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Motivation

Elder	et	al.	(2017)



Pyroclastic Deposits
•Regional deposits: 
• formed through fire-fountain eruptions
• composed of crystalline beads and/or glass beads 

• Localized deposits: 
• formed through Vulcanian-style eruptions 
• incorporate a higher fraction of country rock 

•Deposits of glass beads à lower thermal inertia than 
regolith
•Country rock would increase the thermal inertia



Methods
• Assume regolith density:

⍴(z) = ⍴d – (⍴d – ⍴s)e-z/H

• Fit Diviner nighttime regolith temperature 
measurements from Bandfield et al. 
(2011)
• Temperatures exclude rocks >1 m
• Thermal inertia proportional to density
• Low H    à high thermal inertia
• High H   à low thermal inertia ⍴d⍴s





nearby areas. For the SC image, the data were normalized
by the cosine of the incidence angle, but no scattering law
normalization was applied to products used to make the
circular polarization ration images. We also use data previ-
ously obtained at P band (70 cmwavelength) at!500m/pixel
resolution, as well as a P band image of Mare Serenitatis
acquired at 150 m/pixel resolution. The acquisition and
processing of the P band data are described by Campbell et
al. [2007].
[11] The received circular polarization with the opposite

sense as the transmitted polarization is abbreviated as OC. At
low incidence angles, this power primarily results from
mirror-like reflections from radar-facing surfaces that are
smooth at the wavelength scale. At higher incidence angles,
the OC power is produced by scattering from radar facing
slopes as well as by diffuse scattering from wavelength-scale
roughness. The same sense circular polarization echo, abbre-
viated as SC, arises primarily by diffuse scattering from
wavelength-sized scatterers on the surface and in the
subsurface.
[12] The circular polarization ratio (CPR, or mc) can be

used as an indicator of surface and subsurface roughness, and
is calculated from mc = ssc/soc, where ssc and soc are the
backscatter cross sections of the SC and OC data, respec-
tively. Radar echoes from surfaces that are smooth at wave-
length scales and that have few embedded wavelength-sized
scatterers will have low mc values. Diffuse scattering from
rough surfaces generates mc values approaching one, or even
greater than one for extremely rugged terrain such as impact

crater ejecta and rough lava flows [Campbell et al., 2006;
Campbell et al., 2009].

3. Results and Discussion
3.1. Overview of Pyroclastic Deposits Near Mare
Serenitatis and Mare Vaporum

[13] Five separate beam pointings were used to image
Mare Serenitatis, Mare Vaporum, and the surrounding
pyroclastic deposits (Table 1), using method two (lower
resolution) described above. These images were mosaicked
together with a resolution of 120 m/pixel. A cosine scattering
law was removed from the data. Figure 1 is a Clementine
750 nm image of the observed region, with features labeled
for reference. Figure 2 shows the mosaicked SC circular
polarization image. The locations of pyroclastic deposits are
marked on the image. The corresponding circular polariza-
tion ratio values are shown as a color overlay over the OC
image in Figure 3. The incidence angle, q, of the radar waves
varies across the map in Figures 2 and 3, depending on the
location of the subradar point for each of the five observa-
tions (Table 1).
[14] The area shown in Figures 1–3 contains the following

pyroclastic deposits, listed from largest to smallest [Gaddis et
al., 2003]: Rima Bode, Sulpicius Gallus, Vaporum and
Taurus-Littrow. The pyroclastic deposits are generally radar
dark in the SC image (Figure 2), most likely because the radar
wave can easily penetrate into the fine-grained pyroclastic
material and does not encounter as many surface or near-

Figure 3. An S band circular polarization map of Mare Serenitatis and Mare Vaporum. The CPR data
has been stretched to a color scale and overlaid on the OC image. The map is in a simple cylindrical
projection. Large pyroclastic deposits are clearly visible as areas with low CPR values relative to their
surroundings. The locations of the pyroclastic deposits are shown on the map using the following key:
RB, Rima Bode; VP, Vaporum; M1, Manilius 1 dome inMare Vaporum; SG, Sulpicius Gallus; TF, Tacquet
Formation; TL, Taurus-Littrow.
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Localized Pyroclastic Deposits:
Alphonsus NE



Localized Pyroclastic Deposits:
Alphonsus NE



Localized Pyroclastic Deposits:
Humboldt	SW



Localized Pyroclastic Deposits:
Humboldt	SW



Localized Pyroclastic Deposits
Lack of thermal inertia anomaly means:
a) Thin; easily punctured by impacts
b) Small (in area); easily covered in rocks by nearby 

impacts or mass wasting of nearby slopes
– or –

c) Original eruption incorporated a significant amount of 
country rock



Implications for Ina

• Ina is younger than most 
localized pyroclastic 
deposits

– or –
• Deposit at Ina is thicker 

– or –
• Deposit at Ina incorporated 

less country rock 



Lunar Red Spots

• Silicic (Glotch et al., 
2010)
• Pyroclastic activity? 

(Ashley et al., 2016)
• Thermal inertia data –

further evidence for 
pyroclastic activity



Lunar Red Spots
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Introduction: Most lunar volcanic complexes [1] 

are basaltic in composition. However, morphology 
and near-infrared, thermal-infrared, and gamma ray 
spectroscopy show that a small number of lunar vol-
canic complexes have felsic compositions. These 
include the Gruithuisen domes [2-4], Hansteen Alpha 
[3-6], Lassell Massif [3, 4, 7], the Mairan domes [8], 
and Compton-Belkovich [9, 10]. One limitation of 
remote sensing methods is that they reveal the com-
position of material only in the outermost few centi-
meters (or less). This limitation is partially mitigated 
where impact craters provide exposures of deeper 
material. In the case of the Gruithuisen and Mairan 
domes, estimates of magma rheology from dome 
topography help to constrain the overall composition 
of the domes [11].  

Gravity modeling is another technique that can be 
used to constrain the density and thus the composi-
tion of these volcanos. Gravity modeling of these 
relatively small volcanos (e.g., Compton-Belkovich, 
[12]) has been made possible for the first time by the 
high-resolution gravity field observations made by 
the Gravity Recovery and Interior Laboratory 
(GRAIL) mission [13, 14] (Figure 1). We focus here 
on analysis of GRAIL observations of the Gruithui-
sen domes and of Hansteen Alpha and on the impli-
cations of these observations for volcano composition 
and magma petrogenesis.  

Method: At spherical harmonic degrees > 150 on 
the Moon, the gravity field can be used to map re-
gional variations in crustal density [15]. Based on the 
observed topography (including the effects of finite 
amplitude topography to 16th order), we calculate 
model gravity fields for various choices of crustal 
density. We calculate the RMS misfit between the 
observed free-air gravity (model GRGM900C, [14]) 
and the model gravity over spatial domain boxes 
drawn around each volcano (black square in Figure 
1). Both the observed and modeled gravity fields 
include spherical harmonic degrees 200-600, with 

cosine tapers applied at both ends of the frequency 
range to minimize the effects of spectral ringing. This 
corresponds to a block size (half-wavelength) resolu-
tion of 9 km in the gravity maps. Based on the shape 
of the RMS misfit curve, we determine both the mean 
crustal density and its uncertainty in our study re-
gions. 

 

 
Figure 1: The free-air gravity anomaly for the Gru-
ithuisen dome region. GRAIL resolves distinct 
anomalies for Gruithuisen Delta (right) and Gruithui-
sen Gamma (left). The region is 100 km across.  

Results: Model results for the Gruithuisen Delta 
dome are shown in Figure 2 and indicate a bulk den-
sity of 2150r150 kg m-3. The minimum RMS misfit 
of 1.8 mGal corresponds to a variance reduction of 
99.7% of the observed free-air anomaly. 

The extremely low density places strong con-
straints on the composition of the dome. Lunar mare 
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Conclusions
•Regional pyroclastic deposits have a lower thermal 

inertia than regolith
• Some localized pyroclastic deposits also have a lower 

thermal inertia than regolith, but some do not
• Difficult to separate effects of eruption conditions from post 

emplacement modification
• Lunar red spots have a low thermal inertia – pumice?
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Lunar Red Spots

Three-point spectra of each of the red spots
are distinct from those of the surrounding terrain.
Both mare and highlands materials in each re-
gion have spectral shapes with negative concav-
ity and slope index values. The average CF
positions of local mare and highlands material in

each region are 8.33 and 8.19 mm, respectively,
which compare well with those derived from the
global data set (10).

The regions previously interpreted to be the
most silicic on the Moon have been classified as
nearly pure anorthite, based on VIS/NIR spectral

observations (16, 18). The spectral properties of
these areas are key to our interpretation of the
presence of evenmore-silicicminerals, indicating
evolved lithologies. Diviner spectra of pure pla-
gioclase from the inner ring of the Orientale
multi-ring impact basin are concave-down with a
positive slope index (Fig. 4), and the modeled CF
position is 7.89 mm, which is similar to that de-
rived for the red-spot mixed lithologies. Of all the
feldspars, anorthite has the longest-wavelength
CF position, and this comparison indicates that
red spots with CF positions shorter than those of
areas interpreted to be pure anorthite, along with
positive I parameter and c index values, are large-
ly composed of quartz, Si-rich glass, and alkali
feldspars, or mixtures thereof.

The concave-upward shapes and positive
slope indices in the spectra of Hansteen Alpha,
Lassell Massif, the Gruithuisen Domes, and the
southern rim and ejecta of Aristarchus Crater in-
dicate the presence of highly silicic evolved lithol-
ogies. Evolved compositions are also consistent
with strong positive anomalies of Th, an in-
compatible large-ion lithophile element (7, 8).
Red spots that lack high Th anomalies also lack
the concave-up spectral character in Diviner data,
confirming a lack of silicic indicator minerals.
These include the Helmet Feature, Darney Chi,
Darney Tau, Montes Riphaeus, and Mons La
Hire. Spectra of the Helmet Feature and Montes
Riphaeus display concave-down shapes and have
negative slope parameters (Fig. 4) and are gen-
erally indistinguishable from the surrounding high-
lands in the Diviner data (Fig. 3) (19). The
distribution of high-Si compositions is spatially
correlated with the Th anomalies in Lunar Pros-
pector Gamma-RaySpectrometer (GRS) data (8, 9)
and low FeO abundance derived from Clementine
UV/VIS/NIR imagery (20, 21). Red spots lacking
a silicic composition have typical Th and FeO
abundances.

The four silicic features described here have
variable geologic settings that probably represent
both extrusive and intrusive igneous processes.
TheGruithuisenDomes andHansteenAlpha have
previously been proposed to be silicic volcanic
constructs (3, 5, 6, 22). The compositions as de-
termined by Diviner are consistent with previous
interpretations of these features resulting from
silicic extrusive volcanic processes. TheAristarchus
and Lassell regions appear to be sampling silicic
lithologies emplaced at depth. The Si-rich ma-
terials at Aristarchus are confined to the southern
rim and ejecta of Aristarchus Crater, whereas the
thick blanket of TiO2-poor pyroclastic materials
that coversmuch of theAristarchus Plateau (23, 24)
does not have a silicic spectral signature inDiviner
data. This suggests that Aristarchus Crater ex-
posed an intrusive silicic lithology. Alternatively,
the Aristarchus cratering event could have exposed
an extrusive lithology thatwas subsequently buried
by mare lavas and the pyroclastic deposits of the
Aristarchus Plateau. The silicic materials in the
Lassell region (Fig. 3e) are associated with an
~50 × 20–km patch of highlands material (the

Fig. 2. Full-resolution (2cm−1

spectral sampling) laboratory
spectra of major rock-forming
mineralsandthosespectracon-
volved to theDiviner channel-3
to -5 bandpasses. Arrowsmark
the position of the silicate CF.
Microcline does not display a
strong CF.
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