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ABSTRACT

Detailed experimental data have been acquired for the hydration of
the surfaces of lunar fines. Inert vapor adsorption has been employed
to msasure the surface properties (surface energy, surface area,
porosity, etc.) and changes wrought in the hydration-dehydration pro-
cesses. Plausible mechanisms have been considered and the predominant
process involves hydration of the metamict metallosilicate surfaces to
fora a hydrated laminar structure akin to terrestrial clays.

Additional credence for this interpretation i: obtained by comparison
to existing geochemical literature concerning terrestrial weathering of
primary metallosilicates. The surface properties of the hydrated lunar
fines is compared favorably to those of terrestrial clay minerals. In
addition, experimental results are given to show that fresh disordered
surfaces of volcanic sand react vith water vapor in a manner virtually
identical to the mjority of the lunar fines. The results show that
fon track etchirg and/or grain boundary attack are minor contributions
in the weathering of lunar fines in the realm of our microgravimetric
experimental conditions.
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PART I REACTIONS OF AN APCLLC li SAMFLE

A. IRTRCDUCTIOK

Lunar materials t yith the vater ani carbor ijoxice or the
terrestrial atmosphere: *“’, The mechanism is somewhat ill- :efined
at presert. This study was undertuken to obtair more details concern~
ing the nature of the hydiration rrocesses which occur as the metamict
surfaces are attacked. Specifically, we hoped to .ielintt betweer.
the three phunblr isms of (1) fom track etchinh\', (2} metallo-
silicate hydration'“’ and/or (3) grair boundery attack -’ .

Mechanism (1) has been postulated as inczced by water migration
alc . the small chamnels of jom tracks, with subsequent ccuntercurrenmt
etch. & of larger chambers in the inner reaches of the buix material,
forming an "ink bottle™ shaped pore. Presumably the “leachec”™ materia!
rigrates to the surface and is rather uniformly iistribute: thereuron.
The entrance chamnels are presumably blocked by bound water which ~an
exclude inert vapors from the imer chambers. This bounc water can =
removed by stringemt outgassing tc permit access to irnert vapors.

Mecharism (2) has been forwardei as being akirn tc the hydratior of
primary terrestrial minerals (metallosilicates) to form lmsdnar {clay
like) hydrated metallosilicates ‘rom the :amage:, mmorphous outer sire-
faces oOf the particles. 7he pores are ervigione: as the vcids betweer
the laminae vhich are forme: as the hyiration water is remove: at ele-
vatei temperatures.

Mechanism (3) was presentsd as involving the grain boundaries ir-
herent in the particles. Water presumsbly migrates dcwn these boundaries
allowing the primary sub-units (crystallites) to separste vith a simul-
taneous relesse of straim energy. It is iifficult to associate this
xhanism with the observation that the bound water revaraibly uclu-iﬂ 2)
iner: vapo's from the inner reaches of the semple as roted previously '™’
and in lads work. Pores formed by this process should be “open”
iorifices greater than imner dimensioms).

We chose an Apollo 1i sample [14003-60) as being gemerally
characteristic of lunar fine samples in terms of its chemical compo-
sition, mineralogy, glass sphere content, color, etc. Due to the
paucity of material we have chcsen to perform extensive, controlied
microgravimetric analyses. The goal was to study the interrelation-
ship of hydration and carbonation reactions snd surface structural
analyses {inert vapor adsorption). A detailed analyses of surface ares,
porosity, surface energy, etc., and changes therein should belp measure
the relative contributions of the three aforementioned mechanisms.
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B. EXPERIMENTAL APPROACH

;.na.leqmtorhwﬁneshsphﬁds’caﬂmuud-
sorption chamber described previocusly' 7’7 amd subjected to the con-
wtions iescribed ir the subsequent sectior. It was used s received,
the fractior of a soil semple wixich passed through a 1 mm seive.
tical microscopy showed that it wvas predominantly composed of angular
wre fragments . to 10 .m ir siz2. A few tramslucent spheres of ca 5
to 10 .m were iispersec in the sample.

Throughcit the experimental sequerce we lave verified steady state
inta oy allowing the sample to equilibrate at given temperatures and
rressures for iays to weeks wher. necessary. In the cases vhere slow
processes were ir play, we were able tc Jetermine the kinetics of the
reactions. Jarious gases were adsorbed on the originael mmterial before
extersive degassing ancd/or reactior vith wvater vapor to evaluste the
surface properties cf the original mterial. The sample wvas then sab-
Jected Lo varying :egrees of hydration via multiple exposures to water
vepor. Tht gravimetric techmique has prover to be guite informmtive ir
similtanecusly monitoring czeveral pertimert surface rropertiesg as
anticipete: by previous evaluations(5).

C. SRESULTS AliD ZISCUSSIOR
C.1_Vapor Sorptiom on lriginal Sample

Mgure 1 is a Zraphiczal preaentation of the sorption isotherms
{=1%°C for all but K,_ vhich was constructed with a sammple temperature
of 22.00°C). The general sigmoicdal zhape is notes in each. Omly a
small amount of hysteresis is noted at 9.5 to 1.0 F,, characteristic of
capillary coniensatiorn in -esopores.ﬂose orifices are smller or equal
to their interral dimensions (> 20 A).

Plrare 2 is a more detailed presentation of the same data on a
molecular basis. The apparent monolayer is formed more readily (lower
F/.) in the sequerce: 2C0 > Ky > Ar >0o. This trend is generally
consistent with theories vhere the energy of adsorptior is related
to the p?”.r.lubil.ity, iipole moment, etc., of the adsorbate. BPEET
analyses of the data gives spparent monolayer capacities as noted
for each sorbate. The mean value, 5.15 . moles per gras of sample,
shows a mean deviation for esch of the sorbates of = 0.07 . moles/gm.
However, this constant value is stent for mol vhose
theoretical cross-sectionsl area ranges from 10.6 A</molecule (H20)
to 16.2 A/molecule (N5}. It seems that the amount of adsorption re-
quired to form a monolayer (in terms of number of molecules adsorbed)
is independent of the chemical or physical properties of the adsorbate.
Such behavior is consistent with the concept of site adsorption where ‘
the lattice parameters of the substrate are equal to or greater then
the dimensions of the adsorbed molecules.
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In our attespts to more fully understand the processtg !8)”'“‘"
analyzed our data in terms of several theories of adsorption‘”/?"'

vre 2 presents our most successful attempt to linearize our data over
the classical "monolayer” region. This expresses the smorint of ad-

1
sorption in terms of the adsorption potentiai, ¢ as defined by Palonye(l‘)
€= - RT 1n F/P, . (1)
The functional behavior is given as
c=¢ ! ’ (2)

with ¢° as a characteristic free energy ror the adsorption of the first
molecules on an essertially bare surface. [ is defined as the sur*ace
concentration of adsorbate. The intercepts at [ = O (Figure 3) allows
us to culate this ¢° for each sorbate. Eguation 2 was originally de-
rived(12) in tems of the theory of polarization of adsorbate by the
electrostatic field that exists at the substrate surface. Each subse-
quent molecule is adsorbed with a lessor free energy in accordance with
the distribution ﬂ&g’ion (Eq. 2). 1Indeed ¢°* is linearally related to
the polarizability of the sorbate as shown in Figure 4. An equally
intriguing relationship relates the fre2 energy term ¢° to the enthalpy
of vaporization of the respective liquid sorbate linearly as shown in
Figure 5.

C.2 Reaction with Scrbed Water

Rupresentative water vapor isotherms are given in Figure 6.
Initial adsorption at pressures up to 0.k P, are character:lstically(l’z)
somewhat limited with respect to apparent monolayer capacity and multi-
layer formation. Each desorption boundary curve shows hysteresis in
the capillary range (0.3 to 1.0 P,) and marked low pressure and vacuum
retention. Each of these isotherms are presented with respect to the
vacuum weight of the sample upon completion of the preceding desorption
cycle. These incremental vacuum retentions are cumulatively defined as
"bound water", I (B, H,0) in subsequent discussions. Stealy state
weights were achieved in ca 5 minutes for pressures less than ca 0.85 p,.
Above this pressure slow, first order processes become predominant and
relatively large amounts were adsorbed fcr each pressure increment.

Excursions to these higher pressures resulted in increasingly
greater enhancement of the bound component, I' (B, Hy0) and apparent mono-
layer capacity, I (m, Hy0). The nature of the irreversible retention
for each of these larger excursions is seen more clearly in Figure 7.
Here we have deducted the amount adsorbed, [ (A), from the amount remain-

ing on desporption I' (D) to evaluate the re%ention 4 (P) at each pressure.

From this we can evaluate the hysteretic concentration, 4 (h) and re-
tention increment 4 (B) [ (B) = £ A B for successive cycles].

A direct correlation between I (m, Hy0) and I' (B, H,0) is noted
in Figure 8. The initial adsorption (1 a) is greater than the desorption
i (m) due to the increment of I (B) involved. Thereafter each desorption

. Fig-
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I (m) and subsequent adsorption I (m) were identical, for each is re-
ferred to the same vacuum veight . sample weight plus the respective
(B, Hx0)]. This trend cotgnued for 5 cycles vhere data was acquired
in the closed system mode (balance chamber connected to a liquid
vater reservoir vhose vapor pressure (temperature) was precisely fos\-
trolled). In view of the displacement phenomena noted previously\<

ve subsequently changed to the open mode of isotherm construction.

Here we introduced and extracted (discarded) alequots of water vapor
as needed to produce the desired pressure cycles 6 thru 13. Cycle 1%
was obtained in the closed mode of cperation. The original trend _: (m)
increasing with increasing © (B)] is enhanced initially and returns to
the original relationship (cycles 10 - 14). Apparently the displaced
species (005?) is removed (cycles 6 - 10) and decreases the increments
of apparent I' (B, H,0) prcportionally until the original (concentration
of bound I (B, C0p) is removed. This conclusion is based on the CO,
readsorption experiments described below.

Noting a continued increase in both : (B, Hp0) and i (m, I:EO)
without any signs of approaching an upper limit we then outgassed the
sample at 300°C with a nearly complete loss of the . (B, Hy0) complement.
Subsequently, readsorption of water vapor (1 a) appears to occur on an
area equivalert to the preceding n.~imal value. Considerable retention
follows with the desorptior (1 d) data commensurate with the original
behavior. Excursion to 1.0 P, in the next cycle reverted toc the behavior
(2 d) noted for the decarborated sample. The sample was then exposed

to CO, (700 torr) with a concommittal retention noted by the double
arrovw. Subsequent HoC data is readily related to the original carbo-
nated sample when : (B, Hy0) is corrected for [ (B, COp) as noted in
Figure 8.

C.3 RNitrogen Adsorption

During the course of the preceding experimert we constructed
nitrogen isotherms as a measure of surface properties of the sample.
Sample results are shown in Figure 9. We see that the initial water
sorption (cycles 1 thru 1u) enhanced - (m, i,) and induced some porosity,
which in turn gave rise to the hysteresis loop (curve B). Removal of
the bound water by 300°C outgassing markedly increased both area and
porosity (curve C). A small amount of retention was noted for the
300°C outgassed sample as noted ir Figure 9., Rehydration and reoutgas-
sing did not remove this disparity (0.0 to 0.5 P,) at <196°C. However,
the original vecuum weight was obtained in both cases by warming the
sample to 22.00°C. We suspect that this phenomena is due to the exist-
ence of "hnt 'T“" on the sample .defects or reduced states (i.e.,
metallic ircn).. We were able to oxiiize the sample at 300°C and 100
torr (05) anc then measure isotherm C of Figure 10. Nitrogen adsorption
may vell be an excellent way of measuring the concentration of such
active sites on lunar samples.

Evaluation of surface aresas from the nitrogen isothems is
fraught wvith the classical problems. As noted in section III A there

WV,
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issmequest:lonutotheamoccup:ledhyasorbednia molecule
in monolayer formption. We have adopted the classical convention of
assumed 0.1627 ?/mlecule which allows us to calculzie 3.%82 sqiare
meters for each millagram of sorbed nitrogen in the classical BET mono-
layer. The data all gave linear BET plots in the range of 0.02 P,-0.32
P,- Such a convention may not be an accurate shsolute measure of sur-
face area but is assuredly a valid process relative to other work.

|
|

The nitrogen data is useful as s measure of surface properties
and changes wrought by reaction vith reactive vapors. We have choser
three nitrogen parameters for this purpose: I (m, %,), the BET mono-
layer capacity (+ in Figure 9); [ (h, K,), the hysteretic retention
(maximm of the A (K,) curve in Figure 9); and I (s), the amount adsorbed
at 1.0 P, (annotated on right -r%i? of Figure 9). The latter was
evaluated as described previously'5) as the reproducible maximm obtained
vwhen several alequots of N, were introduced to assure condensation of
liquid on the walls adjacent to the sasple.

Figure 11 shows the variation of I (m, Np) and I (h, K,) for the
initial outgassing (following 14 water cycles) for the range 22 to 300°C.
In additiocn we have included the more comprehensive picture in Figure 12
vhere [ (m, N,) variations are shown for hydration, dehydration, rehy-
dration, dehydration, oxidation and sintering sequentially.

The data of Figure 10 suggest 2 linear relationship between
I (n, :i) and ' (m, B2). Pursuant to this toric we present a more com-
prehensive picture for the above sequence in Figure 13. 1In each case,
dehydration or rehydration, the data extrapolate to I' (m, Np) equal to
cs 114.5 ugm (E)/gm (14003) when I (h, ls& is zero. This seems to be
a measure of the external surface (0.399 m/gm) wiich is virtually un-
altered during tlese cycles. The 700 and 800°C data also indicate that
the sintering process is primerily intrsparticulate. Furthermore, the
linear relationships between [ (h) and [ (m) is significant. If the
internal dimensions of these pores is much greater than the orifices,
the volume capecity (I (h)] will be considerably greater than the surface
capacity (! (m)].

Furthermore, the correlation of [ (s, K,) and ' (m, )
(Pigure 1h) shows that multilayer sorption is prcportionally enhanced,
virtually vithout limit, as more adsorption sites are exposed on dehy-
dration. We can measure the internal area of this sample based on the
above results in terms of adsorption capacities: .

r(Irlz)’r(-"Z)'r("‘z)'r(-rlz)'nl‘-s-

Here I' (I, W,), I' (m, )mdf(l,lz)mthmfcdmlma],
total [messuFed) and external [114.5 igm %,/em (14003)] monolayer ch
cities, respectively. Figure 15 is a of I' (8, W) ve I' (1, W,
and further shows that mltilayer formation on the internal sites is in
direct proportion to the number of sites upon which monolayer formstion
occurs. This data also shovs that spproximstely 500 ugm (N,)/gs (14003)
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is characteristic of the saturation, [ (S, Np), on the external surface.
This corﬁﬁgon s to ca L.k layers (500/11k) uhich is less than normally
fo

observed r the oxide samples. Teaper this analyses vith t?e S-utl
ation effect noted by others for gravimetric analyses at -196°c.\15

C.k deight Loss on Outgassing and Sintering

We have monitored the sample weight throughout the sequence as
shown in Figure 16. The initial weight gain for the 14 water cycles at
22.00°C is obvious. This is followed by a neariy linear weight loss on
outgassing tc 0°C. Rehydiration anc carbonation leads to an appreci-
able increase in . (B) which only partially is removed at 300°C in
vacuum. The megnitucde of the weight gain due to oxidation is shown at
300°C. Higher temperatures drive off more hydration species to ca
800°C. Rather massive slow weight loss is noted at 1000°C as volatile
species are expel&fa from the inner reaches of the sample as noted for
rrevious samples

C.S Intercorrelation

In view of the aforementioned results where the reaction with
sorbed water generates and fills porous 1ntema1 areg we have considered
the variation of nitrogen sorption capacity, i (n, )} as the bound
water, i (B, H50), is removed by degassing. i? shows the in-
terrelationship where the chronology is represented by the arrows.
Apparently it would have been possible to bring the hydration reaction
to a state of completion where the nitrogen capacity is that of the
external surface, I' (E, K,) = 11k..gm/gm (14003). This conclusion
is based on the two desorp’ion sequences (shown in expanded form in
Figure 18). The data indicate that if our hydration process were to
have beer carried to I (B, Hy0) = 1852 .gm/gm (140O3) we would have
found nitrogen adsorption limited to the external area only. Figure 19
correlates equally well to show that no hysteretic capillary condensation
would have occurred had we continued the hydration experiments to the
noted extent.

Both sets of data (Figures 17 and 19) show that at least 2
dehydration mechanisms are in play as witnegsed the ircreased nitrogen
capacity at lower water concentrations (higher outgas temperatures).
The intraparticulate sintering is quite evident for the higher tcmpera-
ture (500 to 800°C) data.

The original sample had been exposed to the laboratory atmos-
phere (25 2 2°C and 50 * 10% relative humidity) prior %o these analyses.
Figure 20 is presented as an aid in discerning the surface properties
of a pristine sample. The data indicate that if we could have measured
water sorption on the fresh {unhydrated, nonporous) external surface
that we would have not sensed any physical sorption in the monolayer
region (i.e., I' (m, H,0) = 0). This limiting case, characteristic of
the lunar (vacuum) atmosphere, is complete hydrophobicity. Although we
have not obgerved this phenomena directly, it is quite common oxide
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samples which have been extensively dehydrated (1)

D. CORCLUSION

ﬁssqlehsrﬁedinumsiﬂhrmruhnthemu
of other lunar samples'~’. Uater vapor has attacked the material to fom
and fil]l a porous structure. The new surfaces sre accessible to inert
vapors only after the bound water is recovered in vacuum at elevated
tamperstures. Rehydration reversibly fills the immer reaches to the
exclusion of irert vapors. 7The hydration process requires mltirle
exposures to relatively high “mmidity. The cycling to and from vacuum
is required to facilitate the hydration reaction vhereas prolonged ox-
posures at high lumidity does not lead to sppreciable further reaction.
Water vapor physical adsorption is enbanced in proportion to the degree
of hydration even in the presence of the bound water (in comtrast to
iw;m(k)ﬁdmwupmuumwmbmnzom-
nent

The ion track etching mechanism can be discredited in terms of the
relationship betweer . (h, W) ‘amifor - (S, %5)] and © (m, B5) for the
dehydiration experiments of Figure 13. If indeed the inmer reaches of
the induced "ink bottles” are excluded ty bound water filling the
narrusd necks we would expect the increments of volume filling temms
[ (b, Bp) and © (S, K5) to be much greater then the surface term |
(m, By). Purthermore, a limited capacity for water i (S, H,0) should
be apparent and is not as noted in Pigure 6. Such behavior should be
censed if the internal voids are equal to or less then ca 500 A and are
encased in a rigid framework. Conceptually it is difficult to ¢nvisage
migration of the bulk entities through small orifices (< ca 30 A) in
either anhydrous molecular form (i.e., Aly03, Si0Op, MgO, NaO) or hydrated
form. If apprecisble differential migration and depositior on the sur-
face had occurred we would expect an spprecisble change in the chemical
and physical nature of the surface. Granted one has difficulty differ-
entiating slit or ink m le pores bagsed solely on the nature of nitrogen
hysteresis (Pigure9)( . However, one would expect water hysteresis
(Pigures € and 7) to be closely related to the nitrogen results for ink
bottles in a rigid substrate, both in magnitude and partial pressure ;
dependence. This is definitely not the case for this sample. ;

Considering the grain boundary mechanism we have some difficulty in
explaining the experimental results. If water indeed penetrates these
boundaries with releage of the strain energy one would anticipate a
foliing open with the primary elements spreading to leave an open "V©
shaped pore which would not give rise to hystereses in the wvater and
nitrogen isotherms. The enhanced area should be accessible to both
vapors in near equal amounts regardless of degree of hydration. How-
ever if the surface grains were to remain in contact in a very unique
mnner (i.e., cubes arranged in very ordered states such that all edges
were in contact via a hydration layer) one would sense increased area
and volume capacities as the bound water is removed. However, it is un-
likely that such an array of macroscopic entities are present for they
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teen detected to cur knowledge ’193.

The chemical hydration model is far superior in terms of explaining
the experimental results. The kydration of metallosilicates
isannwmfumredwdwa_ albe%tgaenllyavezy
slow process. However the strain energy and disorder(2) in the surfaces
oftlese-terhlitgntelngemdpmb.hlytendstowceluttetﬁl&‘
resction. The hydration mechanisn for most common metallosilicates' ™ >
is akin to that noted for feldspar:

IK A18iy0g + (2 + n) K0 ~ K AL, (AL, Si;) 0y, (GH),- n HD
Potash Feldspar  Water  Illite

+6Si02+2ll
Silica Potash

If we correlate the monolayer capacity, - (m, Hy0) to the loosely bound
molecular water of hydration ( a constant fraction of n) snd the bound
nmmw:(e,ngo)umwmnlwmnrwgw
molecular water, we find from Pigure 5 that © (m, H0)/T (B, =
0.41-0.52. This ratio is constant for the entire extent of tion
as one would expect for a stoichiumetric process.

Purthermore, we can readily explair the enhanced water adsorption
T (s, ) with respect to I (S, K,) for various degrees of hydration/
ey on. Apperently the cate laminae are free to expand
under the capillary forces of condensed water virtcally without limit.
Conversely, nitrogen sorptior at -196°C is limited to the extermal sur-
face and/or only to the interlaminar chamnels that are voided by high
tamperature dehydroxylation. A detailed analysis of the nitrogen data
(Pigures 1k and 15) allow us to define more of the details. Apparemtly
thelaﬂttcorumemwwamuutedmentuw
by others &!23). Our data indicate that nitrogen forms a layer om both
internal surfaces of the laminate, each vhich then accommodates another
layer, with further adsorption limited to one layer between these. The
descrption freely removes 2 of these K, layers and the "sandwich” layer
retained hysteretically until the 0.6 P, is reached on desorption. This
is evident in our data for nitrogen:

Ratio (Wo) Model Experiment
I (a)/F (1) 0.5 0.73-0.76 (Pigure 13)
r (s)/T (1) 2.5 2.6-2.8 (Pigure 15)

i (1)

A further interesting comparison can be made, utilizing the data of
Figures 17 and 19, with respect to vhat one would anticipate for the
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ink bottle or laminer surface configuration. In both cases the most
labile surface species is probably the hydroxyls and hydrates or the
external surface. Outgassing at lower temperatures will remove this
cq_lmt initially (25 to 100°C) with a concurrent minor enhancement
of 7 (m, Hy) due to increased roughness and/or emergy of adsorptior.
wu:mmmuemdelmldpndictnvery-ﬁedimmuein
I (my X,) and 7 (b, K,) for a small increment of o (B, H,0) (dehydrs-
tion of restricted fices) followed by a nearly constamt, larger
surface and volume capacity as the surfaces of the intzrnal voids are
delydrated. Conversely the lamirar model is more consistent with the
experimental data. The surface capacity and volume capacity are in-
creased in iirect proportion to the amount of irternmal dehydiration in
the temperature realm of 100 to 30°C. This is the trend ome would
anticipate for interlaminar deltyiration where accessibility is afforied
by removal of the interlaminar water and/or hydroxyls. Their presence
tenaciously binis the laminae to the substrate (especially at -19¢°C)
by wsans of cross-linking hydrogen bonds. A similar conclusior,
favoring the laminar model, evolves when the rehydratior ijats of Figure
20 is considered.

Further credit for the laminar model 1s obtaired in compearing our
results to that of others. The total surface area enhancement due to
dehydration can be calculated as the ratio of ¢ (m, N,) for 300°C out-
eassing to - (I, K;) as 2.97 from the data of Figure I2 which is also
semi-quantitatively the %00°C value of 3.05 (Figure 12). These values
are virtually iientical to the fold increase in © (m, K,) note¢ for
dehydration of wnt-ori_llonite( . In our case ve car. see that the
hydration mehanism lms not proceeded irto the bulk appreciably.
Apperently vwe are limited to the formation of a single laminar metallo-
silicate layer over the external surface of the particles. At this
Juncture we have encountered the prohibiriv’.ly slow kinetics that ir-
volveseologicu.salesofmmzs . Our limiting case of
hydration (Pigures 17, 18 and 19) involves omly 0.13 weight percent of
the sample. Even then, it is doubtful that we have formed a comtiguous
lasdnate over the surface. Rather, the hydration layer is probably com-
prised of small leaflets which yieli even to the rather weak forces
involvel in the interlaminar condensation of nitrogen.

Additionsl credence for the metallosilicate model is obtained by the
similar analysis of canic sand which had been subjected to extensive
percussive gr.i.nding(z . This material behaved gsemi-quantitatively
identical in virtually every respect to this and other lunar samples.
Apparently the grinding process quite adeguately simulates the meteoritic
bombardment to produce fresh disordered :urfncﬁs) Temper thig conclu-
sion with the knowledge that ionic bombariment of annealed lunar
samples does appear to qualitatively regenerate some of the surface
activity. However sample processing for the radiation experiment did
involve some abrasion of the particles vhich assuredly distrubed
(activated) surface layers. Moreover, heavy ion tracks are long in
bulk material and the majority of httifss?ismption occurs far below
the crystal surface. In our experiment the smll particles (1 to
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i0 um) were used. Thus the single particle sizes were less than the
length required to slow the ions to allow momentum transfer (and sismul-
taneocus lattice disruption). We can be assured that some (if not most)
of the incident ions dissapated their energy near the surface of the
particles that made up the heterogeneous target.

Likevise, a large fraction of the macroscopically homogeneous ion
beam (both in experiment and in the cosmic flux on the moon) will be
slowed differentially in the bed of small particles (more in particle
center and less near edges). This condition soon leads to a high degree
of emergy dispersion for lower layers of particles in a bed. All ir all,
it is difficult to envision ionic bosbardment of smell particles result-
ing in energy dissapation exclusively in clasesical ion tracks within the
particles. If indeed this(g)the case we can resdily explain the very
small amount of reactivity reinduced by experimental ion bombardment.

In view of the previocus correlations of lunar samples to their terres-
trial amalogs it is informative to compare the temperature reslms of
stability as shown in Figure 21. 1ypically the lunar samples are s
conglomerate of feldspathic, pyroxinic, amorphous, and/or glassy mettall-
osilicates of varying chemical and mineralogic composition. We have
noted several characteristics of the hydrated products i.e., dehydration
(reversible and irreversible), int culate sintering, and sample
loss by volatization (1000°C and 10~/ torr). These phenomena can be
correlatel to relatively purs rinerals as shown in Figure 21. Although
there is considersble variation for the transition temperature of the
clays (*) they generally collapse o form the three dinensional metallo-
silicate structures in the temperature range (800-1200°K) noted for the
heterogenecus lunar samples. Dehydration of the hydrated iunar sample
generally occurs over z vide temperature range, skin to the illite,
allophane, or vermiculite samples rather than at a very characteristic
temperature (+) noted for singular compouncs and other clays. Further-
more, the general temperature regions of debydration incident.

In sddition, we can :urther substantiate our sssumption'?) thet the 1000°C
(10-7 torr) weight loss (Figure 16) is due to volatization of low molecu-
lar weight oxides (Naj0, K30, Ca0, MgO, etc.). The noted vapor pressures
(volatility) of representative alkali nxides and/or alkaline earth oxides
are given in Pigure 21.

Water vapor reaction with lunar soil is closely related to the
geochexical weathering of terrestrial primary metallosilicates. The
product is s hydrated leminar »=i.ailosilicate comprised of 2 two-
dimensional array much skin to clay minerals. The hydration proce-. in-
volves only the outermost complement of the particles which have been
disordered by the eons of meteoritic impect and radiation damege in the
lunar environ. Microgravimetric analyses prove to be very valusble in
studying this weathering process in simulated arid cli.mtes (humidity
fluctuations without solution transport). Alternate plausible mechanisms
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have been discredited as being minor contributions in terms of experi-
mental results.
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PART IT GBEOCHEMICAL ASPECTS OF LUNAR SOl1L WEATHERING

The lunar materials are of chemical and mineralogic composition quite
similar to the feldspathic-pyroxinic primary rocks from vh% our second-
ary minerals are gererated by chemical weathering. Keller has treated
the topic of the origin and alteration of clay minerals in an excellent
comprehensive manner. Specifically, the knowledge of the hydrolyses,
dissolution, hydration and oxidation of primary aluminosilicates is of
interest. In view of the limited amount of water involved in our sorp-
tion experiments we can limit our correlations to the desert conditions
foun.l here on earth. That is, the multilayer sorption is akin to the
condition wherein the amount of precipitation is not in excess of the
evaporative losses. This condition is more nearly related to ocur
"closed” system, in the sorption apparatus, than to a dissolution-
precipitation "open” system where an excess and/or constant supply of
fresh liquid water is available. The adsorbed films of water will be
capable of hydrating surface species but with a minimal amount of
differentiation which requires dissolution and reprecipitation. The
surface hydration would probably allow very short range reorientation
via rotation and/or interchange of adjacent molecular entities. This
is in accord with the irrt?ﬁacial reactions occurring at the alumino-
silicate/water interface:

1. Formation of an amorphous layer,

2. Formation of hydrated alumina minerals or primary bauxite,
3. Formation of kaolinite,

L. Formation of endelite,

5-7. A sequence of processes that occ'r in an open system vhere the
reaction products are carried away from the substrate with the
passage cf time.

Step one in the normal argilation pygeess occurs in natural roiling
and/or in laboratory grinding processes‘'’/. Step two proceeds relatively
rapidly on the new, disordered surfaces to form a thin layer of Si0Op and
A1(OH) 3 around feldspathic grains when the reactive alkali and alkaline
earth oxides are dissolved. The passivity of tiis layer is noted in that
the inner slkali metals are not available until the alumino-silicate is
removed either mechanically or chemically. In s. semi-arid system (i.e.,
limited liquid water) "hydrolysis of the silicate occurs while it is
wet, but as drying ensues, the solutions of catisns originally dilute
become saturated with respect to Mg, Ca, Fe, Na, etc., and their com-
bination with 0-8i-Al during drying can develop montmorillonite. Thus
by utilization of the divalent jons in the ground water even granitic
rocks (rich in K and Na, but typically in Ca) can alter to montmorillo-
nite in a semi-arid climate, whereas if rainfall on Hr had exceeded
evaporation they would have given rise to kaolinite”"‘\‘/. In an aqueous
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environ this amorphous hydrated laygr formed to only a B-ited depth f
(ca 300 A for K-feldspar and ca 20 A for Na-feldspar).(l) If the '
leaching process proceeds, the ratio of Al:Si approeches that of

kaolinitic clay minerals in the immobolized hydrated zone.

The rates of these processes are a function of "tﬁenture, size
of particles, and concentration of ions in solution."\l) 1o this we

can include the degree of crystallinity retained in the sbraded sur-
faces or, in other words, the amount of stored energy therein. We can
be sure that the lunar silicates are as disordered as the laboratory
samples. The prolonged exposure, in vacuo, to the bombardment by
leteoritic( }onic and electromsgnetic species and the concomital
sputterim-?' surely produces a surface which is much more strained
and reactive than the Beiloy layers normally associated with grinding.
Purthermore the glassy component of lunar soil will be as, if not
more, reactive ﬁhgnéhe volcanic glasgy rocks found to bte zo reactive
here on earth. (%75

In general, the sorption imced proceneta’ill follow the process
outlined by Tamura and Jucksa) and Fieldes with some qualification
to apply to a closed system:

"l. Hydrous alumina crystallizes to a gibbsite structure in which
the aluminum is contained within octakedral sheets of hydroxyls
and adjacent sheets are linked by hydrogen bonds.

"2. Partial dehydration removes from the gibbsite some hydrrxyls
which are replaced by the oxygen atams of the silica tetrahedra
from solution. Silica is taken on at random, in this way
cross-linking between octahedral sheets of alumina and forming
a random structure full of channels but relatively rigid. This
form of silicated alumina corresponds to allophane (allophane
A of Fieldes).

"3. When sufficient silica is available, under the influence of
wetting and drying, silica reorients unidirectionally to form
a hexagonal silicate sheet structure resulting in a kaolin
type mineral.”

The primary changes in the above scheme, when applied to closed systems,
can be outlined quite easily. In step one one can conceive of Iron(II)
and alkaline earth oxides, in ir hydrous state, crystallizing to a
trioctahedral brucite structure analogous to the dioctahedral gibbsite
entity. In addition we are force¢ to conclude that the lateral dimensions
of such sheets are quite short since the excess silica is not carried
completely into solution, and back again to the gubstrate, in our sorp-
tion experiment. liowever, short range segreation does occur as the
hydration-dehydration processes proceed. Thus we see an ideal opportu-
nity for process two to occur simultaneously with the hydration of step
one.
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In step two, the "taking on of silica”™ can just as logically be
viewed as a rearrangement of randomly positioned silica and alumina units,
by inversion, to tend to form continuous octahedra facing tetrahedra.

In this context we can view the disordered surface region as a pot-
pourri of tetrahedral and octabedral segments which are the primary build-
ing units of cleys. This, in turn, lays the groundwork for the modifica-
tions apropos to ‘“ep three. In a closed system we are restricted to
the compositior _..at is initially available. That is, there is limited
differentiation vhich occurs vhen leaching is present. Such a condition
limits us to a high alkali content and a relatively acid condition.
Both of these restrictions favor the formation of smectites, illites and
chlorites over the kaolinitic species that prevail vhen the alkali,
alkaline earth, and acid are flushed sy in an open system. The sorp-
tion system is even more restricted than the closed system of a solubility
experiment vhere a relatively large excess of water is in contact with
the solid, reacting, substrate primary aluminosilicate. Solubility ex-
periments alter the composition of the amorphous region appreciably. As
a consequence, we not anticipate the residual kaolinitic behavior
as Keller and Buang‘19) cbserved airter ~ 0.15 wt € differential disso-
lution of a lunar sample. Grunted, the hydration in multilayer and/or
persorption of water will have some preferential association with the
various entities, but the subsequent dehydration will leave all of tke
species in close juxtaposition. The net effect of a sorption-desorption
cycle will be to permit the reorientation of the structural units to a
more preferred and somevwhat ordered state. All of these phenomena will
undovbtedly be limited to the external reaches of the unit particles
without the penetration much beyond a few angstroms (probebly limited to
one or m lattice dimensions of the resultant clay structure).

DeVore( notes the sequence of hydrous alteration of feldspar tc

form a "series of temporarily metastable ionic groups--leading to Al-Si
single chains .aving the feldspar Al-Si ratio. Without further cation
transformation the derived chains can transform directly into ordered
mica sheets. A simple transformetion in these chainsg permits the kao-
linite sheet structure to form. The close spacial relationship between
the micaceous alteration products and parent feldspar are explained in
part by the mica-like surface chemistry of the feldspar acting as nucle-
ation sites for the micaceous minerals.”

Correns(z) has showm that a large number of primary silicates under-
go a transformation wherein a hydrous amorphous boundary layer is formed
quite readily. He rightly points out that the amount of such material
formed is greater for larger specific surface area (small particle size)
and consequentially the rate of decomposition (dissolution) is greater.
However, he finds that olivine layers seem to be somewhat more pervious
since the dissolution process does not vary for different size fractions.

All of this discussion has dealt with relatively pure primary silicate
minerals and their weathering behavior in various degrees of disorder.
The concepts need not be limited to single phases or %g aluminosilicates
solely. Considerable work has been done with basalts 2) and alkaline
earth(12) gilicate hydrolyses with qualitatively similar observations.
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Direct analyses of the hydrated layers on these primary minerals is
ddfficult. X-ray analyses are not fruitful due to the amorphous charac-
ter, relative thinness, and profusion of characteristically intense
diffruction peaks due to the crystalline substrate. Differential thermal
analyses are also hampered because the active material is only a very

sm'l fraction of the analytical sample. Thermogravimetric analyses re-
quire high precision (i.e. microbalance analyses) but, even at best,

venlilo’:.u a broad, diffuse weight loss characteristic of disordered
mrther-ore, t?g asymmetric environ in vhich this epitaxial
allophanic product resides ) will mask charscteristic dehydration and/or
dehydroxylation oehavior.

Electron microscopic analyses(B) my or may not be fruitful, for
if the clay-like material is formed, the characteristic leaflet
structure may be observed only after repeated wetting-drying cycles.
On the other hand the epitaxial forces ernating from the substrate may
be strong enough to prevent the curling that permits definitive observe-
tion. At this writing we can only speculate concerning the curling of
a single (or at most a few) laminae if heterogeneously attached to a
primary silicgte substnte(l C)h the other hand, one may be able to ob-
serve the 55 A allophanic\l?) entities, if sufficient relief resolution
is available. A mixture of cations, such as pre?egs in our lunar samples,
may enhance the formation of "bent™ or "ruffled”{l intraplanar config-
urations.

Heats of immersion experiments show prcuise.(13) However, caution
must be exercised in sut(‘h ’mlyses. Although considerable data for clay
immersion is available, less is known about the primary sili-
cates (especially as a function of the degrees of disorder therein).
Such analyses could conceivably be helpful in elucidating the chemical
weathering process as well as subsequentially characterizing the inter-~
mediate and final surface states. Caution must be exercised to avoid
mechanical (abrasive) removal of the hydrated layer if in gitu character-
ization is desired. Also extensive dilution and simultaneous differenti-
ation are to be avoided if one desires to characterize the initial
reaction products that prevail in closed system reactions. Conversely,
the system can be calorimetrically analyzed with various degrees of
differentiation and approach the state that is of prime concern with re-
spect to geological weathering in the open terrestrial environs. This
is the pseudoequilibrium state that is the wellspring of material where-
from the reserves of mineral-forming solutes are derived. This latter
process involves the slow dissolution of alumina, silica, etc., fram
the differentiated layer and simultaneocus release o{ s.he nore mobile
alkali and alkaline earth oxides from the interior. ﬁfy slow
process dominates unless there is a mechanical or biological inter-
vention to remove the passive hydrous layer or expose a fresh, anhydrous
primary silicate layer. Calorimetry would also be useful in stu@:lng
the energetics associated with the mechanical and/or radiative aisorder
comparative to that of a cleaned surface.

Cation exchange capacities (CEC) are often used(13) to characterize
clays. In the pregent analyses the author has neither the expertise
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nor apparatus for such analyses. A cursory examination of the litera-
ture reveals iittle evidence for intermediate weathering products. The
amount of hydrated material is small and the standard data is given ir
milliequivalents per 100 grams of sample. To distinguish between low
CEC due to the absence of clays (or xaolinitic versus smectitic behavior)
will require cautious analyses. However the picture may not be entirely
one of gloom, for if, indeed, these feldspathic, olivinic surfaces have
hydrated to a claylike material, the CEC capecity per unit ares (inter-
nal and/or external) will allow one to ascribe kaolinitic or smectitic
traits thereunto. Relsted to the CEC type ?f,,,nnlyus is the general
area of colloidal properties of clay soils. Here again the behavior
is characteristic of clays per se not the initial weathering products
adhering to the p strate. Infrared spectroscopy is quite a
useful diagnostic tool 1 for well crystallized clays where very
characteristic absorption bands are noted for specific vibratiomal fre-
quencies. However as the degree of disorder increases the bands broeden,
veaken and overlap to yield much less distinctive spectra. Purthersore
the opacity of the lunar samples is so great and the water content so
low (even in the hydrated state) that transmission spectra are difficult
to obtain.

Electron diffraction data may be useful. Attmh& obtain diffrac-
tion patterns from the amorphous layer of lunmar fines have been
fruitless since this region is metamict. Not all of the lurer
particles have the pronounced 200-1000 A metamictized layer. If aone
could be assured that adequate precautions were taken, the hydration of
one of these metamictized particles may progress deeply enough to allow
meaningful data acquisition wherein a rudimentary clay diffraction could
be observed. The problem lies in the statistics of assuring oneself that
8 metamictized particle was chosen for the hydration-diffraction analyses.
This metamictized particle would also be a prime candidate to revesl the
leaflet structure mentioned earlier. These electron beam analyses are
not easy to perform without the expertise and high energy (1 Ml ;’uip-
ment that are possessed only by the most advanced investigators. 1

It would appear that the most promising definitive analysis is the
sorption behavior which in turn can be compered to that observed for
verious clay materials. In general(13) clays can be classed as swellirg
(smectites) and nonswelling (kaolinites, illitez, chlorite) with respect
to the interlaminar penetration of sorbed water. Water vapor is specifi-
cally consi?f”d here but many polar species are capable of intercalatary
penetration if the interlaminar forces can be overcome. The swell-
ing phenomena is notably present in well crystallized montmorillonites
vherein discrete undulations in the water sorption isotherm are noted.
Corresponding incremental increases in the ¢ (transleminar) htt:lce(zo 21)
parameter are noted for each layer of interlaminar molecular water. “ ’
More recently the variation of the intrsplanar "b" (Wion change
associated with this imbibed water has been noted. More commonly
(and apropos to the current spplication), less crystalline smectites are
characterized by a classical sigmoidal water igsotherm. However the water
uptake is excessive compared to nitrogen sorption since the latter, less
reactive gas, is incapable of prizing the laminae apart and consequentially

SRRV



TTRmERITTERFYYYS O TPT 0T

k1
is adsorbed only on the outer surfa.ce.(u)

On the other hand, the kaolinitic, two-layer structures (and the
illitic and chloritic, three-layer structures) are not usually pene-
trated by sorbed water. In the case of well ordered "hard” kaolins the
nitrogen and water sprption capacities are comparable and generally
thought to be a good measure of the external area of such samples.
Hovever, the less ordered and smaller sized fractions of kaolinite do
sesm to possess considerable internal ares, i.e. area or sites available
to water but not nitroger. Witness the increase of the "Hydrophylicity
Index” tronu?izato 3 to 6 as the "Crystallinity Index" decreases from
unity to =ero for natural kaolinite. Also the water vs nitrogen
area ratio incro(sﬁs from unity to ca 3 as prolonged kaolinite gr:lndinf
is carried aut. Furthermore the very existence of the halloysitic 13)
minerals (kaolinitic with interlaminar water layers) shows that the
smaller particles of kaolin can, will, and do imbibe water. Temper this
correlation with servation that halloysites generally are not
readily rehydrated 5} once the interlaminar water is expelled. Con-
versely, ev&’be hard kaolins can be intercalated with agents stronger
than water. Here again we see that many of the generalities
associated with clay types are based on iceal (well crystallized, highly
pure, large particle size, etc.) samples not under the influence of the
epitaxial forces of a primary silicate substrate. In the present con-
tex* we should concern curtelves with work that has been done on the less
well developed or "soft” clay samples, reserving the knowledge of "hard”
clay bchavior for the final product which most assuredly is formed only
after much more reaction has occurve® (on a geological time scale which
wve have not even approached).

[P

Turning now to the sorption behavior of lunar soil, with respect to
clay minerals of comparable chemical campositions, we note that, in a
very general way, the lunar chemical composition is comparable to basalts,
igneous rocks and tektites with one obvious difference (c_f Ref. 10). The
lunar material has only about one-tenth as much alkali metal (Na and K)
oxide with respect to these other representative materials. Varying
amounts of minerals are present (i.e., olivine, plagioclase, pyroxene,
etc.). The mineralogic ratio varies markedly from one lunar site to
ancther as does the percentage of glassy material. The general surface
properties do not vary appreciably from sample to sample (5 at this
writing) which is not too surprisi n view of the observed reactivity
of disordered terrestrial materials\? varying only slightly from
mineral to mineral. It seems that the reactivity depends primarily on
the particle size and the degree of disorder of the surface regions.
Thet is to say, the degree of reaction and physical nature of the hy-
drated surface species depends primarily on the degree of disorder of
the primary silicate, when viewed on a unit area basis. Chemical com-
position, i.e. the second component in the silicate mineral, is of
secondary importance as far as the ensuing hydrated structure is con-
cerned. The prime contribution, noted as stemming from chemical com-
position, is whether the brucite or gibbsite type of structure forms
adjacent to the tetrahedral silica layer and/or the degree of inter-
mixing of chemical entities within the octahedral and/or tetrahedral
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sheets. The high concentration of wobile alkali metal catioms favors
the formation of the smectite structure and the iroe contert is suffi-
client to favor chlorite formation. All this is ir context with the
possibility and ty of isomorphous substitution (atomic proxy-
ing) wvithir laminse.

Turning now to the behavior of lunar materials ve can smalyze the
sequence of events accompanying our treatment in the context of the
favorability of the hydrolysis product assuming a lgmimar , clay-like
configuration. The initial (22°C) H 0 exposure sppears to Ye limitec
to the external surface until a duplex layer is formed wWereupon the
wahwmmmummmans kydrated units
(the hydrated gibbsite or brucite uanits of c::rrens( ' occurs allowing
further hydration of aijacent units just below this vpper layer.
Hydration of these dommins or residual structural urits proceeds rels-
tively unhindered since the metamict region does nof. possess the strong,
mmerous, intermolecular binding forces inherent in the truly crystalline
substrate. Desorption of HyJ at 22°C removes the wvast preponderance of
the vater associated with s type of adsorption. This vetting-drying
zycle seemas to involve gll of the available siter and the water bindirg
forces are corsiderably greater then the interunit forces. HNothing
mch different occurs as the subsequent sorption-desorption (wetting-
drying) cycles are carried out except a2 little more vacuum retention
(hydroxylationi) and low pressure sorption occurs. However, vhen the
more stringent drying and thermal sctivity is induced by the 100°C
outgassing, ve see that the surface structure has changed enough to
allow unhindered access to the internal reaches of the surface region.
This process continues virtually without limit through multilayer
formation, wvhich is behaviorly akir to the swelling of smectites.

Even more stringent drying (and thermal activation) at 300°C in-
duces further changes. Subsequently, water vapor initislly adsorbs on
all of the sites (internal and external) up to a duplex capacity where-
upon the sorption is limited to the external surface. Now the ordering
sequence of the above processes can be viewed in the westhering sequence
in two ways. One is the allophane-halloysite (80H'2!{20)-ende11te
(80l{'hH20) sequence and the second is along the allophane-kaolinite-
smectite-illite sequence. Both sequences involve some conjectural
assumptions but possess quite a degree of credibility.

The first model involves an initial formation of an allophanic (by
definition, small particles of amorphous material with constituent
chemical compositions of clays) phase. Due to the lov temperature and
pressures of the experiment, a minimm amount of structural character
is to be anticipated. Such material is routinely characterized by (13)
weakly bound water, the major portion of which is removed below 110°C
LRather than burden the reader with numerous, more recent references
most of the correlations will refer to reviews, i.e. Ref. 13, Grim
(1968).] Adsorption on allophanic material is characteri&é? of the
small particles (large specific surface area). Orchiston obgerved
disproportionately high amounts of adsorption which led him to note
"that the amorphous cley sllophane differs markedly in displaying a
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specificity unknoun to the crystalline clay minersls (in comtext, re-
ferring to ksolin, helloysite and mortmorillonite) end from e comparison
of the surface areas available to water wepor and nitrogen, that some
allophenes may possess the equivaient of an imtermal ace.” Sach

a speculation ws justified end proven true Wy Acmine vherein he did
find @ threefold grester vater cspacity (as well as for other polar
molecules). We can compere the bebavior of the water on cur 100°C
tresteld sample and find the 2.7-fold enhancement of water uptake.
Purthermore, the nitrogen adsorption is limited only to the extermal
surface initially, snd on the hyydrated surface of the lumar sample,
but does sense a portion of the internal surface volded Ly the 100°
outgassing. It is conceivable that the silice tetrahedrs and nearby

1]

octabedrs (alumina, magnesia, Iron(II), etc.) become associated at
0.8 Py, via a hydrogen bonding linkage with a minimal amount of mass

transport at 22°C. The 100°C delyydration and activation protsbly per-
mits more concerted rearrangament to somsubat longer range order
(sheet growth) forming imogalite-kaolinic, tvo-layer structure. Sub-
sequent hydrolyses forms the hydrayls of constitution (kaolimitic)
ndntiofmmiou (balloysite-2H,0). These species will be re-
tained )undtbepnsmdepuﬂu\ce(mtrdblewuonofthe
isothern) corresponds, at least in part, to the hallaysite-ii,> in the
classical monoclayer formation. In this state, the multilayer forw-
ation occurs on both sides of the induced laminse without hindrance.
The 300°C activation induces considerably more order into the planer
dixensions vherein subsequent rehydrox; latior and 2!!20 hydration is
readily affected. However this stabilized structure now resists
mlliubqwdmeﬁmtofm'mzomudth-ﬂtﬂqﬂtm‘-
ation limited solely to the external surface.

In this two-layer (kaolinitic) model we can relate our results to
the sorbtive behavior noted by others. Here agein we should rejterate
that sorbtive behavior on well crystallized clay -tuhhgrn only
indirectly on the case at hand. The ksolinite n bas not
been resolved. This involves a comparative study!l3) of clays where
a disproportionately large uptake is noted for kaolin between 0.8 P,
and 0.9 P, much akin to our initial isotherms (22.00°C). It seems

that te per se does imbibe wvater, but only at a much higher
threshold relative pressure than the smectite minerals. Here

sgain ve gee the general concept, nonmlling—kwlinit:li iyrm swelling-
smectitic delineation, may be only relative. Jackson's nitrogen
isotherm after a 110°C outgas of halloysite to a "disordered kaolinite”
bears & marked resemblance to that of the 100°C outgassing of the hy-
drated lunar sample. Bear in mind that 100°C to 300°C outgassing of a
nonhydrated lunar sample has very little effect on the nitrogen ad-
sorptive behavior. The internal area is not present in the material
prior to hydration. This is to assure the reader that there is
virtually no inherent porosity prior to the water penetration phenomena
associated with the 0.7 to 0.9 Py. Halloysite in the free state is
kaolinitic with an injerlaginar layer of watefj ,nd the structure
collapses from ca 10 A to 7 wpon dm tion.(33) 1In this free state
rohvdm on is not easily affected since the pseudo (or disor-
dered ) kaolinitic 7 A structure is quite stable. However we can
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suspect that, “While meeting the general cdefinition of an allophane it
is certain that whatever relics of orcered arrangements persist, special
p]iﬂesmtdﬂmwth-ﬂnhmfardmmm
material.” Such perturbatiors from “free” bebavior would undoubtedly
beretdudintht c to ballaysitic transition akin to that
proposed by Wada.'- m‘hr?',nnun(hclm)dou:huuﬂidlt
-mutofdeaorptionm:,:’s the mature being somewbat dependent
upor: the exchangeable cation present. This is in addition to the re-
tuun(g?eathtuwtdfwwmnmatlw'cm
gessing mch akin to the rehydroxylation step noted for the lunar
material. Mddvdmmwofholinhsbeuﬁ’didemw
mumismuwamsso'c((y)nthamum
large endothermic collspse of the 7.1 A structure. Inthtﬂom
itself this process is accompanied by some intralaminar shift as
adjacent hydroxyls coalesce to form molecular water which escapes. The
residual hydroxyls are so separated (isolated) the hydrogen is re-
leuetl:lnmlecuhrfcu--!ve'tneensso-ni?(!)'c(39 via a proton migra-
tion mechaniam. lasgt residual protonic release occurs exother-
mically at ca 966°C' " ’when an anhydrous primary silicate is again formed.
The dd.vwnuon process m)been found to involve some 51 kcal/mole

) as an activation energy accompenying
nnteotrelme"dependiuouup.rtideuvmeofthede!vdrovl&-
ting surface by chemisorbed water molecules.”\#l

This two-layer, kaolinitic model seems to ave ccasiderable merit in
view of the similar sorption behavior that has beer noted for analogous
disordered clays. The mmjor merit of this concept, in contrast to that
of the m:ch more ordered three- and four-layer clay structures, is that
e minimm amount of ordering (mass transport) is required. That is to
say, only the interchange of tetrahedral with octahedral units is re-
quired to have a certain degree of continuity without a random alter-
nation of these gpecies.

However, the high concentration and relatively high mobility(43) of
the alkali earth metals would favor their transport to a two-layer
structure and thence epitaxially form the tional layers. Such a
process can readily be noted as the Correns mechanisa progresses.

In this context ve can visualize the initial adsorption as forming

only very small domains of kaolinitic material (characterized by the
0.7-0.9 Po penetrating nydration with very little hysteresis). The
100°C drying brings come order into the chaos as a three-layer smectitic
structure evolves (characterized by the swelling of this single sheet
virtually unhindered). This is to be compared to data for smectite
clays vhich are generally intercalated with free lvellim.( Recall
that xinimal consi?g’tion is to be given to the behavior of ideally
ordered structures and that our primery concern is with the less
ordered l?gﬁnte material more akin to the results obtained by
Orchiston vhere the discreet undulations are not noted in the
smectite water isotherms. Water is adsorbed on most montmorillonites

to give a relatively classical sigmoidal isotherm. E’ sodium and
potassium forms are somewhat unique in this respect( but since our
stoichiometry is generally low in alkali we can turn to the calcium
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magnesium and hydrogen forms with a good degree of confidence. Im the
free state the degree of penetration is guite large._ The water is
taken up by & mechanism thei approaches the ca 800 »’/gn of theoretical
surface (if all plsnes are exfolisted). The enmergy of adsorptiom is
mﬂanlntﬂﬁotheluﬂuﬁonmofmweim
laminar cation. In cur case the adhering hydrous layer, vhere the
reaction hes proceeded only a single (or at most & fev) layers deep, we
sense only a 3 (2.7) fold incresse in ares as the reected layer is
Mﬂm@wtmmpmmte. This is in contrast
to the ca Y ’ fold factor for jdesl montmorillonite. OQrchiston
mtetﬂ,dﬁmmmmm“mtstom-lﬂofthetom
ares of montmorillonite. Such information is based on compering
HyO sorption on the original material vith that after 600°C sintering.
This concept involves the assumption of complete structural irreversible
collapse after 600°C vhich also eliminates all internmal sites vith a
ninimmm of interperticle fusion. In our case this temperature does not
seem to be adequate in that ca 800°C is required to close up all of the
internal avermes in the hydrated lunar samples.

R L Y 7 v wv N

Smectites in general lose the interlaminar water of hydration grad-
ually to ca 300°C and dehydroxylate between 150 and 700°C (depending on
the specific composition). The nature of the exchengesble cation and
amount of trioctabcdrtl(ﬁ’stituuon Plays an important role ir water
retention in smectites. mectites relvdrrﬁ readily if the cdehy-
dration temperature has not exceeded ca 500°C ) vhich is identical to
the rehydration ve have noted for the hydrated lunar saterial. Out-
gassing at 600°C forms a te substrate that accepts limited
rehydration very slmrly.( Further heating of smectites usually
results in an end c transition around 800 to 900°C to variocus
anhydrous silicates.

As zore ordering of the lunar material is brought about by wetting-
drying and heating to 300°C we would anticipate translaminar growth
to occur to the illitic (vher: tetrahedral silicons are partially re-
Placed by aluminum) under the influence of the appearance of the alkali
and alkaline earth species from the adjacent substrate. This process
increases the concentration of charge balancing cations in the inter-
laminar regions. This illitic material now adsorbs water much akin to
natural illites \r&h limited HoO uptake (corresponding to interlaminar
Me&;?mtion). 3) Natural illites have ares ratios ranging from
1.50 (H0/N,) to 1.75 (25°C/600°C). 1In view of the low ratios
compared to the lunar value of 2.72 and the large amount of mags trans-
port required for the smectite to illite transformation it is doubtful
if such a mechanism is in play. Quite likely we have obgserved the
phenomena to which Van Olphen (Ref. 17, p. 71) alludes: "Potassium
montmorillonites do have a tendency to become nonexpanding after
moderate heating, particularly after repeated drying and wetting
(collapse) (sic). The potassium ions in a montmorillonite are said to
become fixed (his italics] by heating, since the loss of expansion
involveg a decrease in exchange capacity. Consequently, the distinction
between the two groups of three-layer minerals vecomes somewhat arbi-
trary.” In either case, whether there is material transport to the




has expanding lattice, but the is restricted to about
4.98 A, or two water layers. If the mineral is heated to 700°C there
is no expangion again. In such ma the 1k A line and higher orders

of it um,ﬁ.mnmat%} with other nev mica lines
appears on the diffraction pat .13 s

ing; however, the more disordered "swelling”™ chlorites are considered
to have a discontinuous brucite layer. Often nstural clays can be
described as mixed layer structures vith relatively regular stratifi-
cation of chlorite and vermiculite units. Here sgain the effect o
sorptive properties is similar for the less well ordered structures
and we can rely on the ideal behavior as s limiting condition vhich we
have yet to achieve.

In concluding, the consideration cf the probebility of trarsforma-
tion to & 3 or 4t layer laminar species we should turn to the work
concerning the dehydroxylation of montmorillonite. This collapsing,
swelling mineral behaves in & very interesting manner vhen subjected
to dehydroxylation. The bulk structure undoubtedly does collapse.
m,mnammuum.qgwmmmmm
ares as the hydroxyls are removed. ) There is a threefold increase
in nitrogen capacity which accompanies the dehydration, compared to the
2.7 fold for the cehydration of the hydrated lunar material. It is
interesting to speculate that the external laminse on this smectite
are loosely bound to the collapged compact substrate, due to the in-
herent force imbalance at the interface. It seems that the cooperative
interlaminar forces are required to bring sbout collapse. In both cases
this very external layer is readily separated from the substrate by the
relatively weak action of the nitrogen molecules. Altcm , the
heterogeneites on the surface do not allow the leaflets' "’ to
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sdhere and Wmmmumnmmrum.

This is akin to the "booking™ effect g,tisoftum«lm'uydia-
ordered and/or smll particle clays.(

Although mich of the preceding discussion is, by convention, modeled
by the alumina/silica amalogies, similar belavior is noted for other

systems. Dicalcium silicate hydrolyzes relatively to similar
surface texture, i.e. am ares ratio (K.0/%;) of %.0. Note the
delyydroxylation of the analogae, serpentine being

tuampd-anuﬂhlmuﬂe-ddomm
into & hydrated ternmary or quatemary species vhen exposed tr water.

The smorphous cheracter of these lunar surfaces is probebly more akin
to wolcanic ash tham to most any other primery silicates found on earth.
Humerous field studies have been ed cat and the results show 2 re-
sarkably repid rete of weathering'9:;°) of wolcanic dedris. tory

attest to the reactivity of disordered primary silicates through an
intersediste “gel” phase. This is not to say that the products are the
ssme as ve have, but that there exists a surface phase in each case
thet is in general a hydration product of the substrate (differentiated
in both normml weathering and chemical attack). It does not seem
necessary that liquid water se must contact the substrate. Witness
the presence of some clay al, albeit only a smll percentage, in
mmmucxutng)mwnwmmmiu
originel deposition.

An interesting corollary can be drawm involving this hydrated zone.
If the true dissolution does occur differentially through such a mem-
brane (the composition of which is composed of the less soluble com-
ponents) the "solubility” of the material would te strictly a function
of the surface ares and the size of the beaker (wvater to solids ratio).
mx-mu-of.'mcmm@"pwwmm

They note that the moisture content of their clays is

M.Mmammdﬁcmfmm(uwmmmd
by wster), so consequently they find a direct, near linear, correlation
between moisture content and extent of s’oluuon (percent of sample).
If we use the solubility data of Keller and the water content of our
lunar samples we find virtually the same correlation for tudes
of nearly one one-hundredth of that of the reference data. Again
this is to be taken as indirect evidence that the hydrated layer on the
lunar materials behaves much as if it vere a clay.

Ve can summarize the conclusions of these comparative analyses to
say that sorbed water reacts with the surfaces of lunar materials in much
the same manner that it does in the initial stages of terrestrial
veathering of primary silicates. A hydrated surface region is formed
vhich possesses much of the character of the clays which are the product
of such aqueous weathering. Purther conclusions at this writing involve
some conjecture. The mild conditions of sorption at ambient temperature
favor the formation of kaolinitic-halloysitic btilaminar structures with



TR T T TR T e T e

L8

their inherent simplicity. On the other hand, the high concentration
of alkaline earth and Iron(II) species, in the absence of long range
differentiation, favors the more demanding formation of smectitic,
illitic or chloritic mltilaminar structures. With only sorption
analyses available at present, it is difficult to say which form pre-
dominates in the hydrated mte.(lgis decision is to be -dt ﬂ the
light of the smectite-halloysite and the smectite-1llitell
similarities noted by others when studying sorption on these materials.
However, w2 can favor the mltilaminar hydration product in vieV( g’
field studies where high alkaline earth concentrations prevail. >

The main intrigue of this study is to note that these lunar samples have
allowed us the unique opportunity to study the very initial stages of
the weathering process. The RASA procedure has kept the reaction to 2
ninimm so that excessive water sorption has not occurred nor "For ex-
smple, vhen meteorites pick up bacteria more quickly than collectors
can recover them in sterile bags the weathering process, by
activity of the microbiosphere.” In uddﬁjﬁn, we can envision the
production of useful entities (i.e. zeolites ) from the anhydrous
raw material, via the clay intermediate form, for direct extraterres-
trial application.
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PART II1I SIMULATED WEATHERING OF VOLCANIC SOIL

Vacuum nticrolultngis are very useful as a means of studying sorp-
tive properties.‘\ 72 We have recently \tnde en a study of the
interaction of gases with lunar materials. 225 This report is a
summary of same of our efforts to assure ourselves that our results are
accurate and free from systematic errors. Most of our samples are
designated as "lunar fines" which are the fraction of the lunar soils
vhich vass through 1 mm openings in a sieve screen. Optical microscopic
examination reveals that the vast preponderance of the particles is in
the range of 0.5 - 10 §. The specific surface areas of these samples
range from 0.2 to 1.5 =</g. Sample aliquots available to us have teen
limited to 0-.% to 1.0 g; hence we must d2al with low surface areas
(0.1 to 1.0 x“/sample). For those nf us still acquairted with the
English system of measurements, 0.1 o is approximately one square foot.
A nitrogen monolayer on such a surface is ca 30 ug, which can be
accurately determined with modern microbalances. However, we felt that
the optimm results could be obtained only after extensive evaluation
of the balance systems per se. To this end we present the following
results.

Various vapors were introduces into the system with a 312 mg
pellet of aluminum metal on the microbalance. Alumimum metal was
chosen as a blank here to closely approximate the density (2.72 g/cc)
and veight of the lunar samples. The pelliet was formed from the molten
metal and is free of internal ares and/or excessive roughness. The
results as given in Figure 1 are just what one would expect for buoyant
displacement of the vapors by the suspended sample and quartz pan at
-196°C. Within experimental accuracy the slopes of the lines of Figure
1 adhere to the ideal gas behavior of the gases. There is no_sign of
adsorption phenomena on the small amount of area (ca 0.0008 ). There
is very lits.le contribution due to the thermomolecular flow (IMF)
effects(2!7 in the higher pressure range. Concurrently we acquired
add:l-gional data for each of these gases in the lower pressure regions
(10°° to 10 torr) to more accurately evaluate the T™MF effects and their
reproducibility. The results are entirely consistent with those re-
ported earlier in Ref. 2.

The pressure data of Pigure 1 are subject to the "con-
vection"\C,9) effects as shown in Figure 2. We find, as do others,
that there is a threshold (200 to 3U0 torr) pressure for the appearance,
and disappearance, of the "noise”. The magnitude of the "noise" rises
from the ¥ 0.2 ug due to the inherent electronic effects to a near-
constant ¥ L-5 ug. The threshold pressure can be increased appreciably
by minimizing the amount of shock induced into the system (i.e., intro-
ducing the vapors through a small orifice). The magnitude and threshold
pressure do not depend on the height of the bath above the sazmple (* 3 cm)
nor on the ctirring rate (nitrogen flow) of the liquid nitrogen bath.
Thus we conclude that the effect is due to flow past the hangdown wire
(not the sample pan) and is not due to temperature fluctuations of the
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bath. Closer examinations of the chart records (Figure 2) show that
in tiie early (moderate) levels the perturbations are of a periodic
nature. Helium vapor displacement (Figure 3) results show no sign of
the couvection effect over the entire pressure range, whereas each of
the other vapors exhibit the effect at and above 200-250 torr. Further-
more the noise level shows a negative effect for each gas. This is shown
in Figure 2 where the dashed lines are the nitrogen effect one would
anticipate for ideal gas behavior vith respect to the helium results.
The most accurate representation of the buoyancy effect seems to be
obtained by utilizing the uppermost data in esch case. These data also
“lead us to conclude that these cornvection effects are due t~ an upward
flow of gas past the hangdown wire at or near the temperature gradient
(at or near the liquid nitrogen - air interface). The periodic momentum
transfer occurs at 1-2 minute intervals with more frequent (and possibly
stronger) impulses being delisered at higher pressures. The limiting
case arises where the mmber of such impulses increases to yleld a
"random”, saturated noise condition.

At this writing ve have chosen to use the upper (heavier) peak noise
level as truly representative of the apparent mass of the sample. We
would surely alter the IMF calibration curves if we were to install a
restricted tubulation at the liquid nitrogen - air interface as was
reported in Ref. 10. The other alternative means of eliminating the
effect is to use a symmetrical system mfe the tare pan and weight are
also at -196°C (liquid nitrogen bath). This method ostensibly de-
creases the magnitude of the TMF effect and may be utilized in the
future.

These studies with the aluminum pellet have shown conclusively
that the microbalance system is capable of acquiring excellent sorption
data. There coes not seem to be any appreciable sorption by the bal-
ance system per se and there are no detectable hydrostatic effects due
to stress or strain in tu= mounting system. Furthermore there is very
good "zero” stability in boi: the long and short term as sensed by
virtually no apparent mass change (at given temperature and pressure)
over a time span of several months.

In addition, we feel that we have shown that one can evaluate the
buoyancy effect using a non-reactive vapor and the specific sorbate of
interest. To this end we present the data of Figure 3 and L4 as being
exemplary. The helium does not interact with the samples as noted in
the linearity and "zero intercept” of the data.

This technique of in situ determination avoids several complications.
Lunar materials are mixtures of minerals (i.e., glass, iron, E}ag:lo—
clage, pyroxene, olivine, etc.). Independent determinations(2) of
dengities have been made on many of the samples, usually by the liquid
density gradient method. We hope we can avoid problems associated with
variations in aliquots of a given sample and/or discrepancies due to the
media used to evaluate the dersity. The use of an independently deter-
mined density in estimating buoyancy effects must be supplemented by
in situ determinations of buoyancy effects due to asymmetric beam

s dum,
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effects and effects due to sample pan, tare tan and tare weights.
The direct method outlined here simplifies the procedure and assures
us of equal or better accuracy.

Figure 5 is characteristic of the results we cbtain. Progressing
chronologically, we see the precisior with which the apparent mass is
determined both without and with the convection noise. The dashed
lines ars the calculated mass change (from the preceding steady state)
due to buoyancy effects alone for each pressure ircrement (based on
helium data). We see that 5 to 10 mimutes are adequate to dissipate
the heat released in the exothermic sorption process. Furthermore the
crude extrapolation of the sorption ~urves to "zero” time is entirely
consistent, albeit less accurate, with the helium data. Here sgain we
see the merit of using the maximum of the "noise” band in the convective
region. If a mean value had been chosen (either visually, electroni-
cally, or statistically) we would conclude that there is little, if any,
sorptive increments in this pressure region. The 95X scale expansion
is presented here to show that electronic damping was not (ror skould
rot) be employed to decrease the "noise” level. Such action often,
in the extreme cases, shows spurious negative adsorption with respect
to the buoyancy effect.

Figure € is a presentation of characteristic results. The sample
we designate as BSG33 was employed as a terrestrial analog of the
lunar fines. It is a mixture of minerals (plagioclase, olivine, etc.)
obtained initially from the "Black Sand Beach” of Hawaii. The original
material was washed extensively with distilled water and then subjected
to extensive percussiie grinding. We note that nitrogen sorption
occurs. The initial marked uptake of monolayer formation at lower pres-
sures approaches the somewhat linear behavior at intermediate pressures.
The high pressure "hook™ is due to extensive multilayer adsorption.
Appreciable hysteresis is noted on descrption due to condensation in
restricted capillaries. When the appropriate buoyancy and TMF correc-
tions are applied to the data of Figure 6, we obtain the sorptioa iso-
therms as presented in Figure 7.

Several featires of the isotherms of Figure 7 are informative. The
original sample has a low surface area (BET analysis) as shown by the
mark at ca 0.09 P, corresponding to 0.59 nz/g The classical sigmoidal
shape is characted.stic of monolayer-miltilayer formation culxinating
in agsymptotic sorption at saturaticn. Water adsorbs on and reacts with
this sample to increase the apparent monolayer and alter the hysteretic
behavior with a shift to lower pressures (smaller capillaries?). Removal
of bound species by outgassing enhances the sorptive capecity over the
entire pressure range (see curve C). The qtylxg/ﬁlling process is
reversible to the extent that the hydration/dehydration cycles of B
through E are noted. The seconi hydration shows some fucther reaction
to show that an over-all twofold enhancement ii. the uptake in the mono-
layer region (curve E with respect to A). A summary of the results is
given in Figure 8. Concurrent with the monolay.r enhancement is the
enhanced hysteresis. A crude measure of the hysteretic retention is
obtained by measuring the maximum disparity between the desorption and
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adsorption branches. In general, this maximm prevails at ca 0.6 P,

(except for the original material, A). Hysteresis genera.lly is :.ssoci-
ated with pores whose openings are equal to or less than the internmal
dimensions. The absence of hysteresis can assuredly be taken to mean
the absence of such 'internal” surface. Thus we see that our data is
consistent with the existence of an external surface adsorbing m

1% g (Rg)/s(BSG33) for the spparent monolayer capacity

(T (8ET) or ]. The general linear relation of the hysteretic
capacity T (h nz) is depicted in Figure 9 with respect to the corres-
ponding [ (m, 1'2)-

The high pressure (0.9-1.0 P_) regions of the nitrogen isotherms are
worth of note. Asinl"ignre7, our data show the classical behavior
of the asymptotic approach to “infinite w" at saturation Dressure.
This is in contrast to the work of others\ll) who find the microbalance
sorption to be less than that observed for the volumetric technique
and their anticipatiou of finite slope at P/P, = 1. Our data do seeI
to indicate that there is finite sorption at our measured P/P, =
We note that there is a virtually infinite slope on the isothem as we
approach P,. Incremental doses of nitrogen show apparent mass increases
as P is increased above P,. However, this is a transient effect and is
most probably due to mass flow downward past the sample and wire as the
excess nitrogen condenses on the walls of the hangdown tube. Additional
doses of nitrogen (correspording to ca 0.02 P, for each) lead to the
transient excursion and return to the same sallple weight. If indeed the
sample is warmed appreciably by radiative transfer from the ca 298°C
upper regicns, the amount of heat (and hence the sample temperature)
should depend on the solid angle of incidence. When we lower the bath
5-6 cm the solid angle due to the circular opening at the liquid bath
surface approximately dcubles. Sich an operation has no effect on the
saturation uptake [I' (S, Ny)]. An interesting correlation evolves when
ve consider the relationship of I' (S, N,) to the corresponding internal

r hY
area 11- (m, N) - 136.5} as shown in Figure 10.

The versatility of the microbalance is further noted ags one con-
siders the additional data obtained in the outgassing experiments.
More stringent (higher temperature) outgassing leads to further loss
of bound species from the sample as seen in Figure 11. This data
represents steady state conditions attained after about L-€ hours
at the given temperature (and verified by 16 to 96 hours) at ca 10~
torr. The enhanced nitrogen sorption for more complete outgassing
(Figure 8) is related directly to the amount of bound species as shown
in Figure 12.

At this point it is interesting to examine the water vapor sorption
isotherms. The techniqltg and corrections applied to this data have
been described earlier. Experiments with tlzg aluminum pellet showed
that the previous background correction curves ) are still valid.
Figure 13 is characteristic of the results obtained for the BSG33 sample.
In general the incremental mass changes for each pressure increment
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vere camplete in 3 to 5 minutes. Here again the steady state con-

dition vas verified by 16-96 hours at fixed pressure (* (.005 torr or ;
* 2.5 x 1077 P,) and temperature (¥ 0.001°C). In the course of con-

structior. of the adsorption isotherm, th.: repid equilibration prevailed
mﬂlﬂnmwmtmspondutogog%m,:

more and more time vas reguired to achieve steady state conditions.

rate of approach to stesdy state depends inversely on the amount mass

deficit below the steady state mass. The kinetic behavior is depicted

in Pigure 1k for the annotated pressure charges. Tthe total mass in-

volved in these slow processes is noted in the “zero time™ intercepts

of each of the lines. The cammlative effect of these slow processes .
is depicted in Figure 13. then the slow component is deducted from

the steady stute conditions ve are sble to coustruct the isotherm for

smont of adsorption for the "fast” states (externmal surface?).

¥

first order rate constants (proportional to the slopes of the

f Figure 1L) shov marked decrease for increasing preisure as

in Figure 15. Here we see that there are two phenomena involved
ch must be considered in data acquisition. Not only does the amount
adsorption increase rapidly with pressure, but the rate of achieving
steady state conditions also becomes ever more slow.

y
i,

Desorption of water from these hydrated states shows a marked
hysteresiz in the capillary condemsation (0.3 to 1.0 P,) region. Also
there iz an appreciable amount of desorptive excess in the monoiayer
(0.0 P, to 0.2 P,) region and vacuum retemtion (10~6 torr). This
vacuum retention (bound) component is the material involved in the
nitrogen exclusion described previously.

Much of the aforementioned results point out the striking changes
wrought by the reaction with water vapor. The guestion of the sbsolute
accuracy of such data can best be answered by independent measurements
on a specific sample in a specific state (degrﬁ gf hydration). To this
end we have volumetric krypton adsorption data 3) for the follwring lunar
samples:

Specific Surface Area (°/g)

Sample .

N,, Gravimetric Kr, Volumetric i

!

10087 1.15 1.16 i

12001 0.33 0.37
12070 0.56 0.55

Such correlations assure us that the nitrogen data are quite accurate,
at least in tht {Sgion of ca 0.05 Py to 0.35 Py, with respect to simi-
lar materials.\l The water vapor sorption generally is interpretable
in terms of micropore and capillary condengsation perturbations as shown
in Reference L.
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