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Introduction:  Spectroscopic data [e.g., 1] show py-

roclastic deposits from explosive eruptions to be wide-
spread on the nearside of the Moon, with a wide range 
of lateral extents. However, our only data on pyroclast 
grain size distributions come from the glass beads sam-
pled by the Apollo missions [e.g., 2]. Here we discuss 
the relative importance of the factors that influence py-
roclast size distributions. In a companion abstract [3] we 
use these results to find the ranges of magma volatile 
contents and discharge rates required to produce the ob-
served spectrum of lunar pyroclastic deposits. 

Background:  Physical models of steady explosive 
volcanic eruptions in the lunar vacuum [4] show that the 
distances to which pyroclasts can be ejected depend on 
the mass fraction of volatiles of a given molecular mass 
released from the magma and on the pyroclast size dis-
tribution. The generally sub-mm sizes (Fig. 1) of the 
sampled lunar pyroclastic glass beads [2] are qualita-
tively consistent with the expected extreme fragmenta-
tion of lunar magmas as they erupt into a vacuum [5], 
but the distances between sample sites and their respec-
tive vents are unknown and we have probably not sam-
pled the coarsest parts of the pyroclast size distributions.  

 
Figure 1. Mass distributions in Apollo 17 pyroclasts. 
 

The efficiency with which a pyroclast is accelerated 
by expanding gases in a volcanic explosion is a function 
of the clast size. The vertical velocities of all clasts lag 
behind the vertical component of the local gas speed by 
the terminal velocities of the clasts in the gas [6]. Loss 
of coarse clasts near the vent, where the pressure in the 
expanding gas is still high, increases the effective gas 
mass fraction in the remaining gas-particle mixture so 
that small clasts reach greater velocities than if the size 
distribution were monodisperse [4]. Thus a range of 
clast sizes is expected at any given distance from the 
vent (as seen in the Apollo samples), but interpretation 
of these sample size distributions requires a prediction 
of the likely total clast size distribution generated by 
magma fragmentation in the vent. We attempt that here. 

Analysis: [7] describe the volatile release pattern in 
ascending picritic lunar magmas. CO is generated in 
amounts up to ~1300 ppm, >90% at depths > ~50 km, 
~10% between ~50 and ~0.5 km, and none shallower 
than 0.5 km. In contrast >98% of the up to ~850 ppm of 
water is released progressively at depths < ~500 m. S-
compounds and halogens also exsolve, but we use water 
as a proxy for all late-stage volatiles and calculate the 
volume fractions occupied by CO and H2O gas bubbles, 
and their sizes, as a function of depth.  

The initial size of gas bubbles nucleating in magmas 
depends on availability of nuclei, e.g. phenocrysts, de-
gree of supersaturation, surface tension of the gas-liquid 
interface, and decompression rate [8]; sizes of order 5 
microns seem likely [9].  Bubbles grow by decompres-
sion, diffusion of additional volatiles from the liquid, 
coalescence due to collisions in sheared flow, and Ost-
wald ripening. With lunar CO released at great depths, 
growth is mainly by decompression and collision. Water 
is released while rising ~ 500 m over a time span of or-
der 50 s [4] so supersaturation-driven bubble nucleation 
is also very important [8]. If gas is released continuously 
between nucleation and fragmentation, the cumulative 
bubble size distribution is N/N0 = exp[- f /(G t) where N 
is the total number per unit volume of bubbles of diam-
eter f and smaller, t is the magma ascent time scale and 
G is the bubble radius growth rate [8]. The relative num-
ber of bubbles of different sizes is n(f) = dN(f)/df. The 
bubble growth rates found by various authors differ dra-
matically, from ~3 ́  10-9 m/s for 10 ppm water in basalt 
[9: decompression laboratory experiment] through ~6 ´ 
10-8 m/s for CO2 in basalts [10: inference from samples, 
slow magma rise speeds] to 10-5 m/s for ~10000 ppm 
water in basalt [8: inference from samples, high magma 
rise speeds]. Since the distances between bubbles in 
magmas must be proportional to the density of nuclea-
tion sites, and greater magma rise speeds favor super-
saturation and high densities, we prefer growth rates 
comparable to those from [8] for lunar water release, but 
scale them by the total water content, using G = 5.46 ´ 
10-7 m s-1. We infer that smaller rates apply to CO, and 
using the same rationale estimate G = 1.8 ´ 10-7 m s-1. 
We assume that as bubbles collapse during magma frag-
mentation they produce magma droplets, the eventual 
pyroclasts, with diameters comparable to those of the 
bubbles - the ratio would be 0.97 for perfect cubic pack-
ing. We then multiply the number distribution of pyro-
clasts by the volume of each size class and, since all of 
the droplets have essentially the same density, this 
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yields the mass distribution for comparison with the lu-
nar data in Fig. 1. Using the above bubble growth pa-
rameters we find the very bimodal pyroclast mass dis-
tributions for droplets shown in Fig. 2.  

 
Figure 2.  Typical predicted CO and H2O pyroclast size 
distribution in steadily erupting lunar magma. 
 

The above superposition of two pyroclast size distri-
butions is inevitably an approximation. The actual size 
distribution produced by a fragmenting magma is re-
lated to the bubble size distribution via the bubble pack-
ing, determined by both the size distribution and total 
vesicularity. We are currently exploring the use of a 
model developed for metal foams [11] involving inver-
sion geometry to determine the liquid volumes between 
bubbles by defining a network of struts and nodes. The 
nodes become the pyroclasts after fragmentation, as 
shown in Fig. 3 for >90% vesicular hawaiian reticulite.  

 

 
Figure 3. Strut and node structure in vesicular reticulite. 
Image courtesy of Cardiff Catalysis Institute. 

 
Pyroclasts accelerated by expanding gases quickly 

attain the horizontal component of the gas speed but lag 
the vertical gas speed component by their terminal ve-
locity. We evaluate the terminal velocities of the various 
particle size classes, applying the Cunningham correc-
tion for the change in gas-particle drag force as the gas 
density decreases and the Knudsen number, Kn, be-
comes > 1 [12]. When Kn is >> 1 for a given clast size 
drag becomes negligible and clasts continue on ballistic 
trajectories. Large clasts fall out of the expanding gas-
particle mixture quickly. The remaining clasts see an 

effectively increased gas mass fraction and travel to 
greater distances than if no large clasts were present [4]. 

The lower end of the pyroclast size range is fixed by 
the size of nuceating bubbles, ~20 µm. Large diameter 
clasts are most likely to form when bubble coalescence 
or Ostwald ripening occur, converting a large number of 
small bubbles to a small number of large bubbles. Both 
mechanisms are encouraged by slow magma rise speed 
[4], and so it is towards end of an eruption, when the 
magma rise speed is decreasing [13], that polarization 
into coarse near-vent and fine-grained far-field deposits 
is likely to occur. The extreme version of this is strom-
bolian activity, with most of the CO bubbles coalescing 
into slugs that almost fill the conduit and reach the sur-
face intermittently. The magma between slugs releases 
its H2O and fragments into droplets that are then accel-
erated by both the expanding H2O vapor and the CO, 
leading to at least a doubling of the effective gas content 
of the mixture. The largest dark mantle deposits on the 
Moon can likely be explained by this process as we con-
sider in our companion abstract [3]. 

A final issue concerns the possibility of break-up of 
molten pyroclasts  as a result of hydrodynamic instabil-
ities induced by their velocity U relative to the gas. 
Break-up under shearing forces is controlled by three 
dimensionless numbers [14], the Reynolds number, Re 
= (rg D U)/µg, the Weber number We = (rg U2 D)/s, and 
the Ohnesorge number, Oh = µg/(rl D s)1/2, where rg 
and µg are the density and viscosity of the gas, rl is the 
density of the liquid, s is the surface tension of the liq-
uid-gas interface, and D is again the diameter of the 
clast. Inserting typical values we find that break-up is 
unlikely to be important for droplets smaller than ~10 
mm but would quickly become very important for drop-
lets larger than ~20 mm, perhaps explaining their ab-
sence from Apollo samples. 
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