

elements (REE), and phosphorus (P)) Terrane (PKT), a thermally and geochemically 

distinct province (Fig. 4.2; Jolliff et al., 2000; Wieczorek et al., 2000). The Compton-

Belkovich Volcanic Complex (CBVC) is the only identified silicic volcanic landform that 

lies outside the PKT; CBVC formed within the Feldspathic Highlands Terrane (FHT) 

(Jolliff et al., 2011). All lunar silicic volcanic landforms, including the CBVC, are located 

within ~50 km of a floor-fractured crater (Fig. 4.2). Understanding the potential 

stratigraphic and geochemical association between floor-fractured craters and silicic 

volcanic landforms is essential to constraining models of the thermal and chemical 

evolution of the PKT.  

 

Figure 4.1 Examples of landforms relevant to this study. (A) Vitello crater (-30.4, 

322.5) exhibits radial/concentric fractures, (B) Gassendi crater (-17.4, 320) exhibits 
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mare basalt infill, and (C) the Gruithuisen domes, silicic volcanic landforms in NW 

Procellarum. 

4.2.1 Floor-Fractured Craters and Silicic Volcanic Constructs 

 

Figure 4.2 Global spatial distribution of floor-fractured craters and silicic volcanic 

landforms. The PKT is outlined in black. The white box represents the location of the 

Hansteen region. Base map: LROC Wide Angle Camera (WAC) GLD100 Digital Terrain 

Model (DTM) (Scholten et al., 2012). Lat: + 65; Lon: + 180. 

Floor-fractured craters are impact craters that underwent modification due to 

volcano-tectonic processes such as magmatic intrusion or viscous relaxation as evidenced 

by radial, concentric or polygonal fractures and they sometimes host volcanic landforms 

such as mare basalt or pyroclastic deposits (Schultz, 1976; Hall et al., 1981; Jozwiak et al., 

2012; Ravi & Robinson, 2019; Fig. 4.1). In the magmatic intrusion hypothesis, crater floors 
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experience uplift caused by the intruding magma, thereby reducing the depth of the crater 

(Schultz, 1976). In the viscous relaxation hypothesis, short-wavelength morphologic 

features such as crater rims reduce in height as a response to thermal anomalies in the lunar 

lithosphere (Schultz, 1976; Hall et al., 1981). Based on morphometric measurements (i.e., 

d/D ratios and rim-crest heights) and heterogeneous gravity anomalies, previous studies 

concluded that magmatic intrusion was the sole mechanism contributing to floor-fracturing 

(Jozwiak et al., 2017). However, temporal heat flow models within the PKT show that the 

conditions were favorable for viscous relaxation during the period of floor-fracturing (4 Ga 

– 3.5 Ga). Thus we infer viscous relaxation is an equally viable mechanism (Ravi & 

Robinson, 2022). Regardless of the mechanism that contributed to the formation of floor-

fractured craters, no constraints have been placed on the timing of modification of the crater 

floor relative to the host crater formation. 

Volcanic landforms like Mons Hansteen were first proposed to be composed of silicic 

lithologies based on their high albedo and strong absorption in the UV (Malin, 1974), 

leading them to be called “red spots.” The Lunar Prospector Gamma Ray Spectrometer 

(LP-GRS) detected thorium abundances associated with the “red spots” (Hagerty et al., 

2006; Lawrence et al., 1999, 2000, 2005), which are comparable to evolved lithologies 

such as quartz monzogranites (QMGs) in the lunar sample suite ([Th] > 50ppm). Recent 

observations from the Lunar Reconnaissance Orbiter (LRO) Diviner radiometer confirmed 

the red spots contain > 65 wt% SiO2 (Glotch et al., 2010). There are three proposed 

mechanisms for the formation of silicic magmas on the Moon: 

1. Partial melting of the primary anorthositic crust by contact with basaltic magmas 

(Hagerty et al., 2006). 
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2. Fractional crystallization of KREEP enriched basalt magmas (Ryder, 1976). 

3. Silicate Liquid Immiscibility (SLI), a variant of model 2, occurs when a basaltic 

magma undergoes > 90% fractional crystallization and splits into two immiscible 

yet coexisting melts – one that is SiO2 – rich and the other that is FeO-rich. 

However, thorium, a component of silicic magmas, partitions with the mafic melt, 

inconsistent with remote sensing observations of silicic domes and returned silicic 

fragments. As a result, this hypothesis has been discounted (Hagerty et al., 2006). 

4.2.2 The Hansteen Region 

Hansteen Region is located in SW PKT (Fig. 4.3) and consists of three features: (1) 

Hansteen crater, a floor-fractured crater (D = 45 km) with a basaltic infill within the 

northern portion of its floor; (2) Mons Hansteen, a silicic volcanic construct with an 

arrowhead-shaped mesa that topographically rises 900 m above the surrounding maria 

(Hawke et al., 2003; Wagner et al., 2010; Boyce et al., 2017; Qiu et al., 2022); (3) Billy 

crater (D = 45 km), an upper-Imbrian aged crater (3.88 + 0.04 Ga; Wagner et al., 2010) 

inundated with mare basalts in its interior.  
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Figure 4.3 Regional context map showing the Hansteen Region in SW PKT. Base map: 

LROC WAC monochrome mosaic (Robinson et al., 2010). 

 

The relative ages of planetary surfaces can be derived from crater counting methods 

(Hartmann, 1966; Neukum et al., 1975; Neukum et al., 1983; Hiesinger et al., 2010, 2012). 

From Lunar Orbiter IV image based CSFDs Wagner et al. (2010) reported AMAs for Mons 

Hansteen to be 3.74 + 0.06 Ga, Billy crater ejecta to be 3.88 + 0.04 Ga, and the mare filled 

floor unit within Billy crater to be 1.65 + 0.29 Ga. 

 Based on FeO wt% values derived from the Clementine UV-VIS images (Lucey et 

al., 2000), Boyce et al. (2017) divided Mons Hansteen into three geologic units – Hilly and 

Dissected unit, Pitted unit, and North Massif (Fig. 4.4).  The AMAs derived for each of the 

units of Mons Hansteen suggest volcanism began at the Hilly and Dissected unit at 3.74 
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+0.075/- 0.15 Ga followed by the Pitted unit at 3.50 +0.15/-1 Ga and the North Massif at 

3.50 Ga (Boyce et al., 2017).  

 

Figure 4.4 Geological units of Mons Hansteen identified by Boyce et al. (2017). Base 

map: Hansteen regional NAC mosaic. 

Using Kaguya Terrain Camera (TC) images, TC DTM data, and LROC Narrow Angle 

Camera (NAC) DTMs, Qiu et al. (2022) derived AMAs of the three units of Mons Hansteen 

from Boyce et al. (2017). The new AMAs of  the Hilly and Dissected unit  3.8 +0.02/-0.03 

Ga, the Pitted Unit is 3.6 +0.06 /-0.09 Ga, and the North Massif is 3.6 +0.06 /-0.1 Ga (Qiu 
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et al., 2022). The study concludes that the Billy impact event caused uplift and partial 

melting of the mantle, thereby inundating Billy crater’s floor with mare basalts and also 

causing partial melting of the pre-existing primary crust, giving rise to silicic lithologies 

found at Mons Hansteen (Qiu et al., 2022). However, the AMA of the mare basalts on the 

floor of Billy crater is 1.65 + 0.29 Ga (Wagner et al., 2010), postdating the formation of 

Mons Hansteen by > 2 Ga. Therefore, it seems unlikely that the Billy crater impact event 

influenced the formation of Mons Hansteen.  

In this study, we employed crater size-frequency measurements using image datasets 

from the Lunar Reconnaissance Orbiter Camera (LROC) (Robinson et al., 2010) to derive 

absolute model ages (AMAs) for the ejecta of and the basaltic floor unit of Hansteen crater, 

and Mons Hansteen to test the stratigraphic relationship between basaltic and silicic 

magmas on the Moon. 

4.3 Data and Methods 

We used both LROC NAC and WAC images (Table 1) to map relevant and 

homogenous areas for crater counting, as described in detail by e.g., Hartmann (1966), 

Crater Analysis techniques Working Group (1979), Neukum (1983), Hiesinger et al. (2000) 

and Michael and Neukum (2010).  We counted craters (D > 100 m) in defined areas using 

the ArcGIS CraterTools program (Kneissl et al., 2011). The CSFD measurements when 

then plotted and fitted in Craterstats (Neukum, 1983; Michael and Neukum, 2010) using 

the production and chronology function of Neukum et al., 2001. The production function 

represents the number of new craters in a given size range within a square kilometer area 

(Neukum et al., 2001). The cratering chronology function is calibrated using the ages of 

Apollo samples to the crater counts for the locations from where the samples were collected 
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(Neukum & Ivanov, 1994; Stöffler & Ryder, 2001; Neukum et al., 2001). The production 

and chronology functions were used to derive AMAs using the Craterstats2 tool (Neukum 

et al., 2001; Michael & Neukum, 2010). 

Quasi-circular features were included as impact craters in the studies of Boyce et 

al. (2017) and Qiu et al. (2022) but were excluded from our measurements because we do 

not interpret them as impact craters (Fig. 4.5). Qiu et al. (2022) argued that these quasi-

circular features are degraded craters. However, these features exhibit raised rims, which 

are uncharacteristic of degraded craters. We interpret these quasi-circular features as 

degraded primary silicic flow fronts (Fig. 4.5). We observe a chain of secondary craters in 

SW Mons Hansteen, which were also excluded from our counts (Fig. 4.5). There is an 

apparent lack of impact craters in the Pitted unit identified by Boyce et al. (2017) and Qiu 

et al. (2022) (Fig. 4.6). We made CSFD measurements for the three units identified by 

Boyce et al. (2017) (Fig. 4.4) and find that the AMAs for both the Hilly and Dissected unit 

and the Pitted unit are 3.4 +0.1/-0.3 Ga (S1-S2). The AMA for the North Massif cannot be 

accurately derived since we have only identified n = 4 craters in this unit (S4). Moreover, 

we did not observe significant morphological differences among the units. Therefore, we 

treated the entire edifice as one unit (Figs. 4.4, 4.6, 4.7).  
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Figure 4.5 Illustrating the criteria for crater counting at (A) Mons Hansteen; (B) White 

arrows point to landforms here interpreted as flow fronts. Teal arrows point to quasi-

circular features identified as degraded impact craters in Boyce et al. (2017) and Qiu et al. 

(2022). These quasi-circular features are here interpreted as degraded primary silicic flows 
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and are excluded from crater counts in this study; (C) yellow arrows point to a secondary 

crater chain in the SW of Mons Hansteen, excluded from crater counts in this study; (D) 

examples of impact craters included in this study – the yellow arrow points to a fresh impact 

crater with a raised rim; the teal arrow points to a degraded crater, and the white arrow 

points to a heavily degraded crater with subdued rims. 

 

Table 4.1 Image datasets used for CSFD measurements. 

Geologic Unit Images Incidence Angle Pixel Scale 

(m/pixel) 

Hansteen crater 

ejecta 

M177981887 (WAC) 

M177975127 (WAC) 

75 65 

Hansteen floor 

unit 

M1320425430L/R 

(NAC) 

 

67 1.5 

Mons Hansteen NAC Regional 

Mosaic 

HANSTEENLOA 

made from the 

following NAC image 

pairs: 

M1154535012L/R 

M1154542131L/R 

M1154549249L/R 

72 1 
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Billy crater M1397916918L/R 

(NAC) 

M1397909887L/R 

(NAC) 

M1397902855L/R 

(NAC) 

66-68 0.8 
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Figure 4.6 Study area with geologic units for CSFD measurements. Base map: LROC 

WAC monochrome mosaic (Robinson et al., 2010).  

 

 

4.4 Results 

The Hansteen crater ejecta unit covers an area of 5.65 x 103 km2 and includes 601 

craters. The AMA for this unit was derived by fitting craters 1.5 km to 4 km in diameter (n 

= 15), yielding an age of 3.8 +0.04/-0.05 Ga (Fig. 4.7). Craters in the smaller bins were 

excluded from the fit as they are in equilibrium (Trask, 1966). 
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Figure 4.7 Crater counts for the Hansteen crater ejecta unit (left) and the corresponding 

AMA derived from CSFD measurments (right). 

The basaltic deposit within Hansteen crater covers an area of 1.44 x 102 km2 and 

includes 257 craters (Fig. 4.8; Table 4.2). The AMA for this unit was derived by fitting 

craters 300 m to 1 km in diameter (n = 16), yielding an age of 3.4 +0.1/ - 0.3 Ga (Fig. 4.8; 

Table 4.2). 
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Figure 4.8 Crater counts for the Hansteen crater basalt unit (left) and the corresponding 

AMA derived from CSFD measurements (right). 

Mons Hansteen covers an area of 5.04 x 102 km2 and includes 101 craters (Fig. 4.9; 

Table 4.2). We treated Mons Hansteen as a one unit as opposed to three (Pitted Unit, Hilly 

& Dissected Unit, and North Massif) identified by Boyce et al., 2017, since we did not find 

significant morphological differences between the three units (S1-S3). The AMA for this 

unit was derived by fitting craters 500 m to 1 km in diameter (n = 13), yielding an age of 

3.4 +0.1 /- 0.3 Ga (Fig. 4.9; Table 4.2). Areas with secondary crater population and steep 

slopes were excluded as they do not represent surfaces that are not in production and 

therefore were excluded from CSFD measurements (Fig. 4.9). 
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Figure 4.9 Crater counts for Mons Hansteen (left) and the corresponding AMA derived 

from CSFD measurements (right). 

 

The Billy crater floor unit covers a count area of 8.26 x 102 km2 and includes 1048 

craters (Fig. 4.10; Table 4.2). The AMA for this unit was derived by fitting craters 200 m 

to 1 km in diameter (n = 161), yielding an age of 1.4 + 0.08 Ga (Fig. 4.10; Table 4.2). 
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 Figure 4.10 Crater counts for Mons Hansteen (left) and the corresponding AMA derived 

from CSFD measurements (right). Background WAC image of Billy crater with higher-

resolution NAC images of the crater floor.  
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Table 4.1 Summary of geologic units, count areas and AMAs from this study. 

 

Geologic 

unit 

Area (km2) Craters AMA 

(Ga) 

Error bars 

(Ga) 

Craters fit 

Hansteen 

crater ejecta 

5.65 x 103 601 3.8 + 0.04/-0.05 15 

Hansteen 

basaltic 

floor 

1.44 x 102 127 3.4 +0.1/-0.3 7 

Mons 

Hansteen 

5.04 x 102 101 3.4 +0.1/-0.3 12 

Billy crater 

floor unit 

8.26 x 102 1048 1.4 + 0.1 161 
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Table 4.3 Comparison of results between previous work and this study 

Geologic Unit AMA (Ga) Study 

Hansteen crater ejecta 3.80 +0.04/-0.05 This study 

3.87 +0.04/-0.06 Wagner et al. (2010) 

Hansteen crater basaltic 

floor 

3.4 +0.1/-0.3 This study 

3.5 + 0.01 Wagner et al. (2010) 

Mons Hansteen 3.67 +0.04/-0.06 Wagner et al. (2010) 

3.74 +0.075/- 0.15 to 3.5 

+0.15/- 1 

Boyce et al. (2017) 

3.8 +0.02/-0.03 to 3.6 

+0.06/-0.1 

Qiu et al. (2022) 

3.4 +0.1/-0.3 This study 

Billy crater floor unit 1.65 + 0.29 Hiesinger et al. (2003) 

1.67 +0.58/-0.59 Hiesinger et al. (2011) 

1.4 + 0.1 This study 

 

4.5 Discussion and Conclusion 

In this study, we tested the stratigraphic relationship between floor-fractured crater, 

Hansteen, the nearby silicic volcanic landform, Mons Hansteen, and the Billy crater floor 

basalts by measuring the CSFDs of Hansteen crater ejecta, the basaltic unit within Hansteen 

crater floor and the Mons Hansteen edifice. AMAs derived from our CSFD measurements 
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show that the Hansteen crater impact event occurred at 3.8 +0.04/-0.05 Ga (Fig. 4.7). The 

floor of Hansteen crater was later modified by basaltic lavas at 3.4 +0.1/-0.3 Ga (Fig. 4.8), 

which was contemporaneous with the formation of Mons Hansteen at 3.4 +0.1/-0.3 Ga 

(Fig. 4.9). Previous CSFD measurements derived AMAs for Mons Hansteen to be 3.74  + 

0.06 Ga (Wagner et al., 2010), 3.74 +0.075/- 0.15 Ga to 3.5 +0.15/- 1 Ga (Boyce et al., 

2017), and 3.8 +0.02/-0.03 Ga to 3.6 +0.06/-0.1 Ga (Qiu et al., 2022). The discrepancy 

between AMAs derived in this study and that of Wagner et al. (2010) can be attributed to 

the resolution limits (20 m/pixel) of the Lunar Orbiter IV images and the minimum crater 

diameter (200 m) used for CSFD measurements by Wagner et al. (2010). Furthermore, 

Boyce et al. (2017) and Qiu et al. (2022) did not exclude the chain of secondary craters we 

observed in SW Mons Hansteen and the quasi-circular features from their CSFD 

measurements, which could explain the large uncertainties in the AMAs derived by Boyce 

et al. (2017) and the relatively older age (3.7 – 3.8 Ga) calculated by both studies (Boyce 

et al., 2017; Qiu et al., 2022; Fig. 4.5). Silicic volcanic constructs on the Moon range in 

age from ~3.9 Ga to ~3.6 Ga (Wagner et al., 2010; Ashley et al., 2016; Shirley et al., 2016). 

Our estimate of ~3.4 Ga Mons Hansteen not only significantly reduced the uncertainties 

(Table 4.3) but also implies that silicic volcanism was active into the late Imbrian period.  

Qiu et al. (2022) concluded that the Billy impact event caused an uplift and partial 

melting of the mantle thereby inundating Billy crater’s floor with mare basalts. The rising 

basaltic magma resulted in partial melting of the pre-existing anorthositic crust, giving rise 

to silicic lithologies found at Mons Hansteen (Qiu et al., 2022). However, the AMA of the 

mare basalts on the floor of Billy crater is 1.4 + 0. 1 Ga (Fig. 4.10, Tables 4.2, 4.3), 

postdating the formation of Mons Hansteen by ~2 Ga. Furthermore, previous studies based 
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on observations from the Gravity Recovery and Interior Laboratory (GRAIL) have shown 

the plausibility of mantle uplift following impact events of D > 100 km (Ding et al., 2021). 

Therefore, it seems unlikely that the Billy crater (D = 45 km) impact event caused mantle 

uplift and later influenced the formation of Mons Hansteen.  

However, our CSFD measurements and corresponding AMAs show a temporal 

association of the basaltic floor unit of Hansteen crater (3.4 +0.1/-0.3 Ga; Fig 4.8) and 

Mons Hansteen (3.4 + 0.1/-0.3 Ga; Fig. 4.9). The spatiotemporal association of the basaltic 

lavas at Hansteen crater and the silicic lavas at Mons Hansteen is consistent with fractional 

crystallization of basaltic magmas giving rise to the silicic lithology found at Mons 

Hansteen. Similarly, the spatiotemporal association of basaltic and silicic lithologies is also 

observed at Compton crater (a floor-fractured crater) and the CBVC in the lunar FHT 

(Shirley et al., 2016). Shirley et al. (2016) computed AMAs for the basaltic floor unit at 

Compton crater to 3.6 + 0.1 Ga contemporaneous with CBVC, analogous to the Hansteen 

crater basalts and Mons Hansteen.  

We conclude that there is a plausibility that bimodal volcanism played a role in 

generating silicic magmas on the Moon based on the spatiotemporal association of floor-

fractured craters and silicic volcanic landforms based on the similar AMAs determined for 

the two landforms. However, since this conclusion on only two cases (i.e., Hansteen crater 

and Mons Hansteen; Compton crater and CBVC), further work is needed to test temporal 

association of floor-fractured craters and silicic volcanic landforms. 
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Supplementary Material 

Text S4.1. 

The Hilly & Dissected unit covers an area of 2.9 x 102 km2 and includes 23 craters. The 

AMA for this unit was derived by fitting craters 500 m to 900 m in diameter (n = 14), 

yielding an age of 3.4 Ga (+ 0.08 Ga, - 0.2 Ga). 

 

Figure S4.1. Crater counts for the Hilly & Dissected unit (left) and the corresponding 

AMA derived from CSFD measurement (right).   

Text S4.2. 

The Pitted unit covers an area of 1.19 x 102 km2 and includes 14 craters. The AMA for this 

unit was derived by fitting craters 300 m to 600 m in diameter (n = 13), yielding an age of 

3.4 Ga (+ 0.1 Ga, - 0.3 Ga). 
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Figure S4.2. Crater counts for the Pitted unit (left) and the corresponding AMA derived 

from CSFD measurement (right).   

Text S4.3. 

The Pitted unit covers an area of 22.6 km2 and includes 4 craters. The AMA for this unit 

was derived by fitting craters 200 m to 300 m in diameter (n = 2), yielding an age of 760 

Ma + 400 Ma. 
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Figure S4.3. Crater counts for the North Massif (left) and the corresponding AMA derived 

from CSFD measurement (right).   
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CHAPTER 5 

CONCLUSIONS 

The work presented here investigated crustal deformation and silicic magma genesis 

within the lunar Procellarum KREEP Terrane (PKT). These investigations were made 

possible by the image and topography datasets from the Lunar Reconnaissance Orbiter 

Camera (LROC) (Robinson et al., 2010; Scholten et al., 2010) and the rhyolite-MELTS 

program (Gualda et al., 2012). 

In Chapter 2: Origin of Lunar Floor-Fractured Craters: Revisiting the Viscous 

Relaxation Hypothesis, I presented a detailed study of floor-fractured crater morphology, 

variations in temporal heat flow, rheology, and global maps of floor-fractured craters with 

respect to impact basins. The overarching conclusion is that viscous relaxation cannot be 

ruled out as a viable mechanism for the formation of floor-fractured craters and that viscous 

relaxation and magmatic intrusion are not mutually exclusive, as has been argued in earlier 

studies. I conclude that floor-fractured craters likely underwent tectonic deformation 

followed by modification by magmatic intrusion. 

In Chapter 3: Lunar Silicic Magma Genesis: Insights from Petrological Modeling, I 

demonstrate that fractional crystallization of KREEP basalt magmas is a plausible 

mechanism for the generation of silicic melts on the Moon. Specifically, the results of 

rhyolite-MELTS modeling suggest that following crystallization, the composition of the 

remaining ~30 wt.% liquids are consistent with returned lunar silicic fragments. 

Furthermore, fractional crystallization of anhydrous basalts, which produce lunar silicic 

melts, may be analogous to the terrestrial Proterozoic Anorthosite Mangerite Charnockite 

Granite (AMCG) suites. Since lunar silicic melts formed in anhydrous (low fO2), high-
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temperature magmas (900C-950C – from rhyolite-MELTS models) at shallow crustal 

depths, we conclude that the geothermal gradient within the PKT, where most of the silicic 

landforms are located, was relatively high at the time of silicic magma genesis (3.8-3.9 

Ga).  

In Chapter 4: Spatio-Temporal Association of Hansteen Crater and Mons Hansteen: 

Implications for Silicic Magma Genesis, I tested the stratigraphic relationship between 

floor-fractured crater, Hansteen, the silicic volcanic landform, Mons Hansteen, and the 

Billy crater floor basalts by measuring the Crater Size-Frequency Distribution (CSFD) of 

Hansteen crater ejecta, the basaltic unit within Hansteen crater floor and the Mons 

Hansteen edifice. AMAs derived from our CSFD measurements show that the Hansteen 

crater impact event occurred at 3.8 +0.04/-0.05 Ga. The floor of Hansteen crater was later 

modified by basaltic lavas at 3.4 +0.1/-0.3 Ga, which was contemporaneous with the 

formation of Mons Hansteen at 3.4 +0.1/-0.3 Ga. Our estimate of ~3.4 Ga Mons Hansteen 

not only significantly reduced the uncertainties but also implies that silicic volcanism was 

active into the late Imbrian period. The results of chapter 4 support that of chapter 3 in that 

it is plausible that bimodal volcanism played a role in generating silicic magmas on the 

Moon based on the spatiotemporal association of floor-fractured craters and silicic volcanic 

landforms based on the similar AMAs determined for the two landforms. 

Future Work 

The results of chapter 2 highlight the need for quantitative analysis of floor-

fractured crater topography. Approximating the topographic profiles of floor-fractured 

craters Chebyshev polynomials (Mahanti et al., 2014) will improve the understanding of 

the extent of topographic deformation pre-existing craters undergo.  
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Chapter 3 shows the plausibility of silicic magmas forming from the fractional 

crystallization of KREEP basalts. Samples from the silicic targets are needed to validate 

the findings of the rhyolite-MELTS models. 

 Lastly, the pilot study presented in chapter 4 needs to be expanded to include all 

other cases of floor-fractured crater and silicic volcanic landform association. 
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