EARTH AND PLANETARY SCIENCE LETTERS 14 (1972) 7-13. NORTH-HOLLAND FUBLISHING COMPANY

EFFECTS OF VAPORIZATION AND CONDENSATION
ON APOLLO 11 GLASS SPHERULES: IMPLICATIONS FOR COOLING RATES

Gero KURAT* and Klaus KEIL

LDepartment of Geology and Institure of Meteoritics, The Universit ¥ of New Mexico,
Albuguerque, New Mexico 87106, USA

Received 18 October 1971

Fourteen of 40 glass spherules present in a section of the Apollo 11 microbreceia 10019,22 were found to exhibit
steep concentration gradients at their rims: the oxides of the relatively volatile elements Na, K, and P increase by, re-
spectively, factors of up to 67, 16, and > 54, at the spherule rims in comparison to the homogeneous centers. These
gradients usually extend over 25—30 u. Furthermore, the natural surfaces of 11 unpolished glass spherules separated
from the fines 10084,97, in 60—80% of all cases, show higher concentrations in Na,0, K,0, and P,O, than the averages
for the central portions of 45 independently analyzed glass spherules. It is suggested that the concentration gradients
observed are diffusion gradients and are the result of the impact event which produced the glasses: in the impact melt-
ing process, splash drops of melt formed that lost volatiles by vaporization. If the impact-produced vapor cloud sur-
rounding the freely-floating spherules was large enough, then partial condensation of the volatile elements in the vapor
cloud should take place upon cooling, These volatile elements condensed on the relatively hot spherules, and thermal
diffusion of Na, K and P from the spherule surfaces towards their interiors occurred. Depending upon the temperature,
cooling rate, and diffusion coefficient for the particular spherule composition, concentration gradients of different
steepness and width should originate. A procedure is described to determine the cooling rate of a spherule from mea-
sured concentration gradients, provided the diffusion coefficients are known for the particular glass compositions in

question.

1. Introduction

Recently, the presence of small silicate droplets on
the surfaces of lunar glass spherules as revealed by
scanning electron microscopy [1] and of K-rich rays
extending outward from micrometeorite craters on
spherules [2] ; of opaque coatings on the surfaces of
lunar fines that can easily be removed by leaching [3];
and of K-rich areas on external surfaces of lunar rocks
[4] has been interpreted to be, at least in part, the re-
sult of vaporization of lunar (and meteoritic ) material,
followed by condensation from the vapor phase.
Furthermore, most analyses of glass spherules from
Apollo 11 show deficiencies for certain elements such
as sodium, potassium, phosphorus, and silicon, when
compared to the crystalline rocks and lithic fragments

*On leave from Mineralogisch-Petrographische Abteilung, Na-
turhistorisches Museum, Vienna, Austria.

from which they originated, presumably by impact
melting [5] . Impact melting can be sufficiently ener-
getic to produce molten droplets with temperatures
high enough to cause vaporization of the more volatile
elements and, hence, many of the authors listed [5]
have suggested that the observed compositional differ-
ences between glass spherules and crystalline rocks are
due to loss of volatile elements in the glass forming
process. This suggestion is supported by experiments
which show that sodium, potassium, and phosphorus
are very volatile, and silicon moderately volatile, in
basaltic matrices and when heated in inert atmospheres
to high temperatures (2700°—3200°K) for extended
periods of time (up to 3 min) [6].

If vapor fractionation and condensation has indeed
been important on the Moon, then glass spherules from
Apollo 11 might show evidence to this effect, other

than overall element depletion as described above.
Since vaporization takes place from the surface of a
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In table 1, quantitative analyses of two spherules
(GS1K and G515) for 11 elements are presented. The
pronounced changes in concentration of the relatively
volatile elements sodium, potassium, and phosphorus
are evident. The data given are the average values mea-
sured for the centers and the highest values measured
for the rims. In the case of spherule GS1K, increases
by factors of 67, 16 and 15, respectively, are found
lor Na,0, K0, and P;0¢ when comparing the center
1o the rim. For spherule GS135, these factors are 14,
15 and > 54, Whereas N1,0, K50, and P,0; increase
at the rims of the spherules, most other elements de-

crease by about 1-2% relative (table 1) which is simply
the result of dilution caused by the addition of sodium,

potassium, and phosphorus.

3.2, Glass spherules from loose fines 10084, 97
Eleven glass spherules were picked at random from
the loose fines 10084 97 and mounted on a glass slide
using conductive sillver paint in such a way that the
surfaces of the spherules were exposed. After vacuum
dépositing a thin layer of carbon onto the surface,
the natural spherule surfaces were analyzed in the
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electron microprobe X.ray analyzer without further
sample preparation. Although highly accurate analysiss
of unpolished curved surfaces is difficult, the data ob-=
tained are considered to be accurate within = lﬂ'l:l}f_l'_-'
the amounts present. The purpose of this study is to
determine the volatile element contents at the very 8
surface of the spherules which is difficult to ﬂﬂhl'-'ﬂ?
in thin section because of interference from the sur-
rounding matrix at the spherule—matrix interface.”
The results of this analysis are snown in table 2, wiherns
the spherules are listed in order of decreasing Na;O S
content and are compared to the average compositi
of 45 spherule interiors [8] . It is apparent from
table that the amounts of Nay0, K50, and P30z ares
usually higher for the spherule surfaces than for thess
average of 45 spherule interiors. In fact, of the elevens
spherule surfaces analyzed, eight are higher in N2
six are higher in K,0, and 7 are higher in P;0s
the average for 45 spherule interiors, Furthermor
N2 0 and K40 usually vary ﬁympuillﬂiﬂﬂl"“’!_.
other, whereas no clear relationships can be e o
between these oxides and P,05. :
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4. Discussion

The most significant result of the present study is
that pronounced concentration gradients for sodium
polassium, and phosphorus have heen discovered in a
numh:r.-r of glass spherules from Apolle 11 micro- -
bm:mz!s (figs. 1, 2; 1able 1) and fines (1able 2). The
following origin is suggested for these gradl-rnl.s {com-

bination of case (i) and case (i) listed in the introdue

|inn_;||: The Iunl:u Blass spherules are thought to have
ml,:pn:-j[ed by impact melting of preexisting rocks and
formation of splash drops that supgrcooled and solidi.

into glass. In the impact meltin
. § Process, temper-
atures high enough 1o cause vol atilization of mdiuﬁ

potassium, and phosphorus were ¢ IS evi
' _I‘mm_ I:heldcj:l-[tlim of these ¢hm=m;$ﬁ l
interiors in comparison to lunar rocks 5], If the im-“r
pact event and, hence. the impact-produced vapor
cloud su rrounding the momentarily suspended sphe-
rules and rock and mineral fragments was large i:nuugh
then partial condensation of the volatile elements in ;
the vapor cloud should have taken place upon cooling,
These volatile elements condensed onto the relatively
hot Isph-:ml:s. and thermal diffusion of sodium po-
tassium, and phosphorus from the spherule :u:l:wes
towards their interiors took place, Depending upon
the temperature, the cooling rate, and the diffusion
coefficient for the particular spherule composition,
c{lrm:unmtic:n gradients of different steepness and
width should originate. We therefore propase in this
model that the concentration gradients observed in
IJ_H: surface regions of lunar glass spherules are diffu-
sion controlled (i.e. they are diffusion gradients), and
should allow one to estimate, at least qualitatively,
W the cooling rates of lunar glass spherules.

The product Dr of the diffusion coefficient D and

the diffusion time ¢ (i.e. the time required for a cer-
tain concentration gradient to be established at a
given temperature ) can be calculated from the mea-
sured concentrations of Na and K at the spherule sur-
face (C,); the concentration inside the spherule before
diffusion started (€, ; concentration at spherule center);
and the concentration C, at point x, using the diffu-
ston equation for diffusion from a thin surface layer
[14]. For the two spherules shown in fig. 2 (G515 and
GS1K, identical average Dt values are calculated, and
these are 1 X 1077 (cm? ) for Na and 4 X 107 (cm?)
for K (note that D is strongly dependent on tempera-

tion from the lunar glasses

ture T and is perticularly P,
E'-'_ldil:ﬂil measured hmm bl

A range of T by were p .Eil biv &
tically by diffusion '
cients for Na and K
were known, the diffusion um. ;
of the cooling rate, could be ﬂhmllll :I '

lunar glass compositions are considerably ¢ it
range nrmmmm;.tﬂmu for which such data
known. The only ilkali-free refractory g{q&fgy
Which some data are available, 45 Ca0-ALDO,-
glasses studied by Winchell and Norman

of calculations were made in AR
3FP1~:lﬂﬂl'ﬂllﬂ i) an attempt mmm{.._._..-._ .
~ Ina diagram relating the | e S
son coefficients D of Na mﬁﬁﬂ&mﬂg -
pressed as 1/T, two intersecting lines (one forNeand
one for R;} originate: at higher temperatures 3
(2 1,600°C), the diffusion coefficient of K s larger
than that for Na, and at lower temperatures
(< 1,600°C), the diffusion coefficient of K is sma
than that for Na [15] . In our calculations ',:]h;gﬁ;v.
ducts of Dt for Na and K for the spherules studied.
differ by a factor of 2.5, i.e. the diffusion coefficient at
Of Na is 2.5 times greater than that for K (making the
reasonable assumption that for one spherule, ¢ for Na
and K is the same). In the log D vs. 1/T plots made
from the data given by Winchell and Norman [15)
the factor 2.5 determines the temperature and di
sion coefficients for alkali-free glasses in the sysi
Ca0-Al;0,-8i0; to be T'= 1460°C; Dy, =2 r'F

{em? sec™); Dy = 8 X 1077 (em? sec™); and.
sion time =5 X 107 sec is then calculated
diffusion time is unreasonably short, and |
ature T and diffusion coefficients Dy,

reasonably large (e.g. at that ten
cause of high vapor pressures of a
cates, would tend 1o vaporize rat

[16]). It appears, tf
chell and Hm??ﬁ
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The fact that some spherules show enrichment of
volatile elements at their surfaces and others do not
may be related, at least in part, 1o the magnitude of
the particular impact event and the size of the vapor
cloud that formed as a restilt of it. It appears that a
rather dense vapor cloud of reasonable size would be
required in order to retain part of the vapor phase
and to allow condensation to take plice onlo sphe-
rules at or above 1000°C, Vapors produced in a very
small impaet event, on the other hand, are likely to
escape and to condense as finely dispersed material

on cool rocks in the vicinity. 1t is therefore suggested
that lunar glass spherules with high volatile element
contents at their surfaces formed in relatively large
impact events. Further research, both experimental
and theoretical, on the behavior of volatiles should
allow one to characterize more clearly impact events
on the moon and, at least to some extent, the }'P|i3’511!ll|
conditions under which these processes took place.
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