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ALTERATION OF APOLLO 17 ORANGE FINES
BY ADSORRED WATER VAPOR*

R. B. Gammage, Health Physics Division and
H. F. Holmes, Chemistry Division
Ozk Ridge National Laboratory
P. 0, Box X
Oak Ridge, Tennessee 37830

ABSTRACT

The Apollo 17 orange fines have a unigue character and history.

The changes in surface properties induced by adsorbed water vapor are
evaluated and compared to those produced in soil samples from other
locations, including an immediately adjacent Apollo 17 grey soil.

Adsorbed water vapor changes the condition of each sample of fines
from non-porous to porous. Pafticle size distributions show that the
changes are internal to the particles. The data from t-plots, the
fractional areas contained within micropores, the amounts of irreversibly
adsorbed water held within the pores and the blocking action of this water
on subsequently adsorbed nitrogen, all show the interconnecting channels
in the orange fines to be wider than is general for other types of fines.

Our interpretatiom is that leaching by water of material within radi-
ation damage tracks has widened channels to the point where few microsized
pores remain and the accessibility of the pore system is greater than usual.
The hiigh reactivity of the orange fines is considered in light of damage
caused by heavy cosmic ray nuclei and the unusually high content of halo-
gens vwhich might.provide for stronger than usual etching conditions upon

exposure to water vapor,

*Research sponsored by the U.S. Atomic Energy Commission under contract
with Union Carbide Corporation.
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INTRODUCTION

Lunar soils or fines from different locations on the moon's sur-
face are rather similar with respect to their reactivity towards water
vapor (1, 2, 3). This is remarkable when one takes into account dif-
ferent chemical compositions and expcsures to solar and galactic radi-
ations. This report is concerned primarily with the orange colored soiil
(74220) and an adjacent light grey colored soil (74241) collected during
theAApollo 17 mission from the rim of the Shorty Crater. The results

of water vapor sorption are especially significant because they show devi-

ations from the norm and because the physicai characteristics of the orange
s0il are unique (see this section). Also water is considered by us (4)

to be a2 mild etching agent (for the etching of damage tracks). If this

is true the manner in which the orange fines are attacked has signifi-

cance for the findings of those workers engaged in track etching studies {5-12).

History (13,14).

The orange soil (74220) was formed 3.7 x 10g years ago, in conjunc-

tion with the local mare basalt, probably through the action of volcanic

fire fountains, These produced large amounts of melted rock in the form

of tiny droplets which caooled rapidly. All the spheres and broken drop-

lets have nearly the same chewmical composition of 39% S§i0,, 22% FeQ, 14%

2’

% Ti % % % ; % K . The
Mg0, 9 TlOZ, 8% Cal, 6 A1203, 1 Cr2b3 and <l L203 Na20 {15)

smallest particles are clear orange glass fragments. The larger particles,

which cooled the slowest, had a chance to recrystallize partially or com-

pletely and as a rTesult contain plates of olivine or ilmenite. The

mean grain size is 40 um (16).
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The orange color does not imply oxidation, rather the color of
these lunar glasses results from the interaction of crystal-field and
charge-transfer absorption bands of iron aﬁd titanium which reflect the
high titanium and iron content of the underlying bedrock. Glasses of
this type have, in fact, been found in soils from every site visited on
the moon but never in such high concentrations.

The orange soil was covered over shortly after its formation to be
exhumed only recently (10 to 30 x 106 years ago) by the impaqt which
produéed Shorty Crater. The orange soil which was sampled formed a
layer 80 cm wide and 25 cm deep flanked by light grey material (74241)
and underlain by black soil (74001). '

The orange glass is also unique with respect to its radiation ex-
posure history. In spite of its great age it has suffered minimal ex-
posure to solar wind and flare particles (sampling was done at a depth

of 5 to 7.5 cm), The damage tracks (106/cm2) are dominantly from pene-

trating, heavy cosmic ray nuclei. The spherules also contain a background

of uranium fission tracks ( 105/cm2). They contain only 1/100 of the
trapped hydrogen found in the control soil (74241) which is a very gas-
rich surface soil {17), like Apollo 6 (63341) and 12 (12070) soils
which are also used for comparative purposes is this study.

The orange soil presents a contrasting subject to the mature sur-
face fines we have studied previously in gas adsorption measurements
where the micron sized grains are usually severely radiation damaged

o
as a result of which they possess an amorphorous coating (500-100CA)

3

rich in solar wind (0.1 - 1.0 cm H, (STP)/g) and damage tracks in




.in excess of 1011/cm2 (12). Another difference is that the orange

fines, unlike most other mature surface soils, have not been subjected,
extensively to.the fining action of micrometecrite impacts.
EXPERIMENTAL

Vacuum microbalance systems were used, as before (1,2,3), for making
adsorption measurements. Great care was exercised in the application of
background and buoyancy corrections (1) the magnitudes of which are
often greater than the weight of adsorbed gas.

The two-fines samples had been processed and stored in an atmosphere
of dry nitrogen. During the procedure of weighing and loading onto
the balance, the fines suffered are unavoidable exposure to air for about
one hour.
| The fines particles were spread as a dry powder, on Scotch tape
in order to observe their shape and size characteristics in a scanning
electron microscope.

RESULTS

Particle Shapes and Sizes -

Scanning electron micrographs were taken, at 500 and 10,000 magni-
fications, of the orange fines 74220 both before and after the attack
by adsorbed water vapor. The frequency with which particles occur in
the sub-micron and micron size ranges are listed in Table 1. The
appearance of the orange glass spheroids, shards and attached-debris

is shown in Fig, 1; at these magnifications no changes can be detected

as a result of the attack by water vapor.




Isotherms of Nitrogen and t-Plots

The complete isotherms of nitrogen, argon, oxygen and water vapor
for adsorption on the Apollo 17 orange and'adjacent grey fines are
published separately(z]. Presented here in Fig. 2 are the nitrogen
jisotherms measured after attack by water vapor and outgassing at 300°C,
but only for the adsorption on area newly created by the water.
Adsorption on the original open area has been subtracted from the total
amount of adsorption. Scanning behavior within the hysteresis loop is
also included, f

“From the nitrogen isotherms obtained from the orange and grey
Apollo 17 fines, outgassed at temperatures ranging from 25 to 300°C,
t-plots were constructed. The reference isotherms were those measured
on the same fines prior to attack by water vapor and outgassed at either
25 or 300°C. In other words, we use an internal standard in each case.
The t-plot obtained for the orange fines outgassed at 300°C is repro;
duced in Fig. 3 together with a t-plot for the Apollo 12 (12070) which
shows contrasting behavior typical of a mature soil with a long surface
residence time. The t-plot for the grey fines (74241) shows an inter-
mediate type of behavior. The plots extend to relative pressures of 1.0

and are for adsorption only on area newly developed during the attack by

water vapor.
For a variety of fines, the apparent micropore areas after attack by

water vapor have been determined. In Table 2 these quantities are listed
as percentages of the total area created by the action of adsorbed water,
Surface Area, Pore Volume and Pore Size Analyses

The BET specific surface areas of three different fires, Apollo 17

74220 and 74241, and the mature Apollo 16 soil 63341, before and after
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exposure to water vapor are shown in Fig. 4 as a function of outgassing
temperature, The areas have been normalized to the area of each sample
prior to treatment with water vapor.

The pore structures of the water treated Apollo 17 fines have been
analyzed using a procedure which lacks excessive refinement(ls) as would
befit a pore system of undoubted complexity. The cumulative mesopore
volumes of the orange and grey fines, calculated from the desorption branches
of the nitrogen isotherms and corrected for adsorption occurring on the
original non-porous surfaces, are shown in Fig. 5. These isotherms were
measured on the water vapor treated fines cutgassed in the sequence of .
rising temperature 25, 100, 200 and 300°C. The data from the nitrogen
isotherms measured prior to water sorption, alsc provide the reference
data used to correct for the thickness of the film of nitrogen occurring
on the surfaces of pores without the effects of capiilary condensation.

In Table 3 the equivalent area contained within the mesopores is
listed and also added to the apparent micropore area, obtained from the
t-plot, and the¢ original area of the open surface. This summed area can
be compared to the BET specific surface area. The agreement is very
close. If adsorption data is used to evaluate the equivalent meso-
peie area then the agreement is not -as good. The Kelvin procedure for
analyzing mesopores is carried to lower relative pressures than the closure
point (v0.5 P/Po) of the experimental hysteresis loop, in fact down to
0.25 P/Po and a Kelvin radius of about 12 : radius. In the area sum-
mation data of Table 3, one is taking into ccnsideration the area of

pore ranging through the whole micro and meso range of pore sizes, The

maximi in the pore size distributions occur:at cylinder radii of

o
23-25 A,
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Irreversibly Adsorbed Water

The weight of a sample of fines in vacuo at 25°C is known both
before and immediately after the adsorption isotherm of water is mea-
sured, Assuming that there is no change in the amount of water ir- f YW
reversibly bound to the exterior surfaces of the grains, the change in’
weight is a measure of the water irreversibly adsorbed in the newly
created pore system. This quantity is listed in Table 4 as pg of water
retained after evacuation at 25°C per m2 of newly developed surface,

DISCUSSION
There is no argument that the virgin fines are essentially non-porous

to adsorbed nitrogen and that adsorbed water attacks tl. particles to

create a fine pore system.(l) The adsorption characteristics of these
pores, however, are not completely consistent with any detailed model yet
advanced.(lg’zo)

A mechanisi of fractured bridges between fused particles is proposed .

(21)

by Cadenhead et al, , the water additionally causing
swelling and a vastly increased adsorption capacity especially near #
S.V.P. In the case of the orange soil, the specific surface area is
tripled by the exposure to water vapor near saturation vapor pressure.
The reduction in the mean equivalent, spherical particle size is from
4.8 to 1,5 ym, If adhering particles had been prised apart or fractured
then changes in the particle size distribution should be readily observ-

able in the lectron microscope. The size distribution, as well as the

appearance of the grains, however, is unaffected by the water vapor

treatment; 80-85% of the particles are <2 ym in diamcter with 75% of these
lying in the range of size 0.1 - 0.5 ym. The fracture hypothesis is
judged by us not to be of major impertance.

If the apparent changes in particle size do not affect the external

dimensions of the grains, one is left to suppose that the changes are of
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an internal nature. The suggested explanationtz) for the water induced

pore structure in mature lunar fines is that damaged material within

nuclear particle damage tracks etches preferentially. The leaching likely

produces a tubular pore structure with microsized necks.(lg)
The behavior of the Apollo 17 orange fines, and to a lesser extent

the grey fines, indicates a more extensive reaction than is usual with

other soils (eg 10087, 12070, 63341 and 67481 samples from Apollo 11, 12

and 16 missions respectively). There is a greater widening of channels.

This interpretation is consistent with the following observations:

(i} there is less blocking of pore volume by residual water.. This .effect

is clearl? demonstrated in Fig. 4 where for the orange fines outgassed

at 25°C about 50% of the expanded area is accessible to nitrogen compared

o

to virtualiy 0% in the mature fines 63341 (the blocking is nearly complete).
An intermediate behavior occurs for the grey fines 74241,

(ii1) of the expanded area of the orange fines which is available to nitro-
gen molecules after outgassing at 300°C, 21% is apparent micropore area
{calculated from the t-curve of Fig, 3}. This value has varied between

35 and 70% with other fines similarly treated with water vapor. The
smaller percentage in the case of fines 74220 indicates that leaching has
widened the channels to the point where the micropore area is a minor
fraction of the total pore area. With fewer microsized necks in the
channel system, it is understandable that blocking by irreversibly ad-
sorbed water is less effective,

(iii) the quantity of irreversibly adsorbed water retained in the pore

structure (Table 4) is also consistent with the smaller percentage of

micropores in the orange fines, Water is,in general, retained most strongly
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in the smallest channels of a pore system and requires the highest
1(22’23]. One anticipates that where channel
widening is greatest, the amount of retainéd water will be lezst., The
data in Table 4 conform to this expectation with the ug of HZOIm2 for.the
brange fines being several fold lower in magnitude that the figure obtained
for the two Apollo 16 fines. The values for retained water, however,

are approximate (+10%) for the following reason. Weights of fines in
vacuo are uncertain especially after conducting water vapor adsorptions
within the glassware system when vacuum pressures are difficult to can-
trol closely even after overnight pumping, the minimum time of outgassing
in each instance,

(iv) the t-plots seem to indicate that the pore surfaces in the Apolle

17 fines are less curved, and hence the channels are probably wider,

than is the case for the usual type of regolith, It is "normal' for

the t-plot to be curving upwards at ~0.5 P/Po (6 R thickness), as in the
case of the Apollo 12 fines 12070 (Fig. 3) where there is presumably
enhanced adsorption due to capillary condensation. The effect is only
very slight with the Apollo 17 fines, probably because the necessary pore
curvature to promote marked capillary condensation is absent, the pores
being of larger size, The downturning of the t-curves at higher relative
pressures (>0.?_P/Po) can also be interpreted in the same manner. The
effect, which is caused by pores filling and no longer contributing to
the adsorption processes at higher relative pressures, is more pronounced
with the Apollo 12 sample (12070} especially above t = 10 X. This indi-

cates the presence of smaller pores than those which exist in the Apollo

B R I
P P Coo Tt ..
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. 17 orange fines 74220,

Each of these behaviors viewed separately from one another may
be insufficient evidence to arrive at this conclusion. Taken together,
however, the case for a more developed and open pore structure for these
two Apollo 17 samples from Shor.v Crater is quite convincing.

Pore area, size distribution and snape

For the Apollo 17 orange and grey fines there is excellent agrecment
between the PIT specific surface areas and the sums of the areas of the
open, surface, and the areas contained within the micro énd mesopores.
(Table 3) Considering the uncertainties of the theories involved, as
well as the experimental errors, the exceptionally close agreement in
several instances must be regarded as fortuitous. One can draw several
inferences, however. The pores formed by the attack of adsorbed water
range continuously through the micro and meso range of sizes. There
seems also to be significant differences between the pore systems formed
in the grey and the orange fines. The cumulative pore velume of the grey
fines, as a function of pore radius and outgassing temperature, varies in
a similar manner to that found for a mature lunmar soil such as the Apollo
16 sample 63341(19). The maximum in the distribution of pore size occurs
between 23-25 K radius which is true also for the orange fines., The
major difference with the orange fines lies in the larger fraction of
pores a radius between 10 and 25 K, with proportionately fever micropores
and mesopores >25° X radius. It also seems that ridding the orange fines

of irreversibly adsorbed water by increasingly severe outgassing narrows

the pore size distribution for reasons unknown. The result is a hysteresis
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loop whose shape, especially the adsorption branch, is intermediate

between type-B and Etzd)

. The former type is ascribed normally to
a system of open slit-shaped capillaries (or capillaries with wide
bodies and short narrow necks), the latter to tubular pores with
narrow open ends and constrictions or "ink-bottle'" pores. The track
etch hypothesis would presumably require the formation of pores having
tubular shapes. The scanning behavior is, however, more like one
woul d expect for a B-type hysteresis 1oop.(30)
The question arises as to why the orange Apollo 17 fines are behaving
atypically with respect to pore formation. It seems paradoxical that
the orange fines with so little solar wind damage and much fewer heavy
muclei damage tracks than in other mature lunar soils which we have
examined, should show the most pronounced alteration after attack by
adsorbed water vapor. There are, however, two clues which go part way in
helping to explain the dilema. The etching studies of Durrani EE_EL.(lo)
show that in glasses irradiated with Fe ions of cosmic ray energy
(232 MeV) and then etched, the diameter of the etch tracks is retarded
if the glass had been irradiated also with protons of energy 3.2 MeV.
Perhaps it is the virtual absence of solar wind protons in the orange
fines, because they remained buried below the lunar surface, which permits
the more rapid etching of cosmic ray damage tracks.

The orange Apollo 17 fines, and also the neighboring grey-fines,
are unique in another way which might help to explain why they are attacked
by water vapor with such ease. They contain the highest fluorine (230 ppm)

(25)

and chlorine (60-70 ppm) contents yet observed im lunar soils , the

probable source of the halogens being the fumarolic activity at the time




of their birth. Dissolution of these halogens in the sorbed water

might be producing a more effective attacking agent than is generally
the case when lunar fines adsorb water vapor, This possibility has
been considered also by Cadenhead.(ZS) In fact, HF seclution is nor-
mally used to obtain particle track records of lunar glass spheres by
etchingclﬂ).

The low track density ( 106[cm2) in the orange fines, however, still

produces difficulty in expltaining the large pore volume developed and

the near tripling of the specific surface area. The orange fines were
outgassed.at 300°C for about 1000 minutes prior to adsorption of water
vapor. This temperature and annealing time are sufficent to cause partial
fading of tracks in different types of lunar glass, including the Apollo

(5,27)

17 orange glass Perhaps such an outgassing pretreatment has the
effect of standardizing the residual track structure in fines where the
initial track densities vary by many orders of magnitude.

To shed more light on these speculations, experiments are presently
being conducted with lunar fines which have peen irradiated with heavy
nuclei of cosmic ray energy in the Oak Ridgé Isochronour Cyclotron,
The fines were first annealed at high temperatures to anneal pre-existing
tracks. The results will hopefully resolve some of our difficulties
of interpretation.

Actually one can deduce with a good degree of certainty tﬂat the

reactivity towards water vapor is connected to the presence of damage

tracks. Fines samples outgassed in vacuo at >700°C lose their ability to

develop porosity during water vapor adsorption(zs). These annealing




temperatures also erase the damage tracks so that they can no longer be
developed by etchingts). So it seems that. the orange spherules did not
possess the pore forming ability at birth since they were likely born

in volcanic fire fountains from a h?gh temperature melt, The orange
spherules start melting at 1240°C(29). The potential reactivity de-
vele .ed no doubt during that time period while the spherules were buried
just Lzlow the lunar surface, protected from the fining action of micro-
meteorite impact, but being bombarded by cosmic ray nuclei. The majer-
ity of surface soils we have studied have undergone fining by microme-
teorite impact, surface smoothing and cementing during exposure to solar
wind, and damage when stuck by heavy nuclei cosmic and solar flare
particles. In these instances, it is not possible to pinpoint the

source of the reactivity towards water vapor. In the case of the orange

fines it is, viz the cosmic ray damage tracks.

One might be tempted to believe that the naturc of the pore system
and its mechanism of formation in the orange fines is markedly dif-
ferant than for most cther lunar fines. This is because of the smaller
proportion of micropores, the only slight blocking by irreversibly ad-
sorbed water, and the different t-vlot behavior. We believe this not
to be the case because of the results of other studies yet to be re-
portedczsj. If-bulk liquid water rather than water vapor adsorbed
close to saturation pressure is used to attack a sample of mature fines
such as the Apollo 16 fines, 63341, the grains are attacked more dras-
tically because of the much higher molar concentration of water. The
resulting porosity and adsorption behavior is then nearly identical to
that produced by water vapor sorption in the orange fines 74220. The
differences in porosity between lunar fincs seem related to differences

in the degree of development of basically the same system of fine channels.
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TABLE 1
e
%? Particle Sizes in the Orange Soil (74220) Before and
; After the Adsorption of Water Vapor
Frequency (%)
Part;:ie651ze Before After
A Water Treatment Water Treatment
{(microns)
————— From 500 magnification (Figure 1A and 1B) - - - - - -
0.4 - 2 79 85
2 -4 13 9
4 - 10 4 ' 3
10 - 20 3 1
»20 1 ' 2
----- From 16,000 magrification (Figure 1C and 1D} - - - - -
0.02 - 0.1 13 . 11
0.1 - 0.2 30 ¢ 28
0.2 - 0.5 42 43
0.5 - 1.0 15 18

e et bt 1 g o remapemt i e
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TABLE 2

Apparent Micropore Area as a Percentage
of the Total Area* within Pores

Apollo 17 Apollo 12 Apollo 16 Apollio 14

orange 74220 grey 74241 12070 63341 67481 14003

21% 42% 35% 35% 37% 69%

*Data obtained from isotherms of nitrogen after outgassing the fines
at 300°C.
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TABLE 3
L Areas of Open Surface and Apparent
ﬁ Areas Contained Within Micro and
L Mesopores in Apollo 17 Fines
:
? a. Orange Fines 74220
: Qutgassing temperature (°C)
% 25 100 200 300
i S open 0.36 0.36 0.42 0.42
§ S micto 0.17 0.19 0.26 0.20
|
| S meso 0.43 ©  0.46 0.68 0.72
| S open + § micro 0.96 1.01 1.36 1.34
; + S meso * * * -
! S BET 0.91 1.02 1.40 1.38
: b. Grey Fines 74241 §
Outgassing temperature (°C) :
j 25 100 200 300 :
f S open 0.36 0.36 - 0.37 0.37
§ S micro : 0.16 0.20 0.18 0.27
§ S meso 0.19 0.21 0.32 0.37
i S open + S micro 0.71 0.77 0.87 1.0 |
; S meso ’ ) A ) 3
; S BET 0.57 0.65 0.88 1.01

All S values are in ng_l, S meso values are obtained from the desorption
branches of the nitrogen isotherms above a relative pressure of 0.25,
S micro values arc obtained from t-plots.
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TABLE 4

Water Irreversibly Adsorbed at 25°C Per
Square Meter of Newly Developed Area

Rl o IUARS T L e R A e e e

Sample Water Ketained in Pores
3 (ug H20/m2)

Apollo 17 Orange Fines 74220 250

Apollo 17 Grey Fines 74241 700 )

Apollo 16 Fines 63341 10060

Apollo 16 Fines 67481 (North Ray Crater) 1700

= o I rarw ] ey ePe—
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Fig. 1. Scanning electron micrographs of the orange soil (T4220).
A. Before water treatment (500X). B. After water treatment (500X).
C. Before water treatment (10,000X). D. After water treatment (10,000X).
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- ' . _ ABSTRACT !

The surface proparties of an Apollo 11 soil szrmwle have been reinvesti-

. gated. The present study shows that the preliminery results for this sample
(Fuller et al., 1971) are in error, principally beceause of incorrectly
applie& instrumantal background effects. The surface properties of these

Apollio 11 fines are very similar to those of fines from the other Apollo

landing sites that we have examined. On the basis of results reported to

L AT T

B

date, the surface properties of luner soil sammles zre, to a first approximetion,

enrep p A P

independent of chemical composition and location on the lunar surface. Drastic
alteration of the surface characteristies of lunar fines by adsorbed water

continues to be the distinguishing feature of their surface chemistry.




Lunar fines from the Apollo 12, ik, 16, and 17 missions, although dif-
fering in certain specific aspects, bave certain uniform surrace character'—'
istics (Holmes et al., 1973a; Holmes &t al., lé’(h) . These later studies
gave markedly different resulits from those obtained in an earlier vreliminary
| .study of an Apollo 11 sample (Fuller et al., 1971). The preliminary study
1- indicated that lunar fines have remarksbly low surface energies, resulting
in linear (to saturation pressure) isotherms for the adsorption of argon and
“ oxygen. Subooquent results with othar samples showed that the physical ad-
sorption of &.. ..:'T-.*S. such as nitrogen and argon on lunar fine's “w'a.é not unusual.
VWater isotherms obtained in the prelirdnary study were also abrormzl, having
vertical steps in the adsorption ard dzsorption branches at relative pressures
of 0.9 and 0.8, respectively. The early shbudies also indicated that the
in'heracﬁon with waber had no effect on 'hhe subsequent physical adsorption of
gases. This is in distinet conbtrast to later studies (e.g., Holmss et al., . 2
1974) in which all samples examined could be drastically altered by a strong
inberaction with adsorbed waber 2% prassures apiiaroac:hing sabturation. The
alteration consisted of a marked inerszss in specific surface area {(hy as

much as & factor of three) and the c»

L

avion of pores. In view of these discrep- DY
ancies, it seemed desirable to reexe—ine the surface properties of the same i

'ApoJ_'Lo 11 lunar fines to debtermine the authenticity of the prelimirery results.
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EXPERIMENTAL

Adsbrption measurements were made with an existing vacuum microbalance
system which has been described in detail (Fuller et.al., 1965). The system
has been equipped with a device for maintaining a constant pressure of waber
vapor during equilibration at each chosen pressure (Fuller et al., 1972).
Background blapk correctiions have been é.pplieci to 211 of the data. These
corrections, and their critical importance for accuraie acquisition of adsorp-
tion data for samples having smé.'}.l specific surface areas, have been dis-
cussed {Cadenhead et al., 1972; Holmes et al., 1973b). |

E}épezi.mental procedures were generally the same as b.efore‘ (e.g., Holmes
et al., 1973a). Prior to an adsorption experiment the sample was always out-
gassed (at a pressure of 1077 to lO"6 torr) at the chosen temperature for a
minimm of 16 hours (overﬁight) . Measurement of the isotherms requi.red. 15 to
20 minntes for egquilibration at each pressure except for water vapor ?;'hiCh,
at higk relative pressures, reguired an overnight waiting period, or longer,
for eqtﬁ.lii‘bration with the fines. Weight determinations are estimated to
be relizble to 2 micrograms (¥0.005 mg/g) over the 'e.:ctended time interval
involved in the sxperimsnts. -

The specific sample used in the present study wes a HOO mg 2liquot of
lunar fines sample 1008466 from the Apollo 1l mission. This sample was

the fire sieve fraction (< 1 mm) of lunar soil and was used without further

size classification. Major element composition of this sample (expressed as

the oxide) was Si0, (k1.78%), FeO (15.65%), 81,0, (13.47%), Ca0 (12.13%),
¥z0 (8.07%), and TiO, (7.419)) . oOther elemental oxides were present at less
than one percent by weight. Mzajor mineral phases present were anorthite

(Capl, Si 0, 34.65%), hypersthenel(Mg, Fe)SiO., 23.18%], diopside (CaMgsi_ O
257278 3’ T2m6?
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20.k2%), and illmenite (Fe'l‘i03 , 14.07%). Other phases were pressnt in much
smaller amounts. (These results are tzken from LSPET, 1973b.)

The specific sample: used in the preliminary measurements (Fuller et al.,
1971) was 10087,5. The only difference between 10087 and 1008k was in their
initial processing at the Luﬁar Recelving Laborafory. Sample 10037 was
processed inside a vacuum chamber while sample 1008k was processad in the
normal manner (in a dry nitrogen atmospi:are) (annexstad, 197k). FHowever,
both semples were exposed to air for several months prior to loading on the
vacuum microbalance. Therefore, it is our contention that these two samples

should have had identical surface properties at the start of the adsorption

experiments.

RESULTS AND DISCUSSION

Adsorption isotherms of the physically adsorbed gases nitrozgen, argon,
carbon monoxide, and oxygeﬁ at 77°K (-196°C) are shown in Figure 1. Prior
t0 these measurements the sample was outgassed ab 300"(52, the sam2 pretreat-
‘ment used -in the preﬁminary study. These present measurements (Figure 1)
can be contrasted vith Figure 1 of the preliminery results (Fullsr et al. s
1971). The adsorption isotherms shown in Figure 1 are not unusuzl and are
also very similar to our results (Holmes et al., 1973a; Holmass et al., 197h)

"obtained for all other samples we have studied except 10087. Acsorption

_data for these four gases were subjected to a BET treaiment (Brunmzuer et al.,

1938) to obtain an estimate of the specific surface area. The vzlues are
given in Table I along with the corresponding areas from the preliminary

results for sample 10087 (Fuller et al., 1971). An average of thz four
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areas for 10084 is 0.50 £ 0.05 mz/g. This lies within the range of areas

(0.2 to 0.6 mg/g) reporf;ed for a host of different lunar fines (e.g.,

Cadenhead et a2l., 19Th; Fanale et al., 1971; Grossman et al., 1972; Holmes

et al., 19732) but is considerably less than the preliminary value of 1.15

| m2/g for 10037. Also given :a;.n Table I are the cross-sectional areas, Am,
used in the specific surface area caleulations. The Am values used for
argon are s.ic'nificantly different wirile the séne Am value was used for
nitrogen in both cases. The choice of the hest Am value for various gases
is outside the scope of the present paper but has been discussed (McClellan
and Harnberger, 1967).

Following an additional outgassing at 300°C, sample 1008k was subj ected
to an adsorption-desorption cycle in water vapor at 20°C. [The first experi-
fnen’t‘. in water vapor was afi‘et;:ted by a small lezk in the vacuum system. The
significance of this small leak is discusserd in a companion paper (Gammage
and Holmes, 1975). The second experiment was successful after the leak was
repaired.] Adsorpiion data from the Ffirst expariment are shown in Figure 2.

(Relative pressuras have been corrected to account for the lezk. Unfortunagely,

in order to conserve time, equilibrium data were not taken during the second

experiment. However, there were no indications of abrupt weight increases

or decreases z8 the water vapor pressure was slowly increased or dacreased,
respectively.) The present isctherm can be corntrasted with Figure 2 of the
preliminary results obtained with semple 10087 (Fu.'lier et al., 1971). Con-
‘spicuously gbsent in the isotherm for 10084 are the sharp vertical steps at
relative pressures of 0.9 and 0.8 in the adsorption and desorption data,

respectively. The present data are quite similar to that observed for lunar




fines other than 10087, e.g., 12001 and 63341 (Holmes‘et al., 19732). In
agrezament with the usual behavior of lunar fines, there was excensive
retention of water (0.39‘ mz/g in this case) on evacuation at the conclusion
of the adsorption-desorption cycle. . ‘

The preliminary results (Fuller et al., 1971) indicated thet the inber-
action with water vapor did not produce any significant chenge in the adsorp-~
tive capacity for nitrogen. This is in direct contrast to our results with
all succeeding samples which have interacted strongly with water (e.g.,
Holmes et al., 1974). MNitrogen adsorption (at 77°K) on sample 1008l was also
measured a.fter the reactions witk wabter vapor. Isoﬁhems for two oubgassing
temperatures (22 and 300°C) are shown in Figure 3. It is obvious that the

sample has been significantly a2ltered by the reaction with water vapor. In

perticular; the specific surface area has increased to 0.94 and 1.24 xr_LE/g

" for room temperature (22°C) and 300°C outgassing, respectively. In‘addi‘c.icn,

the sample now has a pore system which gives rise to a well-defined capillary
condensation hysteresis loop in the adsorption _desomtion isotharm. Further-
mors,’ irre:versibl;gr adsorhad water ramaiﬁng on the sample alter ouigassing

at room temperaiure has & partizl blocking effect on thelaccess of nitrogen |
to the pore sysbem. ALl of thess resulis are in agreement with the general
surrace cheracteristics of other lunar fines.

We are forced to conelude that the preliminary results (Fuller et al.,

.

 1971) obtained with sample 10087 are errcneous. The erronsous isotherms for

the inert gases on sample 10087 can be readily attributed to our failure o
apply accurate blank corrections (Holmes et al., 1973b; Cadenhezd et al.,

1972). An additional complication was the fact that only 100 mg of 10037
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u~s available for study. However, the erroneous water isotherms for sample
10087 and +the unchanged surface propsrties aiver reaction with water remain
unexplained.

In 2 general way, the surface properties of Apollo 11 fines seem to be

quite similar to those of fiﬁes from the Apollo 12, 1k, 16, and 17 missions
(Holmes et al., 1973a; Holmes et al.. 1974). i¥e have not studied any fines
from the Apollo 15 mission. Cadenhe:nd .(Cadenhead et al., 1974) obtained a
hysteresis loop in the initial nitrogen isotherm for an Apollo 15 sample,
but it was a brececiz, not a soil sample.. Groszman et al. (1972) measured
the surface arez of am Apollo 15 sample but did not report an isotherm.]

It is pleasing and, 2% the same time, somewbat puzzling that the surface
properties of soil samples irom five of the six successful Apollo missions
are so uniformly general. [Results from a compacted soil from Apollo 15
(Cadenhead and Stetter, 1974} do not give any indication that Apollo 15 soils
are different.] There are certain specific diiferences in the surface pre-
perties of lunar samples, most notably in the relative ease with which an
adsorbed v;'a.ter film alters their surface characteristics, bub 'bhese' subtle

differences are beyond the scope of the present paper. The general uniformity

of the surface properties of lunar soil samples does not seem to be related

to bulk composition as there is substantizl varistion in the chemical commpo- .
‘sition of thé samples. For example, the ora.ng.e soil 7h220 has only 6.32% .
.A1203 (LSPET, 1973b) while the Apollo 16 sample 67!;81, having similar surface. |
properties (Holmes and Gammage, 1975), has 29.01% A1203 (LSPET, 1973=). ;
The mineralogy and petrology of the samples show a larger variation tha.ﬁ the

chemical composition. We hold to our earlier interpretation (Holmes et al. 5

1973a) that radiztion damage is the prime factor involved in the alteration

F e R i e 'n_}id;- B ..Twuw,




of lunar fines samples by adsorbed water. Reaulis from experiments with
2 thermally annesled and artificially irrediated sample (Holmes st al., 1975)

provide support for this conclusion .
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Table I. Data for Adsorption of Inert, Gases

Sample 10037 . Sample 1008k
Adsorbate a b , o N . b o
8 c Am s c Am
N, 1.15 il 16.2 0.59 Lg 16.2
Ar 1.1hd - 13.8 0.46 20 16.6
€0 1.15 130 16.2 0.50 62 16.8
0, e - C - 0.46 23 17.5

Zspecific surface area in mE/g.
Bugr oonstant in BET equation (Brunauer et al., 1938).
cCross-sécti‘.onal ares of an adsorbed molecule in _3_.2.

d .
Assumes monolayer coverage ab saturatlon pressure.

®Not caleulated.
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Figure 1. Adsorption of inert gases on sample 1008k,65 at -195°C.

Sample outgassed at 300°C.
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Figure 2. Adsorption of water on sample 10084,66 =t 20°¢. Scuple

outgassed =2t 300°C.

Figure 3. Adsorptibn of nitrogen on sample 10084,66 at -196°C after the

interaction with water. Sample outgassed a2t indiceted temperatures.
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BLOCKING OF THE WATER-LUNAR FINES REACTION
BY AIR AND WATER CONCENTRATION EFFECTS#

R. B, Gammage and H. F., Holmes
Health Physics and Chemistry Divisions
Holifield Mational Laboratory
Qak Ridge, Tennessee 37830

ABSTRACT

The elements of air, if adsorbed in conjunction with watexr vapor or
liquid water, are able to impede severely the attack of lumar fines.
Tﬁns: is eﬁplained the stabflity of lunar fines in moisture laden air, and
their small solubility in liquid, aerated water. In the absence of air,
liquid water is more effective than water vapor in attacking the grains;

the channels leached are wider and the expansion of area is greater.

*Research sponsored by NASA and the Energy Research and Development Adminis-
tration under contract with Union Carbide Corporation.
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INTRODUCTION

Grains of dust én the lunar surface are irradiated with solar wind
particles having an average ion energy of 1 keV/aﬁu. {(Maurette and Price,
19?5). The helium and hy&rOgen ions cause ‘the grains to become severely
rounded by ion sputtering and coated with sputtered material, processes
which leave the grains non-porous on a size scale from about 5 to 500 Z
(Gammege et al, l97ﬁa). An ultrathin, amorphorous surface layer is formed
by the overlap of the ~100 R length tracks produced predominantly by hel-
ium ions (Borg et al., 1971).

The sputtering by He ions builds up an equilibrium coating thickness,
which takes 2000 years for lunar feldspar grains (Maurette and Price, 1875).
The coating propagates with constant thickness into a shrinking grain as
sputtering removes the outer atoms. The erosion rate varies greatly with
thetype of mineral; glassy grains evrode the fastest.

Submicron grains are unlikely to survive collisions
with micrometeorites which tend to fine the .larger dust particles, Mature
surface soils subjected to these processes tend towards a limiting specific
surface area of about 0.6 m2/g, the equivalent spherical particle being about
3.4 ym. The specific surface area is a maturity index of a lumar soil (Gammage
and Holmes, 1975a).

Surface grains also become riddled with damage tracks from heavy ions
{(Z » 20) having energies »5 keV/amu. These are ions with suprathermal
energlies, solar flare particles and cosmic rays. The tracks range in length
from <2 to several hundred um, Track densities as high as g3 cmﬂz can

-

be seen in the transmission electron microscope.
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It is on such damaged grains that adsorbed water can produce drastic
alterations (Holmes et al,, 1973a; Holmes et al,, 1973b), that is to expand
the surface area by as much as threefold, and at the same time develop poro-

sity. The currently described ekperiments seek to define the conditions f 'é

under which water will or will not attack the grains at damage sites, how
changes in the concentration of water influence the reaction, and to throw
more light on the types of pore structure that develop.

This knowledge is of considerable practical importance. One is inter- :
ested in knowing how stable the fines are in the presence of atmospheric

moisture, their solubility in liquid water and the details that are re-

vealed of the fine structure of the damage tracks.
EXPERIMENTAL -

The vacuum microbalance systems and the proceduresrequired to make

accurate measurements of passs alsorbed on lunar fines have been dealt
with numerous times in the past (e.g. Holmes et al., 1974). The major
differénce to the study presently being reported lies in the manner of re-
acting the lunar fines with water. Previously, the lunar fines have been

outgassed in vacuo, in the range of temperature 25-300°C, and then exposed to

wateT vapor up to 3VP (Saturation Vapor Pressure). Three additional treatments
have been added. Firstly, air was leaked into the vacuum system such that the
maximum pressure exceeded the SVP of water by 1 torr. This introduction of air

actually occurred inadvertently via a leaking stopcock. The second pro- : §

cedure involved cooling the fines in the sample bucket on the microbalance
to liguid nitrogen temperature, and then condensing water vapor onto the fines

which had been evacuated at 300°C to 10'5—10-6 torr prior to this condensed
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water treatment, The third treatment was to sozk the fines in distilled'
water, exposed to the'atmosphere,for 30 days. Preliminary drying was
effected by evaporation of all the liquid in the presence of a desiccant.
Final drying was conductea after loading the fines onto the microbalance
and pumping out the system to a high vacuum (<10-S torr).

Two specimens of mature lunar regolith (heavily radiation damaged)
were used; Apollo 11, fines 10084 and Apollo 16, fines 63341.
RESULTS

The specific surface areas determined from adsorptions of nitrogen as
a function of the type of water treatment, and the outgassing temperature,
are shown in Fig. 1. The areas are each normalized to the value obtained
prior to treatment with water, and for an outgassing temperature of 25°C.
The one exception is an aliquot of the fines 63341 which was soaked in
water before a measurement was ever made of its specific surface area which
was then 0.51 mz/g. The non-water treated aliquot of the fines 63341
had a lesser area of 0,42 m2/g. The difference in area could be due to
inhomogeneities in ouxr sampling of 400 mg 2liquots of dust which contain
grains up to 1 mm in diameter. The dotted pathways are those estimated
from a comparison with more complete data collected for the Apollo 17
orange fines 74220, which were also severely attacked by water (Cammage

"

and Holmes, 1975bj).

The specific surface areas of the single aliquot of the fines 10084
are tabulated (Table 1)} to highlight the very weak and the strong alterations
produced by water vapor-air and zir free, condensed water vapor, Trespectively,

On this single aliquot, &he water vapor treatment preceeded the condensed

water treatment. The differing degrees to which aerated liquid water,
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water vapor at close to SVP, or air free, condensed water vapor have
altered the fines 63341, are characterized by the three nitrogen isotherms
shown in Fig. 2; the outgassing temperatuvre is standardized at 300°C.

The isotherms of nitrogen.shown in Fig. 3 highlight the different char-
acters of the isotherms which result after the milder {water vapor at

SVP) . and the most severe (condensed water vapor) water treatments and
outgassing at only 25°C. To judge the relative accessibilities of nitrogen
to fhe water induced pore systems as a function of outgassing temperature,
A and B of Fig. 3 should be compared to B and C, respectively, of Fig. 2.
A similar estimation 6f accessibility of nitrogen to the pore system of
the severely attacked fines 10084 can be made by viewing the two isotherms
of Fig. 4; analysis of the desorption branches of the isotherms above a
P/F’G of 0.25 (Gammage et al., 1974b) indicates that about 75% of the pore
volum% capable of being reached by nitrogen molecules at 77°K,is reached
after oufgassing at 25°C. The corresponding value for fines attacked more

mildly:by water vapor is zbout 50% (Gammage et al., 1974b).

The Taurus Littrow orange soil 74220, of the Apollo 17 mission, has
been outgassed at 300°C and subjected to adsorptions of water vapcc by
two different groups, ourselves (Holmes et al., 1974) and Cadenhead's group
(Cadenhead and Stetter, 1974); Fig. 5 compares the desorption isotherms
of water measured at room temperature and Fig. 6, the subsequently mea-
sured isotherms éf nitrogen on the well outgassed fines (150° or 300°C).
The nitrogen specific surface areas before and after the adsorptions of

~

water vapor are listed in Table 2,
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¢ The amount of adsorbed water which becomes irreversibly bound to

the newly created aréa of a fines sample (that water which cannot be re-

moved by prolonged pumping at 25°C for 516 hours to a pressure of 1075.1076
torr) is influenced markedly by the severity of the water treatment. Typi-
cal values are listed in Table 3.

In view of the observation that in the presence of air, the attack of

fines by water is severely impeded, attempts were made to measure the

)

adsorptions of nitrogen, oxygen and carbon dioxide at room temperature. No
adsorption { <2 pg) could be detected for any of these gases before or
after the interaction of fines with water.

DISCUSSION

When lunar fines are brought into contact with water contaminated

by air, the normally drastic alterations to the fines (Holmes et al., 1973a;

Holmes et al., 1973b) are prevented almost entirely. The data in Table 1

for the fines 10084 clearly illustrate the effect; when the water vapor is

contaminated by 1 torr of leaked air, the area expansion is unable to occur. ) 2

A similar effect is obtained for liquid water with dissolved air; curve B ffg
of Fig. 1. g
This finding suggests a satisfactory solution to the several dilemmas- j
created by the experiments of other workers which have suggested a considerable i
stability for lunar fines stored in contact with moisture containing labor-
atory atmosphereé at.room temperature (e.g. Gammage and Becker, 1971}. The
explanation also seems to be at hand for the lower solubility of Apollo 12

kY

fines 12070 compared to terrestial basalt (Keller and Huang, 1971); presumably

ISR b et | s e %3 Pk me ey s e

the water used contained dissolved air. The lunar fines will be attacked

only when pains are taken to exclude rigorously the elements of air from

either the water vapor or liquid water.
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As to the nature of the blocking action, one can do little but speculate
at this stage of expérimentation. Eacu of the reactive constituents of the
; atmosphere (02 and COZ], together with nitrogen, are not adsorbed on the
fines to the extent that the adsorption is detected by the microbalance.
If these molecules are chemisorbed at points where nuclear particle damage
% iracks intersect the surface (the proposed sites for initiation of the ; ﬁ
alteration reaction by adsorbed water) then for dust grains with 1G! tracks

and C02, respectively, would be

cm—z, 0.28, 0.32 and 0.44 ug of N,, 0,,

taken up. These values are for a 1 g sample having a surface area of 1 m2 with
the assumption that 1 molecule is chemisorbed per damage track to promote

the blocking action. The amount of chemisorption would need to be 5 yg or more
to make a positive identification since adsorptions axe likely to be in error by % '%

-+ 2 ng (Holmes et al., 1974}, for the 400 mg aliquot of each fines sample used.

In order to determine whether or not each of these separate constituents

of air can exert the blocking effect, they would have to be added in tum
to water vapor being admitted to well outgaésed lunar fine:z. OQur future P
plans do not include such experiments.

Oxygen is known, however, to chemisorb on freshly produced lumnar rock

surfaces at the sites of ruptured bonds (Haneman and Miller, 1971). The ? i

amount taken up 1is small, 1 in 104 surface atoms is involved, but the oxygen
desorbs from the paramagnetic sites under high vacuum. Perhaps oxygen can
likewise be chemisorbed at damage sites and prevent the ingress of water.
.The issue of air contaminant and the water reaction is likely to be the
cause of the divergent results, obtained by separate groups of investigators,
from the same sample of fines., The specific surface areas quoted in Table
g' ' 2, and the isotherms of Figs. 5 and 6, make it irresistably tempting to
suggest that Cadenhead's specimen of the orange fines 74220 was not severly

aitacked because of a contamination problem of some sort,
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The molar concentiation of liquid water at 25°C is 3600 times that of

~water vapor at SVP;  liquid water is thus able to attazck the fines more

aggressively than the vapor. The result is a greatsr expansion in the sur-
face area as evidenced, for example, by the nitrogen isotherﬁs shown in
Fig., 2.

Another difference ié that the pore cﬁannels, which produce capillary
condensation and the hysteresis loops in the nitrogen isotherms, are wider
when liquid water is the medium. Traces of water left behind after sub-
sequence evacuation are less able to hinder the entry of nitrogen
molecules at 77°K. This effect is illustrated clearly in a comparison of
the curves A and C of Fig. 1 and the isotherms of Figs. 3 and 4.

The data suggest the following interpretation. Water acts as
a mild etching agent. yaterial iz leached from nuclear particle damage
tracks which remain after outgassing at 300°C. Some recent studies
of irradiated mica {Maurette and Price, 1975) provide a clue as to the
likely dimensions of the damaged regions; small clusters of defects form
along the paths of the incident ions and these coagulate iﬁto larger
clusters that reach a waximum size of 20 ; as the annealing temperature is
raised to 300°C.

The adsorptions of nitrogen measured on lunar fines treated with water
vapor are indicative of a system of small channels with narrow microsized
necks up to about 20 ;; in width (Everett, 1972 for definitions of micro and
mesopores). Water not removed by outgassing at room temperature is held in
the microsized constrictions and partially blocks the access of subsequently
adsorbed nitrogen molecules. Cooperative adsorption forces acting across
a micropore bond residual water more effectively than is the case for the
wider mesopores (20-500 R in width) which are prevalent after the use of

-

air free, liquid water,

|
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The different capacities for retaining water in vacuo are qugntified
in Table 3, and Table 4 of the reference of Gammage and Holmes, 197%., There
is a drop in the capacity for retaining water in the newly created pores
from about 1000 to 100-300 pg of water per m2 of newly creatéd surface in
passing from fines mildly to severely attacked by water. The severely
altered fines of course have a smaller fraction of their pores in the micro-
size range.

The concept of adsorbed water etching solar flare and cosmic ray
damage tracks has been expounded several times in the past (Holmes et al.,
19732, Gammage et al., 1974a, Gammage et al., 1975b}; the present data re-
inforce these beliefs without offering the much sought after direct proof.
The definitive experiment is to adsorb water on to non-porous lunar fines
whose damage tracks have been erased at 1000°C and then reintroduced arti-
ficially. The results of such an experiment using Fe+9 ions of cosmic ray

energy will be reported shortly (Holmes et al., 1975).
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FIGURE CAPTIONS

Fig. 1. S8pecific surface areas normalized to the value obtained
after outgassing at 25°C prior to treatment with water. Fines 63341:
A, after exposure to water vapor at 5VP, B, after immersion in
zerated liquid water for 30 days, C. after condensing air free, water
vapor to scak the fines. Fines 10084: D, after exposure to water
vapor at SVP,  which was contaminated with 1 torr of air, E. after
condensing air free, water vapor to soak the fines.

Fig, 2. Adsorption isotherms of nitrogen at 77°K for the fines
63341 outgassed at 300°C after three types of water treatment. A, B and
C signify the  aerated liquid water, the air fres water vapor, and the
air free condensed water treatments, respectively.

Fig. 3. Adsorption isotherms of nitrogen at 77°K measured on fines
63341 outgassed at 25°C, A. after treatment with air free water vapor and
B. after treatment with air free condensed water.

Fig. 4. Adsorption isotherms of nitrogen at 77°K measured on the
fines 10084 after severe attack by condensed water and subsequent out-
gassing at either 25 or 300°C to remove the residual water.

Fig. 5. Desorption branches of the isotherms of water vapor at
room temperature, measured on fines 74220 after outgassing at 300°C.
Each isotherm zero is referred to that weight of fines plus residual
water which remained after prolonged evacuation at room temperature.

Fig. 6. Adsorption isotherms of nitrogen, measured at 77°K on
fines 74220, after the prior adsorption of water vapor (see Fig. 5) at
pressures up to SVP. Holmes sample was outgassed at 300°C prior to
adsorption of nitrogen, Cadenhead's at 150°C,

'E.‘
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Table 1. Specific Surface Areas, Accurate to
-+ 0,02 w2/g, of a Single Aliquot of
Fines 10084 Treated in Two Different
Ways with Water.
Outgassing After the First Treatment After the Second Treatment
Temperature with Water Vapor up to with Water Vapor Condensed
°o SVP plus 1 Torr of Air so as to Visibly Moisten
T (m2/g) the Fines
z(m?/g)
300 0.59
(before any water
treatment)
25 0.54 1.00
(after water
treatment)
100 0.54 —_
{after water
treatment)
200 0.58 _
(after watex
treatment)
200 0.64 , 1.24
(after water
treatment)
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Table 2. Specific Surface Areas by Nitrogen Adsorption
of Apolln 17 Orange Fines 74220 Treated in
Nearly Identical Manners with Water Vapor

Condition of Fines Holmes! Data® Cadenhead's Dataé
t(m?/g)

Exposed only briefly 0.42 0.46
to the atmosphere

Qutgassed at 300°C 1.38 0.48
and then exposed to

water vapor a* Toom

temperature and

pressures up to S5VP.

U,

[y

*Fines outgassed at 300°C prior to adsorbing nitrogen.
ri!'Fines outgassed at 150°C prior to adsorbing nitrogen.

*Measured on a different aliquot and reported earlier
(Cadenhead, 1973)




Table 3. Irreversibly Bound Water on Surfaces Newly
Created by Water Treatments in the Absence

of Air,
: Residuzl Water
Fines Treatment at 25°C
(ug/m?)
63341 watexr vapor at 865
pressures up to
S.V.P.
63341 water vapor condensed 301
so as to visibly moisten
the fines
10084 water vapor condensed 165

50 as to v_.sibly moisten
the fines
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