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Most of the ore deposits on Earth are the direct result of formation by h)•drothermal solutions. Amdogous 
mineral concentrations do not occur on the Moon, howe1ier, because of the absence of U'<lter. Stratified 
ore deposits form in layered instrusil'es on Earlh due to fractional CTJ'Stallization of magma and crystal 
settling of high-density minerals, parlicularly chromium in the mineral chromite. We bml(' c'l•tduated 
the possibility of such mineral deposition on the Moon, based upon considerations of "parlicle settling 
tl('locities" bi lunar 11s. terrestrial magmas. A first approximation of Stoke's I.au• urn.lkl seem to bulicate 
that the lower lutklr grmiity ( 1/6 terrestrial) would result in sfoU'<'r cry•stld settling 011 the Moon. 
Hou~'<,,., the uiscosity of the silicate melt is the most imporlant factor affecting the settling t•elocity. 
Tbe uisrnsities of f)piad lunar basaltic melts are 10-/()() times less than their terrestrial analogs. These 
loU'<'r viscosities result from two fm:tors: (I) lunar basaltic melts are f)'flimlly higher in FeO mu/ lou>er 
in AU>i- Na10, and K20 than terrestrial melts; and ( 2) lum1r igneous melts and phase equilibria ten<I 
to be W0-150° C higher than terrestrial, largely because of the geru,,-ai paucity of ll'<lfl'r wui otm,,- mu1tile 
phases on the M1xm. Therefore, parlicle settling tl('lodties 1m the M1xm are 5- IO times gn•at<'r than 
those on Earth. ft is high~v probable that stratiform ore deposits similar to those on Earth exist 011 

the Moon. Tbe most like~v ore mim'rals inn1lt l('d are chromite, ilmenite, and tU1ti1 I(' FeNi metal. /11 
addition, the greater settling velocities of periodotite in lunar magmas indicate that the bU<~)Ymcy effects 
of the melt are less than on Earth. Consequent~v. the /K>ssihili~V is nmsiderab~v fess than 011 Earlh of 
deep-seated mlcanism transjx1rting upper mantle/louier cmstaJ xenoliths to the surface of the Mixm. 
such as offurs in kimhc,,-lites on F.arlh. 

INTRODUCTION 

On Earth, minerals commonly occur in economically recover
able concentrations called ore deposits. The various mechanisms 
that hring ahout these mineral concentrations are largely the 
subject of the field of economic geology. Inherent in the usage 
of the term "ore deposit" is that one or more metals can he 
extracted from the ore "at a profit." At this stage in the 
development of lunar hase concept~, it is difficult to foresee the 
exact needs or economics of any such lunar endeavor. It is 
prohahlc that we 'II.ill never mine ores on the Moon in order to 
hring the metals hack to Earth. However, there arc certain 
minerals kno'll.11 to he present on the Moon that will undoubtedly 
he used almost immediately hy the early lunar settlements, 
minerals such as native FeNi for structural purposes, and ilmenite 
( FcTiO \) for oxygen production. In addition, other oxide minerals 
such as chromite (FcCr20 1 ) and ulv<>spinel (Fc2Ti01) may he 
used for their oxygen or metal contents. 

Most of the ore minerals on Earth arc sulfides and oxides and 
arc called "opaque minerals" hecausc they do not pass light even 
in thin section. 111csc concentrations of ore minerals most 
commonly result from deposition hy hydrothermal solutions (i.e .. 
100- .300° C watery solutions). The Moon docs not possess 
appreciable an10unt'i of water, if any; therefore, the presence of 
ore minnals deposited hy hydrothermal solutions is improhahle. 
However, there arc other means of depositing ore minerals [e.g .. 
chromite, ilmenite. Platinum Group Elements (PGE)] that art: 
hased on fractional crystallization and crystal settling. 
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Cl)'Stallizing minerals will settle v.ithin a melt if their densities 
arc greater than the melt. On Earth such accumulations are com
monly found in layered intrusions and arc known as stratiform 
deposits. In fact, the mineral chromite (FcCr20 4 ), which consti
tutes the world's major source of the strategic metal, chromium, 
occurs in mafic strata of large layered igneous complexes often 
associated with PGE. However, only three layered intrusives-the 
Bushvcld of Tran~vaal, the Great Dyke of Rhodesia, and the 
Stillwater Complex of Montana-arc knov.11 to contain substantial 
amounts of chromite. 

Layered complexes such as the Stillwater originate as large 
igneous intrusions where the slow cooling of the melt results in 
fractional crystallization leading to the settling of successive layers 
of Cl)'Stals on the progressively rising floor of the intrusive sheet. 
Related silicate mineral ass<:mhlages embrace almost the complete 
range of mafic and ultr.tmafic rocks: pcridotite, dunite, p}Toxcnite, 
norite, and to a lesser extent, gahhro and anorthositc. In fact, the 
presence of such rocks is e\idcnct: that fractional Cl)'Stallization 
and gravity-controlled crystal settling have heen effective. On the 
Moon, anorthosites, gahhros, troctolites, etc. arc common and 
point to fr.tctional Cl)'Stallization as a real process. Therefore, it 
is worth speculating on the possibility of str.ttiform ore deposits 
on the Moon. 

LUNAR VS. TERRF.sTRIAL SILICATE MELTS 

Introduction 

The nonmarc portions of the Moon, the highland'i, consist of 
just the rock types that one would expect from fractional 
crystallization and Cl)'Stal settling (or floating, in the case of 
plagioclasc on the Moon). In fact. the concept of the Lunar 
Magma Ocean contends that the outer 200-400 km of the Moon 
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was molten during the first l 00 m.y. after formation. As this 
magma slowly cooled, the plagiodase that crystallized floated to 
form "rockbergs" that ultimately coalesced to form the lunar 
crust. The mafic minerals (e.g., olivine and pyroxene) sank to 
form the mantle/lower crust, which later gave rise, by partial 
melting, to basaltic magmas. Such a scenario for lunar l"Volution 
implies that the same processes occurred in the igneous plutons 
of the Moon that occurred on the Earth. 

Whether deposits of such minerals as chromite, formed by 
crystal settling, occur on the Moon is unknown because the Moon 
remains largely unexplored. Only a few of the nine sites (six from 
Apollo and three from Luna) visited have been sampled to any 
geographic extent, and the meager remote-sensing data we 
possess is of neither sufficient quality nor quantity to fully 
characterize the lunar surf.lee. It would be unlikely that such data 
coverage of the surf.lee of the Earth would reveal the presence 
of ore bodies; therefore, it is not surprising that ores have not 
been sampled on the Moon. However, the igneous activity of the 
early Moon suggests that accumulations of chromite, ilmenite, 
native FeNi metal, etc. are to be expected. Or are they? 

Settling Velocities 

With gravity on the Moon only one-sixth that of Earth, one 
would suppose that the effective settling velocities of phases in 
a lunar melt will be reduced. The settling velocity of a crystal 
in a melt can be approximated by considerations of Stoke's Law, 
an equation relating settling velocity to various parameters 

2ga2(d1-d2) 
V=-----

9TJ 
where V is the velocity of crystal settling in cm/sec; g is the ac
celeration of gravity in cm/sec2

; a is the diameter of the particle 
in cm; d is the density of solid (l ) or liquid ( 2) in gm/ cm\ and 
T/ is the viscosity of the liquid (dyne-sec/ cm2 or poise). 

The most important factors to be considered here are ( l ) the 
acceleration of gravity, g, which directly affects settling rate; 
( 2) the difference in density between the crystal and the melt; 
and ( 3) the viscosity, 1J, of the silicate melt, which inversely affects 
the velocity. As we know, the acceleration of gravity on the 
Moon's surface is about 160 cm/sec2, compared to 980 cm/sec2 

on Earth. This factor will contribute sixfold less to the settling 
velocity for the lunar situation, all other factors being equal. The 
viscosity differences between silicate melts on the Moon and the 
Earth are related primarily to two parameters: ( 1 ) the average 
temperature of a lunar mare basalt liquidus and solidus is 100-
1500C higher, caused by the paucity of water and other 
mineralizers that have a tendency to flux the melt; and ( 2) the 
typical lunar mare basalt is considerably higher in FeO and lower 
in Al20 3, Na20, and K20 than its terrestrial counterpart. 

We have performed an analysis of the various parameters that 
affect settling velocity for both terrestrial and lunar magmas. 
Representative types of terrestrial basalts, including one for the 
Stillwater magma and a Mg-rich basanite (Si-deficient olivine 
basalt), and selected mare basalts from various missions were 
selected tor this analysis. Mare basalts were chosen for this study 
for two basic reasons: 

1. Of the sampled rocks from the Moon, it is the mare basalts 
that contain the greatest concentrations of ilmenite, chromite, and 
native FeNi. These minerals commonly are early to crystallize 
during cooling of the magma, such that the effects of crystal 
settling would be least impaired by too much crystallization. 

2. We have good knowledge of the nature of mare bao;ins and 
their mare basalt fillings. It is probable that the basalts that we 
see at the surface came from magma chambers at shallow depths 
beneath the mare (e.g., 1- 15 km). These chambers were supplied 
by bao;altic melt from even greater depths. Schultz ( 1976) hao; 
presented various scenarios of bao;in formation and ao;sociated 
volcanism that depict the types of situations to which we are 
referring. It is the near-surface magmatic occurrences fom1ing 
hypabyssal to shallow plutonic igneous regimes that are the 
subject of this study. They are close enough to the lunar surface 
to be potentially accessible and usable. 

The densities and viscosities of the silicate melts (Tables 1 and 
2) were calculated using the method and data of Bottinga and 
Weill ( 1970, 1972). The viscosities of the terrestrial melts were 
estinlated at 1200°C, vs. 1300°C for lunar, because of the lack 
of fluxing components in the lunar melts, as mentioned above. 

The settling velocities of various I -cm spherical particles were 
calculated using Stoke's equation, given above, and arc presented 
in Table 3 and Fig. 1. The values for the acceleration of gravity 
used were 160 and 980 cm/sec2 for the Moon and Earth, 
respectively. This equation is for pure newtonian fluids. In reality, 
silicate melts can behave plastically once significant crystallization 
has occurred. However, for the purposes of this study, which is 
one of relative values, not absolutes, Stoke's Law should suffice. 

The settling velocities were calculated for ( 1) ilmenite, 
( 2) chromite, and ( 3) a peridotite xenolith. The periodotite was 
included in order to evaluate the possibility of abundant upper 
mantle/lower crustal xenoliths in lunar basalts, such as those that 
occur in kimberlites and alkali ba'ialto; on Earth. The density of 
the chromite used in the calculations wao; different for the Earth 
and Moon situations (Table 3). On the Moon, chromites most 
commonly contain ulvaspinel (Fc2Ti04 ) in solid solution, with 
minor amounts of FcAl20 4 and MgAl20 4. On Earth chromite 
usually contains larger amounts of MgAl20 4 (spinet), with lesser 
amounts of FeFc20 4 (magnetite). Therefore, the density of the 
lunar chromites wa'i judged to be about 5.0 gm/cm~ vs. 4.5 gm/ 
cm~ for the terrestrial chromites. Lunar and terrestrial ilmcnites 
have similar densities. 

The themial regime in which the magma chambers is located 
can be an important control on settling velocity. If there are 
sufficient vertical thermal gradients in the melt, dassical upward 
and downward convection will be active. However, the lunar 
environment is one void of atmosphere ( 10· 10 atm) and water. 
An important effect is that the lunar rocks are considerably less 
efficient in heat conduction. Therefore, a lunar magnia will have 
better thermal insulation from heat loss than its terrestrial analog. 
Thus, temperature gradients and subsequent convection should be 
less. All other factors being equal, the net result is that crystal 
settling should he more effective on the Moon than on the Earth. 

SUMMARY OF RESULTS 

1. The viscosities of lunar ba'ialtic melts ( 9.26 to 36.0 poises) 
are significantly less than those of terrestrial melts ( 260.2 to 1200 
poises), a difference of l -2 orders of magnitude. 

2. The densities of lunar basaltic melts (2.89 to 3.34 g/cm~) 
arc greater than terrestrial magma-; ( 2.65 to 2.8 g/ cm~), largely 
because of higher FcO and TiOz, and lower Na20 and K20 
contents for lunar magmas. 

3. Viscosity of the silicate melt is the most important factor 
affecting the settling velocity. As shown in Fig. 1, differences in 



Taylor and Lu: Ore deposits on the Moon 381 

'IABLF. I Clwmical composition, dl'nsity. and \iscosit:y of lunar basalts. 

A(lollo 11 A(lollo 12 A(lollo 14 A(lollo 15 A[lollo 17 

lnw K High K ()) Pig !Im VHA 01 Pig Iii-Ti 
Avg (8) Avg((>) Avg (9) Avg (4) Avg ( 4) Avg (2) Avg ( 9) Avg ( 13) Avg (50) 

Si02 40.(1'"' 40_P H32 46.46 44.47 45.80 4-t.98 4'"'.98 .~8.84 

Tio, 10.18 11 '"''"' 2.(15 335 4.6.~ 1.89 2.4 I 1.82 1235 
AI,O, 10.40 8.84 8.03 1038 9.7(1 1520 8.81 9.4(1 8.8·4 
Fd) 18.68 1928 21.1 I 1972 20.78 17.'"'0 22.57 20. 13 18.94 
MnO o.r 0.24 0.28 o.r 0.27 0.24 ow 0.28 027 
Mgl) 6.92 "7_56 1-1.0'"' 7.94 8.'i2 9."70 10.42 8.74 8.'\2 
Cao 11.70 10.59 8.61 11.03 10.78 1050 979 JO '\4 1080 
Nai) 0.41 O."i2 0.22 0.28 0.32 0.51 0.28 0.31 0.32 
K10 ().()'"' 0.31 0.06 0.07 0.07 0.14 O.O"i 0.06 O.O"i 
P20, 0.09 017 0.08 011 ().10 0.08 0.07 0.()(1 
s 0.1(1 022 ()_()(1 ().()"7 0.08 o.o- 0 ()(1 0.17 
Cr20i 0.29 05(1 063 0.47 0.42 OA'"' 05"7 04"'.' 0.49 

'fotal 9984 I 00 23 100.12 100.l"i 100.20 999"i 100.13 99.92 99.6'\ 

Mg/Mg+ Fl' 0.40 !HI 0.54 0.42 0.42 0.49 0.4"i 0.44 0.-H 
Viscosity 2'5.62 1 14.18 13.87 30.'57 22.40 36.00 18."iO woo 9.26 
Dl'nsity 322: 3.29 300 2.96 304 2.89 2.99 2.91 5.34 

·Apollo 1 ~ rnrnpo,ition from Nm/ at1d li1)'/or ( 1988 ): all otha' art· from Pa(1ike et al. ( 19'"'(1) 
1 Vi~u~ity unit~ - poise - <.t)11c..·-"'lT 1 Clll"~ 
: Den~ity unit!'I -=- ~m · .._·m ~ 

TABLE 2. Chemical composition, density, and viscosity 
of terrl'strial basalts. 

Olivine Stillwater 
Basanitl' 

. 
Ba'ia.lt Mafic Rock Tholl'iite 

Si02 44.30 49.61 49.41 'i 1.13 
TI02 2.'il 5.54 1.20 2.48 
Al20i 14.70 11.28 15.78 14.'54 
Fe20i 3.94 2.15 2.11 3.'i 1 
FeO 7.50 JO.I I 10.25 10.19 
MnO 0.16 0.18 0.20 0.47 
MgO 8.54 7.67 7.56 3.81 
cao 1019 9.66 1088 9."iO 
Na20 3 'i'i 2.57 2.19 2.71 
K20 1.96 1.83 0.16 1.19 
H20+ 1.20 0.80 0.23 0.31 
Hp- 042 0.42 0.07 0.12 
P20, 0.74 0.52 0.11 1.03 
C02 0.18 

Total 99.89 100.12 99.95 100.99 

Mg/Mg+ Fe 0.64 0.55 0.54 0.37 
Viscosity 260.191 302.60 736.80 1200.00 
Density 2.80: 2.81 2.76 2.76 . 

Basanitc and tholciite compositions arc from ,lfcBinwy ( l 984 ); olivine ba"1lt 
is from BV!>P ( l 98 l ); Stillwater malk rock is from Hetz ( l 98~ ). 
t Viscosity unit'\= poise = dyru:-scx /l'm1 

: Density units= gm/cm'. 

densities between the various terrestrial basaltic melts are small 
(i.e., 0.15 gm/cm-1), such that a best-fit linear relationship of 
viscosity and velocity is possible. The data are more scatttered for 
the lunar estimates. 

4. When the difference between the densities of the melt and 
particle is small, the density becomes a major factor affecting the 
settling velocity. For example, the densities of the Apollo 11 and 
17 high-Ti basalts are >3.2 gm/cm-1 (3.22 and 3.34 gm/cm\ 
respectively), and the density contrasts between these melts and 
the peridotite particle is down to 0.08 gm/cm-1. In this case, the 
settling velocities are low, even lower than those for terrestrial 

'!ABLE 3. P-.rrtick Sl'ttling vdodtil's ( l'm/Sl'c) in hao;alt mdts. 

Pl'riodotitl' llmmitl' <:hromitl' 
. 

(5.42 wcm 1
) ( <t.'"'2 gicm') (-i'\-'i0gicm 1

) 

F.artb 
Ba'i<illitl' 0.52 1.60 1.42 
Olivinl' Bao;alt 0.44 1.5- 1.21 
Stillwatn Ba~ic Ro<:k 0.19 O.'i8 0.51 
Tholditl' 012 <U"i 0.32 

Moon 
Apollo I I 

IDwK 028 208 2.4'.' 

High K 0.51 3.-H -4.29 
Apollo 12 

01 Bao;alt 1.0- 4.41 '\.13 
Pig Ba'ktlt 0 53 2.0--i 2.3~ 

llm Bao;;ilt 0.60 2.6'"' 311 
Apollo 14 

VHA 0.52 1.80 2.08 
Apollo 15 

OI Ba~alt 0.82 531 58"i 
Pig Ba~alt 0.(l() 2.14 Lt8 

Apollo I'.' 
Hi-Ti Ba'ia.lt 0 31 'i50 6.3'"' 

·The densities of 4.".I and ".I 0 gm.:c:m' wt·n· u.""':tl for tcrre~trial and lunar chromite\, 
re~p<:ctivdy. 

ba<;anitc and olivine ba<;alt. These are the three symbols in the 
lower left of Fig. 1. Magma density ha<; little effect on settling 
velocities for lunar ilmenite and chromite. 

It is interesting to speculate upon the fate of olivine crystallizing 
from a high-Ti ba-.altic melt. With a density of about 3.1 gm/cm\ 
it is entirely probable that olivine should float within a lunar high
Ti magma. 

5. Hess ( 1%0) considered 30,000 and 300 poises to be the 
upper and lower viscosity limits for the Stillwater magma. These 
same values were also used by Wager and Brou111 ( 1967) a-; the 
viscosity for the Stillwater complex (737 poises) near this lower 
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Fig. 1. Calculated viscosities vs. particle settling velocities for chromite, ilmenite, and peridotite in silicate basaltic melts on the Moon and the 
Earth. See the text for discussion of conditions. s:vmhol notation: 1. Apollo 11; 2. Apollo 12; .3. Apollo 14; 4. Apollo 15; 5. Apollo 17; 6. Bao;anitc; 
7. Olivine Basalt; 8. Stillwater Ba~ic Ro<:k; 9. Tholciitc. References: I -5 from Papike et al. ( 1976 ); 6 and 9 from McBimey ( 1984 ); 7 from BV.\P 
( 1981 ); 8 from Hetz ( 1985 ). 

limit ( Tahle 2 ). We suggest that this value of 300 poises is a lower 
limit for most terrestrial basaltic magmas. In contrast, the upper 
viscosity found on the Moon is still <36 poises. However, the 
densities of the terrestrial and most lunar basaltic magmas are 
within the range of 2.7-3.0 gm/cm1. 

6. In general, the particle settling velocities for oxide minerals 
on the Moon are greater hy 5- to times than those on Earth. 

CONCLUSIONS 

We conclude that oxide crystals "'ill have greater settling 
velocities in lunar magmas than in terrestrial magmas. It is highly 
probable that stratiform ore deposits similar to or even larger than 
those on Earth exist on the Moon. The most likely ore minerals 
occurring in lunar intrusive bodies are chromite, ilmenite, and 
native FeNi metal. 

On Earth, magmas from as deep as 200 km bring xenoliths to 
the surface because of their buoyancy ability, a direct function 
of melt viscosity. The greater settling velocity of peridotite in lunar 
melts indicates that the buoyancy effect of the melt is less. 
Therefore, the probability of finding upper mantle/lower crustal 
xenoliths brought to the surface of the Moon by deep-seated 
volcanism is less than on Earth. 
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