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Background:  In a companion abstract [1] we ex-

plored the factors controlling the sizes of pyroclastic 
droplets produced in explosive lunar eruptions and indi-
cated how droplet size distributions can be derived. We 
showed that gas bubbles in lunar magmas approaching 
the surface were likely to have had a very bimodal size 
distribution due to differing patterns of release of CO, 
generated at depths > 50 km [2], and water and other 
volatiles released at depths < 500 m. Although the 
magma fragmentation process requires further work [1] 
it is likely that the size distribution of the magma drop-
lets expelled as pyroclasts is also bimodal, with peaks in 
the distribution of droplet masses at ~100 microns and 
~3 mm. Here we use these results to understand the dis-
persal of pyroclasts to form characteristic deposits. 

Pyroclast size predictions:  Fig. 1 shows a compar-
ison of pyroclast sizes from Apollo 17 samples with our 
prediction [1] of the likely mass distribution of pyro-
clasts from a lunar magma with picritic composition [2].  

 

 
Figure 1. Apollo 17 pyroclast size distribution [3] com-
pared with predicted size distribution [1] leaving vent. 
 
The Apollo samples from [3] show mass fraction peaks 
at 20-30 microns whereas the predicted distributions 
have peaks at 100 microns and 3 mm. This difference is 
to be expected, because whereas all droplet sizes are 
likely to acquire the horizontal component of the speed 

of the expanding gas released on magma fragmentation, 
all droplets lag the vertical component of the gas speed 
by their terminal velocities [4], which are greatest for 
the largest droplets. This causes the largest droplets to 
travel to much shorter ranges than the smallest droplets 
[5, 6]. It also enhances the travel distances of the small-
est droplets because they are effectively accelerated by 
a larger mass of gas as large clasts leave the system. 

The locations of the peaks in the distributions shown 
in the lower half of Fig. 1 are a function of the total 
amount of gas released from the magma and of the 
magma rise speed, and Fig. 1 assumes the amounts of 
CO (up to 1345 ppm) and H2O (up to 870 ppm) pre-
dicted for picritic lunar magmas [2] and a mean magma 
rise speed of 10 m s-1 [5] for the initial, high-flux phase 
of an eruption [7]. Rise speeds may vary by a factor of 
at least 2 relative to the 10 m s-1 value, and although 
mare basalts may have released smaller amounts of gas 
[8], it is possible that unsampled pyroclasts may have 
been derived from more gas-rich magmas. We therefore 
show in Table 1 the locations of the peaks in the size 
distribution for magmas containing double, the same as, 
one half, and one quarter the picritic magma values of 
[2]. Changing the magma rise speed by a factor of 2 
would produce a similar spread of peak locations.  

 
Table 1. Location of peak in pyroclast size distribution 
for magma volatile contents relative to picritic [2]. 
 amount of gas CO peak/mm H2O peak/microns 
 2 x picritic 37 220 
 picritic 17 110 
 0.5 x picritic 9 50 
 0.25 x picritic 4 20 

 
None of these uncertainties changes the order of 

magnitude difference between the locations of the peaks 
of the predicted droplet size distributions. The conclu-
sion from Figure 1 must be that the Apollo 17 samples 
were collected from a location far enough from their 
vent(s) that almost none of the largest pyroclasts 
reached the site.  

Pyroclast dispersal predictions:  We now utilize 
the results presented above to predict the ranges to 
which pyroclasts can be ejected in explosive lunar erup-
tions. 

(a) Steady hawaiian-style eruptions.  In steady erup-
tions with high magma rise speeds (phases 2-3 of [7]) 
gas bubbles are essentially locked to the liquid magma 
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motion and the above analysis applies exactly. Magma 
fragments into pyroclasts at some depth and pressure 
level controled by the close packing of gas bubbles. In 
earlier work we assumed that fragmentation took place 
at some specific bubble volume fraction, generally 
~75%, but now that we know that the bubble size distri-
bution is bimodal we can use a treatment [9, their Fig. 
6] that defines close packing in terms of the total volume 
fraction of bubbles and the fraction of that volume oc-
cupied by the large bubbles. Table 2 shows the depths 
and pressures at which fragmentation occurs for the vol-
atile contents of Table 1: 
 
Table 2. Depths, D, pressures, P, and total gas volume 
fraction, V, at magma fragmentation for the magma vol-
atile contents assumed in Table 1. 
 amount of gas D/m P/MPa V/% 
 2 x picritic 345 1.43 78.1 
 picritic 228 0.94 76.0 
 0.5 x picritic 136 0.56 74.8 
 0.25 x picritic 75 0.31 74.1 
 

We next model the expansion of the released gas 
from the fragmentation level, tracking the amount of en-
ergy released as the gas pressure, and hence gas temper-
ature and density, decrease in small steps. The energy 
increment causes an increase in speed of all erupting py-
roclasts locked to the gas motion. For each pyroclast 
size class we find the clasts's terminal velocity in the gas 
at each step of the pressure calculation. This includes a 
correction, based on the Knudsen and Cunningham 
numbers, for the changing drag force between gas and 
clasts that occurs as the mean free path of the molecules, 
also tracked as the gas expands, becomes comparable 
with the clast size. Evaluating the Knudsen number also 
allows us to identify the pressure, for each clast size, at 
which gas drag becomes negligible so that the clast 
ceases to be influenced by the gas motion but instead 
follows a ballistic path back to the surface. As each clast 
size decouples from the general flow, the remaining 
clasts effectively see an increased gas mass fraction 
driving the expanding system and hence acquire greater 
speeds and final ranges than would have been the case 
if all the clasts had the same size. Using the nominal 
picritic gas content from Table 2, Table 3 shows, for the 
clast diameters d between 10 microns and 10 mm pre-
dicted in Table 1, the pressure in the expanding gas 
when the drag force becomes negligible, Pd, the gas 
speed at that point, ug, the clast terminal velocity, ut, and 
the maximum range to which the clast can travel, R. 

The enormous change in clast terminal velocity as 
the pressure and gas density decrease is clear in Table 
3, and for d > 3 mm the downward terminal velocity ex-
ceeds the upward gas velocity. This simply means that 

these clasts have already left the gas stream, and their 
decreasing maximum ranges reflect this. Note the sort-
ing implied by the ranges: all of the clast sizes consid-
ered can reach 4 km, all but the 10 mm clasts can reach 
13 km, 30 µm to 3 mm clasts can reach ~14 km, and 100 
µm to 2 mm clasts can reach 20 km. A similar analysis 
can be performed for the other magma gas contents of 
Table 2. The details change but the trends are the same. 

 
Table 3. Pressure, Pd, gas speed, ug, and clast terminal 
velocity, ut, when clasts decouple from gas flow, and 
maximum range, R, for clast diameters d predicted in 
Fig. 1 
 d Pd/Pa ug/(m s-1) ut/(m s-1) R/km 
 10 µm 4400 103 0.0013 13.2 
 30 µm 1450 115 0.021 16.2 
 100 µm 420 128 0.24 20.2 
 300 µm 140 142 2.2 24.3 
 1 mm 46 158 23 26.2 
 3 mm 15 178 206 13.9 
 10 mm 4.4 212 232 4.7 

 
(b) Unsteady strombolian-style eruptions.  Towards 

the end of a typical mare basalt eruption, the rise speed 
of magma in the dike feeding the eruption becomes 
small enough, less than ~0.5 m s-1 [7], that coalescence 
between the bubbles of CO gas released at great depth 
becomes important, and strombolian activity replaces 
hawaiian activity. Near the surface, conduit-filling gas 
slugs rise through the magma, itself rising more slowly 
as a thin film against the conduit walls. As each gas slug 
bursts through the surface of the lava pond surrounding 
the vent it expels and then mixes with a layer of liquid 
which is itself vesiculating and then fragmenting as its 
water and other late-release volatiles are being 
exsolved. Terrestrial experience [10] suggests that this 
process can enhance the effective volatile content of the 
pyroclasts by a factor of up to 5. Since range is propor-
tional to (gas speed)2 which is in turn proportional to 
volatile content, this could increase the ranges of the op-
timally-coupled ~30-300 micron sized clasts to values 
in excess of 130 km. We are currently investigating the 
details of this process. 
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