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Localized pyroclastic deposits (LPDs) are low-albedo accumulates of pyroclastic material with distinct 
positive topographic signatures that are found dominantly along highland-mare boundaries. Previous 
workers hypothesized that LPDs represent products of a lunar equivalent of Vulcanian-style eruptions, 
based in part on the observation that some of the deposits in Alphonsus Crater have large vent volumes 
in comparison with their deposit volumes, indicating a low proportion of juvenile material in the 
deposits. The objective of this study is to better understand eruption mechanisms by determining how 
the proportion of juvenile material, as calculated using deposit and vent volumes, varies among LPDs in 
Alphonsus Crater and elsewhere on the Moon using contemporary data and methods. Deposit and vent 
volumes for 23 LPDs from eleven sites were calculated by differencing current and modeled pre-eruption 
surfaces using digital terrain models (DTMs) derived from Lunar Reconnaissance Orbiter Camera Narrow 
Angle Camera (LROC NAC). Results show that LPDs have a wide range of juvenile proportions, many 
of which are more juvenile-rich than previously thought. Additionally, there is a positive relationship 
between juvenile material proportion and deposit volume and thickness, and a positive relationship 
between juvenile volume and dispersal area. LPDs also bear a broad range of thinning profiles which 
span a range of multiple eruption types on Earth. These findings, along with previous studies employing 
spectroscopic analysis of these deposits, indicate there is greater diversity among LPDs in composition 
and morphometry than previously understood, and that previously published simplified Vulcanian models 
may apply only to the deposits containing the least amount of juvenile material, with all others perhaps 
requiring a combination of multiple eruptive mechanisms. Furthermore, dynamic model results suggest 
that the most widespread lunar deposits in this study were formed by magma containing 2000–5000 
ppm of dissolved volatiles, consistent with recent estimates via melt inclusion analysis, but contrary to 
long-held ideas that the Moon was largely degassed during its formation.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Lunar dark mantle deposits (DMDs) are low-albedo, friable ma-
terial dominantly found along highland-mare boundaries and are 
thought to be pyroclastic in origin (e.g., Carr, 1996; Schmitt et al., 
1967; Wilhelms and McCauley, 1971; El-Baz, 1972; Sato, 1976). 
Although pyroclastic deposits represent a volumetrically negligible 
proportion of all volcanic material on the Moon, they may include 
some of its most primitive and volatile-rich components (Gaddis et 
al., 1985), and therefore are crucial for understanding lunar basaltic 
magmatism. Additionally, the high FeO content of these pyroclastic 
glasses has led to increased interest in their potential as a source 
of oxygen in future exploration endeavors (Allen, 2015). Previous 
workers (e.g., Head and Wilson, 1979; Gaddis et al., 1985) divided 
lunar pyroclastic deposits into two groups: “regional” dark mantle 
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deposits (RDMDs), characterized by thin, flat blanketing deposits 
covering areas on the order of thousands of square kilometers, and 
“localized” dark mantle deposits (LDMDs), which are smaller (typ-
ically less than 100 km2 in areal extent) with a resolvable positive 
topographic signature.

The eruption mechanisms responsible for differences in RDMDs 
and LDMDs were evaluated by Head and Wilson (1979), who char-
acterized both deposit types using photogrammetrically-derived 
topography from Apollo 16 Panoramic Camera images. The authors 
then compared their observations to models of expected morphol-
ogy resulting from various eruption types that may operate on 
the lunar surface. They proposed that wide dispersal of pyroclastic 
material characteristic of RDMDs is likely the result of the lunar 
equivalent of Strombolian-type activity (i.e., coalesced bubble ex-
plosions), while the proximal accumulation of coarse clasts and 
limited dispersal of fine ash particulates more closely resembles 
deposits resulting from Vulcanian-type eruptions involving explo-
sive fragmentation of a solid, near-surface plug composed of wall 
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Fig. 1. Locations of the eleven LPD sites included in this study on a global 643 nm WAC mosaic (Boyd et al., 2013). (For interpretation of the colors in the figure(s), the reader 
is referred to the web version of this article.)
rock material. The latter conclusion also relied heavily on the re-
sults of their volumetric measurements of six deposits and their 
vents in Alphonsus Crater, which indicated little or no juvenile 
component to the deposits, despite the low-albedo of the deposits 
compared to the surrounding crater floor. In particular, Alphonsus 
1 (also known as Ravi) was calculated to have the smallest pro-
portion of juvenile material, and was thus cited as the strongest 
indicator that LDMD deposits are composed chiefly of bedrock ma-
terial (i.e., non-juvenile magma), and that the eruption mechanism 
producing LDMDs must involve significant fracturing and entrain-
ment of wall rock material. This hypothesis influenced later in-
terpretations of compositional groups of pyroclastic deposits that 
were categorized using spectra collected both telescopically (e.g., 
Gaddis et al., 1985; Hawke et al., 1985, 1989) and with the five-
band Clementine ultraviolet-visible (UVVIS) instrument (Nozette, 
1995) (e.g., Gaddis et al., 2000, 2003). It is therefore important 
to verify that the morphometric relationships described by Head 
and Wilson (1979) hold true for the Alphonsus deposits, given 
more contemporary data and methods, as well as for other LD-
MDs to confirm that their hypothesis indeed applies to all LDMDs. 
Later works revised RDMDs as being Hawaiian-type in origin, and 
instead categorized cones (which are similar to LDMDs but with 
somewhat steeper slopes) as being Strombolian in origin (Head 
and Wilson, 2017).

Although the notion that LDMDs are products of lunar Vulca-
nian-like eruptions is generally accepted (e.g., Gaddis et al., 2003; 
Gustafson et al., 2012), the physical details of such events re-
main poorly constrained due to uncertainties related to the ex-
tent to which juvenile magma participates in the eruption and af-
fects LDMD spectral reflectance in visible and near-infrared wave-
lengths. In order to better understand the nature of LDMD magma 
parent bodies and lunar mantle volatile content and composition 
using spectral reflection measurements, improved estimates of the 
volume of juvenile vs. bedrock material in LDMDs are necessary. 
The objective of this study is to determine how the relative propor-
tions of bedrock and juvenile material vary in LDMDs as indicated 
by their deposit-to-vent-volume ratio, how the results compare 
with interpretations of deposit composition using remote sensing-
based reflection spectra, and what the implications may be for 
lunar eruption mechanisms. Because the distinction between LD-
MDs and cones is poorly defined, cones are included in this study 
as well. Henceforth, the deposits in this study are collectively re-
ferred to as localized pyroclastic deposits (LPDs).

2. Methods

2.1. Volume estimates

The morphology of 23 LPD deposits from eleven sites across 
the Moon (Fig. 1) were investigated with the specific goal of quan-
tifying the amount of juvenile material in each deposit using the 
difference between the exterior tephra deposit volume and vent 
volume. Sixteen of the deposits are found in floor-fractured craters 
(Jozwiak et al., 2015): Alphonsus crater, Oppenheimer crater, Gauss 
crater, Compton crater, and Schrödinger crater. Seven of the de-
posits are found at six sites located within mare: northeast Cri-
sium, Birt, Isis, Lassell H, Osiris, and Tobias Mayer. These 23 sites 
were selected based on the topographic simplicity of the surround-
ings and the deposits themselves, the presence of a (preferably 
singular) central vent, and the availability of stereo images from 
the Lunar Reconnaissance Orbiter Camera (LROC) Narrow Angle 
Camera (NAC) (Robinson et al., 2010) for the production of high-
resolution (∼3–5 m horizontal pixel scale) Digital Terrain Models 
(DTMs) using SOCET SET (Henriksen et al., 2017). Since the vent 
slopes are steep (>20◦), small uncertainties in slope can dramati-
cally change the vent volume estimates. Where gaps in NAC DTM 
coverage on the surrounding LPD deposit exist, they were filled 
using data from the 60◦S to 60◦N 512 PPD Lunar Orbiter Laser 
Altimeter (LOLA) (Smith et al., 2010) and SELENE Terrain Camera 
merge (Haruyama et al., 2014; Barker et al., 2016). Since this prod-
uct does not cover Schrödinger Crater, gaps at that location were 
instead filled using the LOLA global DTM.

To determine the volume of each deposit, a corresponding DTM 
of an estimated pre-depositional surface was synthesized based on 
the pre-existing topography exposed around the deposit, profiles 
across the deposit, and exposed stratigraphy as seen in NAC im-
ages. Deposit boundaries were determined from reflectance and 
FeO contrasts with the surrounding terrain from a 100 m pixel 
scale photometrically normalized map produced from observations 
at 643 nm by the LROC Wide Angle Camera (WAC) (Boyd et 
al., 2013) and the global Clementine UVVIS iron abundance map 
(Lucey et al., 1995), respectively. The boundaries were checked 
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Fig. 2. Example of pre-existing surface derivation at Alphonsus 2 using NAC DTM profiles. A representative topographic profile a1–a2 (shown in panel A) was used to produce 
a model profile of the pre-existing surface without the rille (panel B). That profile is then used to interpolate a 3D surface (panel C). That surface is then subtracted from 
the NAC DTM (panel D), the rille removed, and the missing area interpolated to produce a new difference (or thickness) DTM (panel F, thickness profile along rille shown 
in panel E). The thickness profile extracted from the interpolated difference DTM is then subtracted from the NAC DTM and used to produce a best-guess model profile of 
the rille floor (panel H). That profile is then incorporated into a new 3D model of the pre-existing surface including the rille (panel G, final difference (i.e., thickness) DTM 
shown in panel I).
with low-incidence angle NAC images where available. The pyro-
clastic unit was then masked from the DTM and a new surface 
was generated using the ArcMap Spline tool (ESRI, 2011), which 
generates a minimum curvature surface. This method allowed us 
to use the surrounding topography for extrapolating the simplest 
underlying surface possible. This tool was also used to model un-
derlying rilles and fractures, which are assumed to have existed 
prior to deposit emplacement. Since rille topography tends to be 
more irregular than inter-rille topography, in most cases one or a 
combination of three strategies for extrapolating the rille topogra-
phy was employed: (1) using a simple linear model connecting the 
rille on one side of the deposit to the other, (2) applying the slope 
of the extrapolated topography outside of (and parallel to) the rille 
to the bottom of the rille, or (3) using representative profiles to 
determine a deposit thickness profile outside of the rille, and then 
subtracting that thickness profile from the present rille topography 
(Fig. 2).
Once a model of the pre-existing surface was produced (Fig. 2g), 
it was then subtracted from the present-day NAC DTM (Fig. 2a) 
containing the deposit, resulting in a surface difference DTM 
(Fig. 2i). In the difference DTM, positive values (shown in red) indi-
cate deposit thickness and negative values (shown in blue) are vent 
depth values. The difference DTM guided the choice of rille extrap-
olation strategy, as it is expected that the thickness of the deposit 
smoothly decreases radially outward from the vent rim. The vent 
volume is the volume calculated by integrating the negative values 
of the difference DTM in the vent area, and the deposit volume is 
calculated by integrating the positive values of the entire differ-
ence DTM. This method allows for minimization of uncertainties 
resulting from complicated underlying topography, such as slopes, 
rilles, and/or scarps. Minimization of these uncertainties is of par-
ticular importance given the low-lying, low-relief nature of LPDs, 
and produces more realistic surface difference DTMs than when a 
simple flat plane is used.
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For the purposes of this study, bedrock is defined to be the 
floor material (country rock) onto which the deposit was em-
placed. Since the deposit contains a mix of juvenile tephra as well 
as the fragmented bedrock that was excavated to create the vent, 
the mass of juvenile material is:

mjuvenile =mdeposit −mexcavated (1)

mjuvenile = ρdeposit Vdeposit − ρbedrockVvent (2)

where Vdeposit and Vvent are the estimated volumes of the de-
posit and the vent cavity, respectively, ρdeposit is the bulk den-
sity of the deposited material, and ρbedrock is the bulk density 
of the bedrock prior to fragmentation and excavation. Assuming 
that the tephra sourced from bedrock material has the same bulk 
density as the tephra material sourced from juvenile magma (i.e., 
ρdeposit = ρjuvenile), the bulk volume of the juvenile component of 
the deposit can be obtained like so:

Vjuvenile = mjuvenile

ρdeposit
(3)

Vjuvenile = ρdeposit Vdeposit − ρbedrockVvent

ρdeposit
(4)

Vjuvenile = Vdeposit − ρbedrockVvent

ρdeposit
(5)

In the absence of magmatic composition data, the dense-rock-
equivalent (i.e., dense-magma-equivalent) volume cannot be calcu-
lated. We can instead calculate the bedrock-equivalent (BRE) vol-
ume:

Vjuvenile,BRE = mjuvenile

ρbedrock
(6)

Vjuvenile,BRE = ρdeposit Vdeposit − ρbedrockVvent

ρbedrock
(7)

Vjuvenile,BRE = Vdeposit
ρdeposit

ρbedrock
− Vvent (8)

The deposit volume can then be used to determine the propor-
tion of juvenile material in the deposit:

%juvenile = 100 ∗ Vjuvenile

Vdeposit
(9)

This modification of the calculation presented by Head and Wil-
son (1979) accounts for the change in bulk density of excavated 
vent material upon fragmentation during eruption, which was not 
considered by the previous authors. The range of values used for 
ρbedrock varied by deposit location. For deposits located in floor-
fractured craters, the density of pure anorthite was used as a dense 
endmember (2.7 g/cm3), along with the bulk density range of lu-
nar impact breccias reported by Kiefer et al. (2012), 2.3–2.6 g/cm3. 
For deposits situated on mare, 3.0–3.3 g/cm3 (Kiefer et al., 2012) 
was used, the upper end of which is extreme. For ρdeposit , the bulk 
density of a sampled deposit of orange beads from Taurus-Littrow 
as measured by Gold et al. (1976) was reported as 1.4 g/cm3. To 
account for potential variation in this value among deposit sites, 
we used this value with an uncertainty range of ±0.1 g/cm3. This 
uncertainty value reflects the variation of bulk densities measured 
for terrestrial basaltic tephra, which span ∼0.7–0.9 g/cm3 (e.g., 
Costantini et al., 2009; Alfano et al., 2019); the lower terrestrial 
tephra densities are due to the fact that they are typically coarser 
and are made of up vesiculated scoria. The use of a range also al-
leviates artificial constraint of the solid volume fractions among 
all deposits, which would be inappropriate. Note that if one as-
sumes a constant solid volume fraction among deposits, the den-
sity contrast range of orange beads with the mare bedrock (i.e., 
ρdeposit/ρbedrock) could be applied for all settings, which would de-
crease absolute juvenile estimates for floor-fractured crater settings 
by less than 1% juvenile for deposits with the highest percentages 
of juvenile material to 20% juvenile for the lowest. When the vol-
ume of the vent exceeds the volume of the deposit, the expression 
returns a negative value, indicating negligible volume of juvenile 
material in the deposit.

2.2. Sources of uncertainty

Reported errors in juvenile percentages include bedrock density 
and DTM uncertainties. The uncertainty of NAC DTMs is given by 
the relative linear error value as calculated by SOCET SET, which 
uses the image ground sampling distance, convergence angle, and 
image matching uncertainty of the model to derive a vertical un-
certainty for each DTM (typically less than 5 m) (Henriksen et al., 
2017). The global LROC-SELENE DTM that was used for gaps in the 
NAC DTMS has a vertical accuracy of 3–4 m (Barker et al., 2016). 
Volumetric uncertainties were derived by multiplying the vertical 
uncertainty of the NAC DTM by area of the deposit it covers, and 
then adding to that value the area of any gaps multiplied by 4 m.

There are several errors that are not accounted for in the un-
certainty calculations and are not represented by the error bars 
in subsequent plots due to insufficient data for quantifying their 
impact. For example, fallback of material into the vent during 
and after eruption would serve to exaggerate juvenile estimates, 
though evidently to a very minor degree (see section 2.3). Any 
post-eruptive subsidence resulting from evacuation of the mag-
matic plumbing system would also influence volumes in unpre-
dictable ways. Another influence on the presented estimates is the 
accuracy of the estimated pre-existing surfaces. Examples of partic-
ularly complex sites from this dataset include Compton W, Gauss 2, 
and Oppenheimer 3; therefore, the reconstructed surfaces at these 
sites likely have the largest errors (see section 2.4 for sensitivity 
analysis of pre-existing surfaces to errors).

Since LPDs are pre-Imbrian (>3.85 Ga) to Imbrian (∼3.85–3.2 
Ga) in age (Head, 1974), the effect of regolith development on the 
albedo and morphology of LPDs must be considered. The model 
presented by Gault et al. (1974) indicates that a 3.8 Gy aged sur-
face has been turned over at least once to a depth of 1.2 m, 10 
times at 70 cm, and 100 times at 10 cm. A 4 Gy surface would 
have been turned over to a depth of 10 m. Considering the ex-
tremely shallow slopes of LPDs, regolith turnover therefore may 
have dramatically blurred the edges of the deposits, causing the 
apparent edge of the deposit to become less distinct over time, 
thereby leading to greater uncertainty as to the true areal extent 
of the deposit. Without more precise knowledge about regolith 
development at each site, the importance of its effects on underes-
timating the volumes and areas measured in this study cannot be 
quantified.

In short, while estimation of unconstrained error sources is be-
yond the scope of this study, it is nonetheless important to bear 
them in mind while reviewing the quantities presented in this 
study.

2.3. Vent infill

A simple way to estimate the impact of tephra fallback into the 
vent on our calculations is to model the original vent as a cone 
and calculate the difference between the idealized cone volume 
and the measured vent volume. For each vent in our dataset that 
is symmetric and nearly circular (Compton W, Gauss 1, Lassell H, 
and all Alphonsus vents except for Alphonsus 1), a cone was con-
structed with the contour at half-depth of the difference DTM serv-
ing as its base. Use of the difference DTM ensures that topographic 
complexity from pre-existing morphology was excluded. The area 
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Table 1
Descriptions of exposures of wall rock material within the vents.
Deposit name Latitude 

(◦N)
Longitude 
(◦E)

Exposure description

Alphonsus 1 −12.51 358.04 Some grain flow patches
Alphonsus 2 −12.54 358.28 Potential outcroppings of discrete surface 

(Fig. 3a)
Alphonsus 4 −12.86 358.38 Possible surface obscured by creep
Alphonsus 5 −13.09 358.39 No compelling exposures
Alphonsus 6 −13.51 358.55 Fairly consistent max elevation of bright 

grain flow patches, no structural 
indication of layer (Fig. 3b)

Alphonsus 7 −14.39 358.09 Some grain flow patches
Alphonsus 8 −13.78 356.62 Possible surface obscured by creep
Alphonsus 9, 10, 11 −13.57 355.92 Discrete surface identified in 11 (Fig. 3b), 

one surface exposure in 10, grain flow 
patches in 9

Oppenheimer 1 −33.55 194.52 No compelling exposures
Oppenheimer 2 −37.10 195.42 Bight band of blocky material
Oppenheimer 3 −35.30 196.75 No compelling exposures
Oppenheimer 4 −34.96 196.58 No compelling exposures
Crisium 1 18.55 61.91 No compelling exposures
Crisium 2 19.08 61.20 No compelling exposures
Gauss 1 35.87 76.65 One grain flow feature, no indication of 

stratigraphical interface
Gauss 2 36.30 81.50 No compelling exposures
Birt E −20.73 350.36 Possible surface identified
Compton W 54.10 105.39 No compelling exposures
Isis 18.97 27.47 No compelling exposures
Lassell H −15.00 349.13 No compelling exposures
Osiris 18.64 27.64 No compelling exposures
Schrödinger −75.40 138.60 Structural indications of interface present 

on both sides of vent (Fig. 3c)
Tobias Mayer W 19.20 327.50 Possible surface identified
enclosed by the contour at half-depth was segmented radially into 
50 slices, whose distances were used to calculate a median dis-
tance from the centroid of the contour. The median slope was 
extracted from along the contour, which was used together with 
the median distance to model the height of the cone. The volumes 
of the 50 slices projected to the calculated cone height were calcu-
lated and summed. A visual inspection in ArcScene (ESRI, 2011) of 
the resulting 3D cone along with the original vent in the difference 
DTM confirmed that the resulting cones are realistic extrapolations 
of the existing vents.

The disparity in volume between the cone and the difference 
DTM was then subtracted from Vvent and added to Vdeposit before 
recalculating % juvenile. For nearly all vents to which this proce-
dure was applied, the decrease in the juvenile estimate was less 
than 2% total juvenile material. The exception was Alphonsus 8, 
whose juvenile estimate increased by 5% total juvenile material. 
This exercise confirms that fallback of tephra into the vent does 
not lead to significant underestimates in juvenile percent, as long 
as the slopes at half depth are truly representative of the original 
post-eruptive vent slopes.

2.4. Outcrops and sensitivity analysis

About half of the vents in this study exhibit linear blocky tex-
tures partially down the wall that may be interpreted as exposed 
outcrops of the sub-deposit bedrock revealing the maximum depth 
of the overlying pyroclastic deposit (Table 1, Fig. 3). In a few cases, 
aligned exposures of mass wasting materials sourced from erod-
ing benches indicate a discrete stratigraphic interface interpreted 
to represent the pre-existing surface. These outcrops present an 
opportunity to test the aforementioned method of approximating 
the pre-existing surface.

To investigate the sensitivity of results to estimates of the pre-
existing surface, alternative pre-existing surface models were cre-
ated (referred to as reconstructed surface B) for three deposits 
containing deliberate topographic modifications representing end-
member, but still realistic, cases (Fig. 4). The locations of observed 
outcrops on the vent walls are then used to show that the sur-
face generated using the methods described in Section 2.1 above 
(reconstructed surface A) is more likely.

Alphonsus 2
Reconstructed surface A (as shown in Fig. 2) relied heavily on 

a topographic profile (Fig. 2b) across the deposit and extrapola-
tion from the topography outside of the deposit to a minimum-
curvature profile. If this step is removed and it is instead assumed, 
as an end-member alternative, that the small depression north of 
the rille sloped up more steeply north of the rille (reconstructed 
surface B), the difference (thickness) map B is much more irregular 
than difference map A. Moreover, the locations of blocky outcrops 
(indicated by black dots) on difference map A are noticeably closer 
to the plane of 0 thickness (white in the difference/thickness DTM), 
where the model indicates an interface should be visible. Of the 
three deposits tested, the difference in the calculated juvenile pro-
portion from reconstructed surface A to reconstructed surface B 
was the most dramatic for Alphonsus 2, decreasing from 24% to 
0%.

Alphonsus 9, 10, 11
For this deposit, there is uncertainty in the shape of the con-

tours on the floor. Reconstructed surface A exhibits contours fol-
lowing the convex shape of the gently sloping larger crater floor 
toward the east. However, it is also possible that the contours in-
stead more closely follow the shape of the more prominent ridge 
hugged by the deposit toward the west, in sharp contrast with the 
larger-scale topography of the crater floor (reconstructed surface 
B). Reconstructed surface B results in a difference/thickness map 
that looks rather similar to difference map A, only thicker and 
more diffusely distributed. The outcrops once again align more fa-
vorably with difference map A. Nevertheless, the difference map 
B yields a juvenile proportion of 78%, versus 57% calculated from 
difference map A.
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Fig. 3. A) Perspective view of the eastern wall of Alphonsus 6 vent with a series of 
grain flows of no clear structural origin. The source of erosion in some cases appears 
to have been overrun by the fine dark deposit material (NAC orthophoto, width 
of view ∼1500 m, vertical exaggeration 2.8x). B) Perspective view of the western 
wall of Alphonsus 11 vent showing structural benches appearing to source from an 
interface between the original surface and the deposit (NAC orthophoto, width of 
view ∼1550 m, vertical exaggeration 2.1x). C) Perspective view down the axis of 
the vent toward the southwest. Red dashes outline the vent rim, which are parallel 
to linear benches of eroding material on both sides of the vent (indicated by arrows) 
that likely represent a stratigraphic interface. (NAC image, width of view ∼5200 m, 
vertical exaggeration 1.5x).

Tobias Mayer W
In terms of contextual topography, Tobias Mayer is one of the 

simplest deposits. Similar to the Alphonsus 9/10/11 deposit, re-
constructed surface A has contours following the wide convex 
downsloping character of the surrounding topography. Therefore, 
the end-member alternative is an oppositely concave surface (re-
constructed surface B). Difference map B once again looks similar 
to that of difference map A, albeit generally thicker. The exposed 
outcrops agree with both models roughly equally. This alternative 
surface example had a smaller impact on the calculated juvenile 
proportion than was found in the previous two examples, with an 
increase from A to B of about 14% from 54% to 68%.

These analyses demonstrate the importance of careful consid-
eration of surrounding topography when generating pre-existing 
surfaces. It shows that in the worst cases, errors in reconstructed 
surfaces may be as high as ±25%.
3. Results

Fig. 5 is a graphic table of reconstructed pre-existing surfaces 
(equivalent to surface A in Fig. 4) for each LPD and their result-
ing difference maps. Volume measurements, calculated juvenile 
volumes and percentages, and other morphometric measurements 
and calculations can be found in Table 2. The average deposit 
thicknesses at the vent were calculated by averaging the thickness 
values along the apex of the vent rim. The overall average deposit 
thickness is the volume of the deposit divided by the area of the 
deposit (vent area subtracted). Deposits containing multiple vents 
were treated as a single deposit when calculating the juvenile con-
tent, with Vvent being the sum of the individual vent volumes. Al-
though the deposit volumes for all other multi-vent deposits were 
combined, vent depths and deposit thicknesses immediately sur-
rounding the vents were still performed on an individual basis and 
are presented as multiple values for their respective deposits.

Results show a wide variety of morphometric characteristics 
among deposits, with juvenile proportions spanning the entire 
range of 0–100%. There were four deposits that returned negative 
percent juvenile values for some or all bedrock densities consid-
ered. Oppenheimer 4 and Alphonsus 2, 4, 5, and 8 exhibit error 
bars extending below 0 for the higher density ranges. Alphonsus 
6, however, returned negative values for all densities considered. 
This is not fully explained by the exclusion of the large cavity in 
the northern portion of the current surface from its pre-existing 
surface model, since the percent juvenile estimate is still nega-
tive when the southern half of the deposit and vent are measured. 
Therefore, the volume of Alphonsus 6 is an underestimate. The 
return of negative juvenile percent values for greater bedrock den-
sities for these five deposits, which are the smallest deposits by 
nearly every measure, may indicate that deposit volumes are be-
ing systematically underestimated or that sensitivity to error is 
inversely proportional to deposit size. This may be partially ex-
plained by the fact that NAC DTM vertical uncertainties are agnos-
tic to deposit size and thus have a disproportionately large impact 
on the size of errorbars for small deposits. Systematic underes-
timates may be due to muting of the landscape during regolith 
development (including fallback of material into the vent), or they 
may indicate that the density contrast between the country rock 
and deposit is better represented by the smaller of the range of 
values, or both.

4. Discussion

4.1. Morphometric relationships

Fig. 6 shows the relationships between the calculated vol-
ume/proportion of juvenile material and the morphometric proper-
ties for each deposit presented in Table 2. There is a weak positive 
logarithmic relationship between the proportion of juvenile mate-
rial and both total deposit volume (Fig. 6b, unweighted R2 = 0.72) 
and area (Fig. 6d, unweighted R2 = 0.56) for deposits containing 
less than ∼80% juvenile material. Interestingly, deposits situated in 
inter-crater settings span the entire range of juvenile proportions 
from 0 to 100%, whereas deposits on the mare tend to contain over 
90% juvenile material (the only exception being Tobias Mayer W). 
These relationships are much tighter and more consistent for ab-
solute juvenile volume (Fig. 6a, unweighted R2 = 0.96 and Fig. 6c, 
unweighted R2 = 0.78, respectively). The relationship between vent 
depth and percent juvenile material (Fig. 6f), on the other hand, 
appears to be positive for deposits composed of less than 50% ju-
venile material and negative for deposits composed of greater than 
50% juvenile material.

The maximum vent depth and the absolute juvenile volume 
of Alphonsus deposits appear to be tightly positively correlated 
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enile account for variations in bedrock density and LOLA 

Average deposit 
thickness
(m)

Notes

12 ± 3 MD Ravi (Head and Wilson, 
1979)

11 ± 3 Monira (Head and Wilson, 
1979)

17 ± 3 KC Soraya (Head and Wilson, 
1979)

6 ± 3
9 ± 3
15 ± 2 R (Head and Wilson, 1979)
7 ± 2
25 ± 4 CA (Head and Wilson, 1979)

32 ± 3 Oppenheimer N (Bennett et 
al., 2016)

20 ± 2 Oppenheimer SSE (Bennett 
et al., 2016)

39 ± 2 Oppenheimer E (not to be 
confused with Opp. E Crater) 
(Bennett et al., 2016)

9 ± 2
39 ± 1
19 ± 1
35 ± 4 Gauss W (not to be confused 

with Gauss W Crater) 
(Gaddis et al., 2003)

51 ± 2 Gauss E (not to be confused 
with Gauss E Crater) (Gaddis 
et al., 2003)

43 ± 3 Large deposit only (small 
northeastern deposit 
excluded from calculations)

31 ± 3
16 ± 5
46 ± 3
28 ± 5
120 ± 2
22 ± 3

r Birt E.
24.1, 0.127 ± 0.128; −113.5 ± 134.8, −0.006 ± 0.012; 
Table 2
Volume measurement results and calculations. Cells with multiple values are reporting the values for each vent within a multi-vent deposit. The ranges presented for % juv
uncertainties alone, and do not represent statistical uncertainties.
Deposit name Area

(km2)
Deposit volume
(km3)

Vent volume
(km3)

Juvenile volume 
(BRE)
(km3)

% Juvenile Maximum deposit 
thickness
(m)

Average deposit 
thickness at vent
(m)

Maximum 
vent depth
(m)

Alphonsus 1 35 0.416 ± 0.088 0.146 ± 0.005 0.094 ± 0.087 30.4 ± 25.9 74 ± 3 31 ± 3 187 ± 3

Alphonsus 2∗ 20 0.212 ± 0.049 0.083 ± 0.003 0.043 ± 0.043 25.9 ± 25.9 49 ± 3 36 ± 3 193 ± 3

Alphonsus 4∗ 46 0.723 ± 0.117 0.286 ± 0.007 0.128 ± 0.128 23.9 ± 23.9 85 ± 3 42 ± 3 311 ± 3

Alphonsus 5∗ 6 0.030 ± 0.014 0.024 ± 0.002 0.003 ± 0.003 10.7 ± 10.7 23 ± 3 13 ± 3 93 ± 3
Alphonsus 6∗ 11 0.090 ± 0.030 0.092 ± 0.004 0 0 29 ± 3 20 ± 3 185 ± 3
Alphonsus 7 71 1.022 ± 0.106 0.343 ± 0.005 0.238 ± 0.144 37.1 ± 15.9 72 ± 2 50 ± 2 272 ± 2
Alphonsus 8∗ 18 0.117 ± 0.033 0.069 ± 0.003 0.015 ± 0.015 15.3 ± 15.3 36 ± 2 18 ± 2 139 ± 2
Alphonsus 9, 10, 11 92 2.134 ± 0.177 0.264 ± 0.005, 0.710 ± 0.277 56.4 ± 10.5 107 ± 2 55 ± 2, 290 ± 2,

0.065 ± 0.002, 54 ± 2, 145 ± 2,
0.170 ± 0.003 83 ± 2 246 ± 2

Oppenheimer 1 70 2.134 ± 0.227 0.157 ± 0.010 1.055 ± 0.304 86.0 ± 4.2 163 ± 3 80 ± 3 116 ± 3

Oppenheimer 2 35 0.588 ± 0.058 0.109 ± 0.007,
0.076 ± 0.004

0.148 ± 0.090 40.3 ± 17.4 107 ± 2 75 ± 2,
27 ± 2

110 ± 2,
86 ± 2

Oppenheimer 3 40 1.522 ± 0.073 0.028 ± 0.002 0.830 ± 0.162 96.6 ± 0.9 147 ± 2 91 ± 2 58 ± 2

Oppenheimer 4∗ 5 0.035 ± 0.008 0.020 ± 0.002 0.005 ± 0.005 16.3 ± 16.3 31 ± 2 15 ± 2 70 ± 2
Crisium 1 33 1.242 ± 0.044 0.004 ± 0.001 0.553 ± 0.080 99.2 ± 0.3 185 ± 1 92 ± 1 20 ± 1
Crisium 2 12 0.219 ± 0.012 0.006 ± 0.001 0.093 ± 0.018 93.6 ± 1.8 85 ± 1 46 ± 1 37 ± 1
Gauss 1 87 2.982 ± 0.330 0.042 ± 0.006 1.653 ± 0.424 97.3 ± 1.0 136 ± 4 97 ± 4 100 ± 4

Gauss 2 108 5.165 ± 0.240 0.712 ± 0.017,
0.076 ± 0.004

2.122 ± 0.560 71.8 ± 5.8 195 ± 2 137 ± 2,
48 ± 2

296 ± 2,
127 ± 2

Birt E† 356 14.856 ± 1.176 0.554 ± 0.016 6.148 ± 1.330 91.3 ± 1.9 214 ± 2 160 ± 2 173 ± 2

Compton W 15 0.420 ± 0.040 0.080 ± 0.004 0.158 ± 0.059 64.0 ± 10.0 104 ± 3 75 ± 3 155 ± 3
Isis 6 0.098 ± 0.030 0 0.045 ± 0.019 100 77 ± 5 56 ± 5 0
Lassell H 7 0.333 ± 0.019 0.001 ± 0.0003 0.149 ± 0.026 99.3 ± 0.3 158 ± 3 118 ± 3 19 ± 3
Osiris 5 0.151 ± 0.027 0 0.069 ± 0.020 100 102 ± 5 78 ± 5 0
Schrodinger 877 103.320 ± 1.516 3.326 ± 0.019 54.760 ± 9.844 94.1 ± 1.1 496 ± 3 436 ± 3 591 ± 3
Tobias Mayer W 232 4.985 ± 0.613 0.992 ± 0.012 1.269 ± 0.550 53.4 ± 11.6 110 ± 2 78 ± 2 360 ± 2

† Note that while Birt E is a multi-vent deposit, NAC DTM coverage does not include the smaller northwestern vent, thus its volume has been excluded from the numbers fo
∗ Negative values in juvenile range are reported as 0. Actual calculated juvenile percent and juvenile volume values are, respectively: 21.0 ± 30.8, 0.039 ± 0.047; 23.7 ±
−123.4 ± 107.8, −0.040 ± 0.028; −23.7 ± 54.4, −0.001 ± 0.030; −19.1 ± 51.6, 0 ± 0.009.
7
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Fig. 4. Summary table of the results of the sensitivity of the calculations in this study to changes in the shape of pre-existing surface models. Alternative surfaces are designed 
to represent extreme, yet realistic, cases (reconstructed surface B). Black dots denote locations of identified outcrops interpreted as marking the interface between the deposit 
and the underlying country rock; they broadly agree more with the original model surfaces (reconstructed surface A) produced following the methods employed in this 
study.
(Fig. 6e). The remaining vent depths also show a positive cor-
relation with absolute juvenile volume, but they do not fall on 
the same trend and are generally more scattered. Maximum de-
posit thickness (Fig. 6g, h), average deposit thickness near the vent 
(Fig. 6i,j), and average overall thickness (Fig. 6k,l) are all posi-
tively correlated with total juvenile volume and juvenile percent-
age. Although there is some clustering of deposits from the same 
locations on these charts, particularly the Alphonsus deposits, ge-
omorphic characteristics do not appear to be strongly dictated by 
location. Instead, the relationships suggest that LPD deposit size 
is controlled by the absolute volume and proportion of juvenile 
magma that participated in the eruption. While the observation by 
Head and Wilson (1979) that the deposits at Alphonsus Crater are 
low in juvenile content is generally consistent with the measure-
ments reported here, it appears that those deposits represent only 
part of a larger morphometric trend for localized pyroclastic de-
posits.

4.2. Comparison with remote sensing studies

Spectral observations from the Moon Mineralogy Mapper (M3) 
aboard Chandrayaan-1 (Pieters et al., 2009) and the Diviner Lu-
nar Radiometer Experiment aboard the Lunar Reconnaissance Or-
biter (Paige et al., 2010) together allow for much more pre-
cise measurement of iron-bearing minerals and glasses compared 
to Clementine-based results. Using these datasets, Bennett et al. 
(2016) found that the Oppenheimer 1 and 3 deposits bear strong 
glass signatures with traces of clinopyroxene (interpreted as juve-
nile material), with Oppenheimer 3 in particular exhibiting spec-
tral characteristics suggesting that it is nearly entirely composed 
of glass, consistent with the morphometric-based estimates pre-
sented here that indicate the deposits are almost entirely juvenile. 
On the other hand, Oppenheimer 2 was found by Bennett et al. 
(2016) to be a mixture of glass and clinopyroxene, which conflicts 
with our results indicating that Oppenheimer 2 is composed of 
a roughly equal mixture of juvenile material (glass and clinopy-
roxene) and crater floor material (orthopyroxene). However, failure 
to detect orthopyroxene by spectral methods does not necessar-
ily indicate its absence in the deposit, only that it is probably not 
present in detectable quantities on the surface of the deposit (i.e., 
late stage erupted products might be entirely juvenile). Finally, 
Oppenheimer 4 was only faintly detectable in glass band depth 
parameters (Bennett et al., 2016), suggesting that it contains very 
little glass, though with a surface area of only 5 km2, it may sim-
ply be too small for a signature to be visible through the noise in 
their M3 glass band depth map.

Gaddis et al. (2016) also used M3 data to analyze the deposits 
in Alphonsus crater. Their findings indicate that all of the de-
posits in the crater are orthopyroxene-rich, but the largest deposits 
(Alphonsus 1, 4, 7, 9, 10, and 11) also contain mixtures of clinopy-
roxene and glass. In particular, the western cluster of vents (9–11) 
contain a significant glass+orthopyroxene component, particularly 
near the southern deposit (11). Another recent study (Allen et al., 
2013) applying M3 and Diviner data to LPDs in Alphonsus Crater 
found elevated abundances of FeO in the deposits (13.8 ± 3.3 wt.%) 
compared to that of the crater floor material (7.5 ± 1.4 wt.%) yet 
within the range of iron oxide abundances measured in pyroclastic 
glasses (Papike, 1998). The results of these studies are consistent 
with the results of this study, which show very little to no juvenile 
material for the smallest deposits (by area) and moderate to sig-
nificant juvenile component (∼20–60%) for the larger deposits in 
Alphonsus crater.

Finally, Besse et al. (2014) found using M3 data that the de-
posit at Birt E has a signature indicating a mixture of glass with 
a basaltic component. Since the deposit is located within a mare 
basalt unit, the source of its basaltic component may be the 
country rock or crystalline juvenile material from the same erup-
tion(s) that produced the glassy material. This study’s estimate 
of ∼89–93% juvenile material suggests the latter as the primary 
source of the signature.

4.3. Eruption dynamics

The observation that mare LPDs tend to be juvenile-rich while 
floor-fractured crater LPDs vary widely hints at a commonality in 
mare settings that is not necessarily shared by all floor-fractured 
crater settings. Crustal thickness values at each deposit location 
(Supplemental Table 1) retrieved from a lunar crustal thickness 
map presented by Wieczorek et al. (2013) do not directly corre-
late to results for juvenile percent, juvenile volume, nor any other 
morphometric parameter presented in Table 2. Juvenile rich de-
posits in mare settings may instead be a result of factors more 
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Fig. 5. Graphic tables presenting the current surface appearance and topography of the LPDs in this study alongside the pre-existing surface model and the difference/deposit 
thickness DTM corresponding to each deposit. Areas not covered by NAC DTMs are filled in with the WAC-Kaguya global DTM. NAC DTM coverage is equal to the orthophoto 
coverage shown in the second column.
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Fig. 5. (continued)
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Fig. 5. (continued)
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Fig. 6. Plots depicting relationships between juvenile volume/proportion and various morphometrics. Vertical errors are derived from the range of expected bedrock and 
deposit densities and the volume errors calculated using the vertical precision of the DTMs. Horizontal uncertainties are derived from the latter alone. Multi-vent deposits 
are not plotted in max vent depth nor average thickness near vent since each deposit contains multiple values for those metrics. Note that the negative portions of the % 
juvenile ranges for Oppenheimer 4 and Alphonsus 2, 4, 5, 6, and 8 are interpreted as 0 and therefore are not shown. See Table 2 footnote for actual calculated values.
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Fig. 6. (continued)
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Fig. 7. Thinning trends for deposits in this study alongside thinning profiles from terrestrial deposits of known eruption type (Bonadonna et al., 2002; Houghton and 
Gonnermann, 2008; Houghton and Carey, 2015; Taddeucci et al., 2015; Romero et al., 2017).
difficult to measure directly, such as characteristics of the magma 
and magma plumbing systems feeding the eruptions, or age differ-
ences between deposits.

It has long been thought that cones, localized dark mantle de-
posits, and regional dark mantle deposits represent separate erup-
tion mechanisms and have thus been treated as separate classes of 
pyroclastic deposits with distinct eruption models (e.g., Head and 
Wilson, 1979, 2017). However, recent spectral studies of LPDs have 
uncovered wider compositional diversity among deposits than pre-
viously postulated (e.g., Gaddis et al., 2000, 2003; Besse et al., 
2014; Jawin et al., 2015; Bennett et al., 2016). The slow ascent 
rates associated with the simple lunar Vulcanian model would 
hinder the eruption of large quantities of juvenile material, yet 
glass and clinopyroxene have been identified in small to moder-
ate amounts at Alphonsus Crater (Jawin et al., 2015; Gaddis et al., 
2016) and in moderate to large amounts at Oppenheimer Crater 
(Bennett et al., 2016). Fig. 7 shows the thinning trends of the de-
posits in this study, where each point represents the square root 
of the area enclosed by the corresponding isopach (i.e., thickness 
contour), alongside terrestrial deposits produced by various erup-
tive mechanisms. This method of plotting profiles of pyroclastic 
deposits was first implemented by Walker (1973) and is most of-
ten used by terrestrial volcanologists to calculate deposit volumes 
using, for example, methods described by Pyle (1989). However, 
the slope of the thinning profile has also been correlated with 
eruption type (e.g., Houghton et al., 2000; Houghton and Gonner-
mann, 2008; Bonadonna and Costa, 2009; Houghton and Carey, 
2015). The lunar data in Fig. 7 was generated by plotting isopachs 
using the difference DTM for each deposit and calculating the en-
closed area for several thicknesses at different distances from the 
vent. The lunar profiles are consistently thicker than their terres-
trial counterparts, suggesting that they may be polygenetic or that 
they underwent longer eruption durations than is typical for anal-
ogous eruption types on Earth. The slopes vary from steep (similar 
to Strombolian-type on Earth) to very shallow (matching Plinian-
type on Earth). Interestingly, deposits from the same sites appear 
to exhibit similar slopes to one another despite having different ju-
venile proportions, perhaps implying that eruptions occurring near 
one another share eruption rates and style, but not necessarily 
eruption durations and volumes.

Fundamental differences between eruptive environments of the 
Earth and the Moon, most importantly the presence of an atmo-
sphere on Earth that allows for the formation of tall convective 
columns, make direct correlations of eruption styles between the 
two bodies problematic. However, the broad range of profile slopes, 
along with the diversity of morphometric relationships shown in 
Fig. 6 and observations of compositional diversity among LPDs in 
previous studies, suggest that no single eruptive mechanism or sin-
gle eruption scale could have created all of the deposits. Further-
Fig. 8. Ranges of ejected 0.03–0.3 mm pyroclasts for a 1500 K magma and multi-
ple gas compositions calculated using equations from Wilson and Head (2017). See 
Section 4.3: Eruption dynamics for complete list of input parameters.

more, the results show that deposits termed cones in the literature 
(Crisium 1 and 2, Isis, Osiris, and Lassell H) and deposits termed lo-
calized dark mantle deposits (all others) fall along a common mor-
phological continuum, with no clear separation between the two 
groups. Therefore, we here propose that the current models for 
LDMDs and cones be treated as end-member scenarios, with the 
Alphonsus deposits representing lunar Vulcanian deposits, cones 
representing Hawaiian or Strombolian deposits, and most others 
forming a transitional regime, with Vulcanian-type depressuriza-
tion followed by Hawaiian or pure-jet subplinian-scale eruptions of 
varying energies (as suggested by Bennett et al., 2016). Variations 
in size and juvenile content among LPDs may be due to differences 
in eruption durations and local variations in ascent rate due to dif-
ferences in subsurface fracture widths, subsurface storage depths 
and pressures, and magma volatile contents.

A model developed by Wilson and Head (2017) for lunar erup-
tions considers magma ascent, vesiculation, fragmentation, and 
ballistic emplacement of tephra in a vacuum. Fig. 8 plots results 
of that model for a range of possible volatile contents responsible 
for producing the footprints of the deposits in this study, which 
have a maximum range of about 17 km. In these runs, a magma 
density of 2900 kg/m3, a crustal density of 2550 kg/m3, a magma 
temperature of 1500 K, a range of particle diameters of 0.3–3 mm, 
and a range of dissolved magmatic volatile contents and compo-
sitions as illustrated in Fig. 8 were used. Results suggest that the 
volatile contents may have been very high for the widest deposits, 
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between ∼2000 ppm and ∼5000 ppm, depending on gas compo-
sition. These values roughly agree with findings from Hauri et al. 
(2011), who measured up to 1410 ppm of water in olivine-hosted 
melt inclusions in Apollo 17 glass beads. Given the lower solubility 
of CO2 and CO in basalt compared to water, it is likely that those 
species had been exsolved prior to formation of the melt inclu-
sions in the Hauri et al. (2011) study. It is therefore reasonable to 
surmise that the total fraction of volatiles dissolved in the magma 
at depth was greater by a nontrivial amount. Fig. 8 also highlights 
the significance of gas composition in determining eruption explo-
sivity. To what extent gas composition varied in lunar magmas, 
and what role any diversity in gas compositions may have had in 
producing the variety of volcanic landforms observed today is a 
subject worthy of future investigation.

As a final note, the lunar community is urged to develop new 
terms for lunar eruption types that are independent of terres-
trial eruption types, as the application of terrestrial terms to lunar 
eruptions is often misleading, particularly for terrestrial workers 
accustomed to strict definitions for eruption types on Earth.

5. Summary and conclusions

The results of analysis of 23 localized pyroclastic deposits 
(LPDs) can be summarized by the following:

1. LPDs have a much wider range of juvenile fractions than pre-
viously recognized. There is a broadly positive relationship be-
tween various morphometrics (most notably deposit thickness 
and deposit area) and juvenile content of LPDs, both in terms 
of juvenile proportion and total juvenile volume.

2. The range of estimates for Alphonsus generally agree with 
those from Head and Wilson (1979), with juvenile contents 
ranging from 0 to 60%. However, other deposits previously hy-
pothesized to contain similarly low juvenile proportions to the 
Alphonsus deposits are estimated to contain as much as 97% 
juvenile material. Aside from Tobias Mayer W and two Op-
penheimer deposits, all other deposits analyzed in this study 
contain more than 60% juvenile material. The juvenile volume 
of many of these deposits is also estimated to be quite high. 
Most fall in the range of 0.05–1 km3 bedrock-equivalent vol-
ume, but the largest, Schrödinger, contains over 50 km3, which 
is of particular interest for future in-situ resource extraction 
applications (e.g., Hawke et al., 1990).

3. Observations combined with dynamic modeling suggest that 
the juvenile magma involved in many of these eruptions had 
significant dissolved volatile fractions. This finding, along with 
the large volumes of juvenile material also documented here, 
suggests that the total quantity of volatiles released from these 
eruptions is larger than previously thought, generally ranging 
107–1010 (but as high as 1011) kg per deposit, based on to-
tal juvenile magma volumes (BRE) and the median of volatile 
contents required to explain pyroclast ranges (Fig. 8).

4. LPDs bear a wide range of thinning relationships that would 
span multiple eruption styles on Earth. These data suggest that 
a single formative mechanism hypothesis is not sufficient to 
explain the morphometry of all LPDs. Additionally, a range of 
slopes are represented, spanning the relatively flat Alphonsus 
deposits to the steeper cones such as Lassell H, instead of clus-
tering into two distinct groups. The existence of a continuum 
between localized dark mantle deposits and cones in terms 
of morphometrics and juvenile proportion suggests that they 
represent a range of related eruptive behaviors between two 
end-members.

5. Comparison of lunar thinning profiles with terrestrial pro-
files reveals that the lunar deposits in this study are thicker 
than terrestrial deposits. This comparison may suggest that 
some lunar eruptions were polygenetic or that they formed by 
longer eruptions, and possibly reflect differences in eruption 
dynamics between bodies with and without an atmosphere.

6. Previous studies of the glass and mineralogic estimates of LPDs 
have found greater quantities of juvenile material and overall 
compositional diversity among deposits than expected. These 
observations combined with the results of this study show 
that LPDs represent a range of eruptive behaviors and thus 
call for more complex modeling of eruption mechanisms in-
cluding style transitions, for example. Finally, the consistency 
of our results with remote sensing studies validate the use of 
morphometry to estimate the juvenile composition of LPDs.
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