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Ore Degosits in Volcaic Rocks of
Earth With Leniar Extrapolation

A literature search was made on the origin of are deposits in volesnic rocks on Earth.
The close asso-istion between mineralization of the rocks in a tegion and the later stages
I of voleaniom is well established. Ao recognized is the prominent role of magmaitic solutions
coposed moetly of juvenile water, but frequently supplemented with ground water, in
the formation of mineral deposits by such processes as hydrothesmal deposition and sub-
Lmation. Ter ore-forming processes were recognized, and eight of these form ore deposits
in Earth veleanic rocks.

Effects of the infefred lunar ¢énvironment on processes fofming core deposits were also
studied. Mineral deposite thought to exist in voleanie rocks on the Moon, in order of
mm:mmmmmmrmwmtmﬁ:m Hydro-

thermal deposition, sublimation, combined eruption and exhalation, voleanic eruption,
and, rarely, contact metasomatisn and evaporstion. The Moon i viewed by the writer
a8 & still-dynamie body with some voleaniam Likely.

Aress needing furtber work are summarized in the following suggisted work plan:
(1) Develop sensors for both remote and neareource detection of water in subliinates,
rocxks, and voleanic exhalations; (3) study volcanie sublimates, their properties and probable
stability, in the lunar-surface environment; (3) investigate gases other than steam as a

catian; (3) improve

tesouree for life support; (4) smemble a space-geology nomenclature for efficient communi-
geophyrical-grological

techiniques and equipment o that mineral deposits

other than water ean be located in voleanie rocks; and (6) compile information and stimulate
tesearch for answers to problemas related to volcanism, meteorite impact, and formation

of mineral deposita.

gealogical
studies indicate that natural materials and
processes similar to those on Earth should be
on the Moon as changed by the
modifying effects of the surface and near-
suifacy euvironment. The role of voleanic
activity in forming end modifying the lunar
surface and ¢rust is becoming apparent from
study and interpretation of space-probe photo-
graphs by U.S. Geological Survey geologiats
and NASA scientists and by individmb such
as Green (vels. 1 and 2) and Fielder (ref. 3).
On Earth the close association of volcanic
activity with mineralization of the adjscent

country rock has been recognizéd for many

years.

This study involves a literature search to:
(1) study formation of Earth ore deposits in
volcanic rocks; (2) study effects of the Junar
environment on formation and occurrence of
lunar mineral deposits; (3) summarize expected
lunar mineral resources in volcanic rocks; snd
(l)mommuulfmthcmnndmthatwiﬂ
aid in the location and use of mineral resources
in volecanic rocks on the Moon and perhaps on
other extraterrestrial bodies.

Dr. Jack Green of the Douglas Advanced
Restarch Laboratories prepared a survey re-
port entitled “Calderss as Related to Lunar
Exploration” (ref. 4). Green’s feport hss
gredtly aided the preparation of the present
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report and together they constitute a summary
of the funded work.

EARTH MODEL
Earih's Crasi

The anter 18 kilometers (10 miles) of the
Earth’s crust is eatimated te consist of 93 per-
cent igneans and metaigmeons rocka and §
percent sedimentary and metasedimentary rocks
(vef. 3). (The prefix “meta,” or metamor-
phosed, means altered by pressure and/or
heat) No estimate of the amount of igneous
rocks that are voleanic (extrusive) was found,
but voleanic rocks are prominent. As an ex-
ample, Waters estimates that basalts in the
Eocené epoch in the Pacifie Northwest (esti-
mated a8 a 20-million-year time interval) cov-
ered an erea of 153000 km® (60 000 ni¥) and
attained a volume of 170 000 km*® (40 000 mi?)
(ref. 6). Thus, the Earth’s crust contains a
substantial proportion of valeanic rocks which
may be host to mineralization that fonns ore
bodies both on the surfacé and within the crust.

The 12 most abundant elements constitute
over 99 petvent of the Earth’s crust; of these,
only 3 (Fe, Ti, Mn) form extensive metellic
ore deposits. The remaining elements of the
crust ere present in small to trace amounts.
The ore-forming processes must concentrate Pb
about 1200 times, Zn 150 times, and Cu 70
times to form currently economic deposits.

The continental aress of the Earth’s crust
are fairly stable, but the oceanic-continental
border areas are less stable and undergo large-
scale, gradual deformation (tectonism) siuch as
folling, faulting, and firacturing sccompanied
by igneous rock intrusions at various depths.
Superimposed on these large-scale events are
smialler scale volcanic eruptions caused by somo
of the intrusive miagmas (molten rocks) reack-
ing the surface. Also, on this smaller scale,
and either during the late volcanic stage or
afterward, the rocks in the region are usually
taineralized. ‘This mineralization is often sided
by uplift or doming that produces fracturing of
mh:)umcemchon.hrgeocde(rd-.'l

Cooling intrusive rocks give off fluids con-.
taining metals derived mostly from the in-

trusives und partly from the intruded rocks.
The fluids are composed of water and con-
pounds of B, F, CL, P, 8, C, As, and other
rarer elements (ref. 9). Magmas are the orig-
inal source of all mineral-depasit ingredionts as
ia emphasized by Bateitian (ref. 10),

Or¢ Depralts in Valcanic Rocks

Ore depoita are formed by the following
Plocowies:

(1) Magmatic concentration

(2) Contact metasomstism

(3) Hydrothermal deposition

(4) Sublimation

(5) Evaporstion

(8) Sedimentation _

(7) Residual aiid mechanical concentration

{8) Submatine volcanic exhalation

(9) Vv ofeanie eruption

(10) Eruption-exhalation

This list is from the work of Lindgren (ref. 9)
and Bateman (ref. 10). These authors have
summarized much literature infortaation and
personal experience to present examples of
ore deposits and goneepts on their origin thut
are esseiitially valid today. Each process is
briefly described below, and the extent to
which it forms ore deposits in voleanic rocks
is mentioned.

The process of magmatic concentration in-
volves the differentiation (or separation and
concentration) of certain elements and minerals
within the cooling magma at considerable
depths below the surface. The resulting de-
posite do not form in voleanic rotks. Contact
metasomatie deposits are formed in intruded
tocks by high-temperature gaseous emuanations
escaping from intruding igneous magmas. The
rocks replaced by such ores are usually lime-
stone aind calcareous shales, and cccasionally
quartaites and older intrusive rocks. It is
possible that such deposits could form in
older volcanic rocks, but no svch velerence
was found.

Hydrothermal colutions of deep origin are
mixtures of high-temperature gis:» and liguids
given off by a cooling intrusive mase. As they
progress away from the magma source, they
are, or become, liquids and gradually loee heat.
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Deposition nccurs by replacement or by filling,
or o combination of these processes.

ment, of metasomatic replaceent, is defined
as ‘““a peocess of eswsentially simultaneous cap-
illary solution and depositinn by which & new
minerul i+ substituted for one or more earlier
formed mineruls” essentially on & volume-for-
volume basis (ref 10, p. 137).

Lindgren (ref. 3) recognized three groups of
hydrothermal depesits based on distance out-
ward from ihe intrusive, hypothermal, meso-
thermal, and epithermal, and to thesé has been
added hot-spring deposits. The essential char-
acteristics of éach group are summarized in
tab'e 1. Hypeothermal solutions are theught
to be compesed of water almost entirely of
wagnatic origin.  Mesothermal solutions are
dilutd by ground water in degrees rangmg
fiom slight to great, and epithermal and
hot-spring solutions are thought to be com-
posed mostly of heated ground water.

A rather small number of hypothermal
deposits occur in older voleanic rocks which
were deeply buried at the time of mineraliza-
tion. Mesothermal depesits in voleanic rocks
are more numerous than hypothermal ones.
Epithermal deposits are one of the most
valuable classes of ores, having furnished much
silver, gold, and mezcury with lesser amounts
of copper, lead, and zinc. These deposits are

locsted in reginns of comparatively recent
voleanic sctivity. Hot-spring waters and their
deposits ate also nearly always found in aress
of recent volcanic activity but are net so
pumerous in volcani¢ rocks as are epithermal
deposits.

Small but important mineral concentrations
are formed near and at the Earth's surface by
the proeess of sublimation from vapors issuing
quitly to violently at vents or fissures under
atm spheric conditions. Rittmann recognizes
two major types of gaseous emanations:
solfataras and fumaroles (ref. 1t, pp. 5-1I).
S lfatarss are steam spouts at temperatures of
90° to 300° C with small amounts of CO; and
B:S that occut in all volcanic roginms of the
wordd. Free sulfur is deposited in ecrystals
around the vents, sométimes in volumes large
enough to be mined. A special type of solfatara-
Iike steam spout eccurs in Lardarello, Tuscany,
Italy, where geothermal gases are exploited for
generatiug eléctric power and for producing
chemicaly. Averasge composition of the vapor
is as follows: H;O, 95 percent; CO;, 4.3 pereent;
H,S, 0.9 pereent; boric acid, 0.3 percent; NH,,
0.3 percent; CH,, 0.15 pereent; and H;, 0.04
petcent. Each year 26 million tons of steam
generdte about 2 billion kilowatts of electricity
(ref. 11). According to Bullard (vef. 12), the
chemicals produced include Dry Ice (COy),

Tasre 1.—Rarecteristics of Formation of the 4 Groups of H ,drothermal Deposits

Parameter
Deposits Pressure, atm Ores
Temp, °C | Depth, km
Lithostatic Hydrostatic Common Less common
Hypothermal__. ... 300 to 600.. 1.6 to 4.8__.| 450 to 1330...| 150 to 450_.._ " Au, Cu, Fe, Mo, W
PV, Sn, Zn
Mesothermal . ___. 175 t0 300.. 1.6t03.2...| 450 to 9¢6. __| 150t0 300....| Ag, As, Au, Bi, Co,
Cu, Pb, §b, Ma, Ni,
Te, Zn Pt ]
Epithermal. . _____. 50 to 200.._' Surfaceto | tto 11207 1to 37 or ! Ag. Au, Hg, Cu, Pt, Sb
| osor1s| 225 75 . Pb, %
Hot spring_. ... 40t0 100. .. Surface .. .| .. ...c..... | . I Ag, As, Au,
Cu, Hg, Pb,
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Bquid NH;, (NH,,CO, and NHC), sodium
perborate, manganese borate, and boron carbide.
Arcund 1940, 8000 tons of boric acid and 4500
tons of borax were produced esch year.

Rittmann's fumarole types are as follows:
(1) “cool” emanations (called moffete) produc-
ing water vapor and some CO,, but not H;S, at
températuics seldom exceeding 101° C; and
(2) very hot fumaroles with temperatures up
to 900° C fourid in craters or at fissures in
active volcanoes. They always carry HOI,
volatilé chlorides and, especially, NaCl and
FeCl; in additim to the constituénts of sol-
fatsras.

The importafice of calderss as sites of sub-
Emste ore deposits has been stressed by Green
(ref. 4), who has covéred the recent Jupanese
Iiterature contributions.

Extemive deposits of salts are formed by
eviporation of water from lakes in closed basins
in aridlands. Much smaller deposits are formed
by evaporation at the surface of selt-containing
Waters asending by capillaty action, and just
below the surface in caves and in smaller
openings such as vesicles in lava flows and in
locse voleanic aggregates. The amount of
eviaporite deposits in volcanic rocks is ap-
parently very smiall.

Sedimentation in bodi¢s of water by mechan-
ical, chemieal, or biochemical deposition Ins
formed large ore deposits in sedimentary mcks,
but only & few are intérbedded with volcanie
rocks and none are expected to form in such
rocks.

Residual concentration may form sn ore
deposit by physical or chemical weathering
involving air, water, acids (as H,CO,), and
gravity; these agents remove the gangue mate-
rial and leave behind the valuable ore miners).
Mechariical concentration takes place in moving
water or air so that heaviet minerals derived
froni vatious rock types and deposits are sorted
to fortis plavers. No ore deposits in voleanic
rocks with origin recoghized as residual or
methsénical concéntration have come to the
suthor’s attention.

Submarine volcanic exhalation is a process of
simultaneous gaseous, hydrothermal, and solid/
molten magma emanations, all ejected under o
ses-water médium. The gases entrapped in the
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volcanic rocks may deposit native sulfur and
iron sulfides with minor quantities of lead, zinc,
and copper. Certain massive sulfide and sulfur
ores in volcanic pillow lavas are thought to
have such an origin (refs. 13 and 14). Hyaro-
thermal deposition may account for other such
deposits.

‘olcanic eruptions nomially do not produce
minersd deposits. Several tery interesting
exceptions to this normal behavior ate described
in the literature, however, and they involve an
actual extrusion or flow of the ore minernl itself.
Watanabe describes molten sulfur flows (ref.
15), Dawson describes sodinm carbonate flows
(ref. 6), and Park describes a magnetite-
hematite flow in Chile (vef. 17).

It is likely that a process similar to submarine
voleanic exhalation could take place on land
without the presence and pressure of & confining
hydrosphere. The tetm “etuption-éshalation”
in the list 1efers to this poesible process in which
much of the gises would be lost to the atmos-
phere, but some could be trapped within the
cociing lava and pyvoclastic deposits near the
main vents. This type of deposit may be similar
to one that Green briefly described (ref. 4,
P- 40) and associated with Jenks (ref. 18).

The Earth modél discussed previously emerges
as s dynamic body undergoing gradual crustal
changes which are mostly confined to certain
areas. Ore deposits are formed in some older
volcanic rocks buried within the crust and in
more recent ones at the surface. Volcanie
sctivity is closely related to some mineralization,
but nonvolcanic agents may also produce ore
deposits in volcanic rocks.

LUNAR MODEL
Eavircdméntil Effeety

The writer believés that the Moon was
formed at the same titne ss was the Earth and
is of siziiilar materials. That the proportion of
these materials and their possible distribution
aré not idéntical to thoss of thie Esrth is
suggested by the density difference.

Green (ref. 4) suggests that the lunar body
tides that might be induced Ly Earth’'s mass
and proximity may have the following effects:
(1) they may creats major fracture systems in

T
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the lunar crust; (2) they may generate heat by
crustal flexing; and (3) they may provide
periodic pressure release unler crustal blocks
to cause (or favor) the start of magma forma-
tion.

The Moon's trust is believed to be made up
of almost 100 percent igueous and meta-
igneous rocks with small amounts of meteoritic
and shocked rock debris. The ratio of intrusive
to volesnic rock would be difficult to surmize.

No significint amounts of sedimentary rocks or
their metaniorphosed products would be pres-
ehf. On Earth, crustal and subcrustal fortes
can fohin mounfsisis and océsn basins. Water
and sediments collect in the basins and may
réinforce or attenuate these forces The same
kitid of forves acting in the absence of a hydro-
sphere and an atmosphere might be expected
on a planetary body the size of our Moon.
The resulting tectonism could provide openings
ahd velease fluids toward the surface, bury
surface rocks at depths, and expose intrusive
rocks at the swfsce. Burisl and eposureé would
be considerably less than on Estth because of
the lack of erosion and sediméntation effects of
a hydrosphere and atmosphere. The extent
of Juns# téctonism and défluidization eannot be
ressonably speculsted upon at this time.

The generation at depth of different magms
compositions by any of the several types of
differéntiation processes nmisy occur on the
Moon. On Eatth the record shows tliat more
mineralization is associsted with magrius of
scidic thén with those of basic or intermediste
composition (ref. 9). Estimates of the amount
of lunar differentiation range from none at all,
because the Moon always has been cold and
lacked enough radiogenic heat to melt ruck
and foim miagma, to the other extreme of a
small body giving off its contained hest so
rapidly and early in its history that its lster
history is devoid of melting and possiblé diffeséx-
tiation and defluidization. The theory favored
liere is that of a cooling history rather like that
of Euith, with gradusl differentiation and
volcanic activity thiroughout the Moon's his-
tory; this theory suggests a still-dynamic body
rather than & now-dead Moon.

In lunar migma chambers the reduced
gravity is believed to cause nucleation and
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coalescence of gas bubbles at greater depths
than in the Earth analog (ref. 4, p. 22). This
early removel of disseminated volatiles could
provide & more viscous migma and a greater
volume of fluids expelled during eruptions or
available f-r mineralization. During mineral-
ization the reduced gravity, and therefore lower
lithostatic pressure, would favof earlier release
of the more volatile substances which would be
ezpelled shead of the less volatile ones. This
behavior might tend to deposit minerals at
greater depths from the less volatile fluids and
at shallowér depths from the more volatile
fluids. The results ecould be formation of
deepet hypothermal deposits than on Earth,
strétching cut of mesothermal deposits in a
greater vertical intetval, and formatioh of
smallet epithermal deposits. It would be diffi-
cult to predict on a temperature basis whether
lunar hydrotherinal deposits would have formed
shallower or deeper than on Earth.

Close to the surface, the reduced gravity
effect, especially where coupled with the lunar
vacuum effect, is expéctéd to csuse greater
vesiculation of outpouring lava, involve several
times as much volnme of explesive ejectamenta
(ref. 1), and probebly cause greater loss of
volatiles in s volcanic srew on the Moon than
occurs on Esrth.

Lubar suifsce températures vary from night
to day in the spprogimate range of —150° to
over 100°C. The highest vacuursi measured by
remote means of the lunavac (a word that
can be defiried s» the lunar atmosphere which
is & high vacuum with traces of gases arid partic-
ulate matter) is about 10~ atmosphere. The
warinest temperatures in direct sunlight would
have the ifect of boiling off water as vapor from
fumarcle or solfatara vénts and perhaps from
any concentration in the upper part of the
“soil.” At lower temperstures, in the shadows
or duriig the lunar night, witer beirig expelled
in magmastic fluids niight freéas in the outer
layérs of svil or in rock cavities such as lave
vésicles or lava caves. The lunsvec would
contain little or fio oxygen, so that thiré would
be negligible oxidation of compounds or guses.
As Green points out (ref. 19), the sublimates
expected would be those not requiring oxygen
from the lunar atmosphere; if they exist




in_sunlight, they must not photodecompose.

We can be ressonsbly certsin that both
voleanism and impact have occurred on the
lunsr surface. Proponents of both processes
bave by now presented emough evidence to
confirm this statement. Future efforts should
be directéd toward recognizing rock produets of
esch process and determining product ratios in
the lunar crusi. ‘The suggestion by Beals (ref.
20) to establish criteria for each type of rock
product setitis neciseary; snd excellent staris
on this, slanted towsrd impect, sre Frencl’s
s¢arch fot criteris of shoek metamorphism
(ref. 21) and the papers presented in the 1908
Conféterice on Shock Metatnophism of
Natursl Materials (ref. 22). More work of this
nature should be done on suspected voleanie
explosion structures.

Weatheting of lunsrsurface materials is
expected to be mostly pliysical, such as:
tefiperature-extreme spalling; alteration snd
disintegration by solar ultraviolet and X-rays,
protons, alphs particles, and cosntic rays; and
meteorite damape runging from slight to ex-
treme. Fraciuring of solid rock from moon-
quskes could trigger landslides, and, because
of the reduced gravity and friction, some
workers have firoposed extreme gliding that
would tend to level theloosesoil. However, the
isck of ani sir cushion between very fine particles
should pariially compmsste for the gravity
otlect.

Laaxr M= cal Degonits in Voicaliic Rocks

Valcanic rocks and related mineral resources
on the Mcon’s eurface would be accessible to
early lunir explorers. The nature and utiliza-
tion of such resources have been reviewed by
several authors including Lowman (ref. 23) and
Petin (vef. 24). While susrface deposits are most
sccéasible, subscifece deposits may be ini-
portunt in the future. Minerals and elemaents
exr~cted in Junir deposits are in genoral those

found in corresponding Earth deposits, slthough
sublimate min<cals on the Moon’s surfave may
differ somowiat in amount, stebility, and
composition.

Table 2 lists the 10 processes descrihed
earlier that form cre depcsits on Earth. The
know: oocurfences of such ore deposits in
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Earth volcanic rocks are indicated, and their
likelihood in volcanic roeks on the Moon are

sugyested.

Tamwe 2.—Ore Deposits in Voleanic Rocks
Known on Farth and Likely on the Moon

Occurrence of deposits
Procers of formation ;
| Earth | Lunar
' (kmown) |(likelihood)
Mugmatic concentration. . .... None....| None
Contaet metasomigthom. . ... .. . Raze.....| Rare
Hydrotheral deposition :
Hypothesmvrd ... ........ Few..... Few
Mesothermal. . ... ... Some....; Some
Epithermal . _.___._..._. Many.__..| Some
Hotsprings . _.._........ Some....| Few
Soblimstion. .. .. _......._... Some.....[| Some
Evaporation.........ooueee... ' Smaal). ___{ Rare
Sedimentation. . __.___.____ Few..... None
Residusl and mechanieal None....! None
concentration. {
Submarine voleafiicezhalation.| Miny....| None
Voleanie eruption. ... ......... F Pew. ... Few
Eraption-exhalation. ... ...... Some....| Some

Contect metasomatic deposita conceivably
could forin in deeply buried lunar volcanic
rocks. Hydrothermal deposits formed by ss-
cending magmstic fluids are very likely present.
A few of the deep-esated hypotheriiial depiosita
are expected. However, they may occur at
much greater depths than on Esth i lunar
environmental effects suggested previously are
corvect. Less esrosion is expected on the Mooii;
thus fewer deep-seated deposits would be
exposed than on Earth. Mesotherinal deposits
are expected, but they may extend s longer
vertical interval, be at dedper levels, and be less
éxtensive than on Esrth where some of themn
aré believed to form from & mixture of magmatio
and ground waters. Epithermal eud hot-spring
deposits are expected to be fewnr aiid smaller
on the Moon because of the dipécied scaréity
of grourd water.

Sublimates and their associsted giscous
emanations are believed to be the most eesily
scceseible deposits. Processes forming sub-
mariné vclcanic exhalative deposits on Earth
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operste beneath a Lydrosphere which is not
expected on the Moon. It is possible that a
combined gsseous/molten-magma/solidified-
magma complex on the Moon could have some
depasits of massive sulfide ores formed within
it duriug and shortly after an eruption. Evep-
oration might conceivably operate near or at
the lunar surfave 85 extrsct water from depres-
sions near volcanic activity where maegmatic
waters approached the surface, dissolved sub-
stances, and cartied them into these depressions.
No sedimentation or residual and mechanical
concentration processes are envisioned to oper-
ate on the Moon that could form ore deposits in
voleanic rocks because such concentrations are
effected on Earth by air and/or water sgents
of weatherinig. Volcanic eruptions thaton Earth
furnish only a few flows of miineral concentrates
such ss sulfur, megnetite, or sodium carbonate
represent an unusual concentration not expected
to be atiy more widespread on the Moon than
on Earth.

The sublimate deposits would be found near
and at the surface in voleanic aress and prob-
sbly predominantly in calderss. In early steges
of lunar basing, the sublimates offer two ad-
vantages over other sources: (1) they offer a
sirface deposit not refuiring much mining
equiptient; and (2) they are usually a highly
concentrated minera! supply not requiring com-
plicated processing trestutent. Voleanic aress,
especially tliose with sublimites, would be
likely targets for future exploration at depths
for hydrothermal déposits.

Water is & most valusble mineral resource of
any extraterrestrial body, and ita location and
extraction from the body’s natural mircrals is
important to future space exploration. There-
fore its occurrence in Earth voleanic rocks has
been summarized by Grest (ref. 25) and ite
extriction studied by Wecheler et al. (ref. 26)
and, extensively, by Green (ref. 25). The
most likely sources of lunaresurface water, in
ordér of decréasing concentration and esse of
extraction, seem to be: (1) solfataras and fu-
marol&® in volcanic areas, and especially in
calderss; (2) mineral sublimates, aspecially in
calderss; and (3) volcanic rocks exposed at the
surface, such as tnffs and laves, and hydro-
thermally sltered rocks. Somewhat less likely

because of special conditions necessary, bui
stiil very possible, are the following sources:
(1) steam-spout areas; (2) water o7 ice in cives
or other openings; and (3) water oc ir2 (as
permafrost) in the lower part of soils, especially
near exhalation vents.

Expected lunar rocks as a resousce have not
been elaborated on in this report except as a
source of water. Other uses for such rocks have
been considered by Bensko and Shotts (ref. 27)
for extraction of propeilant substances such a-
wateér, hydrocarbons, carbon (graphite), oxygen,
fluorine, and chlorine, and metals such s
beryllium, boron, magnesium, aluminum, iren,
and caleium. Gréen has considered the use of
cast basalt for pipes and structural components
based on the Czechoslovakian industry (ref. 4).
Rosenbetg et al. investigated extraction of
oxygen from magnesium silicate (vef. 28).

Gases other than steam are often reported
from volcanic exhalations; thesé include N, or
NH,, 0y, CO,. CH,, HS, SO,, H,, Ar, HC}, and
HF. Most of thése are of considéiable interest
us possible sources of ‘ife-support gases. He-
lium would also beé of interest if preseut. Astro-
nauts are to be provided atmospheres either
entirely of oxygen (which strongly supports
combustion) or of some artificial air mixture.
Large volumes of sir aré required for permanent
lunar stations or shelters. Man is searching for
a source of oxygeh on the Moon to save efiorts
required to transport it from Estth to Moon for
an air niixture, and he should also be interested
in finding & lunar source for the inert gases re-
quired to complete the air mixture. A possible
soufce of these gases is voleanic exhalation, but
more research is needed in detecting and meas-
uring gases which occur in small amounts.
Probably the required amounts could be col-
lected from large volumes of such exlislstions
by an efficient colléctor.

SUMMARY AND RECOMMENDATIONS

A literature search wes méide on theé origin
of oce deposits in volcanic rocks on Earth.
Ten ore-formiing processes wero recognized and
ecight of thesé fi 1 ore deposits in Earth vol-
canic rocks. Af ° considering the lunar eu-
vironmentsl effc  on ore formation, it was
suggested that six of the eight processes could
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form ore deposits in volcanic rocks on the
Moon. These are, in order of decremsing
amount and likelihood: hydrothermal deposi-
tion, sublimation, combined eruption-exhalation,
volcanic eruption, and, rarely, contact mete-
somatism and evapoiation. The possibility of
finding fumaroles, solfataras, and steam spouts
sugpests & plentiful source of water, gases,
sublimate mineruls, and energy in the form of
heat and dynamic fluids.

Areas recommended for further work as o
result of this study are given in the following
work plan.

Location ami Use of Lunar Miseral Hesvarees
i Veleaxic Rocks.

The objective is to develop a body of knowl-
edge on mineral resources in Earth volcanic
rocks that will be needed to locate and utilize
similat resources likely to occur on the Moon
and other extraterrestrial bodies. The in-
formation gathered (from the literature, field
studies, and laboratsry research) and its in-
terpretation would have a twofold benefit:

(1) It would provide a single source of in-
formation which is now either scattered in the
Iiterature or nonexistent.

(2) It would reveal gaps in our knowledge of
these mineral resources and thereby guide
future research in the fields of geophysics,
geology, mining, and metallurgy to provide this

Werk Plan

The following work plan is recommended:
A. Locate possible sources of water on the
Moon:
1. Locate lunar landing areas:

Examine lunar orbiter photographs to
find desirdble landing areas neir loca-
tions showing evidence of recent vol-
canism eo that early lunar explorstion
can emphasizé search for water sources.

2. Develop water sénsors:

@. Determins the feasidility of develop-
ing wétet sensoé(s) for reinote- and
néar<sourve detection and, if possible,
mzesuremnt of water content of
rocks snd «f mineral conentrations.

b. If feasibility study is pos:‘ive, start

development of sensor(s), and plan to
test them on Earth, both remote-
source (Eros satellite), nearsource
(hovering vehicle, roving vehicle, and
on-foot exploration), and in the lab-
oratory under simulated lunar, near-
souree conditicns,

¢. Guide lunar testing of the sensor(s)
by insuring its inclusion in mission
planning and follow its lunar appli-
cation.

d. Use A2c and A2} information to
develop sensor(s) to locate and meas-
ure water-bearing (steam) fumaroles,
solfataras, and steam spouts. A heat
sensor might be coupled with another
type of sensor.

. Collect, separate, and analyze volcanic
exhalations:

Develop mechanical apparatus for lu-
nar spplication to confine and :ollect
very hot, high-velocity, vapor uxhala-
tions together with the suxilisry appara-
tus to separate and analyze the water
and the vapor-tinspotted compounds.
Start with existing technology from geo-
thenial installations. Develop appars-
tus to utilize heat and velocity of exhala-
tions to supply heat and power to lunar

ing needs,

. Study volcanic sublimates:

a. Study sublimate deposition on Earth
to determine if the hydrated minerals
reported have derived their water from
the exhalative steam or from rain and
ground water.

b. Compile relisble physical and chemical
data on sublimates and their vapors to
amemble enough information so that,
togetlier with existing undsistanding
of the theory of wvipoi-collection,
L port, and vapor-deposition,
' gomﬂnﬂe prediction can be made of
what minerals will be precipitated, snd
in what order, st the lunar surface.
Encouragie and support laborstory re-
search to furnish relisble information
that is missing in the compilation.

This information should be useful in
studies of A2d, A3, B2, B3, and B4.
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8. Study calderas:

Carry out systematic caldera studies to
determine fully their lunar basing poten-
tialities and to aid the plans of Al
through A4.

B. Investigate gases (other than steam) on the

Moon:

1. Determine potential need for life-support
“‘artifirial air’’ gas components.

2. If s linar source is desired, study liters-
tare and collect and analyze Earth vol-
cabic gases to deterfnine how much
atmospheric contaminstion is present.
Esteblish whether the geses sought might
be found in lunar exhalations of only

3. tart development of sensors to detect
and possibly messure these gases in vol-
canic gas streams and chiambers.

4. Develop apparstus to collect and purify
the gases for use; couple work with A3
and A4.

C. Assemble nomenclature for space geology
communication:

Work out a short, but useful, geological
nomenclature for space exploration com-
munication as proposed by Green (ref. 4).
This nomenclature could be an example for
the other sciencis, such as geophysics and
mining, to follow.

D. Locate lunar mineral deposits other than
water in volcanic rocks:

Impfove geophysical technifues and
equipment to detect and locate materials
(both surface and subsurface) selected on
& neads priority for lunar basing opérations.
Consider both remote- and near-source sen-
sing. Both geology and geophysico would
be needed to improve upon and fest tech-
niques and equipment.

E. Compile information on volcanism and ore
deposits:

Stimulaté research by industry, univer-
sities, and Government sgenchl on soine of
the ptoblem outlined previously by pro-
vidihg the information and the gaps in it
as the body of kmowledge in the objective
is developed. Some interesting geologlul
areas of study would be:

1. Can volcanic explosions form shatter

coues in rocks? Shatter cones are struc-
tures that some investigators regard as
positive criteria for meteorite impact.

2. Examine rocks for evidence of volcanic
explosion effects. Compare these effects
with those caused by meteorite impacts.
Try to determine criteria umnique to
volcanic explosions and to meteorite
impacts.

3. Can impact trigger volcanism?

4. Can impact trigger formation of ore
déposits?

5. Are rare-earth materials or other valu-
able minerd]l resources ever associated
with the volcanic carbonatites? What
is the likelihood of their lunar existence?
Can carbonatite activity be triggered by
meteorite impact? (On Earth, carbon-
atites are formed mos!’'s by intrusive
sctivity, although a small number are
formed by extrusive volcanic activity.)
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