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ABSTRACT

Although their composition is narrowly defined, basalts are
igneous rocks emplaced on a planet's surface as melts generally
derived through partial melting of the planet's interior. Var-
iations in the age, volume and chemistry of basalts from dif=-
ferent provinces provide clues to the composition and structure
of the interior. The types of basalt that can be identified on
the surface of the moon have been studied using spectral ref-
lectance measurements. Reflectance spectra (.3 to 1.1 um} have.
been obtained u51ng earth based telescopes for 'a wide variety
of lunar mare surfaces and craters and have been classified

-according to their spectral features. Geochemical interpreta-

tions are provided from a background of laboratory reflectance
measurements of lunar, terrestrial and meteoritic samples.
Some of the principal results of this study are: = a) There
are major (regionally extensive) basaltic units on the moon
not returned by Apollo or Luna missions to date. About 2/3 of
the lunar maria are not represented in the lunar sample col-
lection. b) -Particular externsive units unsampled include:
i. medium to high-Ti basalts near Flamsteed in southern Pro-

" cellarum and in western Imbrium, ii< medium high~Ti basalts
. of Humorum and SE Procellarum and 1ii. low-Ti basalts of NE

Imbrium and-: F1¢gorls. c) The existence of late stage high-
titanium basalts is confirmed although these young basalts are
distinctly different in mafic composition from the early high-
titanium basalts. d) All mare surfaces contain abundant

'lateral variations of compositionally heterogeneous basalts.
@) Some maria are vertically 1nhomogeneous with subsurface

basalts being distinctly different in composition (eg. low-Ti
surface; high~Ti subsurface). f) Some basalt types are spect—
rally gradational suggestlng minor variations in geochemistry.

‘;Three regional series can be identified. g) The data suggest

that most (2 80%) of the lunar surface is composed of a finite
number (of discrete describable compositional units. ~h) Min-
eral components of unsampled units can be defined if spectra

are obtained with sufficient spectral coverag° (.3 to 2.5 um)
.and spatlal resolutlon (~ +5 km)

The51s Superv1sor° 'Dr. Thomas B. McCord el
. Title: Associate Professorsof Planetary Physics
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PREFACE

The content of this thesis can be considered in three
parts: a background section (I) that discusses what basalts
are and why they are interesting, a section (II) that provides
detaiied background of spectral reflectance remote sensing
techniques, and three sections (iII, IV, and V) that discuss
the application of spectral reflectance techniques to under-
staﬁdfng the geochemistry of the lunar maria. The length of
each section is not necessarily proportional to its contribu-
tion to the scientific output of this thesis, but is deter-
mined more by an attempt for completeness.

Section I is a brief description of basalts in the solar
system and'could easily be skipped by geochemists and petrolo-
gists famiiiar with terrestrial and lunar basalts. It is

clear this section is too short for‘the detailed discussion

‘that the topic merits. On the other hand, I realize the

length of this background material is perhaps out of propor-

‘tion with its direct relevance to the content of the thesis.

I hope thét sufficient detail has been presented so that rea-
ders unfaﬁiliar wifh basalts are able to understand what they
are and Why‘théy'aré interesting.

Secﬁion,II'proviaes detailed information concerning spec-
tral reflectance studies of lunar material.  Althoughkmuch of

this material has appeared in the literature during the last

ten years, some of the basic concepts presented have not been

- discussed fully or are currently being piepared;for'publicaf
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tion by'thé;ﬁs people involved in the field. Emphasis is
placed in this section on establishing a basis for interpre-
tation of remotely-obtained spectréi”reflectanée;data.

Sections III, IV, and V contain most of the scientific
contributions of this thesis. Thisrmatefiél is largely in the
form of self—cpntained manuscripts‘thaf were preﬁared'as the
thesis progressed. The content concerns the classifiéation of
remotely-obtained lunar reflectance spectra and the applica-
tions of spectral reflectance dataMEQ thefcﬁarééterizétion and
distribution of lunar mare basalt types. Tﬂe material pre-

sented in Section I and II proVides the detailed backgrdund on

the nature of basalts and spectral reflectance techniques that

-<annot be included in a (page-limited) published manuscript.
The major conclusions that can be drawn from the currently
Jévailable spectral reflectance data are summarized in Section -

’ V o
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I. BASALT TYPES: | AN OVERVIEW

Thé formal definition of a basalt concerns its chemistry,
minefafogy, and mode of emplacement. Basaltic cpmposition
is generaily 45-52% §i0,, MgO + FeO + Feéo3 > 15%, and Ca0O/
Alzﬁi > .60, The mineralogy,of common basalts is dominated
Ey calcic plagioclasé (An>5°), augite, *Ca-~poor pfroxenes,
ioli&ihé, and a minor amount of opaques. Basalts are ex-
trusive igneous rocks, i.e., melts which have cooled in
a lowmpressure envirohment on the surface.

Basalts are suspected to have erupted on the earth's
suriade for‘at least the last 2.7 billion years. They were

emplacéd on the moon's surface between about 3.9 and 3.0

billicp years ago (AE) and account for 17% of the moon's
surfacé area. Fron photdQeolOgic studies, basalts are ex-

pected to also have occurred in particular regions on Mars

|

~and Mgpcury. Laboratory studies of bésalt samples'from‘

the earth and moon show they have crystallized from a melt
detiﬁed from sub-crustal material and as such provide an
opportunity,to study the composition of the interior. The

composition'and age,of basalts put limits on the thermal

‘evolution of the planet. The basaltic achondrite class
~of meteorites fits the aboVe,chemicalvdefinition, and textur-

ally are often considered igneous. Since there are asteroids
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“trial

that have similar geochemical properties, asteroids are
often consiQered to be the parent bodies for‘the achondrites,
More loosely, basalts are considered the major igneous
rock types derived more or less directly by partial melt-
ing oﬁma mantle source. As such, basalts'provide imporfant
geochemical constraints on mantle composition. (The rela-
tidn of basalcs:to'the mantle at times involves a circular
definition') ;it is this mcre general description of ba—
salts that makes them 1nterest1ng as a planetary phenomenon.
However, since the nature of the ‘mantle, or source reglon
of"basalts is not llkely tO‘be +the same for all terres- ’
1 olanets, the prevalent 1gneous rock type derived by

partlal meltlng of the 1nterlor may not necessarily be

a basalt For example, the lunar high-titanium 'basalts

‘commonly contaln <40% SlOz, prlmarlly because of thelr hlqh

TlO content.” !The llkely 1gneous rock type derived from

the mantle of Mars would be extremely ultramafic (McGetchin

and‘Smyth, 1977).and well beyond the range of terrestr;Lall

‘basalts.

,Iffis‘tempting'to poStulate ahcommon ﬁeriod of 'basal-
tic' volcanism for all solid surface planets. belcanism'c~'

U

The adjectlve 'terrestrial' usually means pertalnlng to

i earth. However, in planetary science, it is often used

to describe a whole class of solid surface objects. The
,'terrestrlal' planets ‘include: Mercury, Venus, Earth, Mars,
and often- the moon and aster01ds. :
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is certainly a common occurrence on the terrestrial planets,

but each planet (and the ééteroids) has evolved in a unique

manner. It is hoped that a detailed study of the basalts

oh each planet will help define some of the general prin-

ciples of planetary evolution.
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I. BASALT TYPES: AN OVERVIEW
A. Basalts as a planetary phenomenon

1. Brief description of known and implied basalts

‘a. Earth
‘Thereiaie about 800 khomn‘active volcanoes on;
the surface/of the earth today (Verhoogen et al., 1970,
p. 262) and_ah‘undetermined‘number of dormant or extinct
volcanoces. The composition, mineralogy and mode of occhr?

vrence of materraltfrom these sources are a function of the
specific environment and planetary processes associated
‘with the regioh (see Section I-B). It is clear that the
,"earth is a dynamic planet and has been for most'likely

all its 4 5 AE ' history The current surface of the plan-
et is constantly underg01ng severe alteration and rejuve-
natlon from both tectonlc and meterologlcal processes.

The effects of plate tectonlcs whlch domlnate the geology
'of the earth may be unique in the solar system. Neverthe-
~less, there does ex1st stable regions in the contlnental
vplates that still contaln a record of early volcanlc rocks

‘*‘,(see Sectlon IB- 3), 1mp1y1ng that some torm of basaltlc‘

l'volcanlsmvoccurred'earlykln therearth's;hlstory,,perhaps be-

' 'fi fore 3. 0 AE.

Of recent terrestrlal basalts, the largest sur- .

i

'¥',~face area and perhaps the 1argest volume of basalts occur
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on the ocean floor and are generated by the midocean spread-

ing centers. Additional forms of volcanism occur near the

region of a subduction zone as oceanic and contlnental lith-
éspherlc plates collide: (l) the island arc volcanics

which include a variety of basalts and more silicious ma-
teriai,‘ahd (2) the continental volcanics which are’gener_
ally ﬁore silica-rich (e.g., andesite). Major volumes of
basalts can also occur within a lithospheric plate such

as is observed with the Hawaiian series of shield volcanoes
and the extensive continental flood basalts {(e.g., Columbia
River, Deccan). Alkali-rich basalts occur both on ocean

islands and also well within a continental plate. Addition-

~al contipepﬁéi volcanics associated with rift zones are
“often exrremely eompiex’ahd may include such 'exotici com~
‘positions as carbonatites as well as'more familiar~cempo-
‘sitibns such as basalt—rhyolite‘;assbeiations; In short,

'terrestrlal volcanlsm ‘is not only currently actlve'in a

sometlmes perplex1ng varlety of forms, but it also has

- a complex history as;a'planetary,phenomenon, much of which

has been erased‘

b. The Moon

There are two major geochemlcal famllles of

s‘;material enathe lunar surface: the mare basalts and. the

‘feldspathic:highlendkcruSt,"ThercomPQSLtlon, mlneralogy
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and texture of returned mare rocks are clearly basaltlc
(Sectlon I C) Although a component of hlghland material
(perhapSVZO%, Taylor, 1975, p. 255) can be considered ba-

saltic in composition, many highland rocks with igenous

textures are considered to be the result of impact melts

" (Irving, 1975) and the highlands in general are not basaltic.

Mare basalts account for about 17% of the lu-
nar,surface area and less than 1% of the total volume for
an estimated 60 km,thick_lunar crust. [This and much of
the detalls that follOwbcan be found in a review by Head
(1976) 1. Basaltic volcanism occurred on thedfront side v
of the moon filling the lowlands and forming the maria,from

about 3.8 to 2.5 AE {estimate) . Some form of volcanism

may also have occurred‘ln the highlands prior to the fill-

ing of the lowlands by mare basalts. Lunar mare lavas were

_very flUld and Wolumlnous and formed extensive flows. Thei
; ‘ :
; lunar crust formed early in the evolutlon of the planet

v(<4 1 AE) The mare basalts were derived from partlal melts

of sub-crustal materlals and were later emplaced in
the low-lylng reglons of the fractured surface. The total
volume of basalt is estlmated to be about 10 x 106 km3 !

The process of fllllng the maria took place over about 1 3

bxlllon years and produced complex depos1ts of smooth plalns, g

':Aboutfz,s,bllllon years ago, lunar volcanlsmkended.f,The
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evolurion:of rhe atmosphereless surface.was then essentiaiiy
frozen with only mereoroidmoombardment to alter its form.
ﬁnlike the earth,v;he mocn provides an.opportunity‘to‘study
early stages of the evolution of a_planet.‘

The:largeet known.volcano in the solar system

| e e R
%s the Martian Olympus Mons [SOO;km diameter, 23 km high,

'2.12 x 10° km?® volume (Blasius and Cutts, 1976)]. From

Mariner”imagery'many suchyvolcanoes (but smaller) can-be
identified (Carr, 1973) with a variety of ages. Although
much of the~highly cratered surface of Mars could have

an age comparable to the lunar highland crust, the Thar-
sis volcanoes could be younger than 750 m. y. old (Soderblomf
et al., 1974) Some of the volcanlc plalns (51mllar to

the lunar marla) could be: as old as 2 4 AE The comp051-

|
'tlon of Martlan 9011 as determlned by the X-ray florescence
, experlments'of Viking could be consistent with many mineral

. assemblages'which range from ultramafic igneous rock to

"'van 1ron-r1ch exten31vely weathered product (Toulmin et al.)
v31976 Baird et al.,‘1976) 1Earth based spectral studles:o~
‘of the Martlan dark reglons are con51stent with oxldlzed
:7basalt (Adams and McCord,71969), laboratory and theoretl- |

‘ :cal studles show photostlmulated<ox1datlon is the llkely

chemlcal alteratlon process (Huguenln, 1974) : Althouqh :



"”;Thevcomposatlon of the achondrltlc euorltes (monom;ct pig-

© eonite breecias)}'which constitute <3% of fails; is essen-
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Martian Qoioanism probably extended over a period longer
than that'demonstrated by the moon, Mars is clearly not
as active as the earth today and may even have been dormant

for the last billion years. The martian surface has under-

- gone extensive mechanical and chemical weathering causing

some of the record to be blurred.

d. Meteorites and asteroids

Prior to the Apollo m1331ons, the only samples
of extraterrestrlal material available were fragments of

unknown origin that fall to earth as meteorites. (See Was- ..

; soh;¥1Q74; for akdetailed discussion.) Most (>70%) of these“

falls are'ordihary chondrites, or chondrule-bearing sili-
cate assemblages with textures that 1nd1cate they have not
experlenced a severe. heatlng process. About 8% of the
meteorlte falls are cla551f1ed as differentiated silicate-

rlch achondrltes, or mineral assemblages (w1thout choudrules)

that possess mlneraloglcal and textural propert1e° Wthh

1mply crystalllzatlon from a melt and perhaps fractlonal

crystalllzatlon in a graV1ty field (Duke and sllver, 1967).

; tiaily basaltic. The extru51ve orlgln of some such eucrltes

"1s demonstrated by the ex1stence of ves;cles presumably

formed by the expans1on of gas evolved from a magma as the o
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resuir of °~ pressure drop during extrusion onto a parent
body surface.

_ The return of lunar samples allowed geochemical stu-
dies that effectively eliminated the moon as a possible
source for rhe meteorites. Comets, belt asteroids (main
Body of asteroids in orbit 2.2 - 3.2 AU from the sun), and
the Apollo asteroids (earth-orbit crossing) are the remain-
ing possible meteorite sources. Spectrophotometry of over
100" aster01ds (e.g., McCord and Chapman, 1975a, b; Chapman"
et al., 1975) and the mlneralogncal interpretation of the

speetra;(McCord and Gaffey, 1974; Gaffey and McCord, 1976)

"indicate that most asteroids can be understood in terms

of mlneral assembalges -common to meteorite samples. The

' earth however, receives a blased distribution of samples.
.‘Basaltlc achondrite-like materlal is extremely uncommon

«amoﬂgzthe asteroids with the main'belt being dominated by

materlal much like the relatlvely prlmltlve carbonaceous‘w
chondrltes. ‘The asteroid 4 Vesta 1s,the singuldar example

(McCord et al., 1970) of possible basaltic material- ‘the

: spectrum of this aster01d 1nd1cates a surface w1th a plg—

;eonlte basalt assemblage much llke the eucrltes.- Somehow;

1t seems a small body w1th a radlus 245-300 km havrng a

-3

den51ty around 3.0 g cm {4 Vesta) was able to develop

‘a basaltlc surface, whlle in the same part of the solar
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systema larger object with a radius 465-590 km having
akdensity around 2.1 g cm_é;(l’Ceres) remains undifferen-
tiated (Matson et al., 1976).
e. Mercury
Although Mercury was strongly suspected to
have a lunar-like surface, little was known about the plan-
et's surface until the Mariner mission in 1974. Earthbased’
sQectrophotomeﬁric measurements of the whole planet (McCord
amd Adams, 1972) indicated that the composition oﬁ-the sar—
‘face wae comparable to the lunar highlands--being rich in
tﬁe“dark impact generated silicate glasses.' Polarization
,; } ‘measurements indicated that the surface microstructure
?Awas‘also lunar-like (Dollfus and Auriere, 1974) . ‘Meticu-,
lous low resolution visual observations implied there were
Lat}least albedo differences across the surface (Dollfus,
: VhiQGI)‘ There is, however, no direct evidence for basalts
from the astronomical data.
| The Marlner 1mages showed the surface morpho-
,§ .‘ _; i gy of Mercury to be remarkably s;mllar to the moon (Mur
. | ray et al., 1974,-1975) Much of the surface 1s heav11y
ecratered but there ex1st many level and less cratered sur-’
é ’e ‘faces (plalns) 1nclud1ng the floors and surroundlng terraln

of many craters and ba51ns. The smooth plalns are somewhat

'v:‘darker than the heav;ly cratered terraln, but the albedo
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contrast is less than that observed for the moon. Although
no direct evidence for volcanism such as cones or domes
is observed, the volume and areal extent of the Mercurian
plains material suggest a volcanic origin. If the lunar
analogy holds for Mercurian early differentiation, the piains
material could be baséltic._
£. Venus

The size and density of the planet Venus is
notlmuch different from that of the earth, but little is
knowniaboﬁt the surface of the planet due to the extensive
andiopaquefatmosphere (~100 bars). Images of the surface
were obtained in 1975 by thé Soviet spacecrafts Venera 9
and 10 and%described by Flbrensky et al. (1977). The sur-

face contains both fine material and rocks. Some rocks

~are flat and show evidence of layering. One region contains

sharp-edged "slabs" of rock whereas the other region shows

rocks with smooth edges. Earth-based radar measurements

(e.g., Goldstein et al., 1976) reveal major surface features

reminiscent of the large basins on the moon and Mars. There

is currently no evidence for or against the existence of

volcanic material on the surface of Venus.
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2. Limits of planetary chemical composition set by

Solar System models

Since basalts are the prodﬁcts of crystallization
from a magma, they are at least second generation material
and are directiy‘related to the original composition of
the premelt material. Although some basaltic material
has p:obably passed through more than one seéuence of melt-
ing and differentiatiom, it is worthwhile to consider the
possible iniﬁiél startiﬁg material for the terrestrial planets:
Models of condensation from a primitive solar nebula (PSN])
describe simple condensation sequences that can account
for%most of the observed bulk densities of the planets énd

can also provide an estimate of their intial bulk chem-

istry (Lewis, 1974a, b; Barshay and Lewis, 1976).

The condensation models assume a PSN composition

’(Cameroh, 1973) and a reasonable description of the pres-

sure andifémpératdre with radial distance along the PSN
disk. 1In order to examine the predictive ability of a given
model, the elemental composition of the PSN is assumed uni-

form throughout. This second assumption, although not purely

: accuraté,éis necessary; unconstrained deviations from sim~
’.pliciﬁylpan result in an infiniﬁe_variety of predictioné.
>> 'The prigciples of Chemiggl therﬁodynamicé,ére §ppiied £0_ 

l*the assumed PSN and thekpfimordial.éémpoéitioh 6f’material 

is predicted in the region where'each‘planetVformed. ‘Both

b

1
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equilibrium and disequilibrium modeis have been examined.
The results of such models indicate that, with respect

to major element compositioﬁ and bulk density of the result-
ing planet, the terrestrial planets,and asteroids are likely
to have condensed under equilibfium or near equilibrium
conditions and that the assumptioﬁs of the PSN modgl were
thus not likely to be grOésl? differeﬁt from realitj.

o Compositions of various solar systém objeéts pre-
dicted by the equilibrium condensation model are sqmmarized
in Figure;IAl,2.(from Lewis,d1974b);, Mercury is pfedicted
to contain’a major amount of refractory metals and mineréls
with an iron-nickel alloy core and a limited amount of
MgSiO3 enstatite. Venus contains the’same comp@nents

as Mercury but with major amounts ofkenstatite’and perhaps
some,alkali alumihosilicates. Venus iS‘expectea ﬁo have'
little’if any sulfur.or water. The‘Earth)'by‘thiS model,
contains a small éﬁéuﬁt of water and iron.occurs as Fe hetal,’

FeO, and FeS. Mars, on the other hand, chtains little

or no unoxidized iron and more water than the earth.

A few Serious,discrepanéies ‘exist, however, between

predictions and observations. For example, the models do

not allow the earth (density = 5.5 g cm ?) and the moon

(density = 3.3 g cm's) to form in the samé:région of the
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solar system without some secondary processes affecting
the moon. Secondly, the nebular adiabat,'along which con-
densation is presemed to have occurred, does not cross
the,grapﬁife stability field, but carbonaeeous‘chondrites
(and probablY’SOme asteroids) are known to contain signi-
ficant graphite. It is suggested by Barshay and tewis (1976)
that the carboanound in meteorites may be a remnant of
,interstellarrdust and is an exeeption to the equilibrium
condensatioh‘models. | |

» Furthermore, there is an 1nd1catlon from the stedy
’of oxygen 1sotop1c composztlon (e Ty Clayton et al.,.1976)
that rnhomqgeneltles existed in the solar;nebula~prloritoy
 condensation.  This evidence indicates‘that the earth, the
vmeon,¢and the parent bodiee‘of differentiated stony and
iséony#irbﬁ meteorites must have been derived from the same

‘}’batchof solar“nebular.material. Five other groups of solar

"”system materlal can be 1dent1f1ed on the basis of oxygen

,'1sotop1c comp051tlon, none of whlch can be derlved from

-

'e'another by dlrect chemlcal fractlonatlon processes. IOne

”fffof these groups,.the ordlnary chondrltes which constltute

';ef the majorlty of meteorlte falls on earth, cannot have been

7der1ved from the same. homogeneous region of the solar nebula
'3f_as the earth. The dlfference may 1mply that the earth ‘

f&had a hlgher mean4condensat10n temperature.
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3. Formation of Basaltic Liquids~--Possible Heat Sources

Basaltic rocks by definition are igneous and crys-
tallized from a melt. On the earth, basaltic magmas are
"thought‘to be derised by partial melting of a mafic or
ultramafic mahtie (See IB). The lunar mare bhasalts are
also thought to be derived by partial melting of the inter-
; - ior (see IC) A number of possible heat sources for pro-
1 | duc1ng these melts are outllned below A recent re&iew
of p0551ble terrestrial melting processes is provided by
Yoder, Chapter 4 (1976).‘ The relative importance of each |

heat source is perhaps different for each planetary object.

ﬁ ,‘f'”v ..... v " a. Accretional Energy
“ ' The earliest history of a solar system has
not been observed astrohomically and is, kherefore, derived
»from a mlxture of fact and conjecture. At some tlme greater'
.than 4. 6 bllllOn years ago (11m1t1ng age of meteorltes,
IWasson, 1974‘ solid partlcles condensed from a coollng solar»e
fnebula. These small gralns began to agglomerate 1nto larger
bobject34 At some” p01nt the neo—planet became suff1c1ently
b large to allow grav1tatlonal accretlon of enough mass to
'form~a planet. For a glven homogeneous mass M w1th a radlusv

R, the accretlonal energy released 1s-'

a2
E_“'s;"ﬁ*—

T L i N e L
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For:a uniform earth, the gravitational energy per unit

mass‘would be about 4 x 101! ergs/g--enough.tovvaporize

the earth twiceover (Verhoogen et al., 1970, p. 600-601) .
The key to how much of this accretional energy

affects the original’ thermal state of the new planet is

.the degree to ‘which the heat generated can be radiated

away into space (see Mizutani et al., 1972). _The amount

of heat generated per unit time is a function of the rate
of accretion.:“Accretional energy is expected to play a

significant role in the 1n1t1a1 temperature profile for

a planet. Most models for the early history of the moon ‘
(e.g., Wood et al., 1970) require an original magma ocean
hundreds of kilometers deep (see IC2). Accretional energy

is nSﬁally cited as the probabie heat source (e.g., Hubbard

‘and Minear, 1975) with accretion time being less than 1000

years.

_ S
~b. Radioactive Isotopes
", —

Klnetlc energy of the a-partlcles and y radla-

' tlon emltted from radlo nuclldes is absorbed by surround-‘
rlng atoms and converted to: thermal energy. The heat pro—

nducted durlng‘any glven perlod 1s a function of the type'

nd amount of radloactlve 1sotopes. U51ng the estamated~

jiabundances of heat-produc1ng elements on earth _the’ radlo-.r

genlc heat'productlon_can be oalculated-as a funct;on~of



......

IA 32

time as shown in Figure IA3 (from Mason). 1In the earth,

the meltipg‘temperature of iron was reached after about 600

million years at a few hundred kilometers depth. Thermal
evoiution models of thefmoon (e.g., Toksoz and Solomon,
1973) , Mars (Johnson et al., 1974)r.and‘Mercury (Solomon,
1976)ttequire estimates of these long-lived radio nuclides
(u23s, U235,’Th232;7and K4?) ., Estimates are derived from
solar abundances information as well as measured amounts
ih‘tertestrial, lunar, and meteoritic samples. The lunar
basaits are geherally believeq“to be tesults of partial
melting of the interior causea.byitadiogenic~heating about
4.0.to 3. 0 AE ago (e.g., Taylor, 1975) .

It is unlikely, however, for small planetary

objects such as the asteroids to contain sufflclent long--

lived heat producing elements to allow bosteaccretional”
melting; Since the radiometric ages of most‘achonaritesg~
are‘close to 4 5 AE, an alternative heat source is required
to account for the early meltlng of achondrlte parent bodles.

Short—llved radio nuclldes such as Al (11/2 = .72 x lO6 yr )

~have been suggested as a p0551b1e short term heat source

“1n the early solar system (Reeves and Audouze, 1969)

Although at flrst no ev1dence of 26Al could be establlshed

. in meteorltes, the recent dlscovery of a 26Mg excess in
an Allende chondrule suggests the early ex1stence of

. now extlnctbzsAl (Leeret al., 1976).,
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Cat/yr (x 1077)

- Radiogenic heat forrned in the Earth-

by U, Th and “K separately and tocc‘hcr plotted
against time. (Attcr Vi movrado‘) 1961

a

= ;Frighre;IA"S‘.i.v;v’f
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c. Solar Wind Electrical Heating

Early solar wind heating of small objects
assumes - that young solar-type stars rapidly loose mass (~
1 orlglnal mass) and maintain an enhanced magnetic fleld
0»10 x;present) during a T-Tauri phase of stellar evolution.
As a piahetoid moves through this early plasma, conditions
can be favorable (e.g., no atmosphere) to allow an exchange

of charge between the plasma and planet. These electric

currents cause ohmic heating of the interior of the planetoid.

- This concept first prcposed by Sonnet et al. (1969) has

receutly:been reevaluated in light of additional informa-

tion about asteroids and,meteorites (Briggs, 1976). Briggs

'polnted out that the dlfference in low temperature elec-

trlcal conduct1v1ty of dlfferent types of carbonaceous chon-

‘drltes would cause dramatic differences in- solar w1nd heated

astero;ds of such materlal. For objects less than 500 km

in“diameter, Cl and C2-type bodies would survive a T-Tauri

i

’phase of the sun 1ntact, whereas the cores of C3 and Cc4- -type

'bodles would be elther metamorphosed or melted.

d.' Other Heat Sources

Core formation. For most of ‘the major terres—
i ,

trial planets%ihcluding'the earth, a comblnatlon of the

above heat sources caused (early7) exten81ve fractlonatlon i

of the planetary materlal The separatlon of the denser
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material into a core releases additiOnal'gravitational energy
(on thevearth estimated to be 103% ergs [Verhoogen et
al.;~1970, p. 640]). Core formation is a major event in
the thermal evolution of a planet (a summary for most ter-
restrial planets ls given in Soloman and Chaiken, 1976) .
Iﬁpact melting. After crustal formation (on
the moon at ~4.2 AE) the surfaces of planetary‘objects con-
tinue,to belbombaraed by various objects. The heat gener-
ated by‘aihigh velocity impact onto a surface is generally
sufficient not only‘to vaporize the projectile, but to
crush and melt the host material to some degree. Glasses
found in the lunar soils and breocias have clearly‘had such
an origin. No major bodies of impact melt,'however, have
been ldentified although a few of the returned,lunar sam-

ples are hypothesized to be crystallized from an im-

‘pact,melt (e.qg., IrVing, 1975).

e Tldal iotion. When two bodles interact (w1th—'

out collldlng) the grav1tatlonal deformatlon is d1551pated

‘as heat. The regular 1nteractlons of the earth and~moon‘
: 1s estlmated to account for 10g of the earths’' heat’flow‘
h(Verhoogen et al., 1970, pP. 640) Tldal d1551pati0n‘in
‘,reglons of hlgh den51ty contrast has been proposed as a
;“p0531b1e heat ‘source for some lunar magmas derlved along :
;hthe marglns of ba51ns when the moon,was closer to the earth

.3 0 AE ago (Wones and Shaw, 1975).7
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4. Formation of Basaltic Liquids--Partial Melting

~ If the otherktéffestrial planets are like the
earth'aed moon, then”basaltic (or planetary) volcanism,
if it exists,'is probably the result of partial melting
of mantie material. Experimental data for terrestrial ma-
terial will be used here to show the type of systematics
thatuoan occur in a crystal-liquid environment. A limited
amount of experimental data also exists for lunar material

and has been reviewed by Kesson and Lindsley (1976) (see

SectioanC). The formation of mafic melts from the mantle

of Mars has also been considered (McGetchin and Smyth,
1977). |

Y -“m&%ihere is much confusion concerning the terms "prim-
itive, primary and parental” as applied to igneous material

(e;g;, see Carmlcnael et al.; 1974, p. 44-46). To avoid

7 éonfus1on in later sectlons, these terms will be used
~throughout the dlscu551on presented here w1t5 the followxng
: meanlngs; PrlmlthO refers to early solar system material,

,generally Wthh has not undergone a thermal reworking.

| .
?resumably,carbonaceous chondrltes represent'prlmltlve maf‘

terial; the achondrites are less primitive beinglperhaps

only one step removed from prlmltlve materlal.' Primary'

melts are. those that have not been comp051tlonally altered

‘in any way s1nce thelr derlvatlon.  It may be unllkely that
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N

an ideal primary liquid ever reaches the surface of a pla-
L ;
net. Parental melts may or may not be observed. Parental

magmas are those which have generated an observed material

‘through some fractionation or assimilation process.

buring melting, the composition of a liquid prd-
duced is generally different from the composition of the
remaining minerals. The behavior of major and minor ele-
ments aée not the same: the major element gomposition of
a partial melt is contrdlled‘largely by the residual min-
eral assemblages, whereaslthe trace element abundances
are more sensitive to the degree of‘melting.

a. Major elements

i

| The earth's upper mantle is often considered

' Ho.be composed of some form of peridotite (olivine with

Orthopyroxene, clinopyroxene, + gpinel, * garnet). A sim-

plified system containing olivine (Fo), clinopyroxene (Di) ,

and’garnetk(Py) at 40 k bafs pressure (Figure IA-4) was

discussed by Yoder (1976,Achapter 6) to illustrate the prin-

ciplesuthat apply to partial melting. When the temperature

of a miné#g@ aSsemblage with composition X (60% Fo) reéches'

%670°C,“me1ting begins at the eutetic composition E. As

ore heat is added to the system, the degree of partial

~ melting increases but the composition of the melt remains
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Clinopyroxene

1790¢ 4 ) , 1790°
Di 1690° Py

Weight percent

The forsterite(Fo)~diopside(Di}- pvropc(Py) svstem at P = 40 kbar (after
Davijs.and Schairer, 1965. p. 124, Figure 35). E is the piercing- puint composition, The
temperature of the beginning of melting is assumed 10 be buﬂlcmnlly close to 1670°C that
the behavior is eutecticlike..X is a bulk composition considered analogous to a peridotite,
and X' and X" are succissive residual compositions resulting from the fractional melting
of X. B is the composition of liquid produced from the fractional melting of R, The dotted

ling is a construction line to illustrate the lever rule, and the dushed line is the focus of
-compositions of liquids. produced by melting of X' at temperaturcs indicated by the

isothcrms. (With permission of the Camegie Institution of Washington,)

Figure IA 4. (from Yoder, 1976)
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at E;‘the composition of the residual is driven toward R
untilpthe Di component is exhausted. If the melt remaine
in contacc with the residual as more heat is added, the
melﬁ composition trends toward A and then to X (equilibrium
or "batch" melting). If the melt is removed as it is pro-
duced (fractional melting), no melt will be produced as
the“temperature is raised from 1670 to 1770°C and a melt
of composition B will occur when 1770°C is reached.

For a given source region, a large amount of

lquld of a 51ngle comp051tlon can be produced the major

'element compos1tlon changes as a function of how and when

the’liquid is removed from the residuum. Melting.curves

‘for‘reai systems are perhaps more complicated than that

repreeented in Figure IA-4, and depend on the starting min-

‘eral assemblage. Melting curves for two natural peridotites

shown in Figure IA-5 (from Mysen and Halloway, 1977) illus-

traﬁe:the same principle, however: liquids of roughly the

‘same major element composition can be produced from a given

source region with distinct changes of composition as dif-
ferent mlneral phases part1c1pate in the meltlng event.k
The experimental data {e.qg., Yoder and Tllley,~

'196 Green, 1971 Mysen and Boettcher, 1975 a,b) 'show that

the melt compo51tlon is also dependent on the temperature,

' pressu:e, £y » and H,O and COz'content of the source region.

2
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In short, "...it appears that we can produce almost any
liquid composition from andesite to ollv1ne nepheliplte
by partial meltlng of mantle peridotite provided we se‘ect

the approprlate starting material composition, temperacure,

H

pressure,, £
2

: k [} k k i )
’ szo, and fcoz. (Mysen»and Boettcher, 1275b,

p. 588).

‘b. Minor and trace elements

6nly‘the rare earth elements (REE) and Rb
and Sr concentrations in basaltic liquids will be discussed
here as examples. Gast (1968) pointed out that although

major element composition varies only a few percent for

various basalts, the abundance of trace elements can: vary

as’ much as two orders of magnitudes. His models of REE

partitioning between liquid and solids indicate that REE

=fchemistry and major element chemistry of llquids produced

by partlal melting are in many cases effectively "decoupled"

Some trace elements are strongly concentratea in the first

',melt. For example,sz, and to a lesser extent K, are both
B greatly enriched 1n the 11qu1d for small degrees of partial
 melt (Figure IA—G, after Gast 1968) Actual partition

,coefficlents for trace elements are difficult to predlct

they are dependent on the minerals present in the source

a reglon,,the 51ze and charge of the 1on, the degree of par-”:l

ki{ tial melting, and to some extent the temperature and pres-~ :
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I ;
Fractionation of Rb and K during ideal fractional melting of lhe, zolite (diopsidé
" 10, enstatite 20, olivine 65, spinel $%). Ratios for 3 7 equilibrium partial melting are given by
circled points X (Rb), ¥ (K). (After Gast, 1968, p. 1073.) :
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sure of the melting conditions. Shown in Figure IA-7 (com-
piled by Yoder, 1976) are representative partition coeffi-
cients for the rare earth elements between common crystals

and melt liquid. OllVlne 1n the source region would strong-

i )
{ |

ly affect the degree of enrlchment of REE 1n a liquid,

whereas garnet stronglyvaffects the relative REE pattern,
The REE patﬁerns of various partial melts from peridotite-

B in Figure IA—S Were'examined by Mysen and Halloway (1977)

' and are shown in Figure IA-8. The degree of enrlchment

and the REE patterns are very dependent on the degree of

partlal melting.
c. Isotopes
Although there is no ev1dence for isotopic

fractlonatlon durlng part1al meltlng, special mentlon is

.-due radlogenlc 1sotope systematlcs such as Rb-Sr (see Faure

‘and Powell,‘197?) 87Rb is radloactlve‘wwth a halfrllfe

h'of about 4, 7 x 101° years and decays to the ~table 1sotopev

;7°7Sr Durlng partlal meltlng both Rb and Sr are concentrated
’h,fln the llquld (Rb generally more than Sr) Durlng crystal—’
'hllzatlon Rb is 1ncorporated preferentlally 1nto K- bearlng
tmlnerals and Sr lnto Ca- bearlng mlnerals. The ratlo of

ithe two s+able 1sotopes of strontlum, 87Sr/”Sr,_regularly
‘flncreases in t1me fromusome 1n1t1al value (1) at a-rate
‘~v;determ1ned by the amount of e7Rb present.,-The Rb-Sr 1so—as

"ritope systematlcs can thus be used to date the crystalllzatlonf:dn

T
-
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Representative partition coefficients for the rare-

~earth- elements between aatural crystals (olivine, orthopyroxene.

clinopyroxene. and gurmet) and dediced liguid compiled by Helmke
and. Haskin (1973. p.
clinopyroxene (DiLEns,) and glass at 20kbar tMasuda and Kushiro,
1970, p. 44. Tuble 2).:and between synthetic’ garmet Py Grossy)
and glass at 30 kbur (Shimizu and Kushiro, 1973, p. 413, Tuble 1),
C, = concentration. of rure-carth ‘cicment jn the residual crystal:
CL = concentration of r.m.-unh element in coexisting liquid.

(Yoder, 1976)

Enrichment factor

‘uf eaperimentally produced partict

Iefite (4), oceanic tholeiite from the Nizca plate.

1520, Figure:3). between synthetie

100 :
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|
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Experimentally determined REE fractionation patterns.
; ‘mzlts, Alkali basalt (4),
Hawafian alkali basalts - Alkoli bagylt (B), range of REE
contents of ulkali basalts from the. Lesser Antilloss Tho-
Tho-
lefite (8),; abyssal tholeiite, Baftin Bay, . - Picrite (4), picsite
bacalt, Azores, Picrite (B), picute, Balfin Bay.’

Four patterns for partlal

melts of sample B (in

Fig. IA-5) are indicated.

Figure IA 8. (Mysen and

Halloway)
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age fog a givenrﬂélt (Papanastassiou andjwasserburg, 1969) .
Fu:the£mdre, the initial strontium isotope ratio I describes
théacharacter of the source region at the time of separa-
ti&ﬁ‘of fhe melt. One of the most primitive values of I
(.69898) is that measured for the basaltic achondrites (age
v 4.5 AE) (Papanastassiou and ﬁasserburg, 1971). Initial
strontium ratios of basalts are generally compared to this
valué Qhen theyhistory of the source rggion is investiga-

ted.
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5. Crystallization of Basaltic Liquids

If a basaltic liquid is allowed to cool in a closed
system under equilibrium conditions, the crystallization
seqcence and resulting mineralogy can be well defined . as
a function of chemistry and pressure fromichservational,
thecretical;land experimental data (e.g., Bowen, 1928; Yoder
and Tiliey, 1962; Green and Ringwood, 1967). Such an equi-k
'librium situation rarely occurs in nature, howe&er, and
‘most igneous materials undergo some form of geochemical
‘alteraticn where either (1) the final bulk chemistry is

snotithe same as for the original magma and/or (2) the final
e : mineralogy is differentvfrom the predicted for equilibrium

situations.

- s a. -Geochemical Changes
g i_;‘ DIFFERENTIATION/CRYSTAL FRACTIONATION.
As. a basaltlc body of magma cools, the”first crystals to
form are the hvgh temperature mlnerals, such as Mg—rlch
ollv1ne (fosterlte, M9281O ) or ca1c1um-r1ch plagloclase
"thhe llquldus mlnerals are, of course, dependent on the com—,,
xp051t10n and pressure of the melt and can be determlned |
'experlmentally for a given melt compcsltlon. Once crystal-
llzatlon has commenced “the bulk composrtlon of the crystals
~v1s dlfferent from the compOSLtlon of the llquld (except

iii}]' ' ':for unlque llqulds of eutectlc comp051t10n) Any process
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that separates the crystals from £he meit before the cool-
1ng sequence is complete is termed "fractlonal crystalll-
zation" (e. g., Carmlchael et al., 1974, p. 62-65). If
early-formed crystals are more dense than the residual
liquidﬁ.gravitational settling will occur, thus effectively

;emoving thesé minerals from the melt and changing the bulk
’ _

compositon of the system. For basaltic liquids,

the removal of olivine or any other early phase to a cumu-

1atellayer below isva major process of chemical differentiation.
| ii. ASSIMI‘LATION.' Either during transit from

thevsource or while being emplaced,ravmagma may react with

theksurrouhding~host rock. The process by which components

of the host rock are incorpo;ated into the melt is called

"assimilation" and produces a change in magma composition

' difficuitfto detect and evaluate. Low-temperature minerals

may be melted and become part of the magma, thus alterlng
the bulk chemlstry of the magma. On the»other hand, 1onlc

exchange may occur between crystalllne host phases and a

‘__saturated magma and may’ only affect the trace element con—-‘

f

b. Petrological:results of~cooling conditions

From the time a magma 1eaves the source reglon,
1t beglns to cool. The texture and to some degree the mln— ’

f eralogy of the SOlldlfled rock is a functlon of the coollng

b et By B
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conditions. -

| i. CRYSTAL GRAIN SIZE. In general, only a
few Crystal nuclei are formed in slowly cooled liquids but
the rate of crystal growth is rapid. This results in rela-

tively few large crystals. For rapidly cooled liquids,

there are many nuclei with slow growth rates resulting in

*abundant very small crystals. During the cooling sequence,

conditions are not often constant. For example, slow cool-

-1ng rates could ex1st during a long rise to the surface

or whlle remalnlng in a magma reservoir allowing some early

: crystals to nucleate and grow.  When the magma is extruded

onto the,surface; however, it is cooled more rapidly and

the resultlng texture is- "porphyrltlc" with the large crystals,

or phenocrysts, enclosed by a flne—gralned groundmass.

S;mllar textures,can also be produced by entirely dlffer-

ent. cOnditiohs., A loss»of volatiles,'for example,»can

have a con51derable effect in raising the crystallluatlon

temperatures of 51llcate phases and may produce a texturev

comparable to rapld coollng. ¥ ’
VESICLES If a magma'is*éeﬁerated‘under

pﬁessure (at depth) and contains H 20 COZ; or- any gas phase,

spherlcal or tabular cav1t1es are formed as the gas is re~

leased atflower*pressurevwhen the magma-;s ~extruded ontO”w
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the surface. If cooling is rapid, the ges is trapped dur-
ing solidification of the rock. These frozen cavities
are called vesicles and are characteristic of many volcanic
surfaces. | |

iii. MiNERALOGY. " Since cooling rate essen-
tially controls whether or not equilibrium conditions are
maintained, it has a major effect on the resulting‘miner-
alogy. The extreme example is a quenched liquid that is
primarily glass. Intermediate are the rapidly-cooled ba-
salts that contain substéntialvglass in the groundmass
along with the fine-grained crystals. Non-equilibrium
cooiing’is commonly indicated by compositiconal zoning‘of“
cryetels in which the core is a high temperature phase
and the rim is a lower temperature phase (e. g., a decrease

in ca1c1um from core to rim of a plagloclage crystal)

pComp051tlon trends on crystal zonlng'can often~be complex

since the comp051tlon of the llquld can change locally

in a non—unlform manner as other minerals begin to crystal-

yllze,(e.g,,;seevHolllster et al., 1971).
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6. Surface alteration of basalts

few basaltic surfaces.are composed of unaltered mater-
ial, a fact which is of interest to geochemists who study
eitherésamples or remote sensing data. As will be discussed
ih Sections II through V, the geochemical information that can
be derived using femote sensing techniques is restticted‘to
planetary surface material. It is thus 1mperat1ve that the
p0551b1e and probable effects of the env1ronment to alter the

surface mlneralogy and/or geochemlstry be reasonably ander—

'stood.‘ A clear~descr1ptlon of surface alteration effects is

currentif perhaps the most difficult step in interbretihg're-

motely sensed data. A rather detailed discussion of lunar soil

prcpertiés is provided in Section IID. Terrestrial surfaces

are pe:haps an order of magnitude more complex than lunar.

'(Unfortuhately, inadequate attention has been given to the
syStematics ofrsurface alteration to be immediately useful in
;re@ote sensing ekéloration of terreétrialtresources.) ~Outlined

v‘be}ow are some of the types of envitdnmental alteration that

acah and do occur'on planetary surfaces.) The dlstlnctlon be-

tween mechanlcal and chemlcal alteratlon is for dlSCUSSlOH pur-

poses only;;ln reallty, the two are intimately related.-

‘agv'Mechanical aleration

A variety'of proceSses break an criginal solid suré

 face 1nto blocks or flner partlcles. Durlng the flrst bllllon
'rh‘years of plaﬁetary evolutlon, 1t is unllkely that any
. of the terrestrlal objects escaped hlgh veloclty 1mpacts -

; 3 _byvother,(smaller) solld objects._ The_observable.crust.
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of the moon, Mercury, Mars, and possibly Venus and the Earth
pave been permanently scarred by these early impacts. Crus-
tal material was also somewhat redistributed by these events.
Meteorite bombafdment continues to the present day in di-
minishing amounts. For atmosphereless bodies, the surface
‘has been cpushed and broken to some depth which'vaties ac-
cording to the scale of the definition. For example, the
lﬁnar "mega-regolith" (a result of the last major crustal
impaees about 4 AE) prObably'extends to a depth of about
'ZS'kQZT'Thevmare regolith (a‘resﬁlt of cumulative‘random
bombardment since ~3.5 AE) is\typically NS m. A mature
§w§, llunarvsoil;~on the other hand,‘has a mean particle size
| of about 100um and is‘dominantly the result of cﬁmulative
micrometeoroid bombardment during the last few lOOtmillion
1Years. |
| For planets with atmospheres, a varlety of
erosional and dep051tlonal processes occur dependlng on
”the type of weather inherent on the planet Condltlons
'on earth are perhaps the most severe in that water (raln,i
oceans, 1ce) e1081on has redlstrlbuted materlal for much
'¥%3 :fVOf the,planet s:hlstory;. It 1s suggested from photogeologlc
{.”;; ev1dence that eplsodlc fluld er051on has also been 51gn1-
EE 7ificant”on Ma:s.’ Aeollan (w1nd carrled partlcles) erosion

-and deposition are famlllarbln arld reglons;0n~earth and

are perhaps the dominant form of current mechanical surface °
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alteration on Mars.

b. Chemical alteration

Some form of geochemical alteration is asso-
ciated with each of the mechanical alteration processes
mentioned above. During an impact event, sﬁrface matefials
are mixed both vertically and laterally.‘_A portion of the
surface is melted and often mixed with the crushed but
still crystalline host rock. If these impact derived ma-
terials accumulate over long periods of time, the total

mineralogy of the surface can be drastically changed (see

Secﬁion@IIDl). Contamination of the surface by the impact-

ing object is very small, but often detectable (e.g., Anders

et al., 1973).

Atmosphereless bodies have been exposed to

a'history of solar wind particle bombardment. An exten-

sive literature exists concerning solar and galatic parti-

,ole composition and track studies for the lunar soils and

‘the regollth hlstory that can be derlved from such studles A

(e.g., Price et al.,'1975) Although it has not been con-

'clu51vely demonstrated, there 1s evxdence that solar w1nd

emplanted H-and C contrlbute SLgnlrlcantly to the reductvon

'of iron (to Fe°) durlng meltlng by mlcrometeorlte 1mpact

of lunar soils (e 9.0 Housley et al., 1973)nk

For the earth and- Mars, the domlnant chemlcal
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‘alteration is oxidation of surface material. A number

of oxidation processes are possible but do ﬁot provide unigue
products; i.e., the same result can be achieved by a var-
iety of means. Hydrdthermal alteration of terrestrial ba-
salts can occur prior to or after eruption. Oxidation ef-
fects on Mars, which may mim}c terrestrial processes, are
more likely due to a process by which surface material

is sfimulated by high energy UV radiation and oxidiéed’by
interaétion with atmospheric Oé (e.g., Huguenin, 1973a,

b, 1974). Huguenin (1974) eséimated a 30m thick layer of clay
minerals could be developed in 10° yéars in the Martian
environment. Meteorological and biblogical oxidation ef-

fects are quickly (within 100 years) noticeable on earth

 for fresh volcanic material, except in extreme high or

arid regions.

c. Current surface environment of ﬁhe terrestrial
~ planets
i. MERCURY; Atmosphereless. Meteorite bom-
bardmehtrextensive and continuing to present. Development

of regélith and soil likely. PoSsibly strong interaction

‘with solar wind although existing magnetic fieldyshould

deflect a significant portionygf‘particles. Strong ther-

;mal:surfacekenvironmeht (-180 to +350°C) .
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ii. VENUS. Dense opaque atmosphere (v102
bars). Currently unaffected by small meteorites. Possi-
ble wind erosion. Possible corrbéive atmospheric environ-
ment. HOT (480°C).

iii. EARTH. Atmosphere (1 bar) opagque to ‘

UV radiation. Surface unaffected by micrometeorites..  Ex-

tensive fluid and wind erosion and deposition. Multitude

of oxidation processeﬁl 3/4 surface covered with fluid
water. Extensive biological environment.

4iv. MOON. Atmospherelesé. Meteorite bombard-
ment exﬁensive and continuing to preseﬁt.‘ Wéll-ﬂeveloped
regolitﬁ with accumﬁlation of glaés-rich soil. Surface
material often saturated wiéh solar wind particles (H, C,-
N). |

v. MARS. Thin,%‘transparent_atmosphere‘(%,01

'bar). Surface unaffected by micrometeorites. Wind erosion

and deposition significant. (Possibie fluid erosion in

 4past;)‘ Oxidized surface (photostimulated), Developedksoil. 

~vi. ASTEROIDS.. Atmosphereless. Periodic

impact events. Accumulation of mature soil improbable due

_to_ﬁeakfgravity., Relative1y7'frésh5 dusty broken surfaéé '

probabie.
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I. BASALT TYPES: AN OVERVIEW
B. Terrestrialvbasalt types

There is no universally'accepted classification of
cation is the fact that there is a gradation from one rock
type'into another and boundaries are somewhat'indistinet.
For igneous rocks there has developed a nonstructured list
of terms that are widely used to describe the interrelated
mlneralogy and chemlstry of common rock types (see Carmichael
et al., 1974, Chapter 2). |

Basalts are voleanic igneous rocks; theykhave cooled
in a fow pressure enyironment (on the surface). Their tex-

ture ﬁs thus relatiVely fine grained, generallyk<l mm.

The m1nera10gy of basalts is dominated by plagloclase and

pyroyene and usually 1ncludes olivine or quartz and a minor

)

amount of opaques. The plagloclase 1s calcium rich (An S50

there can be one or two types of pyroxene, auglte * Ca—poor

;pyroxene. :Phenocryets_of olmvxne,_pyroxenekor feldspar

are often present.

'The:gnemistry ofkbaSaitic rocks is_basic: 45-53% Sio0,.

'~Iﬁon andfmagnesium cOntent is generally high (Mgo +.Fe0 '
+ Fe 203 2 .15%). Ca101um and alumlnum are. major elements
;3w1th CaO/Al 0o, generally greater than .60. Pota551um, SO=-

- dlum and tltanlum are present in varlous proportlons, these
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three elements are often used to distinguish different ba-
salt types.
' Because the earth is tectonically active and many (if

notaalli-of the surface materials are recycled a number

of times, it has been difficult to develop a classification

séhemerfor igneous rocks that relates directly to their
origin. All igneous rocks -are solidified melts that were
derived from some pré—existing material. The chemistry.

of basalts Suggests.they are a class of igneous rocks which
are probably related directly to melts from the earth's

mantle. Although other types of igneous rocks are related

to or associated with basalts, they will only be discussed

briefly where appropriate and not in detail here.

1. Geochemical Variations
There are three chemical and mineralogical descrip-
tionsiof a rock that represent its geochemistry and allow

bésalts to be classified. (1) Bulk chemical analyses are.

~derived from'whole'rock‘aﬁalySes and are expressed in weight

percent of the major oxides. All rock geochemistry is

- thus expressed inithe same units. (2) Modal mineralogical
, anai&ées, on the other hand, is concerned with the mineralogy

of a rqqk{?éach_mineraliis identified petrographically;‘

counted, and expressed - as a statistical.percentage. For-

, tunately,‘the number of minerals that'qomprisé”theybﬁlk’
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of igneous rocks is relatively small. (3) A third repre-

sentation of geochemistry is the normative composition,

a recalculation of bulk chemistry into about 10 "ideal min=-

‘eral" components rather than the chemical oxide analyses.

Siqcé.a wide range of mineralogy ¢an result as a magma cools
(see Section B&%ﬂ most comparative discussions of basalt'
geochemlstry are concerned with chemical oxide comp051tlons
or norms (the "mlneraloglcal" equivalent). For ease of
compa;ison, the chemistry rather than mineralogy of basal-

tic materials will be emphasized in this section. Detailed

petrological studies of the mineralogy are used to under—

stand'the history’(fractionation, cooling conditions, mode
of emplacement,setc.)‘of a particular sample.n

a. Relation of basalts to other igneous rocks

Chemical analyses and norms for‘repreSentative

slgneous rocks (from Verhoogen et al., 1970) are 11sted
'1n'Table IBl Approx1mate mlneraloglcal comp051tlons for
‘f:common lgneous rock types 1s 1llustrated 1n Figure IB—l
’(from Mason, 1966) Frequency dlstrlbutlon for SlO in
,cenozo:c volcanlc rocks complled by Chayes (1975) is shown

eln Flgure fIB¥2, The varlatlon of SlO is clearly not reg-v

ular: a. max1mum occurs near 499 1nc1ud1ng average basalts

;,but the dlstrlbutlon is strongly skewed towards hlgher 'sil-

' 1ca content. Flgure IB-3 1s a varlatlon dlagram for the

'PRECEDING PAGE BLANK NOT FILMED
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Chermcz! analysa and norms of some representahve ignmus rocks (expressed as weight percentages;

No.: ! 2 3 4 : 5 €
SiC;y 42.86 48.04 20.02 60.31 66.57 72.60
TiO, 2.94 1.83 223 1.02 0.60 0.46
AL,0, 11.46 12.04 15.05 17,53 15.14 13.12
Fe,0, 334 2.35 377 3.30 R I £ 1.32
; . ) FeO 9.03 8.80 7.37 385 1.90 1.62
i . : MnO 0.13 0.17 017 0.16 0.06 0.04
i Mg0 1361 14,41 7.01 259 0.56 0.60
b Ca0 11.24 8.76 10.17 5.97 1.50 2.20
Na,0° 3.02 1.60 2,05 320 4,18 - 363
KO 0.93 0.30 0.33 1.20 . 502 371
: HO0 056 163 1.65 0.50 301 024
! P.O; 052 - 012 0.27 014 0.19 0.04
Others C0, 0.30 830 025 820 0.06
Total 99.94 . 100.05 100.09 100.17 100.13 99.34 '
Q : 6.30 19.50 169 32.34
or 5.56 167 167 742 29.5 21.68
Ab 576 13.62 17.29 C27.04 . 356 30.39
An 15.29 2474 3114 28.72 7.0 8.62
Ne 10.51 )
Di 2943 1420 13.84 0.86 : 1.83
; Hy 27.47 1772 . . 901 30 1.79
o 20.79 9.51
Mt 487 325 557 4,78 ) 1.6 186
] 5.62 350 4.26 1.93 1.2 0.51
Ap 1.34 0.34 0.67 0.34 0.3
Total 99.17 98.30 98,46 99:30 95.1 99.42

Fxplamtlon nf column headings:
1. Highly undersaturated lava of nephelinite family, Honolulu Series, Oahu, Hawaii (H. W mchcll. Ceol. Soc. Am. Buk
- wol. 58, p. 30, no. 13, 147,
2. Soinewhat ‘undersaturated olivine basalt, Haleakala volcane, Maui, Hawaii (C. A \lacDona!d -nd T. Katsura, J. Pernd
- wol. 5, p. 122, no. C-122, 1964).
. 3. Oversaturated basalt tholeiite} Waijanae voleano, Qahu, Hawaii {MacDonald and l\atsur.\ ibid., no. C-27, 1964}
4. Pyroxene andesite, riortheastern Japan (Y. hwano, K. Yagi; and K. Aoki, Sai. Aept. Tolioku University, ser. 3, vol.
“mo. 1, p. 32, no. 70, 1961).
... 5. Trachyte, Main Range Queensland, Australia (N. C. Stevens, Proc, Royal Soc. Queensland, \-ol, 87, 10. 4, p. 46, vo.t
. 1965}
6. Homblende-biotite gnnodmn(e {granite)-Mt. Hale, Southern California, Bathoiith (E. S. Luscn, Ccol Soc Amcr. Ma
-89, p O1, 1946) ;

Table IB 1. (CTV)

éiﬁ,& i
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rocks' of Table IB-1 illustrating the general geochemical

relationship between the different rock types. As silica
indreases, iron, magnesium, and calcium decrease. Although
SiC)if2 content‘generally identifies basalts from other igneous
rocks, it is not a parameter that readily distinguishes
among the variety of basalt compositions. V(Most terrestrial
baSalts, nevertheless, can be grouped into only a few mag-
ma types (see below) , althoogh the distinguishing'boonda—
ries become very diffuse upon closer inspection.)

The derivation of more silicic igneous rocks
from basaltic magmas»through fractionai'crystallizetion

(e.g., removal of Mg, Fe-rich olivine, Fe-rich opaques,

:or Ca-rich plagioclase) is a fairly well accepted concept,
; although perhaps not universally applicableb‘ Such a trend“
: isygenerally compatible with the variation diagram of Figure

IB-3. The sequence of mineral-liquid reactions that occur

durrng.crystallization was described by Bowen'(1928) and

‘aforms tﬁe'baSis for‘many-soggeSted series of differentiated

rocks. Such a sequence ~suggests the relatlon of basalts

to other -more ac1d1c 1gneous rocks 1s one of prlmary to

_.secondary, or more extensrvely processed, materlal..f

b.‘ Magma types

In the early part of the century, Bowen (1928)
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. recognized and convincingly established the parent&i'role

of basaltic magma. The Scottish island of Mull became a
case area where two main basatic magma types were recognized.
Kennedy (1933) then described what appeared to be two world-

wide basaltic magma types: (1) olivine—baseit containing

(in addition to plagioclase) olivine, augite and alkali

feldspar, nepheline or zeolites; and (2) tholeiite basalt

containing pigeonite; augite and siliceous material. Oli-

“vine basalt would lead to trachytes with differentiation

and tholeiites would lead to rhyolites.
Experimental studies of natural and synthetic

rockfsystemsvled Yoder and Tilley (1962) to describe a gen-

, eralized Simple basalt system that can be ekpressed in

terms of normatlve components (Flgures IB-4a,b from Yoder

~and Tllley). They further defined the chemistry of tholelltes
(normative hypersthene, with modal augite or subcalcic

augite, plagioclase, iron oxides, #* olivine, % quartz)

and alkali basalt (normative nepheline and olivine and modal

high—Ca_augite,fplagioclase, olivine, andfgenerally Na‘O '

R 2 K O > .3%). An 1mportant crlterlon 1n thelr cla551f1ca—

tlon 1s the degree of silica saturatlon, 1nd1cated by whether

rtor not quartz 1s present in the norms. Wldely used termln—,f~

'ology for,three commonly_observed,basalt comp051t;ons has
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emerged: (l)<tholeiité—-oversaturated with normative quartz

and hypersthene; (2) olivine tholeiite--somewhat undersa-

turated, with normative hypersthene and olivine; and (3)

alkali basalt--undersaturated with normative olivine and

nepheline. Yoder and Tilley emphasized that there is a
continuum betWeen all basalt types even though at low pres-

sures there is a thermal divide which roughiy corresponds

totghe}'critical plane of silica undersaturation' (Fo-Ab-

Di in ?igure IB-4b). This equilibrium thermal divide,
howéVer, changes with pressure and the two basalﬁ types
may be related at depths with the alkali basalt type mag-
ma having a deeper source.

As pointed out by Carmichael et al. (1974) such

simplified terminology is a geochemical convenience and

.does not necessarily imply the same origin for two rocks

" with similar gross chemistry. Not only do some basaltic

materials seem out of place in such a universal classifi-

cation, but the unique distinguishing characteristics of

-each basaltic province in reality defines an infinite num~.

- ber of‘basalt.types., 

If and‘hdw one variety‘of basaltic material

is felated,to another is the subject of many professional

';papers, each with a:(slightly)’different‘emphasis. Yoder
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(1976) has written a book to expand on fhe concept of how
common pressure—temperature—dependen£ phase relations con-
trol the restriction of magma types. MacDonald (1968) sum-
marizéd a variety of data linking the Hawaiian'alkaliq rocks
with the main olivine tholeiites and concludes that crystal
fractionation plays the major role.  Engel et al. (1965)

come to a similar conclusion. A grand scheme for the deri-

vation of all basalt types was ambitiously described by

Green (1971) inVolving different degrees df melting at
different depths with and without water and with later
fractionation (Figure 1B-5a,b from Green, 1971)'; Allowing
variations through contamination and hybrid theories (e.g.,

Eichelberger, 1974; Moorbath‘and Welke, 1968) it is truely

iamazing that some real similarity does indeed exist allow-

ing a gross classification of basalt magma types.

2.’ Basalt Types Associated with Specific Environments
' Great volumes of magma are being extruded along

the ocean rift zones as two lithosphere plates are separa-

ting. Such extrusion of volcanic material results from

;'perhaps the mokasimple terrestrial plumbing~systemkbétWeen?k

soﬁfée (presumably the mantle) and vent. Thekavenues~that

all other terrestrial basalt magmas take to reach the sur-

face and the pro¢eSses that occur along the way are less

clearly understood but are certainly dependent on the geof E
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1ogic$1 setting. The major basalt types and associations
that occur in particular terrestrial environments (summa-
rized in Figure IB-6, from McGetchin, 1975) are discussed
briefly below. Except as otherwise noted, the tables of

chemical composition and regional summaries are from Car;
‘michael et al. (1974), referred to a CTV.

a. Ocean ridge and floor basalts

Geochemical data accumulating over the last
few decades indicates that the rock type covering most of
the earth's sﬁrface (the ocean floor) is a young basalt
of distinctive and roughly universal composition: olivine
tholeiite (Engel et al., 1965; Kay et al., 1970). This
basaltic crust is formed at the spreading centers (ridges).

The geochemistry of representative oceanic
‘tholeiites visf presented in Tables IB-2a,b. inrgeneral,
éhese basalts aré characterized by normative olivine, low.
Fezoa/FeO,'low potassium, high K/Rb (700-1000), and very

.low sr87/cx8s (.7023—470245; Tatsumoto et al., 1965; Hart,
1971) . Oceaﬁic tholeiites show a ré&atiVe depletion of
lqrge ﬁon litbophile elements;‘ The rare éarthkélemént éat-
'térniis roﬁghly chondritic bﬁt with the'light rare earths
depletedQ—a.pattern perhaps‘uniqué to £he ocean ridge ba~

| salts (Figure IB—7? from Gast, 1972). A1203 is variable
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Chemicalv compositions (oxides, wt %) and CIPW norms of rocks from mid-Atlantic ridge

1 2 3 4 5 6 7 8 9 10

Si0, | 49.20 1 49.02  49.27 4794 49.00 47.50 49.70  48.65 43.15 48.56 %
TiO, i 2.03 1.46 1.26 0.75 146 1.83 1.49 144 270 024 -
AlO, ©16.09 - 18.04 1591  17.45 1550 1600 . 14.85 1599 13.46 18.69 -
Fe,0; 2.712 1.58 276 1.21 . 216 218 452 227 |
FeO 1.17 622 . 7.60 847 997 1220 827 6.19 - 822 430
MnO | 0.18 0.13 0.13 013 — — 0.18 0.15 0.1 0.1
MgO 6.44 7.85 849 1019 800 537 856 966 1080 9.26
CaO 1046 11.51 1126 1126 1080 1140 I1L17 1152  9.80 12.67
Na,0 3.01 292 258 237 290 257 269 271 347 188
K0 0.14 008  0.19 0.09 = 0.21 049 0.5 - 057 .63 -0.07
P,O; 0.23 012 013 008 — -— 0.13 021 075 - 0.02
H,0* ' 070 064 . 0.35 0.23 0.61 0.75 121 L72
H,0- 095 057 051 015 119 328  0l16 030 015 017
Total 99.92  100.14 10044 10032 98.83 100.64 100.12 100.32 9997 9996
0 0.3
or . 0.8 0.5 1.1 0.6 1.27 296 111 334 963 056
ab 25.7 244 218 200 2503 2225 2306 23.06 9.67 .15.72
an ' 29.8 363 312 367 2923 - 3138 . 27.52 0 2975 1634 42.46

ne ' , 10.67

L di 17.4 16.6 19.2 152 1619 1542 21.81 2110 2223 - 15.96

. : by 16.2 7.7 136 45 9.4 6.63  13.19 1.26 14.07
ol @ | 9.0 59 19.7 1008 9.48 633 1445 1676 495
mt E 40 23 40 1.8 222 222 325 325 655 0 .335
i 3.8 2.7 2.4 14 283 3.56 289 274 513 -0.46
ap 0.5 0.3 0.3 02", 033 034 . 034 . 048 .1.64 005
Total' 985 99.8 - 99.5  100.1 9632 9424 99.50  99.43 98.62 97.48

Expld‘nra,}hn of colurnn headings

1 Oceanic tholeiite, depth 2910 m;20°40°S, 13°16"W (Engel and Engel, 1964a, D2-1) - -

2 Occanic tholgiite (diabase), depitr 2388 m:'9°39'N, 40°27°W (Engel and Engel, 19644, DS5-5)

3 Oceanic tholcnxe, depth 3566 m, rift floor; 28°53'N, 43°20'W (G. D. Nicholls, 1965, table 1, analysis -

D

High-alumina basalt, somic loc.xhtv as 3 (G. D. NlChO”S 1965 table 2, analyms 2) ,
Oceanic tholeiite, ‘depth 4200 m, rift floor; 30°08’N, 43"37 W (Kay ct al., ‘1970, analysis A150-..
21-1Cy ‘ ‘ :
Basalt, dcpth 3700 m; 31°49°N, 42°25'W (Kay et ali, 1970, analysis GEIGO)

Basalt, depth 3700 mj 31949'™N, 42°25" W (Muir and Txllcv 1966, p:-195; analysis 3)

Basalt, depth 3600 mi, rift floor; 45°44°N; 27244'W (Muir and Tilley, 19645, table i, analysxs 5)

Alkali olivine busalt;depth between 2000:and 3000m; a few kilometers northeast of St.Paul’s Rocks;
CUUIPEING 29°21°W (Melson et al, 1967). ' o
10 Laminated gabbro, dt.p(h»SOOOto 5000 m, Romanchctrcnch 0’14 N l7°7'W(Mc!sun andThompson.
Tl 1970) ‘

LV 2P -

0 00 3 N

Table IB 2a. ~,(CTV,)‘
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and atomic abundances and
abundance ratios of trace elements and isotopes of ocean-floor lavas, rises of East Pacific Ocean

1 2 3 4 5 6 18‘ 3a 43
Si0,  49.80 '49.13 4830 59.00 49.90 50.10 Ba - 25 19.4 54.8
Ti0, 202 123 219 175 108 218 Ce 16.5 75
ALO; 1488 ‘1497 - 1430 12.60 17.30 13.80 Cs 0074 0.082
Fe, O, 1.55 = 3.28 Co 35
Feo . 1004 sz 1170 1200 760 123 O 160
MnO.. 021 0.16 : Ni S8 58 10
MEO 674 7.68 670 170 708 611 Pb 049
CaO 1072 1268 10,10 560 1278 1090 Rb 1.06 5 7.25
Na,O 291 237 275 425 245 283 Sr 110(86) 107 105
KO 024 016 018 065 018 016 Th 0.21
H,0* 054 1.06 v 400
H,0- 006 125 ‘20 178 080 Zr 150
K/Rb 1890 310 770
Total  100.19  99.84 97.51 99.33 99,17 98.38 Cs/Rb 0.014 0011
: Th/U 2.3
o 0.79 13.66 0.04 Sr®7/Sr®¢ 0.7025
or 1.1 089 110 392 1.08 0096 PbI°%/Pb2°* 1824
ab 24,6 72001 24.08 . 36,70 20.99 - 24.25 Pb*O7/Pb°* 1553
an 267 29.75 27.06  13.66 36,12 24,79 Pb*°%/Pb2°¢%  38.03
di 220 2573 1959 11.84 2190 2396 U?*°/RPb*O* 6.4
hy 137 71279 17731427 13061927
ol 5.7 354 212 -
mt 23 476 225 222 220 220
il 37 236 430 239 208 419
ap 06 035 034 033 033 033
Total 100.4° 9743 9999 99.99 9998 99.99

* For analyscs 326, norms arc calculated {Kay et al,;
(Fc;O, = 1.50 p.runt) and reasonablc values of MnO (0.18 purc;nt) and P,05 (0 15 pcrccnl)

Explanation of co.’x.mn lxcadmgs

..3,3a

" 4,4a

1 Glassy basalt, East }’mﬁc nse. depxh 2300 m; 12°52’ S 110°57'W (Engel et al.,

analysis PVD-3)

“la  Trace- clement and isotopic ‘data for analysxs 1 (Engel et al

Tatsumoto; 1966)

2 Basalt, Mohole drill. core. depth 3746 m; oﬂ' GmdalUpc Island (East Pacific nse), 28“591\‘
~$17°30°W (Enget and Engel; 1961, p. 1799, analysis 1)

V2023)

analysis V21i:0) -

- Basalt, Gordo rise, depth 2500-m3 41° 15 N 127°28'W (I\w et al.,

’ "hf‘igurey IB 2b.

(CTV)

_Basalt, East Pucific l’lSL.vd plh 3!"0 m; 7°OS N, 103“15 W (Kay et al,,

““Andesite” ¢ glass, East Pacific rise, dcplh 318’ m 5°31'S, 106°46'W (Kay ct al,

1970) assuming a low state of o\udatmn of Fe

1965, table 1,

1965 Tatsumoto ei al, 1965;

1910 p: 1593, analysis

1970, p. 1593,

) 1970, p. 1592, analysis 13E) -
.6 Basalt, Juande Fuca rise, depth ZSQ" m; 44°36°N, 130°19'W (Kay ct al., 1970, p. 1591, analysis 2C)
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andrsometimes high.

In spite of their general primary nature, wost
dredged basalts nevertheless show smail compositional var-
iaﬂiohsvthat are ascribed to shallow differentiation or
vffaccionation/in thefascending magma'(Kay et al., 1970;

Frey et al., 1974; Mazzullo’and Bence, 1976). Removal of
plaéioclase and»olivine at shal;ow depth from a mantleade-
vriyed”yiquid would account for most of the‘observed major
andvmiﬁor element trends. For example, TiO} is concentrated
in the more fractionated magmas (Figufe IB?B, from Mazzullo
and Bence) .

| Samples obtained from the fracture zones and
aseismic ridges associated with the mid—Atlantic rift val-
ley are more fractionated types of basaltic rocks than those
'from:the‘:iﬁt itseif (Hekinian and Thompson, 1976). The
cranéform fault rocks are depieted';n oliviné‘and have
.a higher'raﬁge of TiO 'confent;, Variation diagrame for'
'basalts from the mld—ocean rldge, fracture zones,.ana aseis—
- mic ridges are shown 1n Flgure IB-9 (from Heklnlan and Thomp—
son) . Some recovered rocks are gabbr01c and may be part. |
of an 1nstru51ve layer (Mlyashlro et al., 1970) |

| The basalt cores obtalned from the Atlantlc
~floor away from the rlft ax1s show no obv1ous systematlcea

~ compos ltlonal dlfferences as a functlon of dlstance from



2000

1000
800

600

400

200

100

o
o

60
40

Chondrite concentration

20

.1

enr——
- o mroo—o
- ——— -
—— o

esrenus erservese

| S T I

IB 74

Oceanic ridge basalt
Alical basalt , Hawaii
Nephelinite, Hawan
Mirette, Hopi, Arizona
Leucite basalt , Wyoming
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Figure IB 7.

(Gast, 1972)

Chondrite normalized terrestrial LIL abundance patterns. Data are from Kay (1970), o
Kay ez al. (1970), and unpublished data. Uranium data on oceanic basalts '

were furnished by Tatsumoto (personal communication). .
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The andesinie rocks are from Carmichacl (1964) and lrom (urod (1972).: The lholcuu.s are from
Cannuh.n.l (I‘)N) and from Sigvaldason (1969) S

,Fi’gure 1B 9. (Heklnlan and Lhompson, 1976)
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the ridge (Frey et al., 1974). No oceanic rock has been
recovered older than Triassic and there is no indication
that the source region for North Atlantic ridge basalts
has e&olved since the late Mesozoic. Because the Atlentic
Ocean basement appears to be roughly spatially and tempor-
ally homogeneous and composed of large ion lithophile ele-
ment depleted tholeiites, Frey et al. support the sugges-
tienéby Kay et al. that the source rock for this material
(the upper mantle) is a (extensive) residue from an earlier
melting event. ‘
Although an increasing number of exceptions
will ge found (e.g., Bryan et al., 1976), it is clear from
the data in hand that the major rock type that forms the
pceanic crust~is tholeiitic baselt depleted in large ion

lithophile elements. The source of these basalts (the up-

per mantle) and the geological processes of formation, frac-

tionation, and extrﬁsion-have'produced on a global scale

immense volumes of magma with roughly the same domposition.

- Our understanding of these young oceanic basalts is closely

associated with plate tectonics. It is unclear,bhowever,

whether:any comparable terrestrial basaltic volcanism oc-

~curred prior to the breakup of thereontinents during”the

Triassic period.

et e e e
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b. Ocean Islands

The volcanic islands and seamounts that occur
in the ocean environment show a much more complicated var-
iation of chemistry than the great volumes of ocean floor

basalt. Almost all islands show a variety of igneous rock

types, the sequence of which can generally be interpreted

as differentiation series. Although a few_trends are sim-
'eilan-ip widely separated islands, it is clear”that'there {

are significant differences in either the source composi-

tion,{the‘melting conditions, or the sequence of processes i

(indluding fractionation) that occur prior to extrusion.

i,

s | For the discussion below, the volcanic island provinces
. havr been grouped accordlng to whether the series of observed
. ~ .rocks seem to follow a sequence with (i) tholellte-—rhyollte,
o (ii) alkall basalt—-trachyte——phonollte, or (iii) both.
i. THOLEIITE SERIES. Islands that occur on
or near a currenﬁ oceanic ridge invariably consist to sOme ;
 degree§of theleiitie basalt although the chemistry of such
. basaits is'not ideniibal to the‘oceanfridge_basalfs. Po- 'lﬁ'
,tassium is generaily slightly higher-for?nonQridge tholeiites.
:The rare earth element patterns of 1sland basalts usualiy
show no depletlon in LIL elements." o | AR ; ji
o Iceland, centered on the Atlantlc rift, j ;

; ¢Qnsists'predominantlkaf oversaturated (ollv1ne—free)

it
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tholeiites (Carmichael, 1964). About 10% of the total
accuﬁuiation of volcanics is rhyolite and andesite. A low
pressure fractionation scheme is proposed from a‘parental
olivine tholeiite.
Olivine tholeiites also predominate on

Ascension Island (on the mid-Atlantic ridgé) as well as
on a number of Pacific islands such as Guadalupe, Clarion,
and a few of the Samoan islands. Minor amounts of silicic
trachyte and andesite occur as associated volcanics for
these islands.

ii. ALKALI BASALT SERIES. Most of the non-
ridge oceanic islands and seamounts contain basalts enriched
in alkalies and’undersaturated in silica. These alkali

basalts show a rare earth pattern regularly enriched in

- the light rare earths (Figure IB-7). The associated rocks

(differentiates) are highlykalkaline trachytes, phonolites,

or pégalkaline rhyolites. A potassium variation diagram
(Figure IB-10 from Engel et al., i965) shows a fai;ly'shérp
distinction betweén‘the chemistry for thése bceanié'island
basaits and those from the ocean ridges. }

Various rock series can be found on a num-

' berﬁqf ocean islands with alkali basalt magma generally

'thé hypothesized parent. the extreme, re?resented_by the

islands of Trinidad and Férnando_dé'Ndrbnha, far off the
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_Chemical compositions (oxides, wt %) of volcanic rocks from Trinidade and
Fernando de Noronha

o v

1 2 '3 4 5 6 7 8 9
Si0, 3900 4008 4480 5116 3842 4268 4423 5482 G081
TiOs 3.60 . 2.30 160 049 401 200 433 050 065
ALO; 11.86 1567 1776 ~21.53 1355 1665 1012 22.46 18.88
Fe;0s 620 675 555  2.64 332 508 350 184 257
FcO 9.55 5.7 3.81 1.86  9.40 8.1 658 072 - 000 °
MnO 049 015 020 007 021 020 018 012 - ~—
MgO 12.31 449 347 0468 1254 557 1L70 0.07 061
Ca0 10.40 - 10.60 ~ 7.80 192 1175 11.00 - 1L45 142 170
Na;0 3.68 649 687 1053 372 504 320 1022 620
K.0 1.80 1.35 387 569 086 1.69 112 593} 580
P05 0.55 1.40 088 005 101 067 078 012
H,0t 050 340 110 172 115 052 0 204 082 s
1,0~ 0.30 2.20 2.30 045 nd. 078 050 002 222 wi
Cl : 0.24 0.28
SO, 1.14 .0.31* 098 )
, : v
Total 99.94 10005 10001 10027 99.94 99.99 10004 100.32 99.44
* CO;.

Explanation of column headings

1
2
3

Nephelinite (ankaratrite), Trinidade (Almeida, 1961, p. 168, table 19, no, 6)

Nephelinite, Trinidade (Almeida, 1961, p: 122, table 9, no. 1; p. 168, table 19, no. 10)
Sanidine nephelinite (grazinite), Trinidade (Almeida, 1961, p. 137, table 13, no. 1; p. 168,
table 19, no. 17)

Phonolite (tinguaite), Trinidade (Almcida, 1961, p. 108, table 6, no. 3; p. 168, table 19,
no. 24)

Nephelinite (ankaratrite), Fernando de Noronha (Almeida; 1955, p. 154, no. 30)

Alkali basalt; Fernando de Noronha (Almeida, 1955, p. 150, no. 18)

Nepheline basanite, Fernando de Noronha (W. C. Smith and Burri, 1933, p. 430; Almeida,
1955, p. 150, no. 19) . : '

Sodalite phonolite, Fernando de Noronha (W. C. Smith and Burri, 1933, p. 412; Almcida,
1955, p. 145, no. 3) v .

Trachyte, Fernando de Noronha (Almcida, 1955, p. 147, no. 10)

Table IB 3. (CTV)
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coast of Brazil, is a nepheline--phonolite series. All
of the rocks are exceptionally high in alkali and low in
silica and contain high normative nepheline (Table IB-3).
Another extreme is represented in the rocks of Tristap de
Cunha (Table IB-4) where alkali baselts exist in only minor
amounts relative to the (differentiated) trachybasalts
and trachytes that are greatly enriched in potassium (and
thus, Rb, Ba, Sr, Th and U).
More typical (?) of the oceanic alkaline

basalt series’are the rocks of St. Helena (Baker, 1969)
an island about 800 km east of the mid-Atlantic ridge.
Alkali basalts make up A70% of exposed rock generally fol-
lowed by mugearites, trachytes, and phonolites (Table IB-5).
Chemical variation diagrams (figure IB~1la,b,c,) are con-
sistent with a fractional crystallization model (early -
1a£e: olivine, chrome spinel, pyroxene, plagioclase, al-
kali feldspar) of'parental alkali olivine basalt liquid
(ox % ab + ne = 35).

| iii. THOLEIITE——ALKALI BASALT ASSOCIATIONQ-
Although tholelltes and alkali basalts appear to be distinct
and separate parental materlal in a w1de varlety of oceani
environments,.there are also signifidant oceanic proVinces
where they are not only both present, but perhaps related

Galapagos. The currently active Galapagos
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Chemical compositions (oxides, wt %), CIPW notms, and atomic abundances (ppm) of trace elements in volcanic rocks of Tristan
da Cunha (P. E. Baker et al., 19564) and Gough Jstand (Le Maitte, 1962, takle 10)

1 2 3 4 5 ] 7 W 2 3 4 52 e 1.
sio, 4243 4601 5495 530 4773 4879 441 Ba 70950 1200 1000 800 00 s
Tio, . - 411 219 188 12 330 3B 167 Co o 2 2 100 s
ALO; 11415 1683 1963 195 1583 1139 1737 & 65 18 20 100

Fe,0, S84 . 760 162 17 202 248 402 L 4 4 10 13 16 s ’
FeO 843 37T 331 22 895 139 329 Ni <0 100 % )
MnO 017 013 018 01 014 010 012 Pb 10 18 14 28

MgO 63t 475 142 10 83T 400 227 Rb 10 10 230 350 100 40 1w
€20 1S 936 573 33 87 897 436 Sr 1000 1100 - 1300 650 640 1000 pe
Na;0 77374 SE9 65 . 289, 328 494 V 400 . 200 . 95 01400 20 w0
K.0 204 272 495 53 L1022 469 - Zr 2 330 350 135 20 4w
P04 058 118 043 02 029 026 046

H,0* 034 001 000 02 018 095 056

H,0" 044 003 001 01 006 076 150

Total 99.97  100.04 100.05* 99.3  99.87 93.86 100.05%

or 1206 16,08 29.27 31.33: 10.01 - 1334 - 27.80
ab 695 21,63 2999 40,12 2310 22,77 39.30
an 2016 21,13, 1357 B33 2446 2613 1140
. ne 8.93 543 9.66 8,06 142
i 2801 1373 9.60 536 1369 1357 5.19
Ay 0.86
ol 5.48 403 0594 055 1657 €99 240
air g47 103 234 246 302 - 1T £.30
: il 7.81 416 300 223 623 608 3.i9
B ap 1.37 2,78 1.0t 047 0.7 0.67 134
.
Totat 99.24 ° 100.00- 99.38 99.01: 99:61 98.26 = 97.84

* Including C1 = 0.37, F = 0.08. k ' .
tIncluding F = 0.13. : . o

Explanation of column headings ; . !
Numhbers in parentheses refer to specimen nurnbers in sources cited.

"1, la - Alkalj basalt (6), Tristda da Curiha : - : T -
2,2a  Trachybasalt (369, Tristan da Cunhd
3,3a  Trachyandesite 1657), Tristan da Cunha
4, 4a - Trachyte (560), Tristan da Cunha -
5, Sa - Olivine basalt (G111}, Gough Island
6, 6a Trachybasilt (G22), Gough Island
7, 7a  Trachyandesite {G86), Gough Island

Table IB 4. (CTV)
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Chemical composftion (oxides, wt %), CIPW norms, and atomic abundances (ppm) of
trace elements of volcanic rocks of St, Helena (1. Baker, 1969, table 2) and Mauritius (Shand, 1933)

1 2 3 4 5 6 1a 20 - 3a 4
Si0; 45.50 54.88 59.64 59,92 4690 60.69 Ba 290 790 100 1100
TiO,; 3.44 1.11 0.42 . 0.00 3,31 0.15s. Cr 36
ALO, 1571 1741 17.67 19.86 15.05 19.74 Rb 40 S0 90 220
Fe 05 3.61 2.44 2.59 1.69 111 192 Sr 510 545 - 280 85
FeO 8.64 - 6.79 392 1.70 1046 - 233 - Zr 195 490 645 1085
MnO 0.22 0.23 0.22 0.18 0.16 0.17 o
MgO 5.37 1.88 0.50 0,05 8.41 0.0t Rb/Sr 0,03
CaO 9.43 3.48 2.09 1.07 10.92 102 K/Rb 300 400 350 180
Na, 0 347 6.04 7.62 8.94 313 7.95
K,0 1.38 - 2.89 402 493 0.27 5.50
P;05 029 041 0.29 0.17 Tr. Tre.
H,0* 0.60 0.77 0.08 0.07 0.27 0.58
H,0~ 2.49 1.53 1.04 1.29 0.23 0.28

Total 100.15 99.86 100.10 99.93 100.22 100.34

or 816 17.08 2376 29.14 1.67. 32.80
ab 2479 5107  53.68 46.68 23,35 4716
an 2322 11.86 214 26,13 1.67
ne 248 002 5.85 1518 227 1079
ac 0.33

di 1597 032 6.65 429 . 21.84 2.97
ol 9.60 10.15 196  0.03 16.74 1.81
e 523 3.54 3.76 - 2,04 1.62 2.55
il : 6.53 2.1 0.80 0.11 6.23 0.30
ap 1.42 1.82 0.19 0.7 -— —_

Total 97.40 . 9797 98.79 9847 99.85 100.05

Explanation of column headings

1, 1a Basilt, St. Helena (803)

2, 2a - Mugearite (trachyvandesite), St. Helena (822)
3a  Trachyte, St. Helena (763) :

Phonolite, St. Helena (11)

Olivine basalt, Mauritius (A, p. 5)

Phonolitic trachyte, Mauritius (A, p. 8)

3,
4,

'cxu’g‘n

Table IB 5. (CTV)
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‘islands are located on arplatform (1.5 km below sea level)

east of the East Pacific Rise. The islands are composed
predominantly of basalts (Table IB-6) that range from slightly
saturated tholeiites to alkali basalts (McBirney and Williams,
1969) but that are spatially separated. Alkali basalts
make up the central and eastern islands whereas tholeiitic
lavas and their derivitive trachytes made up the western
islands. = ' : '

Hawaii. The Hawaiian Iélands are a series
of volcanoes extending into the Emperor Seamounts that
form a line along the central floor of the Pacific plate,
increaéing in age towards the west (Figure lB—12; erm
Dalrymple et él.,.l973)L Dué to the gréat diVeréiﬁy.of
rock types found on the islands and the constant level
of recent activity; Hawaii has bécome a testipg‘é;ouna for
many studies:of terreétriél basalts. Thekage of the ocean 
floor in'this’part’of theLFacific is about 100 million years
(Larson and Chase, ;972).f Most investigators aéree tﬁatv
the origin of the Hawaiian’chain is due td-the‘re1ative
motion of the Pacific plate and some melting zone within
the mantle, which has beeh active for at least.SO m.y. (for

a review of proposed hypothesis concerning this melting’

~2zone, see Dalrymple et al., 1973). From eStimates of ex~-

trusion rates, Mauna Loa could have grown to its present
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Chemical compositions (oxides, wt %), CIPW norms, and atomic abundances
of trace elements; volcanic rocks of western Galapagos

1 2 3 4 5 2a 43

Si0; 47.01 48.45 48.54 55.34 66.87 Ba 76 285

- TiO, 3.20 3.39 4.20 1.93 0.66 (65)  (280)

Al;p; 15.57 13.75 14.49 14.02 12.55 Co 55 54

Fe;0, . 2.32 4,72 4.67 3.31 1.84 Cr 47 17

FcO 11.57 8.60 9.16 8.73 2.53 (142)

MnO 0.20 0.20 0.16 - 017 0.09 Mn 1440 1600

- MgO 5.25 6.05 4,58 2.71 0.60 Ni 70 14

Ca0 9.77 10.71 8.29 6.54 1:10 Sr 235 250

Na;O0 3.00 2.79 3.58 4.54 532 - (323) (206)

K0 - .0.31 0.50 0.84 1,33 308 Vv 310 98

P,0O, :.0.32 0.36 0.47 0.65 0.05 Zr (255) (538)

s H,0* 1.40 0.36 0.68 0.64 4.66 . '
H,0- 024 002  0I6 018 033
Total 100.16 99.90 99.82 100.09 99.68
o —_— 2.21 2.04 '5.95 20.82
or 1.83 2.95 4.96 7.86 - 18.20
ab 25.39 23.61 30.29 38.42 45.02
. ) an 28.10 23.52 20.99 13.95 1.27
f . ) di 15.17 22.00 13.86 1197 - 3.24
o o hy 11.92 11.12 11.60 11.16 215 -

ol 5.93 — — — -
mt 3.36 6.84 6.77 4.80 2.67
S 6.08 6.44 7,98 3,67 1.23
- ap | 0.76 -0.75 1.11 1.54 - 0.12
Tota! ....98.54 99.44 99.00 . 99.32 94.72

Explariation of column headings

1. Basalt, Albemarle Island (McBirney and Willianss, 1969, p. 124, table 3, no. 8)

2 Tholeiitic basalt, Albemarle Island (McBirney and Williams, 1969, p. i21, table 2,

no. 63)

Ferrobasalt, Jervis Island (McBirney and Williams, 1969, p. 147, table 10, no. 65)

Jcelandité, Duncan Island (McBirney and Williams, 1969‘ p. 146, table 10, no. 71).

Siliceous trachyte pumice, Alcado volcano, Albcmmlc Island- (Mchrm.y and lehams,

) 1969, p. 146, table 10, no. 130)

24,4a ~Trace-clemént abundances, same rocks as analyses 2 and 4, Dctcrmmanons by
“emission spectrography. Values in parentheses détermined by ncutron acuvauon (Cr)
or'x-ray fluorescence (Ba, Sr, Zr).

W W

_TPable IB 6. (CTV)
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size (abbgt 9 km above the ocean floor) in 1.5 million years
(MacDohald and Abbot, 1970) and the smaller}Kilauea could
f have requiféd less than .4 my (Swanson, 1972).
| | " rhe lavas forming the islands
follow a well-defined sequence: the major mass of each
volcano is made up to tholeiites, followed by and interbedded
with small amounts (v1%) of alkalic lavas (Table IB-7 from
MacDonald, 1968) . After a period of volcanic qﬁiescehce,
nepﬁélinic magmas are erupted. No shagp‘chemical boundéfy
exists between these three major rock suf*es as is demon-
strated by the alkali variation diagram of ¥igure IBle
== " (fxrom MacDonald, 1968) and the potassium varidation diagram
inlEngei?et al. (FigureVIB—lO). When fewer’daxa were avail-
..able, the végue distinction between élkali and tholeiitic
‘basalts was originally believed‘to be a sharp chemicél
boundary (Tilley, 1950). '
o ~ Short-term fractionation trends within
a giveh suite of rogks is rarely disputed fOr’ﬁAWaiién lévaé.”
Although the dominant material that makesnﬁp the volcanoes
is a slightly saturated ﬁholeiite,’it is largely agreed (e.g.,
O'Hara, 1965; MacDonald, 1968; Carmichael et al., 1974)
£hat theyprimaryfmagma type was olivine tholeiite with much

of the olivine lost either during the assent from the source

(v60km) or during fractionation in a near surface magma
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AVEZAGE COMPOSITIONS OF HAWAIIAN LAvas

|

|

; : Tholeiitic suite Alkalic suite Nephelinic_ suite

| I s

g : 3 2

: 93 2 5 ] g 5

3 Type B8l e 2 £ . & =282 s s

1 rock s 28l § 53 35z g £ B §1%2% ¢ & E % 3

| P8 55 g £3 &g 3 b 2 = 18252 F 3 ] g g4

, 3 g°|3 22 2 : f ;i 3 |i2® ; E £ £ &g

1 e = 4 2 & z = 3 a2 & E z = =27

: Number of - B

| analyscs 14 200 9 35 6 62 23 5 5 11 11 4 10 1 7

| v SiO, 46.4 E 49.4 44.1 45.4 46.6 479 51.6 571 61.7 44.8 44.1 41.} 397 39.4 36.6
Al1,0, L X ! 139 12.1 149 16.8 159 16.9 17.6 18.0 12.7 12.7 104 114 10.2 10.8
Fe,0, 28 30 32 4.1 4.5 4.9 4.2 48 33 32 36 5.6 5.3 6.5 5.7
FC_O 98 -85 9.6 9.2 8.1 7.6 6.1 30 1.5 9.4 9.1 83 8.2 170 8.9

; | . . X

Miz_O 208 i 841 130 7.8 58 48 33 1.6 "4 11.4 112 13.8 121 14.1 12.6
Ca0 74 : 103 | 115 105 93 . 80 6.1 ?J 12 114 106 121 12.8 123 13.6

( Nll,o 1.6 22 1.9 3.0 32 4.2 5.4 59 7.4 279 3.6 28 38 27 4.1

. : K',O 03 04 0.7 1.0 08 15 2.1 28 42 0.9 1.0 0.9 1.2 12 1.0

TiO, 200 25| 27 30 33 34 24 12 05| 23 26 27 28 33 28

i Pyl 0.2 0.3 0.3 04 04 0.7 11 0.7 0.2 . 08 ‘0.5 07 09 0.8 1.1

§ MnO 02 02 0.2 0.2 0.2 0.2 0.2 02 02 0.2 02 0.2 02 0.l 0.1
FeO:Fe,0, 4.0 28 3.0 22 18 - 1.6 1.4 06 04 2.9 28 1.5 15 1.1 1.6

s - o e —— Sttty o=

RN ' . > TasLe 8. (CONTINUED)

Noryms (CIPW)

E o 17 220 39 &1 50 89 122 167 20| 56 61 86 .. e e
ab 134 183 | 115 204 272 351 456 498 624 | 121 IO . 26 . e e
an 156 270 | 225 236 289 200 158 128 33| 197 156 134 106 122 8l
ne il 26 26 s 03 ot | 60 105 oma 123 1220 187
wo 85 93| 136 108 60 .63 29 ... 07]| 139 B3 16 175 181 114
di { @ 61 €01 94 69 40 42 25 ... 06| 92 95 134 130 150 83
Sl n s 26] 30 32 16 16 e e | 37 33 24 28 08 20
. { e 127 148 | i i a4 e 2T 40 04| e e el
. 1 B 32 66 il . T e R
; ; o B2 ... | 162 88 43 55 21 ., ... | 135 130 & 1200 143 162
'gﬂ { B €3 .| 60 44 21 12 e ahe e | SE W9 32025 10 40
1 . c:s RUSUTINOUTERIE & R SR X 1
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5 L 38 47| s2 ss8 62 €5 46 23 09| 44 50 36 33 62 33
‘ 9 03 a7} 07 10 10 17 27 w7 03] 13 13 w7 200 20 27
| e Seve wees | eves evee dnae eesi ieses 02 eve b enee dese wees wees neei e
8 Table IB 7. (Macdonald, 1968) -
[
" & .

&



e

il

IB 89

'2. =y Ty 0N e B B s A Ssy Rat it DUR Mt St RE U R B By S 1.—7 T
' “*
i .. ]
0! ¢ ;
L d
7 1
ol 7\
- yd
! e LI
3 - o
+ 6 o k
o
N | 4
(=]
2] - s
24t 1
2r )
L.a N P S S S
35 60 65

| - Alkalizsilica dingram of Hawaiian rocks. Salid circles, tholciitic rocks: open
circles, rocks of the alkalic suite: crosses, posterosional rocks of the nephelinic suite;
G, granophyre associated with the Palolo quartz diabase; open trinnales, low-K tholeiites
of the deep Pacific basin (Engel and others, 1965); K, weighted average of first phase of
1959 eruption of Kilauea (¥irata and Richter, 1966): P, pyrolite (Green and Ringwood, -
1963); E, “eclogite™ inclusions from Salt Lake wuff (Yoder and “Tilley, 1962, p. 482:
Macdonald and Katsura, 1964, p, 123). The pairs of points connected by lines represent

- analyses of the same rock powder by two. diffcrent laboratories.

Figure IB 13. (Macdonald, 1968)
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chamber. Magma chambers are known to exist for the two
most recently active volcanoes: for Kilauea it is estimated
to be 3-5 km below the current summit, whereas for Mauna
Loa the chamber is deeper--10-15 km (e.g., Wright and Fiske,
1971 Llpman, 1977) There is no obvious link in the blumb—
ing of these two neighboring volcanoes. The_chemistry of‘

a series of summit and flank eruptlons for Kilauea was stu-
died by Wright and Fiske (1971) and showed clear olivine
fractionation control which presumably occurred largely

in the magma chamber (Figure IB—14‘from Wright and Fiske).

Rift lavas show distinct fraetionation from parental summit

material.

£

There is lessagreement as to the relation

‘between the various rock suites. The regularity of the

tholeiite-~-alkali basalt--nepheline basalt sequence, the
gradetdonal geochemistry ofkthese'basait types and their
siﬁilardtyvin Sr8'7/Sr86 (Table Ié—8) indicate that thevy.
are relatéd in some way. The processes involved inbtheir

petrogenesis must be repeatable. ‘Green and Ringwood (1967)

: andereen‘(197l) have stressed results from experimental,

b

studies that il,e composition of a partial melt is greatly

'_controlled by condltlons of pressure, temperatmre, and water

‘»”content in. the source reglon. rThelr pyro11te models of

the upper mantle (perldotlte comp051tlon) can produce mag-

mas of thOlellth or alkallne CompOSlthn by changlng the
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MgO variation diagrams: differentiated lavas of the east rift zone and selected undifferentiated
lavas of historic age. Average control lines (essentially straight olivine control) have been computed
for the several erupiions labeled on the Si0,=-MgO plot: Ancient Makaopuhi lava lake == PH ER
(analyses from Moore & Etans. 1967, and additional unpublished analyses): 1840 undit¥erentiated
lavas = [340 ER: later lavas- ot the 1960 cruption — 1960 L (analyses from: Murat & Richier,
1966a); March, 1965, eruption in Makaopubhi crater = 1663 MP (analyses from Wright er al.. 1968,
and additional unpublished anaiyses of Makaopuhi Iava [aked. A control line for the carly 1955
lavas = 1955 E, obviously not olivine control, is also plotted. A'control line for unditfferentinted lava
from Kilauca summit, the latter part of the 1932 cruption in- Kilauea fki crater = 1939 L is given for
reference.

All other eruptions are identified as follows on the SiO.-MgO plot: Filled squares = Lmdnhrcn-
tiated historic lavas, Kilauca summit. south-west and east rift zones. Filled circles <= differentiated
lavas of historic age, east rift zone, Open circles = differentiated lavas of prehistoric age, cast rift

zone. All lavas represented by open circles are »subr\parinc except that tabeled PIH.

Figure IB 14. (Wright and Fiske, 1971)
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Isotopic compositions of Sr* and Pb in oceanic volcanic serics

PROVINCE ROCKS Sr®7/Sree Pb29s/ppy2os
Réunion Basalts (5) 0.7040-0.7046
(McDougall and Mugearites (3) 0.7042-0.7044
C?mpston, 1965) Syenite (1) 0.7046
Easter Island . Basalis (2) 0.7030, 0.7036 19.280, 19.301
(Hedge anéi Peterman, 1970;  Icelandite (1) -0.7030 19.253
Tatsumoto, 1966a) ~ Rhyolite obsidian (1) 19.308
Hawaiian Islands Kilauca thoiciites (3) 0.7039-0.7041
(Hedge, 1966, Hualalai, alkali basalt : 17.92
~ Tatsumoto, 1966b Hawaii{ Hualalai, trachytc 0.7035 18.08
Hedge and Peterman, 1970) Mauna Kea, picrite basalt 0.7034 13.48
. Mauna Kea, hawaiite 0.7033 18.47
Koolau basalts 0.7039 18.09
Oa‘hu Waianae basalts 0.7032
Honolulu serics :
(nephclinites) 0.703% 18.17, 18.24

et

Jeeland .| Pleistocenc-Recent basalts (3) 0.7028-0.7033
(Moorbath and Recent obsidians (1) 0.7017
Walker, 1965) Tertiary basalts. (6) 0.7021-0.7032
: A Tertiary rhyolites (3) 0.7014-0.7015
Late Tertiary granophyres . (6) 0.7010-0.7033
. Guadalupe Island Alkali basalts (4) 0.7033-0,7036 20,172-20.436
- (Tatsumoto, 1966a; ‘
Peterman and Hedge, 1971)
St. Helena _ Alkali basalts (2) 0.7031, 0.7032
(Hcdgc, 1966) Phonolites (2) 0.7047, 0.7054 -
kTut%ﬁla, Samoa Basalt 0.7057
(}Eicdgc, 1966) : Trachytes (2) - 0.7062. 0.7066
Upolu and Savaii, Samoa Potassic alkali basalts (10) 0.7051-0.7066
(Hedge ct al., 1972) ' : : :
Gough Island Basalt , 0.7045 18.36
(Gastet al., 1964) Trachyandcsite, trachybasalt 0.7050,0.7043  18.37,18.43
. : Trachytes (2) 0.7094, 0.7050 - - 18.63,18.73
- Ascension Istand Basalts (2) 0.7025 18.43,19.55
2 (Gastet al., 1963) Trachyandesite 0.7025 . e
: EERRTIRS Trachytes (2) 0.7045, 0,7073 19.72
Obsidian

19.50.

Table IB 8. (CTV)

" ® All valucs normalized to Sr*$/St®® = 0.1194, Sr*7/Sr%¢ = 0.7080, for standard E. and A. StCO5.

1



it

5,

IB 93

the degree and/or depth of partial meltihg (see Figures
IB—S){ These systematics, along with Yoder and Tilley's é
(1962{ low pressure thermal barrier, have led most propo-

nents (e.g., MacDonald, 1968) of primary liquid differen-

tiatidn producing alkali basalts tokhypothesize deep-seated ?
processes, perhaps involving remelting at depth. Others |
(e.g., Verhoogen et al., 1970; Carmichael et al;, 1972)

would prefer an independent origin (change of melting pa-

rameters) for each magma type. Currently neither alterna- ' ﬁ
tive can be entirely ruled out.

Canary Islands. The seven Canary Islands

lie off the coast of Africa with the eastern two boarder-
ing on the continental coast. The islands are shield vol=

canoes formed largely Qf alkali olivine basaltk(Table IB-9)

" with the youngest to the west. The basalts seem to dif-

ferentiate with‘time towards phonolites by removal of oli-

‘vine, titanomagnitite, then plagioclase (Ridley, 1970).

The two eastern (older) islands present a more complicated

- picture. They not only contain the typical alkali basalt

differentiation sequence, but also an old intrusion of

7 tholeiitic'compdsition and a historic flow of olivine

tholeiite with normative hypersthene (analysis #6 in Table

"IB-9). Not 0nly;doéshthe tholeiite on these Canary islands
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Chemical analyses (oxides, wt %) and CIPW norms of rocks from the Canary

Islands .

1 2 3 4 5 6 7 8 9
Sio; 4250  43.20  46.10 45.86 . 47.80 © 49.30 52.55 59.20 64.20
TiO, 2.20 3.93 2.38 2.95 2.22 2.06 1.23 0.73 0.35

Al,O, 1350 16.3¢ 1424 1581 13119 1343 1932 2010 © 16.29
Fe,0, s.16 8.09 3.95 4.65 221 1.02 2.76 1.26 277

FeO 714 469 790 524 888 923 233 LIz 062
MnO 017 016 015 018 014 015 018 0I5 005
MgO 1044 516 925 631 1050 1139 174 091 105
Ca0 1099 1074 1045 977 990 939 497 240 236
N4,0 338 312 310 504 319 248 812 732 700
K:O | 120 164 063 301 093 074 488 500 440
P:0, 104 088 053 070 058 036 034 016 005
. H;0* 267 203 LI12 024 0.7 ;
] ~ H;0- Jo4o 136 0.6
- " Rest : 0.10* 037 . 118t  0.20*

Total 100.29  99.94  99.90 9999 ~99.78 - 99.72 . 100.000 9991  99.80

. : *CO,; $Cl = 0.24; SO; = 0.94. .
Explanation of column headings

. Analyses 1-6 are cited from Ibarrola (1969), analysis 7-from Hernandez-Pacheco (1969), and
analyses 8 and 9 from Murioz (19694). Tables and numbers given in parentheses refer to these
works.

_Olivine basalt (first episode), Lanzarote (table 1, no. 7)

Olivine basalt (first episode), Gomera {table 4, no. 8)

Olivine basalt (first episade), Fuerieventura (tablg 2, no. 12)

Average Quaternary basalt (tephrite), Gran Canaria (table M4, no. 2)

Olivinc basalt, last Quaternary cpisadé, Lanzarote (table 5, no. 27)

Olivine basaly, historic llow of 1730-1736 eruptions, Lanzarote (table S, no. 30)
Tahitite, Gran Cunaria (table. 1, o d).

Nephcline syenite, central stock, Pijara, Fuerteventura (table 1, no. 3)

Syenite, La Pefiitas ring dike, Pdjara, Fuerteventura (tabie 1, no. 16)

GV ONOWN A WN -

Table IB 9. (CTV)
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not conform to the compositional trend of the majority

of neighboring islands, but the relation of tholeiite to

alkali basalt is sequentially opposite that observed in

the well-documented Hawaiian sequence.

In summary, for the ocean environment, basalts
and their derivatives are young (: 200 my) and uncontami-
nated by continental material. A variety of basalt compo-
sitions can be observed, perhaps the most primary occurxing
at the spreading ocean ridges. All are presumed to be
derived from the upper mantle by one or more sequencés of

partial melting. The oceanic upper mantle itself is roughly

“homogeneous in major element geochemistry, but may bevheter~

. ogeneous either vertically or laterally in incompatible

elements.

C. Subddction‘Zone

Most recent, active volcanoes are located

along margins of lithospheric plates which are in motion

‘relative to each other a few centimeters a year. Three

quarters of the world's active surfacé volcanoes occur
along the pacific margin'(CTV; P-528) . The ocean floor
baSaltS~arevformed as two oceanic plates sepératé. When

two platesjéollide,,ohe is generally forced to descend in-

to the mantle creating a subduction zone of intense earth-
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quake activity (Figure IB-15 from Toksoz, 1972) and initi-
ating a variety of volcanic materials. The rock type gen-
erally associated with subduction zone volcanics is ande-
site (fhe rock name being derived from the Andes of South
America). Since it is the nature of this tectonic settiog
that the subducted (oceanic) plate encounters changing tem-
peratures and pressure (and perhaps HZO content)vas it
descends, the chemistry of igneous mélts associated with
this environment would be expected to be different from
those associated with simple partial melting of the upper
mantle that occurs in the ocean environment.

Although the subduction zone continental igneous
rocks are predominantly andesite and related differentiates,
bésalts are also abundant in the isiand arc environment,

especially in younger arcs (Baker, 1968). Again there is

no uniform sequence for all environments but a few patterns

can be recognized:

(1) Chémicallx; the circomoceanic basalts are diffep_
entrfrom,ocean floor or ocean island basalts. No materiél
aésociated with island arcs or continental margins conﬁains
the very low strontium ratio (<.703) of abyséal basalts
(Table IB-10). For some provinces, the initial strontium
isotopic ratios for a range of ‘rock types are essentially/

uniform implying a genetic relationship. The moderately
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Average injtial strontium isotopic values (Sr87/Sr28) for selected rock types of active
voleanic arcs and continental margins (all data adjusted to a value of 0.7080 for MIT SrCO,)*

BASALTIC :
BASALT ANDESITE ANDESITE DACITE RHYCLITE ©
(<52% Si0,) (52-55% Si0,) (55-63% Si0,)  (63-68% Si0,) (> 68% Si0,)
New Britain 0.7035 9.7036 0.7036 0.7036 0.7035
Tonga — 0.7037 0.7042 0.7043
Mariaras 0.7042 — 0.7042 0.7038 —_
12u Islands 0.7036 — 0.7040 — 0.7034
Caribbean .
St. Kitts 0.7036 0.7040 0.7038 — —
St. Vintent Q.70:42 0.7610 0.7039 —_— —
Currisicou 0.7052 — 0.7054 -—
North Jupan 0.7043 — 0.7041 —_— —_
California
Mt, Shasta — 0.703% 0,7030 0.7032 — )
M. Lassen 0,7039 0.7032 0.7010 —_ - w
Medicine Lake 0.7034 0.7037 — T 0.7040
Central America 07035 - 0.7042 0.7036 0.7036 0.7042 o
New Zealand ~
Taupo 0.7042 — 0.7055 0.7051 0.7053
Averapet 0.7040 (.7038 0.70-10 0.7037 0.7038

* T taken fromy Pushlar (1968), Peterman et al. (19700, 19700), Hedge (1966), Hedge and Knight

‘ (1969, Hedge and Lewis (1971), Ewart and Stipp (1968), Oversby and Ewart (1972), Ewart ctal. (1973).
t Bxcludes New Zealand average andesite, dacite, and rhyolite,

Table IB 10. (CTV)
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1
low ratios for the entire series of rock types imply minor,

if any, crustal contamination.

(2) Kuno (1967) noted that volcanoes extruding tholeiitic

basalts occurred closest to oceanic trenches (start of
the subduction sone) and that volcanoces with high-aluminum
basalts and alkali-olivine basalts occurred respectively
furtﬁef inland (Figure IB-16 from Kuno, 1967). The corre-
lation of this pattern with deep foci earthquakes suggested
the generation of different basalts at successively greater
depths. | |

(3) The association of magma generation'with descending
lithospheric plates is further strengthened by the tendency

of K,0 content of lavas (andesite) to be correlated with

~ depth of the subduction zone as inferred from earthquake

foci (Figure IBl7 from CTv; p. 562).

d. Continental basalts

A thorough discussion of contlnental volcanics

nmust 1nclude extreme compositions (e.g., carbonatltes) and

modes of emplacement (e.qg. klmberlltes) and 1s well beyond

- the scope of~this summary . TWO common types of continental

basaltlc provinces will be mentloned here- the voluminous

tholeiitic flood basalts and the complex alkall basalt re-

klglons. ~In both cases, plate tectonlcs have been 1mpllcated

“in the ultlmate_orlgln,of the basalts. However, only in-
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Alkali-silica relations. of tholetite series (@) (basalt, andesite, dacite and rhyo-
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ough central HonsyT, to the Japan Sea region in-
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the case of alkali basalt association with continental
rift zones has it been substantiated.  An example of each
province will be discussed.

i. THOLEIITIC FLOOD BASALTS. Although gran-
itic rocks are the dominant continental plutonic rock type,

the most voluminous continental lavas are basalts (cTv,

p. 427). Immense outpouring over short time periods of

essentially tholeiitic lava has occurred within the last

150‘m.y. on a number of continental regions. These occur

as a series of relatively thin flows that cover an area‘

up to 10® km?. The total volume of such regions of flood
basalt can approach 10°km?®, many times the volume of basalts
that built the shield volcano Mauna Loa'(seé Table IIB-ll,

compiled from CTV, and Head,1975). These tholeiitic lavas

are generally similar to the oceanic tholeiites but are

more potassium-rich and show enrichment of liéht rare earth
elements. :

A substantial-amdunt of geochemiéal data
has become’avaiiablé for the Cdlﬁmbia River basalt group

(Figure IiB—18, from Verhoogen_étvél;,11970, P. 299). The

.geongY~and geochémistry.Qf‘this area was extensivély des~

cribed by Waters (1961) and further major and minor element

,abundan¢es were measured bykoDougall (1976). The Colum-

‘bia RiVer basalts aré,oVerSaturated tholeiites;-the independent
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Table IB2-11 Estimated volume of tholeiitic flood basalts.

_I_.g_c_:g}:__@ : Estimated volume (x 10°km®)
Decca, India .7

Columbia and Shake River .3

Siberia o SRR .25

‘Parana, Brazil ‘ | .20 ?
(Mauna-LoaHb : _.05)

Bushveld (plutonic complex) S .10

w
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Oregon plateau basalts to the south are much higher in
Alzoa‘éontent. Four distinct basalt sequences of the Colum-
bia Ri&er group were described from these studies, all
thbléiites: Picture Gorge basalts and Lower, Middle, and
Upper Yakima basalts. The Lower and Middle Yakima basalts
can be easily distinguished by TiO, content (Siems et al;,
1974) . Variation diagrams for major element chemistry for
these sequehces are shown in Figuré IB-19 (from McDhougall,
1976) . Waters showed that thesé basalts were erupted from
fissure systems into a broad basin. ‘

The Sr isotopic studies of McDougall (Flgure
Iv~-20) dlstlngu1shed the Picture Gorge basalts from the
Yakima and indicated they were likely to have been derived
from upper mantle sources with little modification. The
Yaklma basalts with hlgher 1n1t1al Sr show a correlation

of increasing 87Sr/”’Sr with decreas1ng age. This pattern

could.elther be the result of progre551ve»crustal'contam~

~ination or derivation from inhomogeneous .upper mantle source

mater1a1s. MCDougall~suggests the ultimate source of‘the

Yakima ‘lavas was the upper mantle with partial melting caused

;byktectonic:events related to plate,mbtions in the Pacific
NW during that time.

id. ALKALI BASALT REGIONS (RIFT ZONES’)

'Alkall basalts frequently domlnate a small contlnental prov—

*1pce, but almost always with a very complex as3001at10n

o

b ekl B

R LR

b
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of othér magma- types. The range of rockitypes associated
with céntinental alkali basalts is much greater than those
associated with oceanic alkdli basalts (CTV, p. 505-506) .
From high pressure experiments, alkali basalts are as;umed
to have a deep source (between 40-100 km) whiéh is consis-
tent with derivation from continental sub-crustal material.
(Only rarely are tholeiitic basalts associated with conti-
nental alkali basalts and the question of fractionation
relationships between the two basalt types, as is often
suggested for oceénic basalts, does not generally occur.)
The tectonic setting for’continental'al-

kali basalts is perhaps simply a zone of crustal weakness.

. The classic example, in complexity, occurs in the East Af-

rican rift zones. In this region (e.g., CTV, Chapter 10)
are‘fognd>alkali olivine-trachyte—phondlite series,
nephelinites, and carbonatites in someWhat»random tempo:al
and spatial realtionship. |

k~Ahother continental alkali bésalt region,
thé ﬁorthérn and éastern San Francisco volcanic field in

-

Arizbné (Moore et al., 1976), cbnsists of flows ofrpredomi-

nantly alkali-olivine basalt, most of which occurred during

; the last 3’m.yg Associated With,thesevbasalts are high

alumina basalt;;baséltic andesite, andesite, dacite,

rhyodacite, and rhyolite. Chemical variation diagrams;
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VOLCANIC ROCKS, SAN FRANCISCO YOLC
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(Figure IB-21) from Moore et al.) suggest these basalts

are consanguineous although no simple evolution pattern

is recognized. Strontium isotope values are low for all
members of this series (.7026 - .7050) implying derivation
from the mantle with little contamination of crustal mater-
ial. (It is perhaps noteworthy that contemporaneous with
some of the San Francisco volcanics 3 m.y. ago were the
basalts of the Taos plateau a few hundred‘kilometers to

the east. The Tacs basalts are predominantly olivine

tholeiites with less extensive alkali basalts and associ-

ated rock types [Lipman, 1977].)

In summary, a variety of basalt types exist
on the current surface of the earth, most of which are ul-

timatelyirelatéd to mantle sources. Although chemical frac-

‘tionation processes and host material contamination often

clearly affect compositional trends, it alsc seems apparent

that the general geophysical environment4(plate~tectonics,

tnggand thickness of crustal material) élays a major role
inraétermiding,the basalt types erupted on the surface.

The source region of basalts for each of the provinces dis-

‘cussed above differ in probable temperatuie and preSsure

~ (depth) environment.
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A variety of questions, oftén with no obvious
answers, exist for oceanic basalts as well as those found
well within a thick continental plate. Are the volcanics
derived from partial melting of crustal or mantle material?
What degree of melting is involved? If the magma originated
in the mantle, to what degree has it been contaminated by
crustal material? How does the sub-continental mantle com-
pare with the oceanic mantle? To what degree is it heter-
ogeneous vertically or laterally? These question are dif-
ficult to answer not only because of the likely complexity
of each volcanic event, but also because often not all
the relevant information is available (e.g., major element
chemistry, minor element chemistry, REE, absolute age, iso-
topic chemistry, areal and volume estimates, etc.).

Increa;ingly sophisticated thermal models, ex-
perimental petrology results, and isotopic analyses are
becoming available and may eventually lead to answers for
the above questions. For example, a recent discﬁssion of
Nd and Sr isotopic‘abundances for continental and oceanic
rocks (DePaolo and Waéserberg; 1976) provided evidence to
indicate that all types of continentai igneous rocks (flood
basalts to‘carbonatites) are:derived from a mantle reservoir
with chondritic REE patterns. Mid-ocean ridge basalts,

on the other hand, are derived from a different (shallower?)
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“ancient reservoir and the source area for ocean island basalts
is intermediate between the two.

Probing the lateral and vertical compositional
variations of the earth's mantle seems within reach of plan-
etary scientists using a synthesis qf eurrent geophysics
(thermal models, plate tectonics};seismic internal struc-
ture patterns), ekperimental petrology (melting conditions
ss a function of P,'T, and composition), and basalt geochem-
istry (majer'and minor elements, and isotopic abundances).
Currently, the terrestrial data are incomplete and scattered
Tiﬁ a variety of forms. Such a synthesis is equally appli-
cable for probing the compositional structﬁreyof each of

lthe other terrestrial planets, but fewer of the variables

' are defined.

3. Terrestrial Volcanism in Tine

A characteristic feature of terrestrial basalts
in the preceding discussion isAtheir youth;,mdst basalfic
. material that has been'seriouslyfstndied is less than 200
,ﬂpiliibn years‘old; or very recentsin teﬁms Qf geologicytime.

" Basaltic materials from other solarvsyStem objects are

much older: the basaltic acﬁdndrites‘are generally much
- older'than m30001m.y.; the lunar~baSaltsiére between,m3000

'and‘3900,m.y; old; and the surface agenofftheslargest’vol—'

cano on Mérs is estimated to be at least 1000 m.y. (Soderbloom,
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1974) . What, then, can be said about the early history
of terrestrial volcanism?

Only recently has data become available concerning
ancient terrestrial material. A variety of models concern-
ingvthe early history of the earth have been proposed, many
of which have been included in a recent anthology of papers
edited by B.F. Windley (1976a). The earth appears to be
tectonically unique in the solar system and has recycled
much of its surface material perhaps more than once. It
has not been defined to what extent the current patterns
of ﬁerrestrial volcanism, which are closely linked to plate
tectonics, were also active in earlier periods of earth
hiStory. The Archean rock associations and geochemistry,'
foriexample,'seem to be‘similar to modern continental mar-
ginévénd island arcs (Windley,.l976b) imélying possibly
similar tectonic processes. Burké et al. (1976) describé
the early Archean defbrmation of greenstone terrains as

"permobile" deformation, or without rigid behavior during

“collision. The model preferred by Green (1975) to describe

the character of Archean greenstone belts includes a steeper

Archeqn5geotherm,'a thin lithosphere, and an athenosphere

with about 5% melting.’ His model does not allow subduction

of basaltic oceanic crust, but instead postulates such a

crust is "scraped off" as the lithosphere is subducted and,
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eventually, forms the greenstone belts. A thin Archean
lithosphere was also proposed previously by Hart et al.
(1970) on the basis of trace element abundances of Archean
greenstones. These trace element studies indicated that
the Archean upper mantle was hot depleted in K, Rb, Cs,
Sr, and Ba, unlike the present upper mantle (source region
for ocean floor basalts) Gllkson (1976), on the other~'
hand, points out that the coherent pattern in the orienta-

tion of Archean greenstone belts in Gondwanaland argues

against large scale plate diapersions prior to the breakup

of‘Gondwanaland 300 million years ago. He suggests some -

of. the earllest earth volcanlcs (up to 2.6 AE) may have

1

been "rellc terrestrlal maria" similar to those common to

the moon. An earlier model by Green (1972) suggested a

- similar link between the Archean greenstone belts and lunar

‘‘maria.

Although data concerning the terrestrial Archean

-

: rockg are 1ncomplete and there seems to be no general con-

l

1

_sensus. on how to 1nterpret theae data, they do plov1de

a few extremely 51gn1flcant factS‘and 1mp11catlons:

(a) Anc1ent crustal material does ex1st on earth

'dTable IIB-12 (from Jahn and Nyqulst, 1976) summarlzes the

Rb-Sr 1sochron ages for;a variety -of Archean rocks. Granitic

"as well as mafic surface material was formed during the
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Agc andinitia) St®7/Sc* data for terrestrial Archean rocks

" Rock unit

t=agcinbly.

1=(5¢*/5¢%),
£2

References

07011220

£2 Comments

Minnesora, U.S, A. .
Ely Greenstone 2:69+0:08 0-70056 £ 26 Jahn and Murthy (1975) I obtined from WR isochron
Newtou Lake Fm 2:0540-11 0-700856 £ 24 Jaho and Muithy (1975) 1 obtained from WR isochiron
Vermilion Granite 2-70+0-05 U T0041 £29 Jahn and Murthy (1975) 1 obtained from WR isochron

, ) . Basic duta from Peterinan et al,

‘ (1972) and Jahn and Murthy

! (1975) :

: 2-6840:10 07006+ 12 Peterman et al. (1972) I obtained from WR isochron
Northern Light -

Gneiss ; 2-74+0-10 0:-7007 =4 Hanson et al, (1971) I obtained from WR isochron
Saganaga Tonalite 2-71£0-56 0:70106 Hanson et al, (1971) 1 ohtained from WR tsochron
fcarus Pluton 2-69:0-48 0-7100 £ 14 Hanson et al, (1971) I obtained {rom WR isochron
Giants Range Granite 267+ 0-07 0-7003 % 19 Prince and Haason (1972) 1 obtained from WR isochron
Morton-Montevideo ) i o

Gneisses 3-30 © 0700 - Goldich and Hedge Both rand [ are best values

‘ 1974) . from an eye-ball fit through
: six data points
" Canada )
Pyroxenes, , 5 B

Supcrior Prov. 270 . 0-7010 to Hart and Brooks (1974) Seven age-corrected [ values

0-7014 for primary pyroxencs from
two extrusive and three
intrusive mafic units

Keewatin + .

Coutchiching 2:69£0-08 0-7003+13 Hart and Davis (1969) I abtained from WR isochron
Chibougamau .

Greenstone belt: .

Dore Lake Complex 2272+0-50 0-7011 %10 lones et al. (1974) I obtained from WR isochron
Anorthosite-1 0-70068+6 Jahw (unpublishad) Age-corrected I value; Sr

: . composition measured at JSC;
1=2:70by.
Anorthosite-2 0-70150x7 Jaha (unpublished) Age-corrected [ value; Sr
composition measured at JSC;
. . g 1=2-70b.y.
Chibougamay Pluton 2:56x0-16 0:7007£4 - Jones et al, (1974) I obtained from WR isochron
Mecta-meladiorite 0-70133%6 Jaho (unpublished) Age-corrected I value; St
. : composition measured at JSC;
‘ t=26by.
Yellowknife: , s
‘SE Granodiorite 2-64+0-08 0-7011+16 Green and Baadsgaard )
T {1971) -. Tobtained from WR isochron
Metavolcanics 2-63:0-16 .  0-7022223 Green et al. (1968) I obtained from WR isochron
South Africa : :
Onverwacht: ’ i - ol
Komati 3-504+0-20 0-70048 %5 Jahn and Shih (1974) I obtained from mineral
: : isochron
Anorthositic norite 0-70061 %6 Jahn and Shih (1974) Age-corrected I value
: {t=3-5by.)
Anorthosites and 0-7000 to Allsopp et al. (1973) Age-corrected I values
komatiites 0-7006 o assuming t=3-2b.y,
~Middle Murker g e : :

Horizon 336007 0-7015%18 Hurley etal. (1972) - I obtained from WR isochron
Rhodesia: ‘ i o .
Bulawayan 3.0-31 0-70110=5 Jahn (unpublished) Ape-corrected | value

N i : assuming (= 3-0b.y,
: - : Mecasured =0:70122
- Bulawayan . : ) 0-7014 to Bell and Blenkinsop :

{fimestones - B 07019 - (1974) Measured values; uncorrected

Great Dyke ; 2:53+0-09 07024 8 Davies ¢t al. (1970) - 1 obtained {rom WR isochron
- West Greenland: ’ . )

Amitsoq Gneisses: : ) L }

Narssaq Area 3-75+0-09 070158 Moorbath et al. (1972) AR I's'obtained trom

: : R ‘ WR isochrons; .
“Qilangarssuit 3-74%0:10 .. 0-7009% 11 Moorbath et al. (1972) Bestage =3-70<-3:75b.y.

Pracstefjord 3-69%0:23 - 07001 £17 Moorbatheet al. (1972) Best [=0-7010-0:7015

tsua Area 3:70+0-14 Moorhath et al. (1972) . i .

Note: AL values have been adjusted based o’n’NBS-SRM‘)S7 St'Standard =0-71025 or E & A Sr Standard =0-7081. =

Table IB 12. (Jahn and Nyquist, 1976)
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firét billion years of earth history and still constitutes

a minor part of the earth's crust. Although the earth
is a dynamically active planet, it has failed to destroy
a fevaieces of its earlier history--it only deformed. them
badly.v

(b) The moon, with its ancient surface, and perhaps
also Mars and Mercury, provide excellent laboratories fdr
egamininé the early history of the solar system. All the
terrestrial planets may very well have been affected by
the saﬁé}processés in their early history. Further examin-
ation ofrthe Modn, Mars, and Mercury in COnjﬁnctioﬁ with
investigations concerning the terrestrial Archean environ-
ment should eventually allow a unified theory of early plan-

etary evolution to be developed.
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I. BASALT TYPES: AN OVERVIEW
C. Lunar Basalt Types

Lunar samples.have been returned from nine areas on
the front side of the moon by the Apollo and Luna landing
missions. The locations of these areas‘are shown in Flgure
IC-1 and the coordinates are given in Table 1C-1 (updated
from Taylor, 1975). Six of these landing areas were in
mare regiOns. / |

Although it has only been eight years since the first
samples were returned it is easy to forget some of the

lmajor facts the samples provided immediately. Lunar rocks

have thelr own distinct character——dlfferent from terres-

oy
L;
o e

trlal samples and different from meteorites. The lunar
samples contain essentially ng water (and no organic mat-
ter). The lunar surface istdifferentiated. The lunar mar-

'ia are basaltic in compoSitionzand igneous in origin. The -

1unar rocks are old (R3. 0 AE). | |
» The returned lunar samples fall 1nto two dlstlnct fam-

: illes: the hlghland feldspathlc rocks and the mare basalts._i-
’:tThe llght—colored hlghland rocks comprlse over 80% of the
‘_blunar surface and have been 1ntensely brec01ated by repeated

zhlllmpacts. The highlands are the oldest lunar surface and

'coW31st of a varlety of recognlzable, although often mlxed,

rock types (summarized by Taylor, lQ?S,-Chap, 5). The high-
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The Apollo Lunar Landings.

Apollo, Luna, and Surveyor landing sites.

LVA Traverse
duration distance

Mission Landing site Latitude - Longitude (hours) (km) - Date
n Mare Tranquillitatis 0°67'N 2349°E 2.24 — July 20, 1969
12 Oceanus Procellarum 3°12'S 0 2373W 7.59 135 ° Nov. 19. 1969
14 Fra Mauro 3°40'S 17°28'E 9.23 3,45 Jan. 31,1971
15 Hadley-Apennines® 26°06'N 3°39'E 18.33 279 July 30, 1971
16 Descartes 8°60'S 15°31'E 20,12 o April 21, 1972
17 . Taurus-Littrow 20°10'N 30°46'E 22 ! 3o Dgc.’ll. ‘1‘)72

Mission Landing site -~ " Latitude Longitude Date

Luna 16 Mare Fécundiuuis ' S0%'S 56°18'E Sept,, 1970
una 20 Apollonjus hizhiands 332 S6°33'E Feb., 1972

JI3UN
una 24 Mare Crisium ~ 12°45%N
(B) Russian Lunar Traverse Vehicles.

620127E  Aug. 1976

L . o : Traverse
Veéhicle : . .Landing site Date <" length
LEunokhod V'~ \Vcs'tcrn Mare Imbrium Nov., 1970 20km

Lunokhod. 2 Le Monnier Crater, Eastern Mare
:  Serenitatis, 180 km north of
S Apollo 17 site -

Table IC 1. (Taylor 1975)

“Jan,, 1973 30 Km
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landgeﬁﬁQt contains abundant feldspar. Although some of
the Highland_rock types have basaltic compositions (e.g.,
Framﬁadro basalts), the average composition of the highlands
is too‘low in mafic elements (MgO + FeO < 16%) and too
high in Al,0, (>20%) to be considered basaltic. The Fra
Maﬁrd basalts, which may have been the products of early
‘near surface partial melting (e.g., Walker et al., 1973),
may make up 20% of the crust (Taylor, 1975, p. 252). The
iméaét history of the lunat highland crust, however, has
 obscured any early magmatic history and the possibility
of lunar highland basalts will not be discussed here.

' The dark mare basalts are perhaps less compllcated
They are 1gneous rocks that fill the crustal lowlands, but
are themselves old by terrestrlal standards (3 8 - 3.0
AE)f The lunar mare basalt types identified in the- returned.
‘samples are dlscussed in the follow1ng sections along with
the 1mp11catlons these basalts have for lunar evolution.
Remote sen51ng technlques (Sectlons I11I- V) are then usedk
to extend thlS 1nformatlon to unsampled areas in the attempt

- to understand the global surfacefgeochemlstry of the moon.

1. Major Element Geochemistry of Lunar Mare Basalt
TX 2s
An immense llterature on lunar samples studles exlsts,

largely in- the 7 X 3 Proceedlngs Volumes, and cannot be
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reviewed here in detail. Much of the discussion of lunar
basalt types that follows is derived from twé excellent
reéent reviews which include -extensive references. Taylor
(1975) has summarized and synthesized in a readable book
much of the geological, geochemical and geophysical data
for the moon that has resulted from the Apollo missions.
?he chemistry, mineralogy and petrology of lunar mare ba=-
salts is extensively reviewed by Papikeret al. (1976).

A variety of lunar basalt type classifications exist in
the literature. The classification by Papike et al., which
incorporates many of these previous classifiéations, is
based'primarily on major element chemistry and'is used

as the basis for the discussion presented here. A recent
pamphlet by McGee et al. (1977) provides a useful introduc-
tion to the petrology and geochemistry of representative
lunaf igenous rocks.

One ofythe most useful chemical factors that distinguishes
various mare basalt types -is 'l‘io2 content. Most of thé
Sampled lunar mare basalts can bé placed into oné éf two
distinct chemical groups, high?'and low-titanium bésalts,

as shown in the variation diagram of Figure IC-2 (from Papiké

et al., 1976; updated). To date no samples have been ob-

tained for intermediate titanium basalts. There is also

an apparent correlation between measured crystallization
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ages and Tio2 content~~the high-Ti basalts (Apollo 11, 17)
are older than the low-Ti basalts (Apollo 12, 15, Luna 16).
The bulk chemistry of these two major groups does not allow
a petrogenetic relation through fractional crystallization,
a distinction confirmed by melting experiments (Kesson,
1975; Walker et al., 13875).

The mare basalt samples can ke further subdivided

into 10 distinct groups within which the major element

"variations have likely been caused by near surface fraction-

ation. Major element chemistry for these basalt groups

- are provided in Table IC-2 (from Papike et al., 1976).

The average‘modal miperalogy for nine of these groups is
presented in Table IC~-3 and summarized in Figure IC~3 (from
Papike et al., 1976).
‘ a. High-Ti
The high titanium basalts of Apolio 11 fall
into two groups which can be distinguished largely by K,O

content. The low-K basalts (K,0 n .06-.09%) are somewhat

~older than the high-K (K,0 ~ .30%). The petrological var-

V , . s e
iations observeld in a variety of Apollo 11 low-K basalts
are consistent with these basalts représenting'the upper
portion of a single cooling unit. Initial 87sr/86Sr data

for these two high-Ti grcups indicate they cannot be derived

from the same source region (Papanastassiou and Wasserberg,

1971) .
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| Apalio 11

! Low K High K Apollo 17

: . 10003 10050 Avp(8) 10017 10057 Asgq6)  T3055  T0243 . TH03F 74275 Avp(30)

| SiO, .76 4062 4067 $0.64 0 979 037 4127 3TT9 R4 3843 NS4

]~ TiO, 10,50 96l 10X LTS LA 1LT7 0 1007 1287 A4 1206 1235

: ALO, 043 1087 1040 798 10.54 .84 978 K5 8.62 8.51 %84

~§e0 R0 1631 1868 1965 1935 0 1928 18239 19.66 0 19200 1825 1894

MnO 0.30 0.26 0.27 0.24 0.20 0.24 0.29 0.27 0.26 0.25 0,27
MeO 6.69 7.82 692 1.68 1.65 7.56 0.8 344 9.04 1026 8,52
CaQy LI 1265 1170 10,65 1008 1059 - 12300 1074 1077 103K - 1080
N, 0 0,30 033 0.41 0.51 0,54 0.52 0.44 036 - 0.3 0.37 0.32.
K.O 0.06 0.06 0.07 0.29 0.32 0.3 0.0 0.05 0.06 0.07 0.08
P.O. o 0.07 0.09 0.16 0.17 0.17 0.07 0.09 0.08 0.07 0,06
s ! 018 011 016 0.22 0.22 0.22 0.19 0.1% 0.17 0.4 017
Ct,0, 0.26 0.35 0.29° 036 0.36 ~ 0.36 0.27 041 0.41 0.04 049
Mg 0.4% 0.48 041 0.4} 0.40 043 0.46 0.50
(Mg + Fe) ‘

Avg (8} indicates un uverage of eight sumples, References and unalyses used for wverages are wmaifable on m]ucﬂ

Apolio 12
Olivine Pigeonite flmenite Aluminous Basalts
12009 12040 Avg(9) 12021 Avg(4) 12022 - 12064 Avg(d) 12038 14053 Luna 16
! 45.03 4388 44.32 46.68 46,46 42,77 46.30 44,47 46.83 46.22 343.80
A £ 2.90 2.45 2.65 3.53 3.335 4.85 3.99 4.63 3.24 2.93 4.90
Z i .‘“) 8.59 1.27 8.03 1078 1038 . 9.08  10.73 9,76 . 12.48 1299 13.63
S S 21.03 21.09 2111 19.31 19,72 21.75 19.89 20,78 17.76 16.95 19.35
‘ 0.28 0.27 -0.28 0.26 0.27 0.25 G227 0.27 0,25 0.26 0.20
1155 16.45 14.07 - 739 794 11.01 6.47 8.52 6.86 8.68 7.05
- 942 8.01 8.61 11.38 11.03 9.47 11.78 10.78 11.49 11.15 10.40
.0.23 0.17 0.22 0.31 0.28 0.8 0.29 0.32 0.65 044 . 033
0.06 0.05 0.06 0.07 0.07 0.07 0.07 0.07 © 0.07 0.10 0.15
0.07 0.06 0.08 0.09 0.11 043 0,04 0.10 0.14 0.1 0,12
0.06 0.04 0.06 0.07 0.07 0.08 .0.07 0,08 0.07 0,13 017
0.55 0.63 0.63 0.40 0.47 0.56 0.37 0.42 0.31 0.40 0.28
049 0.58 0.41 047 0,38 0.41 048 0.39
Apollo15
Olivine Pigeonite
! 1S9 15355 15039 Avg(i9) 15999 15076 ~Avg(id)
4823 4157 4500 4498 4775 4344 47,98
;: A6d 2100 205 2410 181 192 182
1 9.4 R Ry 8.80 9.23 8,97 9.46
! SRS N5y 00722372037 26330 -2013
! . : 0.31 0.29 .26 0.30 0.29 0:29 0.28
| - : R %93 1136 12,27 10.42 9.03 8.61 8.74
! : ’ 10,558 9.40 X.9% 9.79 10.40 . "10.52 10.54
! 020 027 .27 . 028 0.34 0.34 0.3}
; Qus 0,04 0.06 - 0,05 0,06 0.07 0.06
e S0 one 042 008 008 007 007
Dl U008 00e 0T 007 007 ~ 008 006
e S 087 0.61 0,50 057 0527 0.3 0.47
- . S 042 047 0s0 048 043
' ‘Table IC 2. Major element chemistry of lunar basalt

types. (Papike et al., 1976)
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Lunar basalt tvrge - Textural Scquences

1"

Modal Mineralogy®
No.
Group cpx ol plag opaq  Averaged Textural Sequencet

Apollo 11 low K 44-55 0-7 24-38 10-18 14 10020, 10045, 10062, 10003, 10050, (10044, 10058, 10047)

(49) 2.2) 31 (14)
Apolio 17low K 44-52 29-33 13-15 2 (75035,75055)

(48) 3 (14) ’ :
Apollo 11 highK 47-59 0-1 18-27 15-26 9 10049,10022, 10057, 10017, 10024, 10072

(53) (0.1) (20) ()]
Apolio 17 very 42-51 1-10 14-29 1§-30 53 74235,70215, 74275, 710585, 75075, 70017, 70035

high Ti 47) (+.5) (23) (24)

Apollo 12ilmenite 55-61 0-20 12-33 7-11 6 12022, 12063, 12051, 12064

(59) (3.5) (25) (9)

Apollo 12 olivine 32-64 J6-1i 5-27 3-14 143

12009, 12004, 12002, 12075, 12018, 12020, 1200, 12035
(33) (30) (19) (N

Apollo 12 pigeonite = 62-71 0-4 17-31 5-12 7 12052, 12053, 12065, 12021

(63) (1.4) (21) 9)
Apollo tSolivine 61-64 5-9 22-27 -6 3 15545,15556, 15016, 15555

(63) M . @y . Gs . .
Apotlo 15 pigeenite 4(66-17;) 2-(1;;)8 » (33—2) 3% 15597, 15595, 15499, 15476, 15495, 15475, 15076, 15085, 15058, 15065

Values in pareatheses are averages.

*Clinopyroxene is abhraviated cpx; olivine, ol: plagioclase, plug: and opaques, opaq.
tFrom fine at iefi to course at right,

$Does not-include vitrophyres.

MODAL MINERALOGY AND BULK COMPOSITION Table IC 3. (Papike et al.,
: 1976)
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There are also two major basalt types at Apollo
17. The minority low-K basalt samples are very similar
in composition and in age to the Apollo 11 low-K basalts.

The Apollo 17 very high-Ti samples are distinguished from

other high titanium basalts by their higher Tio,, FeO,
and MgO content. The major element variations'within the
very hiéh—Ti suite of rocks can be interpreted in terms
of multiple crystal fractionation. Both Apollo 11 and
17 low-K basalt compésitions cduld possibly have been pro-
duced by near surface fractionation from a magna similaf
to that whiéh formed the very high-Ti basalts.

b. Low-Ti

Three major groups of low titanium basalts

can be distinguished at the Apollo 12 site: olivine basalts,
‘pigeonite basalts, and ilmenite basalts. A few saﬁples

of feldspathic basalts ére also found, Thesé three basalt
ltypéswcan be distihguished in the chemicalyvariatioﬁ dia-
gréms of Figure IC-4 (ffom Papike et al., 1976;'Rhodés

et al., 1977). The major element variations for the Apollo

12 olivine basalts fall along olivine control lines indi-

cating the variations are-due largely to the loss or gain
of olivine. The coarser-grained samples are interpreted

as 6livine cumulates. The Apollo 12 pigeonite basalts'conf

“tain large zoned phenocrysts or pyroxene. They‘show lit-
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tle evidence of near surface fractionation although the
relation of their major element chemistry to that of the
oliyinerbasalts (Figure IC-4) indicates they both could
have;been derived from similar parental magma. The Apollo

12 ilmenite basalts have recently been extensively studied

(Rhodes et al., 1877, Nyquist et al.,'1977)3 These results
indicate that the major element compositional variations
witﬁié the ilmenite basalt group can be attributable to
near surface fractionation 1nvolv1ng olivine + ilmenite
(Flgure IC 4e) . The rare earth and isotopic data ;ndlcete
the ilmenite basalé parental magma is probably derived from

a distinctly different source region than that for the olivine-

pigeonite basalts. Remote sensing data (see Section III)

- show two surface units in the Apollo 12 region with the

landing site being within a few kilometers of a unit of
slightly higher TiO, content.
| The mare basalts of Apollo 15 inelude two ba-

salt types similar to those at'Apello 12 but loWerfiﬁ TiOé:

" olivine basalts and pigeonite‘basalts. The Apollo 15 oli-

 vine basalts are'high'in FeO (Figure 4a). The‘mejor ele-

ment Variationsyare consistent'with a limited amount of

; 011V1ne fractlonatlon, and, together with textural ev1dence,

indicate the samples are not OllVlne cumulates but are. pro-

ot

' bably samples from the upper portlon of coollng unlts.
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The composition of the Apollo 15 pigeonite basalts do not

fall on the same olivine control lines as the ollv1ne ba-
salts, although the two basalt types could be products
of fractionation of a single primary magma not sampled.
The major element variations of the’pigeonite‘basalts are

consistent With a limited amount of pigeonite (and possi-

‘bly olivine and chrome spinel) fractionation.

c. Other (Feldspathic, VLT, Luna 24) basalts

It is possible, if not probable, that some of
the minor rock types found in the lunar samples are, in
fact, regionally important. Three general groups in par-

ticular may be significant: feldspathic basalts, very low

titanium (VLT) basalts, and the recently returned Luna 24

basalts.

The feldspathic basalts (high aluminum) are

exemplﬁfied by a heterogeneous and perhaps unrelated num=-

berjof*samples found as minor components at several land-

-1ng 51tes (Hubbard ‘et al., 1973; Ridley, 1975, Irv1ng, 1975)

Thelr major element chemlstry (Table IC- 4 from Ridley,

19750 and petrographlc relatlonshlps 1ndlcate they are in-

'deed basaltlc. Their high MgO + FeO content (Flgure IC-5,

‘kfrom Hubbard et al., 1973) and medium 'I‘J.O2 (Table IC-4)

dlstlngulshes them from possible highland melt rocks. They'

are distinguished from most other maretbasalts’by their
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' THE
REPRODUCIBILITY OF
ORIGINAL PAGE IS POOR

Major-element chemistry of aluminous mare basalts,

1 2 3 4 ] 6 7 8

Sio; 459 452 463 4682 4550 43.80 402  43.7
TiO; 73 257 279 233 404 490 7.2 3.3
Cn0, 02 051 037 03 0.28

ALO, 144 111 137 1381 1395 13.65 132 13.2
MO = 026 = 026 . 0.20

FeO 107 17.8 170 1592 17.77. 1935 165 . 165
MgO 67 122 854 630 595 705 85 99
Ca0 1.3 984 112 1157 1196 1040 120 11.1
Na,0 1.0 032 044 08 . 063 - 038 .03 0.2
K:0 0,01 008 " 01F . 025 021 015 010 0.6

(1) Average composition of basaltic clasts in 14063, broad beam analysis.

24

a2

Fel (oercdnt by waight)

0

-
-

-
o

-
-

-
~.

-]

~(2) XRF analysis of 14072, Hubbard et al. (1972).
(3): XRF analysis of 14053, Hubbard et al. (1972).

{4) Average 7 vitrophyric and variolitic clasts. 14321, Grieve et al. (1975).

(53 Basalt fragment in Luna 16 soil. Albee et al. (1972).

(6) Luna 16 basalt, Vinogradov et al. (1971).

(7). (8). Preferred glass compositions in Apollp 1 and 12 soils, respec-

tively, Reid et al. (1972).
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[ : .
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- Fe-rich
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L
g <«
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L4
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, o \‘ /15 10 203 8,0,)
[ Toreaste et tos el :
o
[ - -
b | -~
[
-
i
(=N
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B. 5
-‘" et . . “
& g
SNy
- e N,
- / \mgh A0y
4 DR 2010 28% ALO;)
Y AR > "
_2="N< Anorthositic racks
/ Apvile 16 (29% ALO,)
) 1 i i IR UG | 1

() 24 . . [N AR 16 18

MgO0 (percent by weight)

Table IC 4. (Ridley, 1975)

The FeO, MgO,
and. ALO; ‘contents . of
ditferent . luna: -~ rock
types: 4, rocks © with
more  than 25 percent
ALO: (O, rocks with 20

' to 25 peresnt ALO O,

Apollo 1§ KREEP ba
salts; -, Apollo 16
KREEP hasalts: AV,
mean KREEP. compasi-
tion from  broad-beam
microprobz analyses. of
individual fragmentsy #47,
“highland  baselt” o
FAIR, mean ¢omposition
of Fra Mauro hasalt
elasses; GG, Apollo IS
arcen . plasss Lo, T.una

16 busalt, Points- Iabeled

12,3, o .ocorrespend
to-samples 66095, 61156,
60335, 61016 (dark),
4073, 13083 (lipht),
1527342, 67208, 22007,
1544517, 220006, 13310,
and 1527343, respec-
tively,

‘,Figure IC,5; (Hﬁbbard et ai.,f1973)
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higher Al,0, content, although they are frequently simply
grouped with the low-Ti basalts. The few that have been

dated demonstrate the heterogeniety of this 'group': 14053

is about 3.95 AE (Papanastassiou and Wasserberg, 1971; Turner

et al., 1973) and predates most mare basalts, whereas a-
sample from Luna 16 (B-1l) is about 3.45 AE (Papanastassiou
and Wasserberg, 1972; Huenke et al., 1972).

- Recently a comprehensive study of the miner-

alogy and petrology of 58 lithic fragments from the Luna

1

16 core has been made (Kurat et al., 1976). Three sepa-

rate basalt types were identified in the samples. Fragments

of the main type of Lunar 16 basalt show compositional var-

iations (Figure IC-6, from Kuratfet al.) - indicative of

near surface fractionation involving plagioclase, olivine,

and‘ilmenite.r These Luna 16 basalts are distinct among

“the returned samples and seem to form a class by themselves

with low FeO and MgO, and high Al,0,, FeO/MgO, Ca0 and al-

kali content. Remote sensing data (Pieters and McCord,.

1975) suggest the Luna 16 basalts are part of a family of
basalts in the eastern maria.

A’few'fragments of a very low titanium basalt

“have beén recently'discoveréd in the Apollo 17 drill core

(Vaniman and Papike, 1977) . Preliminary major element

chemistry of this basalt shown in Tablé_Ic—S (Papike, per-

et 2 e e e e e — e e e
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i v . March 12, 1977
i PRELIMINARY Data on the :

H ]
§ cooposition of Very Low Titanium

. Mare Basalt (apollo 17)

1 phaneritic fras:aentl phaneritic fx:ag::en:l vi::og;hyrez

i PT5 70098370 : 7S 70008356 T PTS 70007328 -
! (1.75 = fragzent) (2.2 tx fragment)

‘ .

; sio 43,74 48.08 . 48.55

: : n233 11.40 11.25 : 20,04

! Tidy 0.50 0.36 L 0469

i Fed 1s.98 18.23 17.¢4

i : : ) 0.26 } 0.26 0.30

. - K . ¥50 9.45 11.00" R 11.79

| - €20 10.15 10.16 9,35

! o . N10 0 UC.15 0.15 : 0.C6

—_— ' ) g %) 0.04 0.01 0.c2

IR - €x03 0.60 - 0.60 0.€9 \

b e » s 105,77 163.10 99.€3

; ‘ . £/ :

i . e e (FeiMg) - .53 .48 Lo -46

¢ ! B

f ‘ Cad/A1503 .89 .90 ’ .93

: T, . C xxecor.‘:i.;a:ion of aicroprote mineral data using modal analyses obtained by counting

; ’ ) 1000 roints in each fragment. Averages of nany prote analyses.(e.g., 200 pyroxene spots
in the fragment from RIS TCO0E358) were used to acceunt for mineral zenaticn.
2recostination of nizrorrzoba mincral and ‘glass analysed using modal data ottained
by counting 1000 points Inithe vitrophyre. : S

« 3averaze of eizht overlazping SO micron sgots within. a single vitrophyre (about 85%
glass, 15¢ szall crystals v to 10 microns in diametex)

v Table IC 5. (Papike, 1977, preliminary ' :
i ' - . , ©  .communication) G QAL
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sonal communlcatlon) indicates they clearly are mare basalts

1

and not hlghland melt rocks. Their very low Tlo2 content

(which is comparable to the Apollo 15 green glass) distin-

guishes them from other mare basalts. The regional source
area of these basalts has not yet been identified.

On August 28, 1976, the Soviet Luna 24 automa-
tic probe obtained a core sample from SE Mare Crisium and
returned it to earth. Preliminaryvanalyses of some of the

basalt fragments 1nd1cate a low titanium basalt (~1% TiO,)

with hlgh alumlnum content and -low KREPP (Barsukov et al.,

1977). Although it is still uncertain which unit in Mare
Crisium was sampled (see Section IIIE-1), this low-Ti, high-
Al basalt may be unique among the samples.

2. Role of Basalts in Current Understandlng of the

Moon

a. Comparison with terrestrial basalts

‘About 17% of'the 1unar surface,is;covered with

mare basalts (Head, 1975, 1976) compared to perhaps >75%

.for the present terrestrlal (e G oceanlc) surface. The

‘ dlstrlbutlon of mare basalts is shown in F;gure IC -7 (from»

v

‘Head 1976) The style of volcanlc eruption is dramatlcally‘
, dlfferent for the two planets. Most of terrestr1a1 volcanlc

depos1ts are assoc1ated w1th recent plate tectonlcs, whereas

the moon has ma;ntalned,a rlgld 11thosphere for at least
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3.5 AE. The closest recent terrestrial analogue to lunar
voleanlc deposits are the flood basalts and Hawaiian lavas
although the origin of even these terrestrial basalts is
lfkely,to be tied to terrestrial tectonics. A summary of
estimated volumes for lunar, terresttial and Martian vel~
canics is provided in Table IC-6 (compiled from Head, 1975;
CTV) . |

In major element chemistry lunar basalts are strongly

enriened in FeO and in some cases Tio2 and depleted in

-]

7 MH1,0, with respect to most terrestrial basalts (Figure 8,

from Gast, 1972) . siO, content for lunat basalts is low
withutespeet to terrestrial values (Table IC-2). The Hi-
Ti basalts are not strictly baealte unless theit Sio2 eon~
tent is recalculated for a,bulk chemistry with lower
amounts of TiO,. The ranges of CaO and Mgo'centent are

roughly comparable for lunar and terrestrial basalts. Both

lunar basalts and basaltlc achondrltes are depleted in K,0

'and Na0n w1th respect to terrestrlal basalts (Figure IC-9,

from Gast) . 'The comp051tlon of lunar feldspars reflect

thlS low K and Na content (Flgure IC-10, from Paplhe et

'al., 1976)

The lunar basalts are in extremely reduced state and

-

contain no water_of~lunar'orlgln, ~Almost all'lron occurs

as;Fez+ with up to a fewltenths of a percent‘beingareduced
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Table IC-6 Estimated volumes of basalt.
(Head, 1975, CTV)

Location

Earth:

Mars:

Moon:

Decca, India

Columbia and Snake
River

Siberia
Parana, Brazil
(Mauna Loa

Bushveld (plutonic
complex)

Olympus Mons

- Trangquillitatis

Fecunditatis

Nectaris

H,, h, Imbrium

Circular maria

Whole moon basalts

Estimated volume (x10%km?)

.7

.3
.25
.20
.05)

.10
2.6
.26
13
.08
.04
5.2
0.
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to metalic iron. Unlike terrestrial basalts, no detectible
Fe’t is found in lunar basalts. The reduced state of ti-
tanium and chromium (Ti®t, cr?%) are rare in terrestrial
basalts but occur in significant amounts in lunar basalts
(Burns et al., 1973). The oxygen fﬁgacity value of luﬁar
samples for a given temperature is several orders of mag-
nitude below those for terrestrial basaltic lavas (Sato
et al., 1973). ) |

The rare earth element patterns for most ter-
restrial basalts are strongly enriched for the light rare
earths (Figure IC-11, from,Jahn.and Nygquist, 1976). This
pattern is found in none of the lunar basalts aithough‘the
high titanium basalt REE pattern is‘somewhat similar to
£hat for terrestrial,oceanic.tholeiiteé. A notable distinc-
tion of lunar mare basaits is the "europium anomaly“ exhi-
bited in their REE pattern. This relative depletion of
Eu is linked to tﬁe lunér réduéing conditions which allow
Eu?’ to be stable. The geochemical behavior of ga?t is
distinct from Ea?t; Bu2t cén readily enter the Ca site

in'feldsparklattices}' The europiun anomaly is genérally

“interpréted as indicating the removal of feldspar from

the source regicn of mare basalts pricr to their generation

(see'summary in Taylor, 1975, p. 154—159); 
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Ba and REE abundance patterns for various lunar and terrestrial rocks. The
difference in the shapes of the patterns is very striking, In the case of lunar rocks,
KREEP and mare basalts (A-L1. Hi-K, Lo-K, A-17(M). A<12(M), and A-15(M)).

“have distinct negative ‘Eu anomalies. In contrast,-all anorthositic rocks (15459,
77017, 66095, 12033, 60025, 69935 and 15:413) have positive 24 anomalics but
much lower total REE abundances. VHA basalts or troctolitic rocks (not shown)
have REE abundances intermediate of those of KREEP and anorthositic rocks. In
the terrestrial case, two-Archean tholelites from Minnesota have REE patterns
comparable with the oceanic ridge or island arc tholeiites: and an Archean tonalite

:shows a strong depletion in heavy REE! Sources: Gast et al. (1970). Hubbard and
Gast (1971), Hubbard etal. (1972, 1974), Schnetzler etal, (1972), Laul and Schmitt
(1973), Philpotts et al, (1974), Rhodes-and Hubbard (1973), Kay ct al, (1970), Kay

~ and Gast (1973), Arthiand Hanson(1972)'and Jahn et al. (1974)

. Figure IC 1l. (Jahn and Nyquist, 1976)
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Comparisons of element abundances &stﬁeen Apollo
12 basalt 12009 (a possible primary partial melt from the
interior) and‘type 1 carbonaceous chondrites (primitive
solar system material) is shown in Figure IC-12, from Taylor,

1975. Taylor (1975) suggests three and perhaps four'stages

. of fractionation for lunar material to account for these

differences: (1) pre-accretional fractionation (loss of
vo;atiles and probably also siderophiles), (2) post—accretional
wide-spread early melting (see below) with fractionation
creating a zoned lunar mantle, (3) later partial melting

of this'ﬁanrle leading to further element fractionation,

and (4) possible'fraoﬁionation of this melt en route to the
surface and/or during surface crystallization.

Similar elemental comparisons can be made be-

: tween terrestrial mantle derived basalts (e.g., oceanic

} tholelltes) and Apollo 15 011v1ne basalt 15555 Figure IC-13

(from Taylor, 1975) 1llustrates the general depletion of

K. and Na in lunar basalts and the enrlchment of Fe and Cx.

b. Chronology
B One of the most notable characterlstrcs of lu—
nar rocks is their age. Lunar mare basalts crystalllzatlon“
ages range ﬁrom about 3.2 to 3 85 AE A summary of many

of the lSOtOplC age datlng results and approprlate refer-

Tafences is provrded by Taylor (1975) and shown 1n Table IC—?. 5
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G
Ages of Maria Basalts.
T BABI
Age Rock : (p. 65)
(acons) type Sample no. © Method Reference.  {aeons)
3.96 Albasalt 14053 Rb-Sr 101 4,60
Apollo 14 {3.95 Al-basalt 14053 “©Ar®Ar 102 —
3.95 Al-basalt: 14321 Rb-Sr 101 4,24
: 383 - HighTi 75055 . Rb-Sr 103 —
Apollo 17 3.82 High Ti 70035 Rb:Sr 104 — ‘
3,76 High Ti 75055 “Ar-®Ar 102 —_
374  HighTi 75083 “Ar-PAr 105 =
3.82 Low K 10062 “Ar-Ar 166 —
Apollo 11 [3.71 7 Low K 10044 Rb-Sr 107 4.52
, 363 - Low K 10058 Rb-Sr - 107 —
[3.68 High K 10071 Rb-Sr 107 386 ST
‘ 363 . High K 10057 . - Rb-Sr 17 3.90 i
i : Apolo 11 {361 HighK . 10024  Rb-Sr 107 384 |
o T , 3.59 High K 10017 Rb-Sr 107 3.80
. ' {3.56 Righ K 10022 “Ar-"Ar 108 —
Luna 16 {3.45 Al-basalt B-1 “Ar-Ar 109 —
3.42 Al-basalt B-1 Rb-Sr 110 -
344 . Quartz basalt 15682 Rb-Sr i 4.05
3.40 Quartz basalt 15085 Rb-Sr 111 —
3.35 ‘Quartz busalt 15117, - Rb-Sr 111 — ;
Apollo 15 43.33 . Quartz besalt 15076 Rb-Sr 111 s
332,  Olivine basalt 18555 . 'Rb-Sr 111 . - !
331 _ Olivine basalt 15555 “Ar-"Ar " -
1326 |Quartz basalt 15065 Rb-Sr S -
[3.36 Olivine basalt 12002 - ° Rb-8¢ o107 456
3.30 Olivine basalt 12063 - Rb-Sr 107 4.33
3.30 Olivine basalt 12040 Rb-Sr 307 4.64
: 7 Quartz basalt- 12051 “ArAr . 108 T
Apollo 12 2% ‘Quartz basalt 12051 Rb-Sr 107 “ . ... 828
324 Olivine basalt 12002 CAr-"Ar 108 —
3.24 .. Quartz basalt 12065 “Ar*Ar 108 -~
318 Quartz basalt 12064 . Rb-Sr 107 - 4,98
316 Quartz basalt 12065 Rb-St 107 " 4.38

Table IC 7. (Taylor, 1975)
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Theioldestwmgjbr gidﬁp is the high-titanium basalts although
some of the Apollo 14 feldspathic basaltic clasts are older.
Flgure IC-14 (from Papike et al., 1976) illustrates the

\

b1 modal dlstrlbutlon of the basalt ages of returned sam-

ples 1nto old high-Ti and 'young' low-Ti groups although .

~ there is also a hint of an old low-Ti group.

Internal mineral Rb-Sr 1so"hrons used for ob-
talnlng many of the above crystalllzatlon ages (e g., Figure
ICc-15, from Papanasta351ou and Wasserberg, 1971) also pro-

vide an initial ®7sr/®®sr (I) value. Measured values for

liﬁitial~97$r/°58r for lunar'samples are shown in Figure
IC-16 (from Jahn and Nyquist, 1976). The range of these

-I values indicate that the source regions of the mare ba-

salts were heterogeneous at the time of partial melting.

The lunar mantle'must have developed a heterOgeneous nature

prlor to a0 AE

C. Two stage meltlng hypothe51s;

An 1ncrea51ng amount of data 1nd1cates the outer

' 100 500 km of the moon was partlally or totally molten very
8 hortly after accretion of the planet. Most theorles of. |

mare basalt petrogenesxs call for a later partlal remelt-'

1ng of varlous portlons of the SOlldlfled magma ocean.

A few of the most compelllng arguments for this popular

'*'hypotheSLs of early lunar evolutlon are outllned below.
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R The composition of the iunar.crust was first
inferfea from anorthosite fragments found in Apollo 11 soil
(Wood et al., 1970). If the major element composition of
lunar material was roughly chondritic, the original surface
Jould have to be melted to about 200 km depth to account
fer the presence of such an observed anorthositic crust
(a floating cumulate formed by crystalyfractionation).

The europium anomality observedkin all lunar basalts (Figure
IC-ll) further suggests the prior removal of large amounts.

of plagloclase from the source region of mare basalts (e.g.,

‘Philpotts,and Schnetzler, 1970; Taylor and‘Jakes, 1974).

Rb-Sr isotopic data prov1de further evidence
that Rb last separated from. Sr in a global fractionation
event around 4.4 - 4.5 AE (Papanastas31ou and Wasserburg,
’1971). A model age (TBABI

fractionated can be estimated from whole rock data assum-

) of when‘Rb and Sr were last

ing aniinitial ®7sr/%%sr value equal to that found in ba-

' saltic achondrites (Figure IC-15). Most T ages clus-

BABI
ter around 4.5 AE (see,Table IC-7) indicating the moon,

or: specmflcally the source reglons of -most basalts, behaved

: approx1mately as-a closed system w1tn no major later frac-
ttlonatlon 1n;Rb/Sr. The dlscovery of a dunlte dlfferentlate

't:w1th a crystalllzatlon age of 4 55 AB (Papanasta551ou and-

5l'wasserburg, 1975) tlghtens the Rb -Sr case for early lunar
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| differentiation.

j Sm—Na isotopic systematics for an Apollo 17

| basalt (Lugmair et al., 1975) indicate a fractionation event

‘ of the parent material at 4.35 AE. 1Independent U-Pb chron-
ologies for Apollo 17 basalts (Tera and Wasserburg (1974)
also indicate similar ages (4.43 AE) for an early lunar
differentiation, with later derivation of the basalts from
a closed U/Pb system. | |

Solomon and Chaiken (1976) recently examined

a‘variety of plausible thermqi‘évolutidnvmodels to account
for the aée ofvobservable Structurallfeatﬁres (or lack

‘;f of) on the lunar surface. There are'novfeatures indicative

of iafge compressional or tensional stresses since the for-

mation-of the major basins and emplacement of the lunar

‘maria. The only thermal mbdels that can account for this

lack of whole planet‘vélume chahge~through 4 AR requires

an initial hot surface and cold interior. They argue“the

original "magma ocean" could not have been deeper than7300

km‘nor,shallower théﬁ 100 km.

d. Mare basalt source regions

,'The mare basalt magmasyare believéd“td have
f ~ _been derived as partial'melts generally fromythé;lunar man-

tle which, from the previous discussion, include a 100-300

‘?; km‘deep‘fractionated zéhg.briginating’from an eaﬁly magma
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ocean; ’The details of the geochemical structure of the
mantle are not entirely agreed upon although common features

include basal 2zones of olivine and pyroxene cumulates, crus-

tal plagioclase (late floating cumulate) and some sub~-crustal

res%dqal material that is generally enriched in incompati-
bleéeﬂements (Taylor and Jakes, 1974; Hollister, 1975; Hub-
baré end Minear, 1975; Wood, 1975; Walker et al., 1975;
Taylor, 1975; Longhi, 1977; Soloman and Longhi, 1977).
Two such models of the lunar mantle composition are shown
in Figure IC-17 (from’Taylor, 1975) and Fignre’IC-IB'(from
Hellister, 1975). |
‘Hypotheses for the genesis of mare basalts are
circularly dependent on models of the =znar interior. Most
current models involve simple remelting of varions eumulate
layers with or without assimilation of other heterogeneous
' pockets or more pfimitive (deeper, unfractionéted) material.
‘An unbiased critical review of competing models ofemare
basalt petrogene51s has not been presented and is beyond
vthe scope of this descrlptlon. D;scu551on’of a var;ety
. of these models 1nclude’Walker-e£~al.,(1975), Ringwoed and
'e.Green‘(l975}, Hubbard and Minear:(l975), Drake and Consol-
‘magnof(l§76), 6'Hara eﬁ al. (1975), Kesson and Rlngwood
 1:(1976), Ma et al. '(1976); Rlngwood and Kesson (1976), Shlhk’

kand Schonfeld (1976), and Taylor and Takes (1974, 1977)



Geochemical model of -the lunar interfor at ubout 4.5 acons.

Figure IC: 17.

{Taylor,

1975
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Figure IC 18. (Hollister, 1975)
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High pressure equilibrium experlments on lunar
basalts (e.qg., Hays and Walker, 1974) can be used to esti-
mate depth of partial melting and the mineralogy of the

residuum (e.g., Ringwood and Essne,‘l970) assuming the

sample represents the ecuivalent of a primary (unfractionated)

liguid. There is still much discussion concerning the

degree to which partlcular samples can be considered quenched
primary melts oxr the products of significant fractioniza-
tion prlor to ertru51on (O'Hara et al., 1975). The exten-
sive literature concerning experimental'studies has been |
recently evaluated and reviewed (ResSon and Lindsley, 1976).
There is a widespread opinion that the lou-Ti parental

magma formed by partial melting of an olivine-pyroxene

mantle at depths of 200-500 km. There is less agreement

concerning the high—Ti basalts with the two prevalent views
being (a)’partial melting of an olivine—pyroxene-ilmenite

source at 120 km, or (b) partial meltlng at or below 240

‘km of an ollv1ne pyroxene source that lS elther 1ntr1n51—

cally enriched in Tl or coutamlnated by Ti enriched phases

formed at different depths. Both therorange and green glass

present anomalities and may represent partial melts of an

- olivine-pyroxene sourceiat depths of 400 km or ﬁore.' (Al—’

ternatlvely; these unusual glasses may be products of large

. degrees of partlal melt. )
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Although no experimental data exist for the
Luna 16 high alumina basalts, their bulk chemistry suggests
they could be derived by partial melts of the lower crust
or upper mantle (nv40-100 km) (Kurat et al., 1976). The low
initial strontium ratio for Luna 16 basalts (see Figure
IC-16) suggests a distinct source region comparable in Rb/
Sr to that for thne low-K high-Ti basalts.

3. Unanswered Questions

Further detailed and extensive study of éxisting

lunar samples will certainly clarify some of the models
for mgré basalt petrdgenesis and lunar evolution in gen-
eral,E Before any of these models can be generally accepted,
the;fpllowiﬁg guestions must be answered conéerning the
relation of the lunar samples to the whole moon:

(a) How representative are the samples of the major
geochgmical units on the moon? - What is the reélative glo-

bal proboftions of rock types identified in the samples?

‘ What is the geochemistxy of uhsampled regibns?

(b) What is the temporal sequence of mare basalt types?

Are the current paﬁterns seen in the lunar samples repre-

_sentative?

Answers to these questions are essential in deter-

mining the composition and degree of heterogeniety (verti-

cal and lateral) of the lunar mantle. The temporal and
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volumetric relations between global basalt types put con-
straints on thermal models related to basalt petrogenesis.
Until further samples are obtained, remote sensing techniques

are the only means by which to derive answers to the above

~questions. Information concerning regional and global geo-

chemistry that can be derived from spectral reflectance

measurements is discussed in the remaining sections.
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ITI. REMOTE SENSING OF THE MOON

A. General: Current Techniques of Remote éensing
Definition and characterization of planetary surface

units proﬁide the basic framework for understanding'the

planet as it currently exists as well as the placing con-

straints on its past history. A variety of techniques cur-
'rently exist which provide information about a surface
from;remope'observatidns (Figure IIA-1 and Table IIA-1,

from Head et al., 1976) “All but one of these remote seﬂs-

1ng techniques 1nvolve the detection of electromagnetlc

radiation; only segments of the electromagnetic spectrum,

however, have been utlllzed in remote observations (see

Figure IIA-1). Many observations can only be made from

orbit due to the absorption characterisitics of the earth's

atmosphere. |
Existingiremote sensing techniques were examined in

detail by Head et al. (1976, 1977) and subdivided into three

types according to how*the infdrmation they providevis used

for mapping the:geoiogy‘and geochemistry of‘thiSited plan-
etary surfaces" (1) Characterizin§ (Cbin Teble'IIA—l)
technlques allow the. cla551flcatlon and characterlzatlon
of chemlcal compOSLtlon, llthology, or phy51ca1 features.;
,(2) Deflnlng technlques (D) help to deflne the boundarles

kand,extent of unlts. (3) Supportlng technlques (S) pro-
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Technique
y=ray spectroscopy

 X-ray spedtroscopy i

UV spectroscopy

SpectralyReflectance

 Spectral Imagery
Albedo e

" Polarimetry

Visdai‘Observationa.
Photography

Infrared Radiometry
Spectral Emittance

~Radar (Backscatter
and Imagery)

—q-particle

D, C

c(?)

-ttty

Use or potential use in mare areas

- P:bVides regional variations 1in Th, K, Ti, Fe, Mg, concentration;

low spatial resolution but gemeral correlation with mapped units.

Provides regional variations in,Al/Si ratios.
tions seen between and within maria.

Regional varia-

Potential supporting technigue.

Provides quantified information on composition, mineralogy, and
'soil maturity; e. g., Ti0p content of mature mare soil, major
mafic mineral content and composition.

Reveals boundaries of units characterized by specific ‘spectral
reflectance properties. When images are quantitative, some char-
acterizing properties can be mapped if the correct spectral bands
are used.

Used qualitatively in basic distinction of mare units from high-
lands. Quantitative albedo measurements are used to subdivide
mare units. Within an area of similar maturity, can be used as
an indication of compositional variation.

Provides information on the surface regolith (as a combined

function of complex refractive index and particle size).

Used 1n basic definition of unit boundaries and extent (regional
topography, and local topography such as flow fronts). Other
observations such as surface texture and qualitative estimates

of crater density are useful in unit characterization.

Measures thermal inertiadKQC; Surface density (blockiness) major
influence but other parameters may have an effect.

May provide information on §i/0 ratio and also mineralogy, if
soil particle size is large. Little data avallable.

Radar imagery helps define extent of some units. Backscatter may
also be helpful as a characterizing and supporting technique by
providing information on crater density, block distributions,
regolith thickness, and composition.

Provides regional variations in 222Ra and 210po.

Uses of remote sensing teciiniques.
(Head et -al.,

1976, 1977)
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vide additional useful information but afe not necessarily

fundamental to the unit characterization or definition.
The:remote sensing techniques that will be discussed

in detail in the following sections and used for geochem-

ical explo;ation are spectral reflectance and‘multi-spectral

imaging. Both techniques utilize the spectral character

of reflected solar radiation in the visible and near infra-

red spectral regicn.. The basic principles of the technigues

(described in Section IIC and IID) rely cn well-defined

~absorption characteristics of transition metal ions (Fe,

Ti,;Cf, etc.) inyminerals. Spectral reflectance measure-
ments refef-to conﬁinuous’spectra, generally measured for
a.single small atea with 50—300% resolution through the

spectral range of .3 to 2. S5um. Spectral reflectance mea-
surements provide 1nformatlon about the m1nera1ogy of the

surface material and are thus a characterlzlng technique.

vMultl-spectral-lmaglng is usedfto map a particular spectral

parameter (intensity ratio) in two dimensions. 'If the
spectral characteristics of a unit can be uniquely defined

with a few Qarameters, multi-spectral imagery obtained

aetithe characteristic wavelengths is~used to map the regional

) extent of:the'unit. Multi—spectral imagery is thus a de-

;flnlng Lechnlque and 1s currently used through the spectralk
',jrange 35 to 1. Oum (belng llmlted by the sensitivities of

’two—dlmenSLOnal detectors avallable)
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II. REMOTE SENSING OF THE MOONW
B. kOutline of Previous Work in Spectral Reflectance

Priorfto the late 1960's, most of the astronomical ob-
servations concerning the color of the moon was either
phofographic imagery or broad band photdmetry. The photo-
metry wés obtained primarily with the classical astronomical
filters: U (.35uym), B (.45pym), V (.SSpm). This early work
showed that smali color differences exist from place to
plaée on the mooh, but’no geological or geochemical signi-
ficance was discerned or attempted. A thorough summary of
this data can be found in McCord (1968a).

‘In the late 1960's, two tYpes of reseafch were beguh
wpich'have since both merged and expanded intorthe general
field of spéctrai refleétance of the lunar surféce. In 1968

“high precision photoeléctric measurements,were obtained of
the refiectance‘from .40 to .80ym ofrmany (83) small lunar

areas relative to a standard lunar area (McCord, 1969a).

~Such measurements were later éXpanded to include the spec-

tral range from .40 to 1.10um for about 20 areas (McCord
and Johnson, 1969). Concurrently,kspectral refléctance

measurements in the visible and near infrared were being

~ made in the laboratorj forsamplés of pbwderéd rocks

and minerals (White and'KeeSter, 1966; Adams and Filice,

11967) . ,It,wés.reCOgnized that the spectral differenceS;

, observed remotely using a telescope were«intimately_related'



TR,

o

IIB 160

to and dependent on the geochemistry of the material ob-.
served (Adams, 1968; Adams and McCord, 1970). Strong sup-
portlng 1ndependent evidence for this hypothesis was provided
by the interpretation of transmission spectra of oriented ’
cryetalsguSing crystal field theory (e.g., Burns and'Fyfe,l967
Burns, 1970a) . The interpretations of transmission spectra
of mimerals provided sound theoretical basis for linking
the spectral characteristice of rocks and minerals to their
geochemistry (see,Section II-C-1). |

HAh abundant amount of research concerning spectral re-
flectance ensued, largely as an outcome of this intial pio-

neering work by McCord and Adams. For this review, the

relatively recent telescopic and 1aboratory research results

‘reported in the scientific literature have been divided for

convenience into six catagories and are outlined below.

Some papers have 51gnf1cant amounts of mater1a1 that fall
lnto more than one category.' Not 1nc1uded are a scatterlng
of additional broad—band lunar photometry ‘that either con-
firm earlier work or are,mot relevantito a discussion.of
spectraldfeatures of lunar material. |

l. Laboratory Reflectance‘Measurements- ‘General

Durlng the last decade, a large number of reflectance

; spectra have been obtalned in the laboratory for powdered
f:samples of rocks,vmlnerals,~and solls.. The spectral region

tof,ihterest'here is from .30 to 2.S5um. %The,laboratory
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tance spectraAofvcarefully chosen meteoritic samples have

_beén extenSively,analyzed and catalogued bvaaffey'(l973,

IIB 161
measurements have been obtained general}y with a high
resolution (503) spectrometer that measures the d’j Tfuse
reflectance of a sample relative to that of a "white"
standard such;as smoked Mgol

About ten years of research on the spectral reflectance
of lunar, meteoritic, and terrestrial sam Jes is presented

by Adams (1974, 1975). The direct relationship between

‘laboratory reflectance measurements of returned lunar

soil and telescopic measurements of the surface at the

landing area was described by Adams and McCord (1970).

A sequence of research reports followed as more lunar
samples became available (Adams and McCord, 197la, b, 1972,
1973) . The problems of how the optical properties of

lunar sbils are related to those of the parent rock was
discussed by Adams and McCord (197la)-and~Nash and Conel .
(1973). A reyiew of the spectrél refleétance properties
of~1una£ soil is in preparaﬁidn (Adams aﬁd Charette,‘1977).

An extensive catalogue of spectral reflectance curves

; for a variety of terrestglal rocks and minerals with roughly-

deflned geochemlstry is prov1ded by Hunt and Sallsbury
(1970,,1971, 1976a, b), Hunt et al., (197la, b, 1972,

1973a, b, c, 1974), ’nd Sallsbury et al. (1975). _Reflec—

1976) .. The prbblems of_deccnvolvingya‘rmck spectrum to
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obtain information about the mineral components is discussed
by Adams (1976) and in more detail by Gaffey (1977). Var-
.iaticns in the spectral properties of minerals in a prepared
mixture is presented by Pieters (1972,‘1974) and Nash and

Conel (1974).

2. Telescopic Reflectance Measurements: General

ﬁost of the telescopic spectral rerlectance_measurements

have been made with some form of a photoelectric filter
phctcmeter.‘ The watelength range and resolution has varied,
but to date most measurements have been limited in the near—
infrared to the spectral sensitivity of an S-1 phctomultiplier
detector (A<l.lum) (e.g., see McCord et al., 1972a), although
a few low resolutlon lunar spectra have been obtalned to
2. Spm (McCord and Johnson, 1970)
A varlety of reports have been presented containing

} a'iarge number of telescop;c,lunar reflectance spectra

" (McCord et al., 19725, b; Pieters and McCord, 1976; Pieters,~
1977) .. The time variation of relative lunar color was

examlned by McCoxd (1969b) and found to be small w1th no'

ev1dence for Sanlflcant lumlnescence (McCord 1967) "The

tgeneral phase functlon of the moon was descrlbed by Hapke
- (1971) and was measured by Lane and Irving (1973) The
wavelength dependence of the phase coeff1c1ent was measured

“also by Lane and Irving for nlne fllters from .35 to 1. Oum
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and later by Nygard (l9f5) with 25 filters from .3 to l.lum.
The sbectral types evident in spectra»of‘about 200 small
(10 to 20 km diameter) lunar areaswere presented by McCord
et al. (1972a). An analysis of the relationship between the
spectra of these areas and the geologlc units, deflned by the

USGS mapping program was summarized by Charette et al. (1974)

Spectral data for the then current and proposed Apollo_landing

sites were presented by McCord et al. (1972b).

3. Telescopic Spectral Images

Three distinctly different-techniques have been used to
obtain spectral images of the moon: (1) photography, (2) line
scau;:and (3) vidicon'imagery.‘ A thorough‘review and discus=- |
sion ofymultispectral mapping is given by McCord (1976) .

The most,widely used photographic color-difference images

were published by Whitaker in 1972. Higher quality pictures

,have since been'produced, but are unpublished (Whitaker, per—

sonal communlcatlon) Barbarshov (1973) used the same photo—

7graphlc technlque to produce a color difference 1mage of the

~ full moon. He callbrated and dlgltlzed the 1mage and publlshed

a low spatial resolutlonamap (in color) of the color dlfferenced

‘data.

A low spatlal resolutlon spectral map of Mare Serenltatls

:and Mare Tranqulllltatls was produced by Soderblcm (1970) from

photoelectrlc ‘line scans w1th hlgh photoelectrlc prec151on,'
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uSLng three visible filters. Later a similar high-precision
low-resolutlon spectral map of the full moon was produced (Soder-
blom et al., 1976).

Digital vidicon spectral images have been obtained by

‘two 1ndependent groups, one at MIT and the other at JPL. The

: 1atter has concentrated on intensive study of specific reglons

(e.g,, Johnson et al., 1975b),'and have often 1ntegrated other

forms of remote sen51ng with the spectral data (see Section

6 below). The MIT group (McCorxd et al., 1976, 1977) has undexr-

takeqza program to map the entire lunar frontside at high spatial
resolution (v2 km) with three carefully chosen spectral band-
passes. A number of spectral images from this larger program

have also been used in specific studies of lunar geology (see

- Section 6 below).

4} Laboratorv Reflectance Measurements Applled

As the number of avallable 1aboratory lunar spectra in-

creased, the 1nformat10n that could be derived from spectral

reflectance data of the'moon.became increasingly more defined.

With the return of the first samples (Adams and Jones, 1970;

~ Adams andkoCord 1970; Conel and Nash, 1970), the'direct.
llnk between laboratory and telescoplc measurements was made.r
' The darkenlng of lunar soil w1th surface age was flrst dlscussed

by Adams and McCord in 1971b. Effects of dark basalt glasses

(art1f1c1al) 1n 1unar SOllS was. further dwscussed by Adamsv
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and McCord (1971a) and by Nash and Conel‘(1973). The spectral
dominance of pyroxenes in reflectance spectra of lunar rocks
was described by Adams and McCord (1971a, 1972) along with
a discussion of the geochemical interpretations that can be
derived from.the energy of_characteristic absorption bands:
Diffuse reflectance measurements of pyroxenes were interpreted
in more detail‘by Adams (1974). |
Using reflectance spectra of magnetic seperates for num-
"erous Apollo 16 soils, Adams and McCord (1973) linked the spectral
maturation of lunar soils with the accumulation of the dark
glass;rich agglutinates. The effects of maturation on a re-
. flectance spectrum of lunar soil was further characterized
by Adams and Charette (1975). The related geochemical processes
involved with agglutinate formation were discussed by Charette
and Adams (1975a)and Rhodes et al. (1975) .

L Laboratory reflectance measurements of mature mare soil
saméles were used to deflne the relatlonshlp between TiO, con-
tent,andkcontlnuum slope in the blue and ultrav1olet (Charette
et alQ,‘1974).7 An understanding of this;relationshio led to
‘,the prediction of high-titanium material in the Apoiio;17
region (Pieters et al., 1973). A clarlflcatlon of this. tech-
‘r'nlque for determlnlng TiO, content from remote observatlons

';15 presented by Adams (1977) ' The 1dent1f1catlon of the dark
mantllngnmater;al athpollo,l7_resulted from-laboratorykspec— .

tra of‘the orangé.and‘blaCk glasseslobtained_at Shorty crater
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(Pieters et al., 1974; Adams et al., 1975). A method for
determining the FeO content for lunar scils from reflectance

measurements is being examined by Charette and Adams (1977).

5. Telescopic Reflectance Measurements: - Applied

Afterlthe general spectral types of lunar maria and high-
land regions had been defined (McCord et al., 1972a), it be-
came possible to use telescopic spectrai reflectance measure-
ments to solve specific problems of géology and gecchemistry.

Many regions of dark mantling material were shown to have

unique spectral characteristics (Pieters et al., 1973) that

were later linked to the orange and black glass beads of

Apollo 17 (Pieters ét‘al., 1974; adams et al., 1975). From

spectra for over 30 areas in Mare Humorum (Johnsbn et al.,

'1973) it was determined that two basaltic units filled the

central basin, one a medium~high titanium basalt, the other
a low titanium basalt. The geochemical units of this region
were later more explicitly defined using more remote sens-

ing information {see Section 6 below) . The sampled and un-

Sampled mare basalt types were defined and partially char-

acterized from spectra of over 120 mature mare regions (Sec-

tion III;Pieters and McCord, 1976). This characterization

of basalt types allowed a fegional descriptionrof the basalt

 types at the recent Luna 24 landing site in Mare Crisium
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using vidicon spectral imagery (Pieters et al., 1976).

A characterization of the spectral types for spectra of high—

" land and mare craters was presented by Pieters (1977).

6. Spectral Reflectance: Application with other

forms of remote sensing

A current trend of applied resea:ch is to integfate
data from numerous remote sensing sources. for one specific
region or problem.. It is recognized that the whole ie of~
ten greater than the sum of its parts. Spectral reflectance
lends itself particularly well to synthesis studies’that
aim at in—depth description of :egional geology or.geochem--
istry. In some cases, however, the results of synﬁhesis

studies have not bee: “ignificantly useful. The approach

of the synthesis team as well as the inherent value of the

data are not uniform for all studies reported. An evalu-

ation of the various remote sensing techniques currently

‘in use can be found in Head et al. (1976a, b) as they apply

to unit deflnltlon and characterlzatlon.,

Most remote sen51ng synthe51s studies have been ron~
cerned w1th partlcular reglons. These include Mare Imbrlum
(Schaber et al., 1975), Mare Serenltdtls (Thompson et al.,
1974), Mare Humorum (Pleters-et;al., 1975), Lamont (John—k

son et al., 1975a), Aristarchus (Zzisk et al., 1976), and
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Flamsteed (Pieters et al., 1977). Saunders et al., (1977)
héve converted'é variety of remote sensing data to a‘
database that can be convehiently manipulated using com-
puter processing techniques. A few studies have been di-
reétea towards undersfanding mofe completely "special"

types of Iunar areas such as areas of dark mantling mater-

iai (Pieters et ai., 1973;>Adams et al., 1975) or areas

of suspected highlandvvolcanism or sources of KREEP

material (Malin, 1973; Head and McCord, 1977).
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II. REMOTE SENSING OF THE MOON

V C. Principles of Spectral Reflectance

f.' Optical Properties of Minerals

In order for reflection spectroscopy to be accepted
and used as a technique for remotely determining surface
mineralogy, the principles of physics and chemistry that

govern optical absorption in minerals must be sufficiently

tunderstobd. Absorption (transmission) spectra have been

obtained for a variety of terrestrial, meteoritic, and lunar °

‘rocﬁs and minerals generally through the spectral range from
1 0.30 to 2.50um (e.g., Burns et al., 1975, Bell et al., 1975).

Over this spectral range there are primarily three general

types of.absorption'features,observed: (a) bands due to

crystal fleld electronlc tran51tlons w1th1n a tran51tlon

metal ion, (b) bands due to 1ntervalence charge transfer

transitions between two nelghborlng ions, and (c) moleoular'

vibrational bands. ' Since the few vibrational bands (attri-

9 -

‘ butable'to~0ﬁ-, CO35 .ligands as‘well as H,0 and CO, mo]e-'

3 ’cules) are not observed in lunar materlal, only the elec—,

‘r,tronlc absorptions w111 be dlscussed here. - The strength

and sharpness of absorptlon features in a spectrum varies

’somrwhat as a functlon of temperature (Sung et al., 1977)'

sand pressure (Mao and Bell 1972)

P
7
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a. Crystal Field Transitions of Transition Metal

Jons:

The first series transition metals (Table TIIC-1;

from Burns, 1970a) constitute abcﬁt 40% of the'eerth
l(primarily iroh) and play at leest a comparable rolek
in extraterreetrial material (Mascn, 1966) . ln rock
formiAg minerals, 1ons of these elements -are rhar— »V

acterlzed by 1ncompletely fllled inner 34 atomlc or-
In an isolated environment,
the five d orbitals of transition metal ions are de-
genefate'although,the spatial distributicn ofrelec~
tron_density in each orbital is distinct (Figuref

II-C-la from Burns, 1970a). .When a transition me—

tal ion is incorporated'into a chstal structure or

isfsurrounded by'negativeiy charged ligands, the en-
ergy level of the d orbltals loose thelr degeneracy

Electrons in the orbltals are repelled by the surround—

‘blng llgands w1th the resultlng energy level of each

1 oxbltal belng dependent on the orlentatlon of the

electron orbltal w1th reecect to the ligands. In

crystal field theory; the anlcnS'are cons;deredfas

o point‘charges'and any covaleht interaction between

anion and cation is. igncred. For'ah'ion in a regu-

-~ lar octahedral crystal fleld (31x—fold coordlnatlon)

y2 orbltals, whlch are orlented along



Electromc conﬁguratzons and crystal field stabzlzzatzon energzes qf transition metal fons
in octahedral co-ordination '

High-spin state . Low-spin state
Numberof - o Electronic configuration  Unpaired - Elecctronic configuration. Unpaired
3d.clectrons: Ton . ey ey clectrons - CIFSE tyy ey electrons:  CFSE
o . Cat+, Scb+, Tit+ ° ° o °
8 ¢ T 4 g 34, 4 1 14,
2 Tit+, i+ + 4 2 24, rog 2 24,
3 Vi1, Crt, Mnt+ ot 3 34, Pt 3 1A,
4 “Crtt, Mnt+ tr 1 4 34, Nt ot 2 34,
5 ~ Mn?, Fet+ I O N N 5 o N4 1 A,
6 Fe*t, Co®, Nit+ 0 R SR O § 4 34, NN o %Ea,
Y 4 Co?r, Nt St ot 3 8, NNt 1 3,
8 Rize ~ NNt 2 34, HHNN 1 2 33,
9 L oCutt NN N 1 33, NHH N 1 24,
10 Za™, (’a’* Gﬁ‘* HHN NH K o NN NN o °

Table IIC l.k‘(Burns, 1970a)

TLT - OIX
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the axes of the octahedron, are of higher energy than

the dxy’

of the octahedral site will cause further splitting

dyz’ and dxz (Figure II-C lc). Distortions

of the d orbital energy levels. Thiskenergy‘separ~
ation of the 4 orbitals is largely dependent. on the
type and valence of trahsition metal ion as well as
fhe crystal field environment it is subjected to
(Burns and Fyfe, 1967) . k

Absorptions occur in the spectra of minerals
céntaining transition metal ions as ad orbital eiec-

tron is excited to a higher energy state by an incom-

~ing photon. The energy of the absorption is equiva-

lent to the difference in energy betweenrthe ground

state and excited state of the ion. Absorption fea-

cryétél structures,can be interpreted and'predicted:
by the application of crystal field theory to describe ‘ |

the relative energies of thé g'orbitalé'(Burns, 1970a) .

‘Absorption cﬁardcteriétics of a material are thus

directly linked to’its‘mineralogy‘

. Two types of crystal field d orbital transitions

‘L cad,bé considered:"(l)”spin allowed and (2) spin

forbidden,,with the latterfbéing about two,ordeis

 of magnitude less intense than the former. Both
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types occur in the transmission spectrum of an ortho-
pyroxene shown in Figure IIC -2 (from Burns 1970a).

The two broad absorptions centered near 1 and 2 mi-

crometers are due primarily to Fe?' (with six 4 or-

bital electrons) in the distorted M2 octahedral site

of the pyroxene: These absorptions for which both
the ground state and the excited state have the same
number of unpaired electrons are spih allowed. The
shérpﬁweak absorptions that occui at higher energies
hefe are attributable to spin forbidden transitions
of:Fez+ (Burns‘and Vaughan, 1975)‘for which the ex-
cited stéte‘has'a s?ih multiplicity different from

the ground state.

b. Charge Transfer Transitions

Many pf the.iﬁtense mineral absorptions that
occur in-thg_ﬁiéibie'and,gltraviolet arise from.eiéc#
trénithiansitiOnﬁ betweeh neighboring ions. Sincé
theré'is po$sibleio§erlépfbetweén_electrén orbitals-
of neighboring ions,bthé anibns should not be‘treéted

as point Charges in this interaction and cryStal__

field theory iskinappropriate to interpret the anion--
’catidn_and cation-cation Chargé'transfer;transitionsa'
' Recently; moleCular-Orbital theoryg whiéhﬂprovides

a more;éompleteﬂdescription'of the electric structure
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of a compound, has been used successfully for the

" calculations of the energy of many such transitions

(Tossel et al., 1974; Loeffler et al., 1974, 1975)
and haé achieved good agreement with experimental
values for band centers (Burns et al., 1976).
Oxygen—-to-netal charge transfers bands generally
occur well into the ultraviolet and are thousands
of times more intense than the crystal field bands
discussed above (Bell et al., 1975). The side wings
of these bands extend into the visible and often into
the near infrared causing the continuum of most sil—
icates to be curved with increasing absorptionktowards
the ultraviolet5 | |
fCation-éatioh intervalence charge transfer ab-
SOrptions occurbbetwéen metal ions in adjacent coor-

dination sites sharing a'common edgefor face and are

3,d1rectlonal or strongly polarléatlon ‘dependent. Since

both the concentratlon of metal ions and the dearee

of orbltal overlap affect the intervalence charge

’ tranSfer, such absorptions'aré observed with a wide

range of inten51t1es (Burns and Vaughan, 1975} . "Some

'.of the most common homonuclear tntervalence transfer
‘tran51thps'are Fe? et and‘le +T1;* A Varlcty

.of heteronuclear charge transfefAPIOCESSes_can also
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occur between the different oxidation states of iron
and titanium, the most common of which is Fe2tori*?
(Burns and Vaughan, 1975).

Since a variety of charge transfer and cryétal

field absorptions overlap in the visible and ultra-

violet, it has been difficult to empirically inter-

pret absorption features in this part of the spectrum.
Bell et al. (1975) and Huguenin (1975) have made con-
sidgrable progress in band assignment for O?~+Fe3+
in ferric oXides.;tBurns et al. (1976)_have sorted
out a number of the numerous transitions involving

titanium and iron in terrestrial and lunar materials.

2. Reflectance of Minerals and Rocks'

a. Physicai compOnents of fefleCtion.

The op tlcal propertles of mlnerals dlscussed
above have been examlned primarily using transm1551on
,spectroscopy of orlented 1nd1v1dua1 gralns where the

percent transm1551on or absorbance is- measured through

~the. materlal as a functlon of wavelength Reflection -
5spectroscopyr on the other hand, is deflned as the -~

: fwavelength dependence of the ratio of the llght re-

flected from a surface to that 1nc1dent upon 1t.

Most natural surfaces are,rough,or partlculate and

 the reflectednradiation cOntainsiboth (1) a specular
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and (2) a diffuse component (Figufe IIC -3). The
strength of each component in natural reflectionkis
directional, i.e., dependent on the geometry of illu-
mination and observation.

The specular component of directional refleétance

from a silicate powder or soil is a first surface

‘reflection and is described by Fresnell's equations

for reflection from a dielectric. Figure IIC -4 shows
the peréent reflectance for a single surface reflec-
tion as a function of phase angle for a silicate with
a real refraction index of 1.5. The phase angle is
the angle between the source?object-detector, or the
sum - - of the angle of incidence and the angle of
reflection. The Brewster angle for such a material
is near 57 degrees and the total refleéted radiation
isythérefoye 100% 96larized at a phaéelangle bf about
114 dégfees;n This sbecuiar component of reflectiocn
contéins_nq measurable spectral information'in.the:_ :
spectréllrangefbétW§en';3 and 2.,5um. 'Tﬁe ?ariéﬁibﬁé
.of.the'agédépfion~¢béfficient in the visibie ana 
néa: iﬁfférédhafe to§ smail to Significanﬁiy éfféét
the refra¢ti?e~indexa"

| The:diffﬁééscampqnéﬂé of surface :efleétiohiééh+

téinslradiatidn thatvhaS been transmitted through.
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Figure IIC-3
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Figure IIC 4.
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; : one or mogefgfains and’scattered randomly back into
space. This body component contains all the spectral
infofﬁation of transmitted light; it is the sum of
! s : ' transm1551on through randomly oriented ﬂrystals.
L "'Thls rahdom Orlentatlon of surface crystals, however,
gauses any phase or polarlzatlon information from
L - blrefrlmgent materials to be scrambled and lost.
' Nearly;"pure ‘diffuse reflectance can be measured

in tﬁeilaborato:y by placing the sample in a white
diffusing sphere. Such an arrangment either (1}

| causes diffuse light to be incident upon the sample,

ox (2)kallows the detector to;view only the integrated
reflected radiation =~~~ Most of the
specular component of reflection is thus eliminated.

b. Mean optical path length (MOPL)

‘For,any giyenematexial the Strength of abeorption
featufeskin.a reflectence specﬁfum veries accordiﬁg
to both the absorptlon coeff1c1eng and the average
dlstance llght lS transmlfted thr oagh the partlcles,
or the mean optleal pafh length \MOPL) For a mix-

'ekture of materlals, thlS MOPL is a compllcated func—
tlon of both the partlcle size and the general opa-
o 01ty of the components.k FlguresIIC»—55;1lqstrates

g% g o e,,“uthe effects of partlcle‘size‘on'thevstrength of an
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Diffuse reflection spectra of the absorption band of Ens for various particle
- sizes. : i .
: ' ' , - FPigure IIC 5.

oo

% Reflectivity

M50

- M20 8 MI00

oL | L R O :
70 80 90 1.00 .10

Wovelength  (um)
‘Diffuse reflection spectra of the nbsor‘ptioin band of Enw for mixtures with .-

plagioclase and magnetite, The particle size for-all mixtures is < 125 ym. -

Figure IIC 6.
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absorption band centered at .91lum in the spectrum

of an orthopyroxene, Engs. A measure of the band

depth is listed in Table TIIC.-2. As the particle

51ze decreaseu, the sample becomes brighter and the

| band depth decreases due to a reduction of the MOPL

with increased scattering at particle interfaces.

. :
For a near transparent substance, such as $i0, glass,
the‘MOPL was estimated to be between 2-4mm for par-

ticles between 500-250um in diameter, <2mm for par-

ticles between 250-125um, and only hundreds of micro-

meters for particles <125ym (Pieters, 1972, Appendix

A). These estimates of MOPL are upper limits; the
MOPL for semitransparent materials would be smaller.

The general opacity of a material strongly ef-

fects the MOPL of reflected radiation. Figure IIC -6

contains spectra for mineral mixtures with particle

»size held constant. These mixtures contain Various
‘amounts of (1) a materlal with a well-deflned absorp~
tion band (the orthopyroxene of Flgure IIC -5), (2)

| a very absorblng but featurelpss matexlal (magnetxte),,
‘and (3) a featureless‘transparent materlal (1ronffxee
'plagibclasé) The additioh‘of transParenﬁ‘méterial'

varlghtens the mixture and the addlt101 ot absorblng

materlal darkens- the mlxture, but in a nonllnear manner.
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Table I1IC 2. Band depth of sawnles measured
5 , o, S | , j’ | A
| o L Ro(.91)/Ro(.73)
SAVPLE PARTICLE SIZ® (microns) DIFFUSTE 90° nhase
g ! Lo

' E[250,125) 250% ns»125 L2t .25
Efi25, 6 125%0s7 63 S .29 .31
';E<125¢ | less than 125 : 37 W38
E<63 less than 63 472 .44
Evf - very fine . .622 . 56

ST P100  less then 125 1.01 1.04
| P90 less then 125 e 14 17
P50  1less than 125 - .50 .53
P10 ~ less then 125 .37 40
E100 ~  1less than 125 . .37 .38
M10 . less thsn 125 .49 .52
i M50 . less than 125 - .74 - . .75 .
K 90  less then 125 : .87 B B
e ¥100  less than 125 87 .92

I
'

i

|

!
i
f
b
T
i

1 saturated bandfT_'.:j  LY ‘
2 partizlly vacked
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'Thevreduction of band depth (Table IIC -2), by an

addition of 10% magnetite, is equal to the reduction

' effects of"a 50% addition of plagioclase. The absorb-

ing mater:ial severely reduces the MOPL whereas the
transparent material simply dilutes the spectral
features.

e

c.l,Spectralbfeatures of minerals

The absorption features in reflectance spectra
for a Variety cf mineral powders have been measured -
in thejlaboratory (see Section IIB fcr a reviewl.
Most of these features can bekWell understood from

crystal field theory if the geochemistry of the ma-

- terial is sufficiently well defined. The uniqueheSs‘,

of absorption features in well characterized minerals,

has been examined by Adams (1975) and is best summa-

‘rlzed 1n the "A=A" flgure of IIC - 7/ (from Adams,
,1975). To form thls omnl-mlneral flgure, the energy
‘of each absorptlon ln a reflectance spectrum was dls-

: cerned, and the short wavelength (high energy) ‘band

'p051t19n was plotted agalnst the.long wavelength (low

:nergy) band position.k‘Those'minerals that havexnore

"than two absorptlon features occur on the plot more
'than once; Lhose mlnerals that have a s1ngle absorp-

’tlon,band are plotted separately. Many ofythe sub-ﬂ
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Figure IIC 7. (Adams, 1975)
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tleties of a reflection spectrum are lost in such

a figure, but it illustrates tﬁe fact that moét min-
erals ééh be characterized by their absorption fea-~
tures.z The major non-opagque constituents of lunar
basalts (pyrpxene, olivine, plagioclase, and glass)
are discuésed below. ;

i. PYROXENES. Two majoryspin-allowed Fe2t ab-
sdrﬁtion bahds occur in the diffuse reflectance spec-
trum of pyroxene (Figure IIC -g). These bands cen=-
tered near lum aﬁd Zum define a pyroxene trénd in

Figure IIC2-5; they vary as a function of pyroxene

‘composition in a well%ordered manner. Figure IIC -9

is a similar X-A‘plot with only pyroxenes included.
The distinction between orthopyroxenes and clino-

pyroxenes is clear in this figure. The trend of band

centers proceeds to the right with increésing'Fe and

Ca content of the pyroxenes. :The quantification of

this éoﬁpositional trend is shown in Figure IIC %0

(from Adams, 1975) . Several pyroxenes (e.g., clino-

pyroxenes with Cr?+ or‘Fe3+)fhave‘a more complicated

spectrum with more than two bands present. These
~ pYroxenes define*differeﬁt ‘_but distinct regions

" -in Figure IIC - 7.

fii;;*OLIVINE; ‘Several transitions occur for Fe2+
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REFLECTANCE (10% intervols)

"WAVELENGTH (um)

- Diffuse reflectance spectra (relative to MgQ) of pyroxenes. Samples 38833,
EB-175, and Pele2 are orthopyroxenes and increase in Fe in that order, Juvinas is a
plgeomtc, and Apollo 12003 is a subealcie augite.

Note the two prominent Fe?r absorption bands for all samples, and the
shlft of both bands to longcr wave-lengths from bottom to top of the figure.

Plgure IIC 8. (Adams, 1974)
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Figure IIC 9. (Adams, 1974)
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in the centrosymmetric M, and the non-centrosymmetric M, sites
of olivines (Burns, 1970b). 1In a diffuse reflectance-spec—
trum, the combination of these transitions is a broad non-
symmetrlc‘band with a minimum between 1.0 and 1. lum (Figure
IIC~11). The depth of this composite band increases with
increasing iron and the center shifts to longer wavelengths.
The overall extinction coefficient for olivine is much

vless than that for pyroxenes; pure olivine (mFo ) 1s rela-

”tlvely brlght.

iii. FELDSPARS ?ure.plaéloclase has a feature—
less spectrum (see FigﬁrewIIC-G). However, when even small
amounts of Fe2”’ ahd re3’t are‘accommodated in thefCa or Al
‘sites, distinct absorptiqn features are'discernablef When
only re2t is presentA(as,in_the lunar case), the plagioclase

‘ feldspars show a broad crystal field ebsorption band with
‘a minimum between 1.l'and'l.3um as seen in Figure IIC-12
k(from Adams and McCord Jl°7la) It appears that the po-
sition of thls band is controlled by the % anorthite (Adams,

',1975) | |

ivt- GLAss.l:TQOibroearabSOfPtione generally'OCCur
t‘near 1 and‘zum if Fe2+ 1s present in a pure- \ncf”éevitfi—
‘fied) glaSs.l These two bands are not only much broader
’than those that occur 1h pyroxeneq, but they are also closer‘

‘together (Flgure IIC- 13) ‘The lum band 15 due to Fe
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in octahedral sites whereas the 2um band, when present,

is possibly dué to Fe?t in a tetrahedral site (Boon and
Fyfe, 1972). Transmission spectra of synthétic glass in-
dicate that the strength of the 1lum bahd is directly related
to the iron concentration in the glass (Bell et al., 1976).
For lunar materials; the term fglass“ has often been used

to refer to the dark glass-welded aggregates abundant in

soils. These}agglutinates are an inhomogeneous mess of

glass, mineral fragments, submicroscopic particles and
sometimes native iron. A broad weak band exists near lum
in agglutinate spectra (Adams and Charette, 1977). The
strength of this band éppears to be related to FeO content
of the soil but in a complicated manner dependént on the

other ill-defined components of the agglutinates (see Sec-

“tion LIC-la).

d. Spectral compopents of a whole rock spectrum

A rock is usually composed of a mixture of min-
erals and the strength of an absorptibn band i# a function
df the compésition of the absorbing mineral, the average
particle sizé; and also the bpacity of the other compoﬁents,

with the latter often being a dominant effect. The spec-

~tral component from each constituent mineral of lunar rock

12063 can be seen in Figure 1IC-12 (from Adams and McCord,

1971a)."Th@'Wh01é rock spectrum is clearly dominated by
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the pyfoxene component (51% modal abundaﬁce). The promi-
nent 1.25um Fez+ band of the plagioclase (27%) is seen as
a subtle but distinct inflection in the whole rock spectrum.
Ilmenite darkens the spectrum.

Subtle features can nevertheless often be decoﬁvolved
from a spectrum using computer processing techniqués (Gaf~-
féy; 1975). There are two basic difficulties which must

be overcome in order for a rock or soil spéctrum to be

‘deconvolved into the spectral components for each mineral

present. First, the general slope of the continuum must
be removed., (This'means the wings of poorly-defined high

energy (UV) absorptions that aiways effect the slope of

the visible and near infrared spectrum must be eliminated.)

vSecbndly, the stronger absorption bands need to be suffi-

ciently well defined and removed so that remnant weaker

bandskcan be examined.  Figure IIC-14 illustrates such

~-a deconvolution of the spectrum for the Haraiya meteorite

(from Gaffey, 1975). As described in the previous section,

the wavelehgth and symmetry of each absorption band is di-

rectly a function of the mineralogy of the sample} the rela-

tive strength of bands from different‘minerals in a whole

rock spectrum can be used to estimate the relative modal

~ abundances of conStitﬁent'mineralsk(Gaffey, 1975).
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II. REMOTE SENSING OF THE MOON
D. Spectral Reflectance of Lunar Material

The application of spectral reflectance measurements
to underStanding the lunar surface incorporates both the
laboratory measurements of retufned lunar samples and the
telescopic measurements of small lunar regions (10 to 20
km in diameter). An additional source of spectral infor-
mation comes from multi-spectral imagery which allows gen-
eral spectral differencés to be mapped in two dimensions.
{Most of the spectral data relevant to the following dis-
cussion is derived from coordinated research of two groups--
one organized by McCord at MIT/Hawaii and the other by
Adams at University of Washington, Seattle.) |

1. soils

As mentioned ih the review of Section IIE, the

l;boratdry measurement of a representative éoil sémple,from

Apollo 11 was—in,close agreement with the telescopic measure-

ment (.3 to l.lum) of the landing site (Adams and McCord,

- 1970) . Figure IID-1 (from McCord and Adams, 1973) illus-

trates the agreement between the telescopic spectra and
the laboratory spectra of soils returned from subsequent
missions. The early studiés by Adams and McCord demonstrated

(1) ‘that the telescopic spéctrakof'small regions were com-

P T
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parable to spectra of soils, rather than rock fragments

or chips, and (2) that well-chosen soils can be considered
representative of the surrounding 10 - 20 km regions measured
telescopically.

When compared to other solar system objects and
terrestrial samples, mature lunar soil has a distinct spec-
trum: a steeply sloped red continuum with a very weak ab-
sorption band near luym and sometimes also 2um (Figure IID-2).
Mercury is the only object with a comparable red spectrdm,
but without distinct absorption bands (McCord and Adams,
1972; Vilas and McCord, 1976; McCord and Adams, 1976; Adams
and McCord, 1977). Only through extensive study of the
lunar samples has the significance of this peculiar char-
acter of lunar soil spectra been illuminated.

Lunar soils are largely derived from the prevalent
rock type of the region (with a small amount of contamina-
tion due to lateral transport of impact material). Tﬁe
main weathering mechanism is largely micrometeoroid bombard-
ment, although the processés involved in éoil development
are not all defined. As the soil matures, particles are
finely crushed and broken and also welded together by im-
pact generated melts into friable aggregates called agglu-
tinates (e.g., McKay et al., 1974). The subsequent accﬁm—

ulation of these dark agglutinitic particles dramatically
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changes the mineralogy of the soils from that of the parent

rocks, although the bulk composition only undergoes a minor
(contamination) alteration. . As a soil matures, the spec-
tral changes that occur are mostly due to the replacement
of mineral fragments with the absorbing glass~welded aéglu—
tinates (Adams and McCord, 1973). The spectrum of a mature
soil is almost wholely dominated by the spectral character-
istics of the multi-component agglutinates. A discussion
of the special character of agglutinates is thus presented
here before a general discussion of soil spectra.

a. Agglutinates

-Adams has used a magnetic separation technique
to separate the agglutinitic and non-agglutinitic components
of a soil (Adams and McCord, 1973). Shown in Figure IID-3
(from Adams and McCord, 1973) are spectra for  bulk soil
(B) samples 67461 and 68841, the agglutinitic (magnetic~--
M) sepa£ate, and | the non-agglutinitic (non-magnetic--N)
component. The albedo of the bulk soil is intermediate
between that of the.aggiutinitic and non-agglutinitic con-
centrates. Mature soils contain %60%.agglutinates as meas-
ured by the magnetic separation technique. The chemistry
of lunar soil may be somewhat partitioned between agglut;~
nitic and non-agglutinitic components with the ferromagnesian

elements concentrated in the agglutinates (Rhodes et al.,
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Figure IID 3. (Adams and McCord, 1973)
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1975). Since it is these agglutinates that dominate the
spectrum cf such soils, it is useful to understand the spec-
tral nature of a number of key components that have a special
character in lunar agglutinates: Fe~Ti bearing glasses,
Fe’ (microscopic), and ilmenite and other opaque phases.
The spectral character of the mineral fragments, which
are significant components in agglutinates, but often with
subtle spectral effects, were discussed in greater detail
in Section IIC-2c.

i. Fe-Ti RICH GLASS. A relatively pure Fe-
Ti rich glass sémple was separated from soil sample 10084.
The spectral reflectance properties of this glass are shown
in Figure IID-4. The color of lunar glasses is caused pri-
marily by various electronic transitions between and within

P

T R . ..
Fe? , Ti% and Ti" ions. Using transmission spectroscopy

‘and controlled experimental techniques, Bell et al. (1976)

have carefully documented the spectral effects of iron

and titanium concentrations in synthetic glasses as a func-
tion of oxygen fugécity. fhese concentrétion systematics
were shown to be equally valid for reflectance spectra of
glasses (Wells and Hapke, 1977). Figures IID-5a,b (from
Bell et al., 1976) illustrate the followinsg-spectral char-
acteristics for glasses produced at oxygenmfugacities com-

parable to the lunar condition: (1) An iron-rich, titanium




L&

IID 200

MG = 10,0

Figure IID 4.
Spectral reflectance
of a glass separate
from Apollo 11 soil.

HAVELENGTH (MICRONS)
0.5 ‘ 1

REF (1.0Q0) =0.148

! 0.4 .0 2.0
| | ] i
3.0 - 2.5 2.0 1.5 1.0 0.5
KAVEHLMEER (X 10,0C0)

12729771 =7

10284, C5 GLASS SEPRRATE

CONTINUUM = HETALLIC TACH - HCD 2

T T !
X0 Glarver quarched -1
| o HOOC, bog Py 7+ 21

’!. X -

H ]
-
1
i
}

Ny o

=

&) T

1 { L 1 H
480, 0 &0
Wovelangrh, n
6.. G Speatral region 00408 nm for the [lacses whose slope at 20,000 w ave nupibers 1
plotted i Fig §.
Figure IID 5. (Bell et al., 1976)

Absorption of glasses containing
various amounts of iron and ti-
tanium. F --F, indicates increasing

. 0 . - X
iron; T;-——-T3 indicates 1ncreasing
titanium.

Absorplion cootlicant, em™t

Wove number, 103¢m-t
10

20 1s
x%& T T T f :
1
‘\ij:j Glowas quenched )
~\r)x-_‘ ! o1 1400, lag Po,2 -01 4

o ———

) L |-
80 900 1000
Wovelenpth, am

INTWT I

1960 R 2500

BT Continuatinn of ihe ohservatians phetied an big At 2UKEAm 1four wave
UMby,



IID 201

free glass is weakly absorbing throughout the visible region
(minimum absorption between .5 and .6um; i.e., green glass)
and contains a well~defined Fe2+ broad absorption band (crys-
tal field) centered around 1l.0pym. (2) If titanium is in-
cluded in an iron-rich glass, a strong absorption occurs
toward the blue and ultraviolet (i.e., red glass), the strength
of which is related to the amount ¢£f titanium. The strength
of this absorption is also very sensitive to the efféctive
oxygen fugacity. The re2?t 1.0ym feature is only slightly
affected by the addition of titanium. (3) Only the coﬁcen—
tration of iron affects the strength of the broad 1I.0um
feature. (4) The concentration of both iron and titaniunm
affect the strength of the UV absorption (with titanium
perhaps playing a stronger role.) (5) In a Ti-rich glass
without iron, a relatively weak absorption is detécted near
.5um due primarily to Ti3+ (crystal field aﬁsorption) al-
though ri3tapiet may also occur (charge transfer absorption).
This featu;e is associated with a purple color of such glasses
and increases in stfength with lower oxygen fugacity. These
transitions were identified by Burns et al. (13976).

Due to the strong absorption towards the
ultraviolet, iron- and titanium~-bearing glasses are certain
to have a significant effect on the continuum slope of re-

flectance spectra for mature lunar soils. The very broad
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lum featurg common to reflectance spectré of all mature
lunar soils is typically a result of FeO in the agglutini-
tic glass (Charette and Adams, 1977b).

ii. Fe®. Small particles of iron metal were
observed in the first returned lunaf soils (Agrell, l§70).
Froﬁ magnetic and Mossbauer techniques, it was further
shown (e.g., Housley et al., 1973) that submicroscopic metal
grains are enriched in mature soils. |Evidence has been
accumulating that these fine metal grains have a signifi-
cant effect on the spectrum of a lunar soil even though
they account for <1% of the bulk composition. Hapke et
al. (1975) propose that the principle darkening effect
for lunar soils is submicroscopic Fe’ formed in impaét events
and solar wind sputtering. Gaffey (1976) showed that al-
though metal iron is opaque to visible and near infrared
radiation, its spectral character in reflected radiation
is a distinctive émooth but red continuum. For meteorite
specimens, a red continuum ..s clearly associated with Fe’
content in a minerai mixture. This is an obsefved and
well-documented effect (Gaffey, 1974, 1976)' although theo-
retical descriptions of how iron particles interact with
light in a mineral mixture are complicated by the fact
that iron is a conducting material rather than a semi-transparent

dielectric. A key difference between lunar agglutinitic
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metal and that found in meteorites is particle size--the
lunar particles in agglutinates are submicroscopic (NZOOi)
whereas the meteoritic iron !s easily identified with nor-
mal petrographic technigues. Mie theory calculations by
Conel (1970) show that the extinction due to scattering
and absorption of radiation by submicroscopic particles
of iron or ilmenite is much stronger in the blue and ultra-
violet than in the near infrared. The overall spectral
effects of submicroscopic metal iron inclusions, therefore,
is to preferentially absorb blue and ultraviolet radiation
(whatever the cause). With further theoretical and labor-
atory analyses, a distinction between scattering and reflec-
tion effects should be possible.

Recéntiy Bell and Mao (1977) have been
able to obtain a transmission spectrum for a portion of
a lunar agglutinate that is rich in submicroécopic Fel par-
ticles. For comparison they produced thin (10 - 100R) coat-
ings of Fe® on transparent powders (silica glass). The re-
sults are shown in.Figure IID-6. Their data show an increased
absorption towards the ultraviolet associated with the

metal iron. Although they could not guarantee that no ox-

~idation had occurred during the laboratory analysis for

both the lunar sample and the coated grains, the similar-

ity between the two iron-bearing spectra is striking.
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A purely empirical piece of evidence for
the effects of Fe? on mature soil spectra results from attempts
to characterize the lunar continuum sufficiently well to
examine superimposed absorption characteristics. It was
found that a fit of Gaffey's (1977) iron metal continuum
to a lunar soil spectrum accounted remarkably well for the
red slope in the near infrared. Such a ¢ontinuum was re-
moved from the spectra in Figure IID-9-16 to examine the
lym feature in better detail. For very dark soil, it ap-
pears the continuum approximation of Fe? is not as good
as for bright soil.

Although the effects of submicroscopic
iron particles on a reflectance spectrum of lunar soils

are currently poorly understood, it is likely that they

are significant. Small amounits of metallic iron probably

.contribute to the darkening of thé soil and help account

for the distinctive red continuum of lunar soils.

iii. ZILMENITE AND OPAQUES. Ilmenite is the
most abundant opaqﬁe mineral in lunar samples and accounts
for up to 25% of modal abundances for the igneous basalts.
Ilmenite is present in lunar agglutinates as remnant min-
eral fragments, some of which are very finely dispersed
throﬁqhout the glassy matrix. Although the dominant effect

of opaque ilmenite particles in a soil is to darken the
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soil axnd lower the spectral zontrast of other mineral fea-
tures (see Section IIC-2d4), ilmenite is not without its
own spectral character. Two prominent absorption features
near .65 and 1.25uym were observed for the unique thin il-
menite plates in the glassy spheres of 74001 (Figure IID-1-7,
from Adams et al., 1975). The finest grain size in basal-
tié rocks do not generally allow the spectral character

of ilmenite to contribute to a rock spectrum. However,

if the particles are sufficiently small, they could inter-
act significantly with the reflected radiation. Small il-
menite particles primarily contribute to the darkness of
the agglutinitic material but for some samples may also
allow the 1.25ym ilmenite band to slightly affect the sym~
metry of the luym absorption in a soil spectrum.

iv. MINERAL COMPONENTS. The spectral char-
acteristics of the other major mineral components in lunar
basalts, and hence in soil agglutinates, was discussed
in Section IIC. Briefly, these include: two strong, sym-
metric absorption Sands near 1 and 2ym from pyroxenes;

a broad, nonsymmetric absorpticon band near luym frbm olivine;
and a weak band near 1.3um from iron-bearing plagioclase.
Mineral spectral features are strongest in immature soils

and barely discernable (if at all) in mature soils.
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b. Soil spectra

The mineralogy of mature lunar soils is large-
ly a combination of remnant mineral and lithic fragments
and complex, multi-component agglutinates. Table IID-1
lists various soil components, their spectral absorptions
and the apprdximate magnitude of effect from these absorp-
tions on a soil spectrum. In order to derive useful com-
positional information from a bulk soil spectrum, it is
necessary to isolate and identify each particular absorption.

i. STRONG ABSORPTIONS. Although albedo dif-
ferences are close to a factor of two between maria and
highland mature regions, it is remarkable that the spectral

differences between such regions (.3 - 1l.lum) are generally

less than ~10% (McCord et al., 1972). There are at least

three competing strong absorptions that dominate the gen-
eral structure of a mature (agglutinate~richf mare soil
spectrum throughout the visible and near infrared spectral
region: the Fe-Ti bearing glass, the finely dispersed
iron, and opaques (brimarily ilmenite). All of these ab-
sorptions darken the soil, perferentially through the vis-
ible toward the ultraviolet. All three of these components
exist in mare soils and are thus expected to contribute

spectrally to some degree. Which (if any) plays the pri-

mary role in all lunar soil spectra is the subject of much




IID - 208

TABLE IID-1 Effect of various absorption features on soil
or rock spectra.
Soil or Rock Effects on Spectra of:
Component Absorptions Mature Soil Immature Soil Rocks
Pyroxene .90-1.0um subtle strong dominant
1.8-2.3um subtle strong dominant
Plagioclase 1.3um trace? subtle strong
Olivine 1.0um - subtle strong
Ilmenite ~ UV-IR strong subtle subtle
.6, 1.2um trace? - -
Glass Uv-IR strong subtle -
(Fe-Ti bearing)
- Glass 1.0um subtle subtle -
(Fe-rich)
Fe® Uv-IR strong? subtle -
7
W
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discussion and will not be resolved here; A few observa-
tions and @onclusions, however, can be made independent
of this controversy.

All the strong darkening effects depend
on Fe or Fe + Ti. Thus, for soils of equal maturity (same
accunulatioen of agglutinates) the more Fe~ and Ti-rich soils
are darker. This point is obvious in the gross distinction
between highland and maria and also seems to hold for Apollo
14 soils relative to Apollo 16. For mare soils, however,
other factors are also present.

For mare soils, the strong absorption in
the blue and ultraviolet approaches saturation. For exam-
ple, as the iron and titanium content increase, soils do
not get redder as they would if Fe~Ti spectral absorption
were the bnly effect (Bell et al., 1976); instead they get
bluer (Charette et al., 1974). This can be understood
by referring to the simple diagram in Figure IID-~8. Shown
are three hypothetical spectra with stronger absorption
in the blue (B) relative to the red (R). Whatever is re-
sponsible for the B/R color, spectrum II is affecéed by
twice as much absorbing material as I, and spectrum III
by twice as much as II. In transmitted light, the absorp-

tion strengths would follow the ratio 1:2:4. If the increased
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absorption was the only factor that influenced the reflec-
tance, the color ratio B/R should be .5, .25 and .125 for
spectra I, II, and III respectively. However, even totally
opaque particles scatter a significant amount of radiation
from specular reflection without imparting any spectral
information. This specular scattered component is estimated
to be 5% here. (A lower bound of 3-~1/2% can be inferred
from the far UV albedo measurements of the moon (Luke et
al., 1973) since all surface material is effectively opaque
at those wavelengths. When the scattered componeht is in-
cluded in reflected radiation, the actual color ratios meas-—

ured (see Figure IID-8) would show spectrum II to indeed

‘be redder than I (although not as much as it should be).

The dark spectrum III, however, would actually be bluer

than spectrum II. Thus, increasing a (red) absorption strong-

-ly darkens the soil so much that spectral contrast is gra-

dually lost and the spectrum becomes flatter, or relatively
bluer. Highland soils may be bright enough to discern real
absorption differences (e.qg., becoming redder with increas-
ing iron in Fe~Ti-bearing glasses). Mare soils are nearly
saturated in the blue and ultraviolet and become bluer with
increasiﬁg Ti—cbntent, presumably because of Fe-Ti glass
absorption. The concept of spectral contrast for mare soils

has recently been reexamined by Adams (1977).

e ]

e
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Thus, two general specﬁral parameters for
matﬁre soils that can be interpreted compositionally are
albedo and continuum slope.  Note that the interpretation
of measured continuum slope is dependent on the overa;l
brightrness of the surface.

ii. SUBTLE ABSORPTIONS. There are a number
of small subtle features superimposed on the general red
continuum of lunar soils, the most prominent of which is
a small absorption near lym in the spectra of Figure IID-1
and 2. In order to examine these in greater detail, the
red continuum must be estimated and removed. A number of

;lf techniques for determining this continuum have been tried.
If this step is not performed correctly, then measured band
centers can be offset
from actual centers and erroneous compositional interpre-
tations can result.

One of the mgst promising estimates for
the lunar continuum is the iron metal continuum used by
Gaffey (1977). Suc£ a continuum has been used for a var-—
iety of lunar soil sampleé shown in Figures IID —9—16
(plotted as a function of energy). In these figures a metal
continuum has been fitted through the laboratory sample
spectra at .73 and l.5pym. The spectra have been scaled

. to unity at 1.0um. The fit seems to be a reasonably good
3 4
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approximation above 50002. A ratio has been formed between
the continuum and bulk soil spectrum (B) and is displayed
in the figures above the spectrum. Similar ratio spectra
were formed for the magnetic (M) and nonmagnetic (N) soil
separates and are displayed above the bulk soil spectra.
Most of the remnant mineral fragments are concentrated in
the nonmagnetic fractions (Adams and McCord, 1973).

In most of the spectra presented in Figures
IID9-16, the following subtle features can be noted: (1)
There is a broad composite feature near luym with fhe peak
off-center to shorter wavelengths and a distinct shoulder
towards longer wavelengths. {2) There is often a second
less intense feature near 2ym, the intensity of which var-
ies greatly. It is unclear whether the variations short-

wards of .7um are real or simply an effect of the contin-

"uyum removal procedure. For the reasons outlined below the

lym soil feature is interpreted as a composite pyroxene
and glass band and the 2uym feature is primarily the 2nd
pyroxene band (Adamé and Charette, 1977).

Sample 63321 (Figure IID-9) is an immature
soil (magnetic component or agglutinate content Vv32%) and
the non-magnetic fraction (N) is dominated by mineral frag-
mentg. The pair of absorptions at .91 and 1.9um can be

clearly interpreted as orthopyroxene (Adams, 1974). A
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second band, almost resolvable at ml.25um, is likely to

be due to feldspar. This interpretation is in good agree-
ment with the mineralogy of the sample and the Apollo 16
site in general. The spectral features of these two min-
erals are severely degraded in the bulk soil spectrum kB)
by a broad deep feature near lym most noticeable in the
magnetic separate (M).

This broad lum feature is tentatively
identified as the Fe2+ lum glass band. Examine the spec-
trum for mature soil 62231 (Figure IID-10) which has a
bulk composition similar to 63321 (FeO " 4%, TiO, Vv .35%)
but with agglutinates dominating the soll mineralogy. The
bulk sample and non-magnetic separate spectra only contain
a trace of the orthopyroxene features. The magnetic sepa-
rate spectrum is dominated by the broad lum feature. Since
very fgw mineral fragments remain in this agglutinate sam-
ple, the lum featurc is likely due to the FeZ+ glass band
described in Section IIDla. (The band observed here may
be slightly offset EO‘shorter wavelengths by a hint of rem-
nant orthopyroxene.) Even though it is
weak in this sample, the broad symmetric band at "v1.0um
contains the same spectral properties as those identified
in glass separates (Figure IID-4) and with transmission

spectroscopy of glass (Figure IID-5).
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Turning to the more mafic mare soils (Fig-
ures IID1-11-16), all spectra appear to contain a combin-
ation of various proportions of pyroxene and glass features.
The non-magnetic fraction of the least mature soil shown
here (75081, agglutinates "30%) shows a spectrum dominated
by clinopyroxene with characteristic bands near .95 and
2.1ym (Adams, 1974). There is little evidence for any con-
tribution of the glass band. In the magnetic separate spec-
trum, the .95um band is dégraded and the 2.lum band almost
eliminated as the broad glass band begins to appear.

All the other mare soils shcw a composite
clinopyroxene and glass band at lum. The glass band is
the strongest in the magnetic agglutinate fractions and
weakest in the non-magnetic fractions. The .95 - 1.0um
clinopyroxene band seen in the non-magnetic separates shifts
to slightly longer wavelengths as it is diluted by the lum
glass band.

Note that for glass-rich mare -soils of
approximately equai FeO content, the depth of the lum band
is less strong for the dark soils (Apollo 11) than for
lighter soils (Apollo 12 and 15). This lower spectral con-
trast of the lum band is probably due to an effect similar
to that illustrated in Figure IID-8: if significant absorp-

tion has already occurred throughout the spectrum (dark

—
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soil), the effects of a second absorption (the glass band)

are not as strong as they would be for brighter soils.

On the other hand, since highland mature soils are gener-

ally bright, an increase in the FeO contént is expected

to increase the lym band depth (Charette and Adams, 19775).
In summary, subtle spectral features can

be identified in spectra of mature lunar soils: a substan-

tial iron glass band and also weaker pyroxene bands (Adams

and Charette, 1977). It is unclear whether small‘components

of plagioclasg and ilmenite in mare soils can contribute

a detectable feature near 1.3ym. For less mature soils,

the pyroxene bands are stronger and a plagioclase band may

be identified. If these weak bands can be accurately re-

solved, the composition of the pyroxene and (perhaps) plagio-

clase can be identified. As mentioned previously, correct

"identification is in part dependent on how accurately the

effects of the red continuum have been removed. Since the
strength of the lum glass band has been shown to vary as

a function of FeO cgntenp fBell et al., 1976), it should
be possible to estimate the FeO content of a mature soil
from the depth of the band (Charette and Adams, 1977b).

In order to accomplish this, the lum pyrbvxene band must

also be removed from the composite lum band, and the lower
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spectral contrast effects of dark soils would have to be
calibrated to lighter soils. Even without spectral contrast
calibration, differences in the depth of the luym feature

can nevertheless be interpreted in terms of relative FeO
content if one compares mature soils of similar albedo and
assumes that the minor pyroxene content is similar and

that the soil development processes have homogenized all

soils to the same degree.
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2. Rocks and Craters

Since most of the lunar surface is covered with
a mature soil, the emphasis of many detailed spectral re-
flectance studies of lunar materiél has been directed towards
understanding the properties of these soils. It is recog-
nized that the mineralogy of lunar rocks, on the other hand,
is used by petrologists to identify the major lunar basalt
types. Currently, there is a lot of activity (Adams and
associates) to obtain spectra for a sufficient number of
lunar rock powders and chips in order to identify spectral
characteristics of the various distinct rock types identi-
fied by the petrologists. Although a number of preliminary
reports have become available (e.g., Charette and Adams,
1975, 1977a) this work is still in progress. - Thus, this
section will only briefly discuss some of the current lab-
oratory reflectance results, the likely output, and the
difficultiesinhereﬁtin the undertaking. Telescopic spec-
tra of craters (the closest lunar<surface‘analogﬁe to rock
samples) are discussed in Section IV.

Shown in Figure IID-17 are reflectance spectra

(unscaled) of a variety of lunar mare rock powders and

<chips. The spectra have been grouped by Adams and Charette
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according to rock types identified by Warner (1971), James

and Wright (1972), Rhodes and Hubbard (1973), and Papike

et al. (1974). The albedo for each spectrum is marked for

one wavelength. Some of the principle conclusions by Charette
and Adams include: (1) Differences in basalt types can

be recognized in reflectance spectra as the presence or
absence of olivine bands, pyroxene bands at different wave-
lengths, plagioclase bands, and ilmenite bands. (2) Intra-
site differences are often more easy to distinguish than

inter-site differences since some basalt types having dif-

ferent origins may nevertheless have similar spectra (mineraology).

The spectral contrast of the spectra in Figure

IID-17 is dependent on the effective grain size--which is

smaller for powders thah for chips.  The grain size of the

rock and its degree of brecciation also effect this spec-—
tral contrast. Fortunately, computer proceséinq techniques
can be used to enhance the details of a spectrum. Compare
the spectra of 10003 in Figure IID-18 with the top sPec¥
trum in Figure IID-l17a. As discussed in ééction I1C2,

one should be able to deconvolve such spectra into features
due to specific mineral components such as pyroxene, plagio-
clase, olivine, ilmenite and glass. If a spectra deconvo-
lution is successful the composition of minerals such as

pyroxene can be identified. To some extent, the relative
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proportions of mineral phases can also be described from
the relative strength of mineral absorption bands.

Thus, the first step in laboratory spectral reflec-
tance studies of lunar rocks and powders by Adams and as-
sociates is to identify the specific mineral spectral feé—
tures that can be associated with the major lunar rock types.
This project necessarily draws on an extensive background
of reflectance studies of minerals and rocks. A number
of related programs will likely ensue in order to have a
solid background for interpreting remotely obtained spec-
tra for fresh lunar surfaces:

(a) The individual spectral features for minerals
in mixture of minerals are quantatively identified using
computer processing techniques. This would eventually al-

low the inverse process~-the creation of likely spectra

for possible mineral mixtures. This step is essential if

quantative identification of the mineralogy of unknown
assemblages is desired.

(b) It is unlikely that most lunar craters have
excavated avsingle rock type. It is thus necessary to éeal
with the complicated spectral character of known and pos-
sible mixtureé of unrelated rock types. For example, vary-
ing the proportions in a mixture of pigeonite, clinopyroxene,

olivine, and plagioclase should have small, but definable,
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effects on a rock spectrum. Since the vériations will be
subtle as the proportion of minerals change, computer process-
ing technigues will be required for detection and quanti-
fication of the spectral changes.

(c) The mineralogy that can be determined from
reflectance spectra must be translated into terms that are
meaningful to other geochemists studying lunar samples.
Currently, for example, the pyroxenes in lunar mare rock
types are distinguished by the compositional trends during
crystallization. Spectral reflectance techniques, on the
other hand, will be able to identify the composition (Ca,

Fe, Mg) of the average pyroxene or perhaps the relative
proportions of different pyroxenes (pigeonite, sub-calcic
augite, etc.). The average pyroxene composition of a re-
gional basalt type will be a major parameter for distinguish-
ing mare basalt types using remote sensing techniques.

The concept of "average pyroxene composition" needs to be
considered as a possible meaningful geochemical parameter

by lunar geochemists who are concerned with lunar basalt

types on the smaller scale of the lunar samples.

3. Telescopic Spectral Measurements

Although the general lunar spectrum is distinct

from spectra of all other solar system objects (except Mer-
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cury) the spectral variations from place to place on the
moon are small (<10%). Much of the effort concerning tele-
scopic lunar spectral reflectance measurements has been

to identify such spectral differences and to derive inter-
pretations from the parallel lunar sample studies for ob-
served spectral characterisitics. Quantitative analysis
requires precision better than 1% which, for telescopic
observations, has only been available for about 10 years
(McCord, 1968a). Current telescopic data available with
adequate precision include spectra (.3 to 1l.lum) obtained
for small lunar areas (10-20 km diameter) with a filter
photometer (McCord, 1968a) and two—dimensional spectral

images at wavelengths between .4 and 1.0ym obtained with

a vidicon digital imaging system (McCord et al., 1975, 1976b).

It is anticipated that near-infrared spectra (.65 -
2.5ym) will soon be available for selected lunar regions
using recently developed telescopic instrumentation (McCoxrd,
1877) . Continuouslinfrared spectra are exceptionally dif-
ficult to obtain dué to atmospheric absorptions. Prelim-
inary results (McCord, 1977) show thét thermal emission
begins to become detectable beyond 2.lym under full moon
viewing conditions. Theoretical calculations, (R. Clark,
in preparation) indicate, however, that this minor compo—

nent of lunar radiation between 2 - 2.5ym can be defined
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sufficiently to be removed.

\\\\\M a. Relative Reflectance Spectra

™~

~.

\'\ > (3
Spectra for a variety of lunar regions were

shown in Figures iiD«l and 2. Both the strong and subtle
absorptions that affect the lunar spectrum were discussed
in the previous sections. To distinguish the small dif-
ferences between spectra, a technique is used by which each
spectrum is divided by the spectrum of a standard area with

the resulting spectrum being a relative reflectance spec-

trum. The standard area commonly used is MS~-2 in central
Mare Serenitatis (18° 40' N, 21° 21' E). The spectrum for
MS-2 is second from the bottom in Figure IID-2. Note that
this spectrum is not perfectly smooth and contains an easily
identifiable 1lyum feature. Thus, although all systematic
épectral differences observed in relative reflectance spec-
tra are significant, the position and symmetry of absorp-
tion features are not absolutely accurate but rather are
relative to the features observed for MS-2. Relative re-
flectance spectra éan be obtained from ﬁelescopic observa-
tions with minimal processing since both the atmospheric
and insﬁrumental effects usually cancel in the ratio.

When relative reflectance spectra were obtained
for over 150 regions, a classification was made according
to the general morphology of the region: mare, upland,

mare crater, and upland crater. The spectral types evident



w s

IID 229

in spectra for these groups were discussed by McCord et
al. (1972a) and by Charette et al. (1974). A fifth group
of regions (dark mantled areas) formed an additional dis-
tinct spectral type and was discussed by Pieters et al.
(1973) . Examples of relative reflectance spectra for thé
four major spectral types are shown in Figure IID-19.
Spectra for the maria show a wide range of continuum slope
in the blue and ultraviolet that was correlated with TiOé
content (see Section IID1l). Mare crater spectra show a
strong absorption feature near lum characteristic of pyroxenes
(see Section IV). Most highland regions appear spectrally
similar (although work in progress indicates there are

a variety of subtle distinctions between highland surface
units). Highland craters can be easily distinguished from
mére craters. See Section IIB for a review of some of the
épplications of these lunar spectral types.

An important aspect of this classification
for telescopic data was tha£ similar spectral types could
be seen in laboratogy data (Adams and Mccbrd, 1972). Re-
call that relative reflectance spectra show the very sméll
and subtle spectral differences between two surfaces. The
fact that the same systematic small features also appear
in laboratory measurements of soils shows fairly conclusively

that the laboratory measurements are indeed comparable to
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to the telescopic measurements even though they differ by
N106 in area of surface measured. Shown in Figure IID-20
are reflectance spectra for representative laboratory soils

relative to MS-2 (from Adams et al., 1977). In order to

 form these spectral ratios, the laboratory spectra were

transformed o the same spectral bandpasses as used for
the telescopic observations. It is clear that the labor-
atory spectra’for soils contain the same subtle features
observed in the purely telescopic data of Figure IID-19.

Currently spectra for close to 400 lunar areas
exist. Relative reflectance spectra for many of these
areas have been used extensively in the analysis and appli-
cations described in Sections III and IV.

b. Spectral Imagery

The early relative reflectance studies also

"indicated there were certain regions of the spectrum that

were critical in characterizing various surface units.
The wavelengths .38, .40, ;57, .77, .95 and 1.06um were
chosen for two~dimensional'spectral mapping (e.g., McCord
et al., 1976). Three particuarly useful wavelengths are
.40, .57, and .95ym (Charette et al., 1974).

If an image is obtained at .40ym for a given
lunar region aﬂa a similar image at .57um, the two images
can be processed and digitally divided using computer pro-

cessing techniques. The resulting .40/.57pm ratio image
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contains quantified spatial information on continuum slope
variations and can be used to "map ’I‘io2 content” for mare
surface (Charette et al., 1974; McCord et al., 1976; Pie-
ters and McCord, 1976). Since the spectral variations are
nevertheless very small, the ratio images must be computér
enhanced to display the data. Shown in Figure IID-21 are
mosaics of vidicon data for the Flamsteed area of the moon
(McCord et al., 1976b). Figure IID-2la is a slightly en-
hanced .57um image and is comparable to a normal albedo
image. Figures IID21-b and ¢ are both .40/.57um ratio images,
each enhanced to bring out different details in the maria.
Note the distinct nature of the 'bluest' flow is only evi-
dent in the strongly processed image of Figure IID-2lc.

This Flamsteed region is discussed in further detail in

- Section IIIE2.

The ratio .95/.57um ratio image is particularly
useful for identifying and examining the areal extent of
immature surfaces. This spectral parameter is mentioned.

in greater detail in Section IV.
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Figure IID 2la. Vidicon image mosaic (X = .57um) of the Flam-
steed region of Occanus Procelliarum slightly contrast en-
hanced to bring out details in the mare.



Figure IID 21b. Vidicon spectral ratio imaye mosaic (.40/.57
im) of the same region shown in Fiqure TID-21a. The
images have been contrast enchanced dark to light to show
a 12% color difference. Bright indicates relatively bluer
(higher TiO, content).



~OARTICIRIT ITV OF THE
FPROD UL IBILITY OF 1D

 \J

~ T . ) D
ARIGINAL PAGE IS POO

236

Figure IID 2lc. Same vidicon ratio image mosaic as Figure
ITI 21b contrast enhanced further to show the bluest unit
(indicated by arrow). This is likely to be the (last
basalt flow of the region and contains the highest con-
tent of TiO .
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The material presented in Sections III and IV consti-

tute much of the scientific output of this thesis. These

- sections are largely in the form of manuscripts that were

prepared as the thesis progressed. The content concerns
the classification of remotely-obtained lunar reflectancé
spectra and £he applications of spectral reflectance data
to the characterization and distribution of lunar mare
basalt types. The material presented in the two previous
sections provides the detailed background on the nature
of basalts and spectral reflectance technigues that cannot
be included in a (page-limited) published manuscript.
Section III facludes discussion of lunar mare soil
spectra presented in three parts. The spectral character-

ization of lunar mare basalt types is presented first fol-

lowed by two applications of the spectral information:

a discussion of the Luna 24 landing area and a preliminary

report concerning a major unsampled basalt type in the

western maria.

Section IV includes a discussion of lunar crater spec-
tra for both mare and highland regions. |

The major conclusions that can be drawn from the cur-
fently available spectral reflectance dataare summarized

in Section V.
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Proc. Lunar Sci, Conf, 7th (1976), p. 2677-2690,
Printed in the United States of America

Characterization of lunar mare basalt types:
I. A remote sensing study using reflection spectroscopy
of surface soils

CaRLE PIETERS*T and THOMAS B. McCorD*f

Remote Sensing Laboratory, Department of Earth and Planetary Sciences, M.I.T.
Cambridge, Massachusetts 02139

Abstract—Telescopic reflection spectra of mature mare surfaces are used to identify and characterize
major basalt types on the frontside of the moon. The spectra are classified according to (1) continuum
slope and (2) near-infrared features. This study indicates that there are major lunar basalt types that
are unlikely to have been sampled during the landing missions. Regions of basalt exist in the western
maria with a TiO, content comparable to that of Apollo 11 but with infrared characteristics that
indicate a distinctly different composition. Samples from two landing sites, Apolio 12 and Luna 16,
may contain fragments of a nearby basalt unit compositionally different from the dominant basalt type
of the landing area.

INTRODUCTION

LUNAR MARE BASALTS play an important role in understanding the evolution of
the crust and mantle, although they account for less than 1% of a 60 km thick Iunar
crust (Head, 1975). The creation of models of lunar basalt petrogenesis (e.g.,
Green et al., 1975; Hubbard and Minear, 1975; O’Hara et al., 1975; Walker et al.,
1975; Kesson, 1975) requires a detailed characterization of the geochemistry of
the basalts as well as a description of the sequence and location of emplacement.
Mare basalt samples returned from five different areas have been studied in detail
and several general basalt classifications have been proposed (e.g., Taylor, 1975;
Rhodes et al., 1975). Remote sensing techniques can then be used to characterize
unexplored lunar areas which, of course, is most of the lunar surface. In this paper
we present a classification of lunar mare basalt types derived through the analysis
of telescopic reflectance spectra of mature mare surface areas.

With the exception of fresh craters and areas of high relief, it is the glassy
agglutinate-rich mature soils that are observed by alil geochemical remote sensing
techniques. Mature mare surfaces contain in excess of 70% agglutinates (e.g.,
Charette and Adams, 1975). A valid classification of lunar basalt types neverthe-
less can be derived from reflectance spectra of mature surfaces if the following
assumptions are accepted: (1) soils are derived largely from the local dominant
surface basalt type, (2) the processes and effects of soil-maturation are the same
on all maria, and (3) during the 2.5 to 4 b.y. since emplacement, all mare surfaces

*Visiting Astronomers at the Cerro-Tololo Inter-American Qbservatory, which is operated by the
Association of Universities for Research in Astronomy, Inc., under contract with the National Science
Foundation.

tGuest Observers, Mauna Kea Observatory, Institute for Astronomy, University of Hawaii.
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studied (uppermost 1 cm) have reached an equivalent maturity.

Given the above assumptions and knowing the sensitivity of speciral reflec-
tance to geochemistry (e.g., Adams 1974, 1975; McCord and Adams, 1973), it is
likely that differences in spectral reflectance observed remotely between mare
areas are due to differences in geochemistry of the dominant surface basalt type
of the region. The lunar basalt types discussed in the following sections are
derived from spectra of mature areas: no craters or highland regions are included
in this study. The classification is based on two sets of parameters. The first
concerns the slope of the reflectance specirum in the blue and ultraviolet which is
directly related to the percent TiO. in the surface soil (Charette et al., 1974). The
second set of parameters concerns the near-infrared portion of the spectrum
which is strongly affected by electronic absorptions in mafic minerals and glass.

DATA DESCRIPTION

Telescopic spectra of about 400 small (5-20 km diameter) lunar areas have
been obtained using a filter photometer covering a spectral range of .3 to 1.06 wm.
A description of the equipment and observing techniques is given in McCord et al.
1972. Over 100 of these areas are in mature mare regions and are included in the
study presented here. A few spectra obtained prior to 1970 over a comparable
spectral range were also included in this study (McCord and Johnson, 1969;
Johnson and Soderblom, 1969; McCord et al., 1969). Many of these mare areas
were chosen in order to characterize units evident in muiti-spectral maps. The
location of these mare areas are indicated by over-sized symbols in the frontis-
piece map. More precise coordinates of thes< small areas can be obtained from
the authors on request. Not shown on the map are the more than 30 areas in Mare
Humorum discussed previously by Pieters ef al. (1975).

Since the spectral reflectance differences between mature soils are siunall, we
have analyzed the telescopic data in the form of relative reflectance spectra. To
form a relative reflectance spectrum, R(\), the spectrum of an area is divided by
the spectrum of a standard mare area, MS-2 (18.7°N, 21.5°E). The result is scaled
to unity at 0.57 wm to eliminate the effects of albedo differences. This procedure
removes most of a steeply sloped continuum (increasing reflectance towards
longer wavelengths) and allows the subtle spectral differences to be analyzed in
detail. Relative reflectance spectra are shown in Fig. 1 for many of the areas
included in this study.

Many mare areas were observed during more than one night as a check for
consistency of the measurements. Two mare areas, one in the east and one in the
west of the lunar frontside, were observed more than 20 times through four
lunations to determine if the phase of the moon during an observation affected the
relative reflectance spectrum sufficiently to cause a misclassification. The results
of these multiple observations indicated that although small phase effects on
differential color do occur (see McCord, 1969), they are fairly well defined and do
not change the general spectral character of a relative reflectance spectrum.
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CLASSIFICATION OF REFLECTANCE SPECTRA

The major spectral types evident in most lunar reflectance spectra have been
descrioed by McCord et al. (1972). It was noted that in mare spectra the
continuum slope in the blue below .57 um varied considerably (+ 8-10%). In the
near-infrared beyond .8 um small variations were noted but no apparent pattern
was evident. Much progress has been made during the last few years in
understanding the reasons for these spectral differences and the accumulation of
new telescopic spectra has allowed more refined classification of the spectra.

A. TiO, content

The variations in the ultraviolet of continuum slope for mare regions were
suspected of being caused at least partly by charge transfer absorptions involving
titanium (e.g., Fe™— Ti**, Ti**- Ti*). The assignment of these bands is being
derived using transmission spectra, crystal field theory, and molecular orbital
theory (e.g., Loeffler et al., 1975; Burns et al., 1976). The systematics of the
absorptions in glasses have been studied as a function of titanium and iron content
and oxygen fugacity (Mao and Bell, 1973; Bell and Mao, 1976). Due to the intense
nature of these absorptions their effect on diffuse reflectance measurements are
only partially understood. The accumulation of dark iron and titanium-rich glassy
agglutinates in mature mare soils not only darkens the soils (Adams and McCord,
1973), but also severely lowers the spectral contrast observed (Adams and
McCord, 1971). The latter effect causes a steeply sloped lunar reflectance
spectrum to flatten (or appear “bluer”).

In the laboratory, the continuum slope of returned soil spectra was studied
systematically and the relation between TiO, content and continuum slope was
empirically defined (Charette et al., 1974). The critical dependence of this
relationship on maturity was also defined in the laboratory. We have converted
this TiO,—continuum slope relationship to allow the percent TiO, of a soil to be
determined from the slope of a telescopic relative reflectance spectrum for a
mature mare area (Fig. 2). The function plotted in Fig. 2 is: %TiO, = ae®®?, where
a =8.12x 1077 and b = 14.88. The range of continuum slope values for a given
landing site arises from cbservational error. These include not only measurement
errors but also the small systematic variations in spectral contrast due to
differences in phase angle. The range of TiO, content for a piven landing site
material is the range of measured values for returned soils that are approximately
representative of the region (Heiken, 1974; Vinogradov, 1971). The most likely
value estimated for each parameter is shown by a solid line in Fig. 2. The accuracy
of the TiO, relationship to continuum slope is about 1% in TiO, content and is
primarily a function of the accuracy of the telescopic data. The accuracy
associated with distinguishing the TiO, content of one area relative to another is
closer to 3%.

The reflectance spectrum continuum slope relative to MS-2 was determined
for all mare regions observed telescopically and the soil TiO, content estimated
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Fig. 1. Relative reflectance spectra of mature mare regions. All spectra are relative to

MS-2. The spectra have been characterized and grouped according to the parameters
listed in Table 1.
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Fig. 2. Relationship between the wt.% TiO, in lunar soil and slope of the reflectance
spectrum (after Charette et al., 1974). The data for percent TiO, are measured values for
returned soils (Heiken, 1974; Vinogradov, {971). The data for reflectance spectrum slope
between .40 and .57 m are the values derived from telescopic spectra of the landing sites.

from the relationship shown in Fig. 2. The relationship between TiO, content and
curve slope is less precise for low-Ti soils partly because of the nature of the
function in Fig. 2 and partly because other spectral effects currently under study
may be important for redder soils. The areas were divided into five groups
according to increasing TiO, content using the spectral parameters listed in Table
la. Examples of relative reflectance spectra for many areas in each group are
shown in Fig. 1. The symbols on the frontispiece map marking the areas studied
are color coded according to TiO, content. There seems to be a continuous range
of TiO, content for the areas observed. This is contrary to that measured for the
returned samples which show a gap between high- and low-Ti basalts. This
difference is probably due to limited sampling.

B. Infrared features

Well-defined absorption bands occur in near infrared spectra of rocks and
minerals and are diagnostic of the type of mafic minerals present. These
absorptions arise from d-orbital electronic transitions in transition metal ions (Fe,
Ti, Cr, etc.) in a crystal environment (e.g., Burns, 1970). Iron-rich glasses also
have diagnostic infrared absorption bands (Mao and Bell, 1973; Bell and Mao,
1976). Reflection spectra of lunar rocks contain characteristic near-infrared
absorptions due to the various types of pyroxene and olivine present (e.g., Adams
1974, 1975).

The Iunar soils, however, are a combination of mineral fragments, glass, and
agglutinates. A mature soil contains in excess of 70% agglutinates, the mineralogy
of which is poorly known. The agglutinates can be described as. glass-welded

R S
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Table 1. Spectral parameters used for distinguishing mare basalt types.

Map
la R o156 % TiO, (soil) Class color
<.98 (<1.5) L-low Red
.98-1.00 1.5-2.0 l-med. low Orange
1.00-1.025 2-3 m-medium Yellow
1.025-1.06 3-5.5 h-med. high Green
>1.05 >35 H-high Blue
Map
1b Type symbol Description of relative reflectance infrared feature
1 a Bump concave downward (symmetric around .95 um)
Iy o Same as 1 plus a slope change at .35-.40 um
2 A Linear decrease in reflectance beyond .90 pm
3 O Small bump near .90 wm with a constant or increased
reflectance beyond 1.0 um
4 <o Featureless (same as MS-2)
4 o Small to large dip concave upward
U * Unclassified or unclear

aggregates of mineral fragments and devitrified soil material. Finely dispersed
grains of Fe® are also found in agglutinates (e.g., Agrell et al., 1970). The strong
absorption bands evident in spectra of fresh basalt are no longer present in the
spectrum of mature soils. The weak features observed in soil spectra in the near
infrared are a subdued combination of a dominant glass band (Fe*?) and bands
arising from the few remaining pyroxene and olivine mineral fragments (Charette
and Adams, 1976; Charette et al., 1976). Although differences which are known to
have geochemical significance occur in the infrared spectra of mare surfaces,
quantitative interpretations of these variations are difficult- without further
investigations. An important step toward such a refined interpretation of soil
spectra is the recognition of infrared spectral features that are associated with
regional basalts.

A sufficient number of mare spectra exist now to identify systematics that
occur in the near-infrared spectra for many areas. A classification scheme for
mare spectra was derived using the infrared spectral parameters listed in Table 1b.
With additional data this classification probably could be subdivided. The location
of these areas is indicated on the frontispiece map; each type is indicated with a
different shape of symbol. Examples of the relative reflectance for many areas in
each type is shown in Fig. 1.

DiscussioN

This first characterization of global mare basalt surfaces according to their
spectral features reveals some otherwise unobtainable geochemical information
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for areas beyond the landing sites. Some interesting results immediately evident
are discussed below.

A. Western high-Ti regions

Regions of basalt with a TiO, content comparable to that at Apollo 11 and 17
occur in the western portion of the moon. However, the infrared classification of
the spectra indicates that the western high-Ti basalts (H,) are compositionally
distinct from those in the east (H): the 1 um (Fe**) absorption is stronger for the
western basalts (Fig. 3). A quantitative interpretation of this distinction is being
derived through laboratory studies on lunar soils (Charette and Adams, 1976).
Furthermore, the areal extent of the younger (Boyce, 1975) western high-Ti
basalts seems to be much less than that of the eastern basalts. The Flamsteed
Region is the type-area for these distinct western high-Ti basalts. A few of the
Imbrium basalts may have the same high-TiO, content, but the vast majority of
extensive Imbrium and Procellarum “blue” basalts related to those at Flamsteed
are apparently only medium high in titanium content. Global spectral imagery,
such as the frontispiece by Soderblom and Boyce (1976), graphically displays this
small areal extent of the high-Ti (as opposed to moderately high-Ti) western
basalts.

B. Unsampled basalt types

The spectra of all mare landing sites are classified as type 1 (see Fig. 1 and
frontispiece map). It is thus unlikely that any significant amount of samples has
been returned from basalt types 2, 3, and 4. Of these unsampled basalts, there are
at least three specific types that cover a large lunar surface area and occur in
several locations: (1) the Flamsteed/Imbrium high- to medium-high Ti basalts (H>,
ha, m2); (2) the Humorum/S. Procellarum medium-high Ti basalts (h;) (Pieters et
al., 1975); and (3) the low-Ti basalts (very red) of Frigoris and Imbrium (L.,).

C. Minor components in returned samples

Since impact processes cause a redistribution of surface material, it may be
possible that some of the minor components of returned samples are from
unsampled regions. The major “contaminant” at Apollo 15 and 17 is the material
from the surrounding highland. The Apollo 11 site is also slightly contaminated by
highland material, but spectral images (e.g., Soderblom, 1970; Johnson et al., 1975)
indicate that within a radius of 100 km there are no other major mare units.
However, there are distinctly different basaltic units within 100 km of the Apollo
12 and Luna 16 landing sites.

For the Apollo 12 landing area it was shown using crater degradation studies
(Soderblom and Lebofsky, 1972) that there exist two neighboring units of
differing age; the landing site is located in the older unit. Spectral data support this
distinction and characterize the younger unit (a few kilometers from the landing
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Fig. 3. Reflectance spectra of type H. basalts relative to Apollo 11 (H,). Since the slope

of the continuum is approximately the same for spectra of these two basalt types, their

relative reflectance spectra are featureless below about .7 pm. The difference in the 1 um

absorption feature between spectra of H, and H, basalt types is clearly evident in these
relative reflectance spectra.
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Fig. 4. Vidicon spectral images of the Apollo 12 landing area. The landing site is
indicated with a short arrow. Area S I1I B is indicated with a long arrow. Ficid of view is
about 150 km. Images were obtained digitally for the same area through a sequence of
filters with a silicon vidicon detector and processed using standard image processing
techniques (McCord et al., 1976). (a) Image taken through a .57 um filter. (b) Ratio image:
.40/.57 um contrast enhanced. (c) Ratio image: .97/.57 um contrast enhanced.
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Fig. 5. Reflectance spectra relative to MS-2 for mare areas in the Apollo 12 region
(Apollo 12 and S 111 B), in Mare Humorum (MHO), and in southern Procellarum (AP 4).

site) as a basalt with a slightly higher TiO, content. Figure 4 contains high
resolution spectral vidicon images (McCord et al., 1976) of the Apollo 12 region:
the field of view is about 150 km. The .40/.57 wm ratio image allows the mare soil
TiO, content to be mapped. Note the small tongue of higher titanium material
(brighter) a few kilometers to the east of the landing site. This corresponds closely
to the unit independently mapped by Soderblom and Lebofsky (1972). Although
no spectra exist for this small unit, a spectrum exists for the area marked S III B
(Johnson and Soderblom, 1969) which seems to be an extension of the material
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near Apollo 12. The relative reflectance spectrum for area S III B is shown in Fig.
5 along with spectra of the Apollo 12 landing site and two examples of basalt type
hi. We have tentatively assigned the area S III B to the basalt type hs. If future
spectra confirm this classification, then some of the Apollo 1Z ilmenite basalts
(e.g., Rhodes et al., 1975) may be derived from this nearby unit and thus may well
be samples of a major “unsampled’ basaltic unit.

Spectral images of Mare Fecunditatis indicate that the Luna 16 landing site is
in a rather small unit (approximately 150 km in diameter) surrounded by basalts
with a lower TiO. content. The Luna 16 unit can be seen as a bluish area on the
frontispiece spectral map by Soderblom and Boyce (1976) and as a distinct area on
the color difference map by Barbarshov (1973). Unpublished higher spatial
resolution spectral images of the region by McCord and by Whitaker further
substantiate the distinction between two basalt types in close proximity in the
Luna 16 region. Although there is a difference in TiO, content between these two
units, the spectra are both classified as type 1 (Fig. 1, Frontispiece map). The
boundaries seen in the multispectral images match closely those seen in the
independently derived age unit maps of Boyce (1976); Luna 16 is located in the
older of the two units.

CONCLUSION

For the near future remote sensing techniques are the only means to determine
the geochemistry of unsampled lunar regions. The data presented here have been
used to show that a variety of basalt types exist on the frontside of the moon.
Many basalt types covering a major portion of the maria have not been sampled.
The spectral reflectance measurements of surface soil presented here have
allowed the % TiO- to be discerned for the major basalt types. It may also soon be
possible to estimate the FeO content from such soil spectra (Charette and Adams,
1976). Spectra of fresh mare craters will further define the geochemistry of the
unsampled basalts by allowing components of the mineralogy to be identified (e.g.,
composition of pyroxene and olivine). It is, however, not until data from orbital
geocheriical experiments are available that remote sensing techniques will be
fully utilized in lunar exploration.
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Abstract. The Soviet spacecraft Luna
24 lande n Mare Crisium and returned
samples that are expected to be much like
the low titanium basalts from Luna 16 and
Apollo 12. This conclusion is based on
earth-based spectral reflectance measure-
ments and multispectral imagery of the
Mare Crisium region and uses a background
of laboratory measurements of the spectral
properties of Lunar soils. These data are
used to describe the regional context and
composition of the Crisium basaltic units.
The returned sample may also contain minor
components of a high-titanium basalt and
a very low titanium basalt as well as
highland material.

A classification and characterization
of surface mare basalt types has been de-
rived from the remote observations of the
spectral reflectance of mature mare soils
(Pieters and McCord, 1976; Adams and Pie-
ters, 1976). Multispectral ratio images
allow the areal distribution of mare units
to then be mapped (McCord et. al., 1976a).
Using our experience with the spectral
properties of lunar soils derived in the
laboratory, we have examined both kinds
of remotely obtained spectral information
for the region containing the Luna 24
landing site. We describe here the basalt
types most likely to have been sampled
and place the samples in a regional con-
text.

The Soviet Luna 24 spacecraft landed
in Mare Crisium (12° 45' N, 62° 12' E)
and returned a 2m core sample to earth
(Aviation Week, Aug. 18, 1976, p. 18).

Figure 1 is a sketch map of the region
showing the location of the landing site.
The geology of the region has been des-
cribed by Olson and Wilhelms (1974) as
extensive dark plains material (basaltic).

"About 10 km from the landing site is a

small region mapped by Olson and Wilhelms
as dark mantling material primarily on
the basis of its lower albedo. The land-

Copyright 1976 by the American Geophysical Union.
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ing site is indicated in the vidicon image
mosaics (McCord et. al., 1976b) of Figure
2 by a small arrow. A relative reflec-
tance spectrum (.3 to l.lum) for the re-
gion M Cr-2, indicated with a large arrow,
was included in the mare basalt classifi-
cation scheme and is shown in Figure 3
(from Pieters and McCord, 1976). Useful
spectra for three additional areas in Mare
Crisium were obtained previously (McCord,
1968) over a more limited spectral range
(.4 to .8um).

The .40/.56um spectral reflectance
ratio has been shown to be sensitive to
the TiO, content of mature mare soils and
an estimation of the TiO, content for the
region M Cr-2 was made (Charette et. al.,
1974). This relationship between .40/
.56um reflectance ratio and soil TiO, con-
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L
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UNA 16

Figure 1. Sketch map of the eastern limb
of the moon showing the location of the
Soviet Luna 24 landing site.
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Figure 2. Vidicon image mosaics of southern Mare Crisium. TOP: .56um

image slightly contrast enhanced to bring out features in the mare.
The Luna 24 landing site is indicated by a small arrow. The large
arrow indicates the region for which a spectrum was obtained (M Cr-2).
BOTTOM: .40/.56um ratio image contrast enhanced with the grey tone
variation dark to light indicating a 12% difference in the .40/.56um
ratio.

tent is shown in Figure 4 for mature mare difference in the .40/.56um ratio.

soils.
hanced

the

rar i

landing site region with the grey tone 1) A major unit filli
ot : o e
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Figure 2-bottom is a contrast en- From these data the following conclu=-
.40/.56um ratio image mosaic of sions can be drawn:

N

central Mare
dark to bright spanning a 12 Crisium is comp w=titanium
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All spec-

tra are relative to the standard area MS-2. These spectra are composed
of reflectance ratios for 25 filters between .33 and l.lum scaled to

unity at .56um.
in reflectance ratio.

The intervals marked along the vertical axis are .02
The horizontal intervals are 5008 (or .05um).

The spectra have been characterized and grouped according to TiO, con-

tent and the nature of infrared spectral features.

The spectra indi-

cate the Mare Crisium low-titanium basalt is comparable to that at Luna
16 and to a lesser extent to that at Apollo 12.

salts much like those found by Luna 16
and to a lesser extent by Apollo 12. This
conclusion is made from noting the shape
of the spectrum for M Cr-2 (Figure 3) and
comparing it to spectra of other basalt
types observed. The vidicon ratio image
mosaic (Figure 2) indicates regional con-
tinuity between the telescopic site M Cr-2
and the Luna 24 landing site.
2) The Luna 24 landing site itself

is in a inhomogeneous area. The returned
core could have sampled either or both
of two low titanium basalt units which
differ in (soil) TiO, content by about

$. From the vidicon spectral ratio data
of Figure 2-bottom and the TiO, relation-
chip of Figure 4, the weight % TiO, ex-
pected for these Mare Crisium soils is
2-4%.

3) The Eratosthenian crater Picard,

200 km to the west of the Luna 24 site,
has apparently excavated higher titanium
material (Figure 2), assuming the ejecta
soil surrounding the crater has matured
to the same extent as the background mare.
If the stratigraphy evident at Picard ex-
tends to the Luna 24 region, it is likely
that the low-titanium surface basalt at
Luna 24 is underlain by nigh titanium
material.

4) 100 km to the north of the landing
site there exists a low titanium (<1.5%)
basalt unit that is distinct from that
at the Luna 24 landing site. The spectral
boundaries for this unit (upper left in
Figure 2-bottom) do not correspond to al-
bedo variations (Figure 2-top). From the
vidicon spectral ratio data of Figure 2
and the TiO, relationship of Figure 4,
this low-titanium basalt is shown to be
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Figure 4. Relationship between the wt%

TiO, in the lunar mare soil and the
slope of the reflectance spectrum
(.40/.56um ratio) relative to the
slope of the spec um for the stan-
dard area MS-2 (aiter Charette et.
al., 1974). This relationship for
telescopic data was first substanti-
ated through laboratory reflectance
measurements of lunar samples. The
data for percent TiO, are measured
values for returned soils. The data
for reflectance spectrum slope are
the values derived from telescopic
spectra of the landing sites (from
Pieters and McCord, 1976). Reflec-
tance values for soils from

the major low-titanium basalts in
Mare Crisium near Luna 24 are de-
rived from the vidicon spectral
ratio data calibrated with the

spectrum for M Cr-2.

comparable to those at Apollo 15 in TiO,
content. Since no spectra exist for this
unit, however, further geochemical dis-
tinction cannot be made.

Thus, the basalt types returned by Luna
24 are likely to be the familiar low-
titanium basalts of Luna 16 and Apollo
12. The returned sample may also include
some components of a high titanium basalt,
a very low titanium basalt, and highland
material. Although the spectral data pre-
sented here cannot confirm the existence
of mantling material in the region, such
material would be expected to be evidenced
by a component of glass droplets (Heiken
et. al., 1974; Adams et. al., 1974). The
degree to which these additional compo-
nents are included in the core is depen-
dent on the local cratering history and
the continuity of underlying stratigraphy.

Regional Basalt Types .

The return of Luna 24 will certainly in-
crease our knowledge of the known lunar

basalt types, but there still remain majorf\ﬁ)

and extensive unsampled mare units.
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UPDATE: Luna 24 informa:ion

During the 8th Lunar Science Conferehce, the fol-
lowing information concerning Luna 24 was presented:

- (1) Crater, degradation age determinations by J.
Boyce (UsGS, Flagstaff) indicated two major age units in
the Mare Crisium area. The surface basalt in the region
of the Luna 24 landing site is estimated to be of an age
comparable to Apollo 15 basalts. Older basalts are exposed
in an ill-defined region to the west éf'the landing site
and also in an area to the northeast. These older basalts
are expected to be slightly younger than Apollo 11 basalts.
A small northeast section of Mare Crisium (far from the
landing site) appears to be the youngest unit.

(2) Butler et ai. (JSC) described the geological
setting of thé Luna 24 region as derived from orbital photo-
graphs. Of particular inte:est is the 6.5 km crater
Farenheit (~1l6 km from the landing site). This cra&a er
penetrates to 1200m with 5 diffuse bands being identified
in the crater wall.. The Luna 24 region also contains
abundant secondary craters associated with a ray pattern
of the distant (1200 km away) crater Giordano Bruno.

(3)\Preliminary descriptions of the returned core

sample made by Barsukov et al. (USSR) as best interpreted

include:
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a. The core drilled to a nominal depth of 22%
cm. However, the upper 60 cm were not recovered in the
returned sample.

b. Most of the sample consists of various layers
of immature regolith with a high content of coarse graiﬁed
rock fragments.

c. Chemical analysis of some of the fragments
classified thém as very low titanium (~41l%) mare basalts.
Their aluminum content is high and KREEP coﬁponent lpw.

These new data allow the following possible inter-
pretations of the Luna 24 spectral information (Pieters
et al., 1976):

I. The Luna 24 core sampled only tﬁe surface unit
seen by remote sensing techniques. If the very low tita-

nium basalts are representative of this surface unit, then

‘the calibration of % TiO, as derived from continuum slope

is inaccurate for very low titanium basalts. Due to the

nature of the calibration curve, such an inaccuracy would
not be greatly surpfising for unsampled low Ti basalts.
(This has been pointed out in all papers discussing the
nature of this calibration.)

ITI. The Luna 24 core is composed largely of a
(subsurfacé) unit distinct from the general surface unit

in southeast Mare Crisium. Supporting this interpretation
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is the relationship between the age unité of Boyce and
the spectral units of Pieters et al. and the fact that
the core seems to be largely a sample of relatively fresh
ejecta. The Boyce 'old' age unit is roughly spatially.
comparable to the very low titanium basalt to the north-
east defined by the spectral images. Furthermore, the
spectrally mottled region extending to the west of the
ianding site is again comparable to the 'old' unit defined
in that area. These combined data indicate the sequence
of mare £ill for Mare Crisium may have been: (a) early
high-Ti basalt (excavated by Picard) followed by or con-
temporaneous with (b) a very low titanium basalt (Boyce's
'old' unit; spectrally red) and a later (c¢) medium low-.
Ti basalt (2-4% Tioi) emplaced about 3.3 b.y. ago. This
medium low—-Ti surface unit is perhaps thin especially to
the west of the landing site. The freshness of the sam-
pled material indicates it could easily be largely ejecta
excavated (by Farenheit?) from a proposed very low-Ti sub-

surface unit (b).

The basic problem in understénding the spectral
information is determining what the Luna 24 core actually
sampled. Analysis of the core material itself should dis-
tinguish which of the above possibilities are more likely

correct:
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If the dominant basalt type throughout the core
is the very law-Ti basalt and it is found torbe compar-
able in agé to Apollo 15 basalts (v3.3 b.y.), then one
would conclude this very low-Ti basalt is likely to be
the surface unit and interpretation I is probable. The
spectral calibration of low-Ti basalts would have to be
reevaluated. A significant component, however, of unre-
lated basalt types of higher TiO, in the core would weaken
this interpretation.

On the other hand, if the very low-Ti basalts
are found to be relatively old, interpretaticn II would
be more probable; the sample would be interpreted largely

as ejecta from a subsurface unit. Some component of younger

medium low-Ti material would be expected somewhere in the

core.

Potentially, the Luna 24 core could contain one

of the richest assortments of mare basalt types returned

to date.
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2. Synthesis study of the Flamsteed region of Oceanum

Procellarum

Full moon spectral imagery (e.g., Barbarshov, 1973)
indicates that only a small portion of the western 'blue'
basalts are comparable in continuum slope to those of the
east (e.g., Apollo 1l1). This is confirmed by the filter
photometry measurements (Pieters and McCord, 1976) that
further show the western high-Ti basalts to be distinct
and compositionally different from those sampled at Apollo
11 and Apollo 17. A synthesis study was undertaken to
better understand the regional geology and define the geo-
chemistry for a case area of western high-~Ti basalts~-the
Flamsteed area of Oceanus Procellarum. Representative
spectra for this region were included in the previous basalt
classification study (H,, h,, hj). Vidicon spectral images
(shown in Figure IID-21) were used to map the extent of

these units. The preliminary results from this study were

vpresented at the 8th Lunar Science Conference. New data

are presented here to update the following published ab-~
stract. A more extensive discussion of the Flamsteed re-

gion will be prepared for publication during summer, 1977.
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GEOLOGY AND GEOCHEMISTRY OF THE FLAMSTEED REGION OF OCEANUS PROCEL-

LARUM: A PRELIMINARY REPORT BAGED ON REMOTE SENSING AND LUNAR SAMPLE INTFORMA-
TION. C. Picterst, J. B. Adams“, R. Bryend, J. W. Head3, T. B. McCordl,%

S, zisk®. 1Dept. of Earth and Planetary Sci.; M.I.T., Camb., Ma. 02139; “Dept
Geol. Sci., Univ. Wash., Seattle; ~Dept. Geol. Sci., Brown Univ., Prov., R.I.

02912; “Univ. Hawaii at Manoa, Honolulu, 96821; SNEROC Haystack Observ., West-
ford, Ma. 01886.

The Flamsteed region of Oceanus Procellarum displays a number of mare and
highland geologic units which are important in the geologic framework and vol-
canic history of the western maria. TFig. 1 shows the distributicn of major
units in the Flamsteed region and was derived using remote sensing techniques
and lunar sample information. The principal techniques (1) used in defining
unit boundaries included a) vidicon spectral ratio images, b) earth-based
photographs (albedo), c) orbital photography. Other techniques essential for
unit characterization and interpretation include a) reflectance spectra (0.3~
1.1 ym), b) radar backscatter maps, c) radar topography, d) spectra and compe-
sitional analysis of returned samples from the Apollo sites. Relative ages
were obtained by superposition relationships and crater degradation techniques
(2). |

On the basis of unit characteristics, distribution, and superposition re-
lationships, the following history is outlined: A cratered uplands existed in
the region prior to mare vmplacement and consisted of normal feldspathic high~
land crust (U) and local development of a spectrally red unit similar to other
"red spots" (U) (3,4,5). FEarliest exposed mare material is a series or low-
Ti basalts (L,1,m) which flcoded the upland topography. Mare ridges developed
on these units and the crater Flamsteed formed prior to the emplacement of
later basalts. The last major phase of volcanism was characterized by wmoder-

.ately high-Ti basalts (H,, hjp, h3) spreading as relatively thin flows over

preexisting wmaria. TFlow emplacement is generally controlled by preexisting

local and regional topography including mare ridges developed on earlier maria.

The geochemical characterization of these units is based primarily on
spectral reflectance measurements (.33~1.06 um) of small (~10 km) regions
within the units and similar laboratory reflectance measurements (.35-2.5 um)
of returncd lunar soil samples. The spectrally defined basaltic units are
characterized with respect to other basalt types for the frontside of the
moon (6). Although a number of units can be distinguished from each other
with this data, characterization of the mineralogy is incoumplete until spectra
to 2.5 Um can be obtained for fresh craters within each unit.

References (1) Head, J.W. et al. (1976) Lunar Science VII, p. 357.

(2) Boyce, J. (1976) Proc. Lunar Sci. Conf.VII,p. 2719-2728. (3) Malin, M.
(1974) Earth, Planet. Sci. Lett. 21, p. 331-341. (&) Pieters, C. et al.

(1975) Proc. Lunar Sci. Conf.VI, p. 2689-2710. (5) Wood, C.A. and J.W. Head
(1975) Origins of Mare Basalts, LSI, p. 189. (6) Pieters, C. and T.B. McCord
(1976) Proc. Lunar Sci. Conf. VII, p. 2677-2690
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SYMBOL . DESCRIPTION ' . INTERPRETATION ‘
High albedo; high frequency of rays and Kepler ejecta; underlying material signifi~ !
c satellitic craters surrounding Kepler. cantly affected by cratering event. }
Mare Low albedo; type area NE Interilor of Titaniferous basalt. A young basalt with a '
Flamsteed P indicated with dashed cir- soil composition that ranges from 5-8.5% h
cle; continuum slope (.40/.56 pm) re- Ti0,; probably different from older eastern x
'H latiyely blue; 1 um absorption feature high-Ti basalts in mineralogy; more glass=~ @
2 (Fé+ ) stronger and broader than Tran- rich than basalts of Mare Humorum (h3); re- |
quillity soils. Several associated lated to Imbrium high-Ti basalts. Unsampled. i
sinuous rilles. g
h Spectrally much like H, but with con-~ Titaniferous basalt. A young medium-high-T1 i
2 tinuum slope slightly (1-27%) less blue. basalt with soil TiO, 3-5%; related to H2 in ﬁ
i minerology. Unsampled. ! §
i
Continuum slope equally blue as hy but Titaniferous basalt. A young medium—high Ti i
h distinct from Hy and h) in infrared 42 basalt with soil TiO, 3-5%; related to :j i
3 spactral character; 1 pm feature (Fe ) medium-high-Ti basalts of NE Mare Humorum H j
strong but less broad. (4). Unsampled. i
Continuum sliope comparable to Apollo 123 Low-Ti basalt. Soil composition 2-37% Ti09; gf f
m most extensive unit of the region (no older than Hp, hy, and hg basalts. > g
spectra exist to allow Ffurther investi- Unclassified. %
gation) . ) :
v Continuum slope slightly red (comparable Low-Ti basalt. Soil composition 1.3-2% T1iO,. f
1 to Apollo 15 landing site); not an exten- Unclassified. 5
sive surface unit in this region. i
High albedo; Relatively red continuum Low-Ti basalts. Soil composition possibly L
L slope; 1 pm feature stronger than for less than 1.5% T10,. Unsampled. p
4 other low-Ti units of the region. Exten- - i
slve development of mare ridges. 4
UElaﬂd Moderately high albedo; continuum slope Crater remnants and associated uplands., }
U relatively red. Topographically higher Mostly feldspathic islands surrounded by mare i
“than mare. material. ]
Moderately high albedo; upland plains and Undesignated highlands. Suspected of being Q
U crater remnants; strong UV absorption cau- Trelated to other uniquely red highland re- i

X sing very red continuum slope; regionally  8ions, some of which may be of volcanic

high. -origin. L
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UPDATE: Characterization of the lum spectral dif-
ferences between the eastern and western
high-Ti basalts

Good quality infrared spectra (.65 to 2.15ym) were

obtained by McCord (1977) for representative lunar regions.
Shown in Figure IIIE-1 (McCord, unpublished) are spectra
for mature soil regions: Apollo 11 (H1 basalt), Flamsteed
(the case area for H, basalts), OP-4 (h, basalt to the
east of Flamsteed), MH-O (case area for h, basalt in Mare
Humorum) , and the standard MS-2 (mk basalt) in Mare Sereni-
tatis. These spectra have been further processed in order
to examine the nature of the lym absorption. An iron con-

tinuum was fitted to the data (Figure IIIE-2) and removed

~using the techniques of Gaffey (1977) described in Section

IID-1b for laboratory samples. The residual absorption
features for the five regions are shown in Figure IIIE-3.
The background discussion of Section IID-1 can be used

to describe the observed spectral features. The follow-

‘ing spectral characteristics should be noted: (1) the

lack of a second pyroxene feature at 2uym for Apcllo 11

and Flamsteed, (2) the relative stréngth of the lym fea-
ture for Flamsteed relative to Apollo 11, and (3) the longer
wavelength position of the lym minimum for Apollo 11 and

Flamsteed with respec% to MH-O and MS-2. The relative
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strength of the glass and pyroxene bands derived from these
spectfa for the various basalt types are summarized in
Table TIIIE-1l. The strength of the continuum absorption
in this table is derived from the visible spectra.i

The spectral distinction between Apollo 11 (Hx)
basalts and Flamsteed (H,) basalts concerns the strength
of the glass (Fe2+) band; Flamsteed spectrum has a stronger
band than Apollo 1ll1. The spectral distinction between
the two western high~Ti basalts, represented by Flamsteed
(H,) and MH-O (h,), is a stronger pyroxene feature in the

spectrum for h3 basalts than for H, basalts.
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Table TIIIE-1.

Absorption Strengths in basalt type spectra

Soil
H, (Flansteed) ha(Humorum) H, (Apollo 11) m, (MS-2) Absorption

Strong Strong Weak Strong Glass Band
Weak Strong Weak Strong Pyroxene Band
Strong Strong Strong Weak Continuum Ab-

sorption
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Abstract

Telescopic reflectance spectra (.3 - 1.1lum) of fresh
craters are presented and classified according to the spectral
features observed. These spectra are the closest lunar sur-
face analogue to laboratory spectra obtained for lunar rock
powders. Mineral absorption features can be identified in
these crater spectra and interpreted using returned lunar
samples. Classification of lunar telescopic spectra indicates
that most (>80%) of the lunar surface is composed of a finite
number of discrete and describable geochemical units. Spec-
tra of craters to 2.5um are required for specific mineralog-

ical determinations from remote observation.

g
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In a previous paper, telescopic spectra of mature
agglutinate-rich mare surfaces were used to develop a clas-
sification of mare basalt types (Pieters and McCord, 1976).
It was assumed that as regional basalt surfaces weathered
to soil they maintained geochemical identity, although most
original mineralogical character was lost. Lunar mare re-
gions were characterized in the previous study by soil TiO,
content as derived from continuum slope and by near-infrared
spectral features. The dat.a indicate that a variety of
specific basalt types exists on the frontside of the moon,
the majority of which have not been sampled in any of the
Apollo or Luna landing mssions.

Spectra of rock powders contain diagnostic absorption
features that can be used to define the mineral constituents
present {(Adams, 1974, 1975; Mccérd et al., 1376a). Due to
the special character of agglutinate-dominated lunar soils,
however, it has been difficult to identify the mineralogy
of the original basalts using spectral reflectahce techniques.
The spectral properties of lunar soils are now better under-
stood and changes in optical properties that occur during
sgil maturation have been described (Adams and McCord, 1973;
Adams and Charette, 1975). The objective of the current
spectral reflectance study is to further define and char-
acterize the optical properties of fresh, relatively crys-

talline lunar surfaces. It is apparent that the best
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regional analogue on the lunar surface to crystalline rock
powders studied in the laboratory are fresh craters (Adams
and McCord, 1972). Additional telescopic spectra of fresh
craters have been obtained from .3 to l.lpym. It is anti-
cipated that spectra to 2.5um for a few craters will be
available in the near future (McCord, 1977). Lunar sample
studies are being undertaken in parallel with telescopic
observations to define the characterisitic spectral features
of petrographically defined rock types (Charette and Adams,
1975, 1977). The ultimate objective of such a combined
program is to identify from absorption features the major
mineral phases (e.g., pyroxene, olivine, plagioclase, il-
menite), their composition when possible, and their rela-
tive proportions for a variety of regional basalt types
previously described (Pieters and McCord, 1976).

Presented here is the first step of the observational
program: a classification and analysis of the currently
available spectra (.3 to i.lum) for fresh lunar craters.
The data are used to further confirm that the majority of
the lunar surface is made up of a finite number of rock
types; some are distinct while others may be gradational.
Although higher spatial resolution and greater spectral
coverage are required to identify specific mineralogies,

these data show that mineral absorption features do exist
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in fresh crater spectra with systematic variations that
can be directly interprcted in terms of mineral composition.
A. Observations and Data Description

Telescopic spectra of about 400 small (5-25 km diameter)
lunar areas have been obtained usiﬁg a filter photomeﬁer
covering the spectral range from .3 to l.luym. Based on
their location and general morphology, most regions can
be easily classified as mare, upland, mare crater or upland
crater. The general spectral types of such a classifica-
tion was digcussed by McCord et al. (1972) and Charette
et al. (1974). Over 60 fresh crater regions have now been
observed telescopically during one or more lunations. Due
+0 observational difficulties (see below), data for ~1l0
regions were unacceptable and not included in this analy-
sis. A minor amount of useful data was obtained with a
vidicon spectrometer/polarimeter (.6 - 1.0um). The loca-
tion of the cratérs used in this study are indicated by
oversized symbols in Figure 1.

There are a vafiety of observational limitations that
make reliable spectra of fresh craters difficult to obtain.
Most spectrometers measure radiation sequentially as a
function of wavelengthf The photometer used to obtain the
data discussed here requires 2 minutes to cycle through

25 filters. During this time, two unavoidable situations
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allow the object to 'wobble' in the optical path up to about
2 second of arc (about 4 km on the lunar surface): nor-
mal atmosphe;ic turbulance and imperfect lunar tracking
of the telescope. This spatial uncertainty during two min-
utes generally does not affect data for mature soil regions
since the albedo of the region is homogeneous on a scale
larger than the observed area. For fresh bright craters,
however, the albedo variations are large over small areas
and the integrated radiation measured by the spectrometer
can vary significantly during the total measurement of the
spectrum. These observational difficulties are enhanced
for small (58 km) fresh craters. Analysis of spectra for
small craters is further burdened by the problem of opti-
cal mixing that occurs with low (10 km) spatial resolution--
part of the radiation detected is from the crater and part
is from the surrounding (darker) material. For the data
preseﬁted here,‘observations have generally been repeated
3-5 times. A preci;ion better than 1% is generally required
for classification.

Two additional factors influence the interpretation
of crater spectra. Craters excavaté material that may
not be homogeneous with depth. Thin surfaces units may be
vertically mixed by the cratering event. Also, the spec—

tral characteristics of fresh material are known to degrade

3
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rapidly with the development of agglutiﬁate—rich soil
(Adams and McCord, 1973). Precisely what the time scale
is for such weathering effects to be significant is unknown,
but expected to be on the order of a few hundred million
years. For large craters with sufficiently steep walls,

a mature soil is not allowed to accumulate and a spectrum
of relatively fresh material can be obtained on the rim,
even though the ejecta itself may have reached equilibrium
maturity. Most fresh crater spectra presented here seem
to have features of comparable magnitude implying matur-
ation differences are minimal.

Telescopic spectra for a variety of soils and craters
are presented in Figure 2. Note the prominent absorption
near luym; for soils this feature is largely due to Fe?" in
agglutinitic glasses (Charette and Adams, 1977), whereas
for craters this feature is due to Fe2+ in mineral fragments
(e.g., see Adams, 1975). The wavelength of the
absorption in crys?alline lunar material is determined by
the average pyroxene éomposition {({Adams, 1974). The sym-
metry of the lunar absorption is dependent on absorptions
due to other mineral components such as olivine and plagio-
clase. Weaker absorption features can often be discerned
in laboratory spectra in this spectral range (e.g., continuum.
inflections in the blue and broad absorptions at .4 - .6

in Ti-rich pyroxenes and ilmenite).  In Figure 2, the
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details of the specific mineral absorption features contri-
bute small but extremely signficant variations to a general
red lunar spectrum.
B. Classification

In ordexr to distinguish the small variations in absorp-
tion features and develop a classification of possible rock
types, the spectra for lunar craters have been divided by
the spectrum of a standard area in Mare Serenitatis (MS2:
18°40'N, 21°25'E). This procedure does not preserve the
absolute wavelength position of absorption features but
it does allow small spectral variations to be detected and
classified. The relative positions of features between
areas is maintained.

The craters included in this study were first generally
classified as mare or upland craters according to fhe type
of terrain in which they occur. A few excepéions were
made to this original grouping and will be discussed along
with the.more deta@led classification of crater spectral
types. Since it is possible that mare craters may have
penetrated into crustal material, a classification of the
spectra for highland craters needs to be made before mare
crater spectra can be distinguished.

Relative reflectance spectra for highland crater spec—

tral types are included in Figure 3. From the available
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data, three general spectral types were distinguished ac-
coraing to the following characteristics: UI) The contin-
uum is relatively blue between .5 - .7um with an inflection
towards the ultraviolet that occurs between .4 and .5um;
the .9um absorption feature varies in strength and perhaps
wavelength position resulting in a inflection betwoen .7
and .95uym. This group was further subdivided (UIa-~Ule)
according to the sharpness and wavelength position of the
ultraviolet inflection and according to the infrared char-
acteristics. UII) There exists a very prominent and strong
absorption band at .9um with strong relative absorption
towards the ultraviolet. UIII) The .9um feature is weak
to non-existent although there is strong relative absorption
shortwards of .45um.

Relative reflectance spectra for two major mare crater
spectral types are shown in Figure 4. These two spectral
types of mare craters are distinguished by: MI) The exis-
tence of two absorption bands, a strong one centered near
lpym and a weaker one near .5um; MIT) Thé existence of one
strong band near luym. Each of these two types of maré cra-

ters can be further subdivided according to the wavelength

‘'position of the lum. feature and possibly the strength of

ultraviolet absorption. A third group (MIII) of mare cra-
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ters have identical spectral characteristics as those iden-

tified as highland crater type UIII. These MIII spectra

are

and

shown in the lower right of Figure 3.

2 few crater spectra do not fit easily into these mare
highland groups:

(a) The center and rim of Kepler has been observed
frequenﬁly (Figure 5A). The first whole crater spec-
trum (1-09-71), although noisy, seemed comparable to
most mare craters and Kepler was originally classified
as a mare crater (McCord et al., 1972). Since then,
additional spectra of varying guality have been obtained
which together indicate that Kepler is a fairly unique
spectral type. There exists a relative minimum in the
spectrum near .9%9um and a plateau between 1.0 and 1.lym.
A region within the ejecta from Kepler, however, con-
tained the same spectral character is group UId and
was thus classified as highland material.

(b) Three regions (Lalande, Reiner vy, and Dawes rim)

may be mixtures of a variety of mare and highland ma-

terial. Their spectra (FPigure 5b) are more similar
to each other than toc other craters, however, implying
perhaps related mineralogy.

{(c) Hesodius B (and perhaps Dawes ejecta) is an old
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crater (Eratosthenian) in a blue (high-Ti) mare. Its

spectral characteristics (Figure 5c) are consistent

with the interpretation that the surface is an inter-

mediate stage during degradiation of high~Ti basalt

to soil with maturity.
C. Discussion

Relative reflectance spectra are especially useful
for understanding spectral differences seen in two-dimen-
tional imagery. With the exception of MIII and UIII cra-
ters, the pyroxene band near .95um is stronger in cratéf
spectra than in mature soils. A .95/.57um ratioc image (cf.,
McCord et al., 1976b) is thus frequently used as a data

source to easily identify immature regions and to estimate

their areal extent. Spectral ratio images at other wave-

lengths, however, do not provide sufficient information
for classification of craters. BAs can be seen in Figures

3-5, there is great variety in the strength of spectral

features and the wavelength of spectral inflections.

No simple combination of spectral ratio images can distin-

guish the spectral types discerned in the crater spectra

presented here.
It has been shown previously that the general spectral

characteristics of fresh craters are essentially the same
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as those for rock powders measured in the laboratory (Adams

and McCord, 1972). The strength of the features in labor-

atory measurements, however, are about 4 times as strong

as those observed telescopically. The data presented here,
together with a recently compiled atlas of similar labor-
atory data (Adams et al., 1977), reestablishes this link
between rock powders and fresh craters and will be discussed
in further detail in later publications. The laboratory
samples with spectral characteristics that are most compar-
able to those for fresh craters, both in nature and in
strength, are the non-agglutinate separates from immature
soils. ©Tither the surface material at all craters observed
in this study has matured to some degree, causing the min-
eral spectral features to become somewhat degraded, or the

cratering event itself has created a surface material that

" is not purely crystalline.

Some spectral characteristics that distinguish the sub-
groups of craters presented here appear to be gradiational
in nature. Spectral types may be relatéd to each other
as a function of the maturity of the surface as suggested
by McCord et al. (1972} and Adams and McCord (1973). Al-
ternatively, the gradiations could be due to a mixing of

different rock types. The data presented in Figures 3-5
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indicate that distinct rock types do exist and suggest
that many of the spectral variations are not simple a
matter of surface maturity. -

A few cases where spectral evidence indicates a large
mare crater has excavated crustal material have already
been documented (McCord et al., 1972): Aristarchus and
Copernicus. (The soil of Copernicus ejecta, however, has

. already developed to a fairly mature agglutinate-rich state.)
Additionally, from the data presented here, one group of
smaller mare craters ‘MIII) have apparently excavated high-
land material of the same type as that found in UIII cra-

{L ters. MIII craters occur near the edge of the mare on
what appears to be thinly flooded basin shelves in Mare
Humorum and Serenitatis.

A few spatial systematics can be tentatively identi-
fied in these data. All of the regions in highland group UId
and III are on basin rims. The Apollo 16 region (Descartes)
contains all of the craters identified as group UIe and
a few from UIc. Spectra of very immature lunar soils from
Luna 20 and Apollo 16 contain these same spectral'charac—

teristiecs {(*dams et al., 1977). From the data available,

A

&

i
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the craters Aristarchus (UIa) and Mosting A (UII) are sin-
gularities in the remote observations although almost iden-
tical spectral characteristics can be identified in a few
Junar highland samples (Adams and McCord, 1972, Adams et
al., 1977). Identification of lunar samples with spectral
characteristics comparable to the craters in group UIb
and IXII has not been made.

The two primary absorption features observed in mare
craters havg clear compositional implications. The strong
absorption features at lum is primarily due to clinopyroxenes

in the surface material (Adams and McCord, 1972). The

- wavelength position of this band is a function of the Fe

and Ca content of the average pyroxene (Adams, 1974). If
the wavelength position of both this band and the accom-
panying one near 2um can be measured, then the pryoxénes
composition can be determined. The feature in.mare crater
MI spectra near .5pum is commonly observed in titanium-rich
rocks and is due to either titanium-rich pyroxenes or il-
menite. A

The occurrence of type MI and MII craters is generally
associated with the TiO, content of the surface unit (as
derived from soil spectra): type MI craters occur in re-

gions that are titanium rich and type MII occur in regions

s -
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that are low titanium. Halo crater (Mib) occurs in the
Copernicus ejecta blanket and is likely to have excavated
high titanium basalt.

It is unfortunate that no spectra for craters within
the major unsampled basalt types of the western moon (Pie—
ters and McCord, 1976) were available for this study.

A primary reason for this lack of data is the difficulty
of locating a crater within the current telescopic resolu-
tion (~10 km) that is likely to have excavated only the
most recent surface unit. For example, the western high-
Ti flows near Flamsteed are thin and many craters seem to
have excavated an earlier low-Ti unit (Pieters et al.,
1977, in preparation).

D. Conclusions.

(1) These additional data strengthen and expand the
conclusion of Adams and McCord (1973) that the spectral
fegtures evident in spectra of fresh crater aré stronger
than those for matgre soils (Figure 2) and are due to the
more crystalline nature of the surface material.

(2) The systematic variations observed in the spéctral

‘Q N
features of these fresh craters are directly associated

with variations in the mineralogy of the surface material

and can be understood largely in terms of returned lunar

samples. To utilize this information in a quantitative
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manner, spectra to 2.5um are regquired in order to examine
the details of mineral absorption features.

(3) This spectral classification of fresh craters
together with the previous classification of mature mare
surfaces, an unfinished classificaﬁion of highland su#faces,
and the orbital geochemistry data indicate that most (>80%)
0of the lunar surface is composed of a finite number of dis-
crete and describable geochemical units. Even though 1/2
to 2/3 of these units are unsampled, there is some hope
of understanding their general mineralogy and geochemistry

in the future using remote sensing techniques.
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Figure Captions

1. Classification of lunar bright craters based on spec-
tral reflectance measurements. The shape of the over-
sized symbols indicates the spectral groups discussed
in the text. The number associated with each symbol
is for identification of the spectra in Figure 2-5.

2. Telescopic reflectance spectra for representative lunar
soils and craters.

3. Reflectance spectra relative to MS-2 for highland cra-
ter material. Three major groups are distinguishea.
Group I can be further subdivided (a—e)‘according to
the»QaVelength position of distinct spectral inflections.
GrbupstIII and MIIT are spectrally equivalent although
craters of the former are in the highlahds énd‘of
‘the latter are on the edge of a mare. |

,4; Reflectance spectra relative to Ms-2 for mafé craters.
Croup I has twb absorption featuxes,'bne near . Sum

' and'one‘near l.opm. Group II_only has one majoxr feae 7
'ﬁﬁre near 1.Oum:A Eaéh group can be further subdivided
»acccrding to the wavelength position of the‘i.oum featﬁre.

5. Reflectance spectra relative to MS-2 forrspecial crater

,groués.,,Kgplgrbcenter and rim appéar»to have unique 

’speCtral characteristics. ‘LaLande, Reiner Gamma, and .
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Dawes are likely to be mixtures of material although
they have roughly similar spectra. Spectra for Dawes

ejecta and Hesiodus B appear to show significant ma-

turation effects.
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V. SUMMARY AND SYNTHESIS

Samples of basalts from two planets, the earth and
the moon, have beszn studied in detail by petrologists
and geochemists in order to!understand the geochemistry’
of the interiors’as Qéil ag the processes that have been
part of planetaryxevolution. Basalts from these two plan-
ets are similér in the qéheral sense that they have crys-
taliized from mafic igneous melts derived by partial melt-
ing of the planet's interior. However, it is aléO‘appa—
rent there are some fundamental differences in chemistry,
age, mode of emplacement, tectonic environment, and by

implication, character of the mantles. The Apollo program

‘opened a new era of exploration; the return of the lunar

samples allowéd the first direct comparison of the earth

- with another knownvsolar'system object and deepened the

~understanding of our own planetary environment.

_‘The basic nature of the samples from the moon will
continue to be stuéied in'terrestrial 1aborétories to
further understand thé evolution of the planet.v However,
until more éomptéhensive samples aﬁe obtaiﬁed Qf yet un-
sampled uﬁits;:it will be the roie of remote sensing spec-
ialists to place iimits_0r"Qhé£-can bé extrapbiated glo~
baily f£om’the~seléctivé samples in héhd retﬁ£hedvby_Apo1lo

and'Lunaimissions.; Near futuré exp1Qratidnkof‘the 1unar-
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surface will have to be performed using remote sensing
techniques. Spectral reflectance measurements in par-
ticular have been used to derive information of surface

mineralogy and geochemistry.



o

v 302

V. SUMMARY AND SYNTHESIS
A. Conclusionj

Spectral reflectance data (spectra and imagery) dis-
cussed in the preceding sections allow the following gen-
eral conclusions to be made concerning mare basalt typés
on the frontside of the moon.

J. Regional basalt types exist. There are regions

up to hundreds or perhaps thousarnds of square kilometers

in extent of essentially uniform surface composition.

There are also groups of smaller flows that are widely
separated but nevertheless apparently identical in character.

The homogeneity of some surface units is evident in var-

ious spectral ratio images for extensive regions. The

spectral character cof a few of these units have been studied
in detail, providing information to allow their regional
extent to be mapped (e.g., Mare Tranguillitatis, Central
Sefenitatis, NE Hﬁmorum, West Imbrium; ’see Section
IIB). One implication of the observed regional homogeneity
is that if surfa¢e~fractionati0n processes act to signi-

ficantly change the surface compbsitipn (or spectral char-

~acter of a unit) then such processes must do so uniformly

over extensive areas.

2. Basalt types have been characterized (from soil

spectra) in terms of certain useful geochemical character—

istics (e.g., 'I‘iO2 content) and mineralogical features
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(glass and pyroxene components).

3. About 15 spectrally distinct surface units can

be identified for mare soils. These represent at least

6 fundamental (extensive) basalt types or related series.

(a) Apollo 12, 15 (ml, 11) low titanium basalts
found in most nearside regions. SAMPLED.

(b) Apollo 17, 11, Luna 16 (Hx’»hx) high to medium
high titanium basalts found on the eastern moon. Weak
pyroxene band, weak glass (Fe2t) band. SAMPLED.

(c) Flamsteed, Imbrium (H,, h,, m,) high to medium
titanium basalts found only on the western moon. Weak
pyroxene band, strong glass (Fe2+) band. UNSAMPLED. These

basalts include the western "blue" basalts with ’I.‘iO2 con-

tent likely to be distinctly high, comparable to that at

Apollo 11, but with different mafic mineralogy or compo-
sition. .

(d) Mare Humorum (h,) medium high titanium basalts
found only in the western maria. Strong pyroxene band,
stréhg glass (Fe2+).band. UNSAMPLED. |

(e) Serenitatis (m ) low tiﬁanium basalts.  Strong
pyrbkene~band, strong glass (Fe2+) band. UNSAMPLED.

. (£f) East Imbrium, Frigoris (L,, L) (very) low

~titanium basalts. UNSAMPLED.
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4. Although not all regions have been spectrally ana-

lyzed, it is clear that the lunar samples represent only

a few of the major bhasalt types on the lunar surface.

It appears that about 2/3 of the lunar maria are not repre-
sented in the lunar sample collection returned by U.S.
Apollo and Soviet Luna missions.

5. All mare surfaces contain lateral variations of

compositionally heterogeneous basalts. Although a few

regions contain vast areas of apparently homogeneous ba-
salt (conclusion 1) many mare regions are heterogeneous

on the lateral scale of 2-50 kilometers. This heterogeneity
is apparent in any detailed study of high resolution spec-
tral images. An example of this lateral heterogenity oc-
curs at the Apollo 12 landing area. Remote sensing stu-
dies show two compositionally distinct units within

a few kilometers. Recent examination of the Apollce 12
ilﬁenife basalts indicates they are unrelated to the rest
of the Apollo 12 low-=Ti basalts and may indeed represent
this second unit. These two basalt types were roughly
contemporaneous.

6. Mare £ill (even in the mascon basins) may also

be Stratigraphically heterogeneous. The only spectrally

documented case is Mare Crisium for which the likely se-

quence of mare £fill, oldest to»YOungest, was: a high-Ti
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basalt, a (very) low-Ti basalt, and a (medium) low-Ti ba-
salt. Photogeologic evidence and multispectral imagery
strongly suggests Mare Serenitatis may have had a somewhat
similar sequence of fill (high—Ti followed by low-Ti).

The western mariavseem to be far more complex.

7. Some basalt types are spectrally gradational sug-

~gesting minor variation in geochemistry; three regional

series can be identified. Two clear series are evident

’in the western maria: (e)‘Flamsteed—Imbrium high.to hedium
high—Ti basalts (H,, h,, m,), and (b) Mare Humorum medium
high-Ti basalts (h, varying in TiO, by'abeut 3%). It is
suggested that éhe basalts for each series are derived
from the saﬁe sQurce reqien with minor variation in P,

T, chemistry or degree of partial melting. The observed
e&ariations could’also be due to near surface fractienation.
;i The Flamsteed flows (see Figute IID-21) appeaf’tO’be}in—

, éividualiy homogeneous and‘distinct, whereae.the variations
in’the Humorqm basalts are regionally'diffuse.~ Spectral
‘data also inéicates.thefe may exist a Sequenee of basalt
types in'the,eastern maria.thaf range in composition from
“Apollo 11 _(‘H';:) to Luna 16 (hy). | |
8. Although mest mare surfaees are ndw‘com?osed of

mature soil, mere'crysﬁalline’material is excavated by

fresh craters. Spectra of fresh craters are comparable
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to those obtained for laboratory samples of very immature
soils and allow the mineralogy of an ejecta unit to be
examined. The variations in spectral features for fresh

craters are known to be‘diréctly related to épecific min-

eral absorption features of minerals. Thus, if spectra

to 2.5um are obtained fqr fresh craters, components of.

the mineralogy of the excavated unit can be discerned;

o R

. ) R R ST s g oo oL Y .
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V. SUMMARY AND SYNTHESIS
B. Inferences

The spectral information (both spectra and imagery)
integrated with other global data (e g., Ap 15, 16 orbl-
tal geochemistry, relative age units derived from crater
degradatlon studles, thermal and geochemical models of
the moon, etc.) support the following inferences.

1. The bi-modal relationship observed in both age

and Tio, _content of mare basalt samples is likely to be

simply a matter of limited sampling. The spectral data

suggest a continuum of TiO, content for mare basalts.
When spectral data for TiO, are combined with crater degra-

dation age units of BoYce (1976), a more complicated re-

lationship emerges (e.g., Soderbloom and Boyce, 1976).
'.From the data currently available, an update ofithe Tio,
;and age relationship of Papike et al.‘(1976) is estimated

and is shown in Figqure V-1.

2. It is unlikely that the lunar mantle is zoned in

vany simple global sense and that the‘sequence'of observed

basalts is 51mply the result of partlal meltlng of proqres—

81vely deeper reglons. Thermal models show that the upper

limit of a éone of partial melt in the lunar mantle becomese
‘deeper w1th tlme. Any thermal and geochemlcal model for

the source reglon of mare basalts must also account for
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Figure V 1. Estimates of TiO., content (from continuum
slope) -and age (from Boyce, “1976) for .various sampled
and unsampled mare basalts. (The TiO.content estimates

- are very rough since the data are claibrated for soils.)
Lunar sample information was compiled by Papike et al.,

- (1976) . Many basalt types appear to occur simultaneously.
The pattern, if there is any, suggests the earliest basalts
were either very high-Ti or very low-Ti. Around 3.3 AE
“large amounts of medium low-Ti basalts were produced. Therw=
- appears to be an increase of TiO, with the latest basalts.
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the frequently observed heterogeneity of nearly contempor-
aneous basaltic units both locally and globaily. For ex-
ample, if the same source region depth was tapped for the
two Apollo 12 types of basalt, then the lunar mantle must
éontain significant lateral heterogeneities. An alterna-
tive model is that different depths are tapped within

the zone of partial melting during any particular lunar

era.

3. The lunar nearside maria can be routhy divided

into two and perhaps three regions which seem to have evolved

independently in terms of both time and geochemistry:

s
QJ’ ' activity in the eastern maria apparently ended first; in

the western maria last; and in the southwestern maria (Hu-
‘morum, Nubium) perhaps sometime between the two. Orbital
geochemistry indiéatés a concentration of heat proaﬁcing
‘elements in the surface rocks of the western'régiOns, per-=
§ haps implying a more vigorous radicactive heat SOurce

at depth.
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V. SUMMQRY AND SYNTHESIS
C. Recommendations

A few specific and general recommendations for the
iunar‘science community (and NASA) are perhaps justified
from these results and inferences.

1. Since many major lunar hasalt units have notbbeen

sampled directly, the continued search for other distinct

basalt types as minor fragmental components of the returned

samples could significantly increase the information from the

samples. The recent discovery of VLT basalts in the Apollo

17 core shows that this is a frultful endeavor. It is

likely that correlated studieS'between sample and femote

sensing geochemiSts canhidentify the type area of such

“minor componernts.

2. Caution should be exercised in extravolating lunar

samplebinformation to global geochemistry. The sequence

of mare basalt extru81on is locally and globally geochem~
1cally variable and complex. This ;s not to say regional

patterns cannot be mdentlfled‘and characterized, but it

Sis impoftant to recognize'that only a limited amount of

geochemlcal 1nformatlon is avallable 1n the samples.

3.v Inteqrated studles betWeen lunar sample geochemlsts

and: remote sen51ng specmallsts shou]d be encouraged Two

SPelelc tOplCS need to be addressed
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(a) "Ground Truth" must be rigorously defined. The
largest scale observable in the laboratory is'measuréd
in centimeters. The smallest scale currently observable
with remote sensing techniques is measured in kilometers.
‘The rock types identified in the samples need to be related
to regional units observed remotely. Furthérmbre, thek
two'types bf data need to be expressad in'the same terms.
For example, spectroscopic techniques can determine the

average pyroxene composition for a regional rock type (which

varies from one rock type to another). V"Average pyroxene

composition", however, is somewhat a foreign concept to

,petrographers.

{b) An accurate model of soil genesis needs to be

developed that quantitatively links the mineralogy and

- geochemistry of the fegional iock type (s) to that for

a mature soil. Most of the lunar surface has developed

a regolith and mature soil,and it is sﬁch a soil that’is
observed using remote sensing techniques. On the other
hand, most‘dseful‘léboratory geochemistry is based on crys-
talline 6r £gg§ samples; | -

4, An-effective,program~qf luﬁar surface exploration

can and should be undertaken to map the global geochemistry

of the moon. The‘rational for 5u¢h a program is twofold:
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(a) The scientific understanding of the moon that
resuited from the Apollo program has matured to the extent
that global data will permit a maximum scientific yield

from the huge investment in Apollo. The U.S. scientific

- expertise that has enthusiastically carried this explor-

ation program will be dispersed if lunar exploration is
terminated half-way through the sequence.

(b) If the moon is to be utilized in the future

as a scientific and economic resource, the global chemis-

try must first be mapped and explored.’ With present tech-
ndlogy, such an assessment of lunar materials and resources
is relatively easy and can be done at low cost.

‘A'limited amount df further geochemical information
can and shbuld befobtained using earth-based telescopes
and recently developedksgectroscopic instruments.  The

T TR ,
obvious and perhaps ultimate appiication of spectral re-
fleétance techniques for remotely detérmining'lﬁnarrgeo—

chemistry would be done from lunar orbit: continuous

~high resolution (1/2 km). spectroscopyy(.i,— 2.5um) of sur-

- faces and craters with detailed two-dimensional spectral

mapping at sele¢ted useful Wavelengths.
The spectral reflectance study of lunar basalts pre-

sented hefe-has sﬁown that there are significant numbers

‘,erunéxplored regions and‘unSOLVed*problems that cannot
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be understood simply by a more extensive 'study of the lunar
samples. A rigorous program of lunar exploration is cer-
tain to uncover many uﬁexpected and extremely useful facts
about the moon. 1If the moon is to be utilized as a long-
range asset, rather than simply an dbject of interesting
beauty, détailed eprOration and mapping is an essential

endeavor.
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