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CLINOPYROXENES FROM ACIDIC,  INTERMEDIATE,
AND BASIC ROCKS, LITTLE BELT

MOUNTAINS, }IONTANAI

InvrNc J. Wrrr<rNo, LI . S. Geolo gical S wraey, Denver, C olorado 8 0 2 2 5.

Arsrnecr

Clinopyroxenes from acidic, intermediate, and basic rocks in the Little Belt Mountains,
Montana, are similar in chemical and optical properties, and in cell dimensions. The major
components average CaaaMgazFelnl pyroxenes lrom basic rocks differ from those in inter-
mediate rocks in that they have less SiOz but more AIzOr Pyroxenes from the intermediate
rocks have small proportions of A13+ in tetrahedral coordination (l.e , lorv Al, percentages);
those from basic rocks have high Al, percentages These Al, percentages probably reflect
the molecular concenlration of SiOz in the parent magma Optically thel'have large a:iial
angles (2ll,-59o), and B refractive indices that average 7 692.

Optical property curves have been constructed that give good results in determining the
composition of the p1'roxenes in terms of Ca2+, Mg2+, and (Fe'z+f Fe3+f \[n2+). Viswana-
than's (1966) modification of Brorvn's (1960) correlation diagram based on the unit-cell
dimensions b and a sin B give good agreement for some pyroxenes from intermediate rocks,
but uniformll' poor agreement for all pyroxenes from basic rocks. The lack of agreement
may be caused by large amounts of Al3+ in tetrahedral coordination in those pyroxenes
from the basic rocks.

Magmatic differentiation at depth by crystal settling led to the formation of both a
crystal-enriched fraction which gave rise to the parent magma of the basic rocks, and a
crystal-poor differentiate, which after assimilation of much siliceous material, gave rise to a
magma of intermediate composition that formed a stock and its related laccoliths

INrnopucrroN

This paper presents some chemical, oplical, and cell-parameter data
for clinopyroxenes from igneous rocks exposed in the Barker quadrangle,
Litt le Belt Mountains, central Montana (Fig. 1). These clinopyroxenes,
from such u'idely disparate rock types as rhyolite porphyry and vogesite,
are strikingll similar. This correspondence of pyroxenes from diverse
rocks apparentll- is not an isolated occurrence, for Pirsson (1905, p. 38)
noted more than half & century ago that clinopl.roxenes from igneous
bodies scattered through central Nlontana are simiiar, regardless of rock
type.

The data submitted here represent 18 different intrusions. Pure clino-
pyro\ene concentrates were prepared from nine of these representing
samples of pvroxenes in two major igneous bodies (a stock and a discrete
laccolith), and seven minor intrusions (one plug, three sil ls, and three
dikes). The paucity of p1'16xst.. in the other intrusions made any 6e11-
centration impracticable.

1 Publication authorized by the Director, U. S. Geological Survey.
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Gnocnepnrc eNu Gn'orocrc SemrNc

The Litt le Belt Mountains are one of several laccolithic complexes
which dot the plains of central and north-central Montana (Fig. 1).
The mountains form an irregular-shaped, forested mass which occupies
about 2,000 square miles. Of this total area only about 200 square miies

i l  oo45'
47?
t 5

Frc. 1. Planimetric map of Barker quadrangle shorving sample localities listed on Table 3
Insert locates major mountain masses near the Little Belt Mountains
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lt20 TRVING J. WITKIND

along the north flank of the mountains are included in the current in-
vestigation-a geologic study of the 15-minute Barker quadrangle
(Fig.  1) .

The basement rocks in the Barker quadrangle are a complex of meta-
morphosed Precambrian crystalline rocks overlain by about 4,500 feet
of consolidated sedimentarv strata which range in age from Middle
Cambrian (Flathead Sandstone) to Early Cretaceous (Kootenai Forma
tion). These sedimentary strata have been deformed by the intrusion of
one stock and a host of hypabyssal bodies, mostly laccoliths, bysmaliths,
sills, and dikes. The clinopyroxenes studied were collected from these
post-Early Cretaceous igneous bodies.

The geologic pattern of the Barker quadrangle has been described
previouslv (Witkind, 1965). In brief, the central part of the quadrangle
consists of laccoliths that radiate outward from the stock much like
spokes from the hub of a wheel. The remainder of the mountainous part
of the quadrangle is underlain by discrete laccoliths, bysmaliths, plugs,
and other intrusions (mostly small) which seem to be unrelated to any
exposed parental igneous body.

PBrnorocrc SBrrrNc

The rocks that form the various intrusions belong to the Litt le Belt
subprovince, one of Larsen's (1940) divisions of the central Montana
petrographic province. In the Peacock (1931) classification, the Litt le
Belt rocks have an alkali- l ime index of 51.2 and are just within the
alkali-calcic group. They range from rhyolite porphyry to vogesite, and
fall into three groups: (1) acidic rocks, chiefly rhyolite and granite
porphyries, (2) intermediate rocks, chiefly quartz latite porphyries, and
(3) basic rocks, chiefly shonkinites, syenites, minette-vogesites, and voge-
sites. Chemical analyses, C.I.P.W. norms, and modes of the intermediate
and basic rocks from which the clinopyroxenes were concentrated are
shown in Table 1; several of these rocks (5, t0, 17 , and 18) are charac-
terized by fine-grained groundmasses, and these modes, therefore, are at
best but approximations.

The acidic and intermediate rocks form the major intrusions, including
the stock, the laccoliths, the bysmaliths, and their related sills, dikes, and
apophyses. The basic rocks form only small local intrusions, mainly
plugs, dikes, and sills. The volume of the acidic and intermediate rocks
far exceeds that of the basic rocks.

The area has undergone a complex series of igneous events. Field rela-
tions suggest that the first igneous rocks emplaced were highly acidic;
these are now represented by two partly denuded laccoliths. Subsequent-
Iy the intermediate rocks intruded both these newly formed acidic rocks
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as well as the sedimentarv strata. At some time after this stage the area
was once again deformed during the emplacement of a second group of
acidic plutons. During or shortly after this episode some, if not all, of the
basic rocks were emplaced.

Radiometric ages suggest that all this igneous activity occurred during
the earlv Tertiary (R. F. \{arvin, written commun., 1966).

Saupr,Bs

The clinopyroxenes make up a major part of the basic rocks, but oniy a minor part of
the acidic ones. In the intermediate rocks they vary in distribution and abundance from in-
trusion to intrusion. They are common in the stock, in one laccolith, and in several sills and
dikes, but are sparse or absent in other hypabyssal intrusions that are comparable in form
and rock type Of the nine pure mineral separates, three are from intermediate rocks and
six are from basic rocks (Table 2).

The clinopi.roxenes Irom two of the nine anall'zed samples (.5 and 10 of Table 1) are
from porphyritic rocks in which the pyroxene phenocrysts are scattered irregularly through
a dense fine-grained groundmass. l-ive of the other seven pyroxene concentrates (3,12,13,
14, and 15) are from granular rocks in which the pyroxenes are about the same size as the
other component minerals. The remaining two samples (17 and 18) include two generations
of pyroxenes, both as phenocrysts and in the groundmass.

Samples 12, and 13 contain either olivine phenocrysts or what are interpreted to be rel-
icts of olivine phenocrysts. Samples 17 and 18 contain cluartz xenocrysts encircled by reac-
tion rinds.

The pyroxenes from the various intrusions difier chiefly in their color which ranges {rom
light green to dark green. Thel' f61. short stubbl' prisms marked by good prismatic cleav-
age. Twins are rare.

Optically they are much alike (Table 3). Invariably they are zoned, and all contain in-
clusions, chieflr' of apatite(?) and ilmenite(?). All are free from exsolution lamellae.

The general distribution of the samples in relation to the area as a whole is shown in
Figure 1.

Mineral separation procedures, optical techniques, and laboratory and anal)'tical
methods used are described in an attached appendix.

Cnnltrcrrr CoiuposrrroN

Chemically all the pvroxenes are rich in calcium and magnesium, and
poor in iron (Table 2); thel' differ somewhat in details of their composi-
tion.

A comparison of the major constituents Ca2+, Mg2+, and (Fe2+f ps3+

*Mnt+; indicates but slight variations. The pl.roxenes from the inter-
mediate rocks average Caaa\[garFe15; those from basic rocks average
Caa5Mga2Fe13 (Table 2). They differ, however, in their contents of SiOz
and Al2OB. Those from the basic rocks on the whole contain Iess SiO:r, but
more Al2O3 than those f rom the in termediate rocks (A,  F ig.2) .  Onl l '
sample 13 deviates somewhat from this pattern, and this divergence is
probablv the result of the rock being rich in plagioclase. Apparently the
plagioclase as it crystall ized seized much of the available Al3+ ion, and
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E X P L A N  A T I O N
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in so doing depleted the supply of AI3+ available to the cr1-stall izing
pyroxenes.

Ar,ulrrNulr

Aiuminum can be considered in three wavs: as total aluminum oxide
(AlrO3), as that part of the aluminum ion in tetrahedral coordination
(Alt"), and as that part in octahedral coordination (Alvr). In four-fold
coordination, aluminum (Al3+) substitutes for the sil icon (Sia+) ion, and
in six-fold coordination it substitutes for varior.rs cations srlch as mas-
nesium (Mg'*) and iron (Fe,+;.

Total AlzOz. Although there is considerable variation in the AlrOa con-
tent, those pyroxenes from the intermediate rocks contain about 2 per-
cent, whereas those (except sample 13) from the basic rocks contain
about 4.3 percent (Tabie 2).

Because this very significant difference in total Al2O3 content does
not seem to be reflected by the optical properties of the Litt le Belt py-
roxenes, I am unable to separate the AlzOa-rich from Al2O3-poor py-
roxenes on the basis of any specific optical property. This failure of total
AlzOa to influence the optical properties was noted by Segnit (1953,
p. 221) for synthetic diopside.

Alum'inum ion in tetrahedral coordinati,on (Alrv).It has been suggested by
Hori (1954) that the position of the Ai3+ ion in the structural frarnework
of the pvroxene is much more meaningful than total AlzOa in influencing
the optical properties. He (1954, p. 81-82) notes that if such minor
cations as Al3+, ps:r+, f ia+, and Cr3+ enter the tetrahedral position, the
refractive indices decrease and the optic angle increases. If they enter
octahedral coordination the reverse is true.

For the Litt le Belt clinopyroxenes,l the sum of Sia+ and AI3+ satisfies
the numerical requirements of the Z grotp, and so none of the available
Ji4+, ps3+, or Cr3+ are needed (Table 2). The range of substitution of Al3+
for Sia+ (,i.e., the percent of Al3+ ion in the Z grotp) is extrente, from 2 to
10 percent. But this range is not evenly distributed; the prrroxenes from
the intermediate rocks consistently contain less Ai3+ ion in tetrahedral
coordination than those from the basic rocks (B, Fig.2). In the clino-
pyroxenes from the intermediate rocks, Sia+ (on the basis of six oxygens)
approaches 2, and therefore AI, is low. Bv contrast Sia+ is not as plentiful
in those clinopyroxenes from the basic rocks and so Al, is high (Table 2).

1 In the following discussion only those analyses completed chiefly by atomic absorption
spectroscopy are considered.
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Regrettably this verl '  striking difference in content of AI3+ ion in
tetrahedral coordination is not markedly shown by their optical prop-
erties. Although the refractive indices of all the pyroxenes decrease when
plotted against AIrv, the optic angles fail to show any meaningful varia-
tion or pattern.

Kushiro (1960) and LeBas (1962) have called attention to the signif-
icance of the proportion of aluminum ion in tetrahedral coordination in
clinopvroxenes as a guide to the sil ica content of their parent magma. In
essence, if much Sia+ ion is available-as in a magma oversaturated with
Sio2-the ionic requirements of the Z group are almost completely satis-
fied by the Sia+ ion; l i tt le space is availabie for the Al3+ ion. By contrast,
if the parent magma contains onl1' small amounts of SiO2, l i tt ie Sia+ ion
is available to the crystall izing pvroxenes, and the unoccupied sites in
the Z group are then fi l led by available Al3+ ion.

This explanation is favored for the Litt le Belt clinopyroxenes. The
pvroxenes from the basic rocks, characterized by high A1, ratios (-77d,
probabl,v- faithfully reflect the low SiO2 concentration of their parent
magma. Pvroxenes from the intermediate rocks contain only -2.5 per-
cent Al,, and the1. reflect the higher SiOz content of their parent rocks.

Alwm'inum ion, in octahed.ral coordination (ANr). Nol all of the available
Al3+ ion has been needed to fi l l  the Z group, and some has been assigned
to the octahedrai position (I/ group) along with the other minor cations
(Fe3+, Tia+, Cr3+). In general the average proportion of A13+ ion in octa-
hedral coordination in pyroxenes from intermediate rocks (0.038) ap-
proximates the average A1\'I content in pyroxenes from basic rocks
(0.048) (Table 2).

Octahedral Al3+ ion should cause an increase in the refractive indices,
and a decrease in the opt ic  angle (Hor i ,  1954,  p.  81) .The pyroxenes f rom
the intermediate rocks do show an increase of refractive indices with
increasing Alvr content; those from the basic rocks do not. The optic
angles seem unaffected by the amount of Al3+ ion in octahedral coordina-
tron.

Oprrcnr Pnopnnrros

It matters l itt le whether the pyroxenes are from acidic, intermediate,
or basic rocks, optically they are strikingly alike (Table 3).

The optic axes are abott Z, and the optic angle for most grains is high,
averaging 59o. The dispersion of the optic axes-more intense on one
than on the other-is consistently weak to moderate, and r)a in all
grains studied. Although there is considerable range of the refractive
indices, in general a averages 1.685, B averages 1.692, and 7 averages
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1.715. The birefringence averages 0.029. pleochroism is weak, and ranges
fronr 1' 'ellow green to blue green. The extinction angre Z/1c averages 43".

Several optical propertv diagrams were tested in an attempt to locate
one that would show good coincidence between the predicted composi-
tions (based on plots of the optic angre 2v,, and the B refractive index)
and the determined chemical compositions of the nine analvzed pyroxenes
(Fig.3) .  Nei ther  Hess ' (19,19)  opt ica l  property  curves,  nor  Muir ,s  rev i -
s ion of  these curves (Muir ,  1951,  F ig.4)  gave acceptable resul ts .  us ing
the determined mean values lor 2v , and the B refractive inder (Table 3),
none of the nine anall.zed samples plotted on l less' diagram, and only
eight of the nine could be plotted on Muir's revision. of the total 1g
samples studied onll ' three plotted on Hess'diagram, although 15 plotted
on Nluir 's revision of Hess' optical property curves.

when the predicted and determined compositions of the eight sampres
that could be plotted on Muir's revision were compared, it was apparent
that the determined cornpositions consistentlv contained less calcium
and more magnesium than the compositions predicted b1' the optical
data. rn an attempt to overcome this bias and to bring the predicted
compositions closer to the actual compositions, r have, b,r- inspection,
drawn new optical propertv curves for the Litt le Belt pyroxene separates
(rig. 3) using the nine analvzed samples. If the optical data for all 1g
samples (Table 3) are plotted on these revised curves, all falr on the dia-
gram near the augite-salite bound:rr] ' . Seven are in the augite field, ancl
the remaining 11 are in the salite field. The predicted compositions, in
terms of atomic percentages of Ca2+, Mg2+, and (Fez+1p6r+1Mn2+),
are given in Table 4.

Whether these new curves applir to clinopl'roxenes from other parts
of the Litt le Belt Mountains, and from some of the adjacent mountain
complexes in central l4ontana, which are reported lo have similar clino-
p. \ - roxenes,  is  as - r 'e t  unknown.

Unrr-Cor,r P-qnelrolir<s

The unit-cell parameters for both groups of p,r,rorenes are given in
Table 5. Degrees of freedom range from 6 to g for eight of the nine
samples. The uncertainties are larger for the unit-cell data for sample 5.

Brown (1960) has suggested that D and a sin B are important diagnostic
celi parameters in clinopyroxenes. A correlation diagram, prepared by
Brown (1960, Fig. 5) and subsequently modil ied by Viswanathan (1966,
Fig.3), based on these cell parameters was proposed as a useful toor to
determine the chemical compositions of clinopl'roxenes in terms of atomic
percentages of the major ccnstituenls Ca2+, Mg2+, and Fe2+. Il b and. a
sin B of the nine clincpvrorene samples from the r,itt le Belt Mountains
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Co2+
^

f"1.9

/  t .67
I

Mq2+

Pyroxenes f rom
in le rmed io le  rocks

170e

E X P L A N A T I O N
Pyroxenes f rom

bos ic  rocks

O Chemicol  composi l ion in terms of  otomic percentoges of  a
co2+M92+ ond(Fe2++ Fe3++ lvn2+)

A Opticol doto bosed on 2Yz ond P refrocfive index A

Areo

Mg2' 16"2+r p"3+*Yn2+1

Frc. 3. Partial trapezium showing new optical propert]' curves based on Little Belt
pyroxenes. Determined chemical compositions (circles) compared rvith compositions esti-
mated from optical data (triangles) (i.e, mean values of 2V" and B refractive indices) of
nine analyzed clinopyroxenes listed in Table 3 Nomenclature from Poldervaart and Hess
(19 .51 ) .

are plotted on Viswanathan's modification of Brown's correlation dia-
gram, two plots (3 and 5 of Table 5) are in close agreement with the de-

<<r

Description of Samples for Table 3

en lorgeo

L O -

1\ 1)

Number Ifrom

of clino- sanples

lvroxenel of ] Locality
grarng I sane i

l0
t 1
1 2
13
l 4
I D

l 6
l 7
1 8
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Taslr 4. Coup.l-nrsoN or Pnpnrctro alo DprrnurNBl CouposrtroNs BasBo oll

Opucer- Pnopnnrv Cunvns Suolvr'r rN I'IGURE 3 .qNn Dara rs'Ie'tltBs 2 ,tNo 3

Composition

43
46

46
45
45
42
47

46
45
45
+6
43
M
+o

46

Molf (fsz+ f Is:+f Mn'?+)

Predicted Determined

,10

42

Predicted Determincil
I

44

+o
3 7
47
39
J /

39
39
3 7
39
39
4 l
4 l
39
38
J I

43
42
4 l

r7
1 i

I 4
15
1 8
1 6
19
l6
1 a

1.)

14
74
l . )

19
25
1 1
I J

I J

1 l

1 6

1 l
r.t
1 5
23

43
43
40
32

47
46

o
o

termined Ca2+'I{o2+'Fe2+ ratios; one (13) is in poor agreement; and six

give widely disparate results.
Of these six samples, f ive (12,14, 15, 17, and 18) are pyroxenes from

the basic rocks characterized by high total AI3+ contents (average
:0.194). Of the various plrroxenes studied by Brown, one of the two

samples (specimen H, Table 2, Brown, 1960) that failed to match the

curves also had an abnormally high Al3+ content (0.214). This suggests,

therefore, that high total Al3+ content so modifies the critical b and o sin B
dimensions that these parameters cannot be used. Brown (1960, p. 27)

implied this by indicating that his determinative diagram was to be used
for those common clinopyroxenes with "average amounts of minor con-

stituents." And Viswanathan (1966,p.441), commenting on the useful-

ness of his modification of Brown's correlation diagram, cautions that it

applies to those common clinopyroxenes containing "minor amounts"

of such components as ('Fe2O3, Al2O3, MnO, Na2O, K2O, Li2O, TiOz and

Cr2O3." For the Litt le Belt clinopyroxenes the crit ical AlrOa content
seems to be about 3 percent. Above that figure the unit cell dimensions
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may be so modified as to preclude their being compared with "common"
clinopyroxenes.

Although there seems to be a correlation between high total Al3+
content and the spurious results, the amount of AI3+ in tetrahedral coor-
dination mav be the causative factor. Clearll. the amounts of A13+ in
octahedral coordination are about the same in pyroxenes from both inter-
mediate and basic  rocks (B,  l - ig .2;  and Table 5) .  The major  factor  re-
sponsible for high total AI3+ in one set of pyroxenes and not the other is
the amount of AI3+ in four-fold coordination. It seems to be the one fac-
tor common to most of the Litt le Belt pyroxenes that give unsatisfactory
results. By contrast, the three samples that show some correlation with
the compositional data contain relatively small proportions of Al3+ ion
in four-fold coordination.

CrrNopvnoxENES AND Mecuerrc DrrrBnBNrr,q.ttox

The presence of nearlv identical pyroxenes in such diverse rocks as
vogesite and rhyolite porphl'ry may substantiate, in part, the sequence
of magmatic differentiation postulated by Larsen (1940) for the central
Montana petrographic province. In essence, Larsen suggested that a
basaltic parental magma differentiated slowly at depth by cr1'stal settl ing
to vield primary magmas, each of which characterized a specific sub-
province in central Montana.

For the Litt le Belt Mountains subprovince, the diffelentiation se-
quence may have involved cr.v:stal settiing, chiefly of plagioclase, olivine,
and pyroxene to form a crystal-rich differentiate the parental magma
of the shonkinites and the other basic rocks. Clinopyroxenes from these
intrusions contain much AI3+ ion in tetrahedral coordination. The crys-
tal-poor dif ierentiate, af ter assimilation of much sil iceous material,
became the parental magma which formed the buik of the intrusions
(Larsen, 1940, p. 943,946). Clinopyroxenes from these bodies reflecl the
sil iceous nature of such a host magma in that they contain large propor-
tions of Sia+ ion and correspondingly small proportions of AI3+ ion in
f our-f old coordination.

Cowcr-usroNs

The Litt le Belt clinopyroxenes are much aiike whether from such
sil icic rocks as rhyolite porphyry, or such basic rocks as vogesite.

Although the clinopyroxenes from intermediate and basic rocks con-
tain almost identical proportions of the major constituents Ca'+, Mg2+,
and (Fe2+{Fsr+f Nln2+), they differ sharpll- in their content of AlzOa.
The pvroxenes from the intermediate rocks have less that 2.5 percent
AlzOa; those from basic rocks have much more. This extreme variation
in AlzOa content does not seem to be reflected by their optical properties.
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The proportion of Al3+ ion in tetrahedral coordination is also different.
Pyroxenes from intermediate rocks contain low Al, percentages (aver-
age-2.6 percent), whereas those from subsil icic rocks are characterized
by high A1, percentages (average-7.3 percent). The Si:Al relations in
the Z group probablv mirror the molecular concentration of SiOz in the
parent magma.

The amount of Al3+ ion in octahedral coordination fails to show this
sharp distinction-the average contents of AIYr are about equal when
pyroxenes from intermediate and basic rocks are compared.

New optical propertl '  curves, based upon the determined chemical
and optical data, are believed to be suitable for predicting the composi-
tion of clinopyroxenes from the Barker quadrangle. It is unknown
whether thel- are also suitable for clinopyroxenes from the other moun-
tain complexes in central Montana.

If Viswanathan's (1966, Fig. 3) modification of Brown's (1960, Fig. 5)
correlation diagram, based on the unit-cell parameters b and a sin B, is
used to estimate composition, in terms of Ca2+, Mg2+, and Fe2+, the re-
sults are unsatisfactory. Only some pYroxenes from the intermediate
rocks containing low percentages of Al, give consistent results.

The close similarity of pvroxenes from widely disparate rock types
implies a genetic relationship of the parent magmas. As Larsen (1910)

suggests, a parental magma probably differentiated by crystal settling
into two primary magmas: a crystal-rich mafi.c differentiate consisting of
plagioclase, olivine, and pyroxene, and a crl.stal-poor residue. The crys-

tal-rich differentiate is the parent magma of the basic rocks, the shonki-
nites, s1'enites, and vogesites. The crystal-poor differentiate, after as-
similation of much sil iceous material, gave rise to the intermediate rocks;

the stock, the laccoliths, and their related sil ls and dikes. Those clino-
pyroxenes from the basic rocks show the silica-deficiency of their parent

magma as high Al, percentages; those from quartz-bearing rocks show

the sil ica oversaturation as low Al, percentages.
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Concentration leckniques. The clinopyroxenes were concentrated into pure mineral separates
by use of both methl'lene iodide heavy liquid and magnetic techniques. The crushed rocks
were sieved and two fractions were retained: the - 100 and * 120 size for use in the optical
studies and the -120 f 200 fraction for mineral separation purposes. After washing, both
fractions were boiled for a few minutes in a solution of dilute h)'drochloric acid and then
immersed in the bath of an ultrasonic vibrator for a minute or two. Freed impurities, mainly
limonite particles, were decanted, and the samples rvere then rewashed and dried. The
- 100 + 120 fraction $'as set aside; the - 120 f200 fraction was processed through methy-
lene iodide several times to separate lighter impurities from tbe heavier p1-roxene-rich frac-
tion using centrifuge separation procedures much as des:ribed by Schoen and Lee (1964).
AIter drying, magnetite was removed Irom the heavl' sgp41.1. by use of a hand magnet,
and the remaining material I'as then cycled through ah'rantz isodynamic magnetic separa
tor several Limes to remove such mi.nerals as ilmenite, olivine, apatite, sphene, and other
minor accessories. For most of the samples a setting of forward tilt 35', side tilt 20" and an
amperage of 0 08 resulted in a separate estimated on the basis of grid counts to be 96 98
percent pure clinopyrorene.

Alontic absorpliln s?e(,lrosclpy. Splits of the nine monomineralic separates \\.ere submitted
to the U. S. Geological Survey laboratories in Denver, Colorado lor analysis b)'atomic
absorption spectroscopy These splits, ranging in size from about a third o1 a gram to three
grams, were anal)'zed for FezO;, MgO, CaO, Na2O, l{no, and Cr!O3 by Claude Huffman,

Jr, and J. D Mensik Accuracy of the determinations is believed to be *2 percent of the
amount reported for each element.

In atomic absorption spectroscopy total iron is reported as Fe2O3, and volumetric tech-
niques rvere used, therefore, to determine the FeO values. F rom these values the FerOr per-
centages r,vere then calculated. The FeO and F'ezO: determinations rvere made b}- H H
Lipp, Violet Merritt, and Elsie Ron-e of the Geological Survey, Denver laboratories

Color'inelri.c analyses SiOz and AIiOa contents were furnl'shed by G. T. Burrow using
colorimetric techniques as described by Shapiro and Brannock (1962) TiOzu'as determined
by Claude Huffman, Jr., using the tiron colorimetric method described by ltader and
Grimaldi (1961)

Slond.ard chendcal anall'ses. Three splits oi the pure separ ates rvere submitted for standard
chemical analysis to check on the results and accuracv of the atomic absorption method
As the splits were small, only 10 oi the constituents normallr' sought in an ana11.sis of a
silicate mineral lvere determineC These analyses, labeled "S C A " (,i.e., standard chemical
analysis), are shov'n on'fable 2. In general, there is good agreement betu'een the results of
the trvo methods. These analyses were made by George O Riddle of the Geological Survey's
Denver laboratories using procedures described by Peck (1964).

Clinopyrowne Jornda.:lhe theoretical formula for clinopyroxene, as modified b1' Hess
(1949, p 624), is:

( i l / ) r  p(L,  Y)r*rZ"Ou
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Where

Il/ : Ca2+, \a1+, Kr+

X:Mg:+, Fs:+, l,{n2+, Ni2+

Ir:AF+. Fe3+. Cr3+, Ti4+

z: si4+. al3+

1:Number obtained from anall'tical data.

Using this Iormula the theoretical structural Iormulas of the nine clinopyroxene separates

have been determined (Table 2). The calculations were made by an IBM 360 series com-

puter follor.ing computer-based procedures described by Jackson, Stevens, and Rou'en

(1967).

Hess (1949, p. 626) states that "II the chemical analysis is accurate and the material

analyzed pure, the total number of ions in the Z group (Si+Al) rvill come within about 2

percent of equaling the total number of ions in the W*X*Y groups, and these will be in

the ratio ol 2:2:6 as compared to the total number of o ions." A11 analyses of the Little

Belt clinopl'r61enes satisfy the requirements of this test (Table 2)

X-ray d.ifractontetry lechniqtes.-A split of each pyroxene concentrate I'as ground under

acetone in an agate mortar. An internal caFz standard r,r.as added, and the whole then

thoroughly mired. The resulting fine powder was dusted through a 200-mesh screen onto a

collodion membrane stretched across the rectangular opening of a standard difiractometer

sample mount The powdered sample and mount were then covered with another collodion

film to Iorm a secure sandu'ich which prevented any spilling of the powdered sampie. The

membranes r-ere prepared using techniques proposed by Gude and Hathaway (1961).

A Norelco X-ray diffractometer u'ith CuKa radiation was used in this phase of the

work. Each sample was rotated through an angle of 58o (2o-60") at a scanning speed of

7/40 -20 per minute. For each sample the observed interplanar (d) spacings were processed

through the "Least-squares unit-cell refi.nement" program to deterrnine the major cell

parameters (Evans, Appleman, and Handwerker, 7963, p. +243).

Opticol d.eterntinotions AII optical data were obtained on single grains selected from the

- 100 + 120 fraction, and studied by spindle stage procedures described bir Wilcox (1959),

and by Wilcox and Izett (1968, p. 269 277)

The grains u,ere examined under a binocular microscope; those selected for study were

untwinnetl, free of surface stain, contained few inclusions, and displayed good prismatic

cleavage on short stubbycrystals. The selected grain was moved about on the end of a spindle

needle until the optic plane l.as normal or almost normal to the needle. In this position it

was possible to determine a1i the major optical characteristics except the extinction angle

that Z makes rn'ith crystallographic c. A11 determinations of the refractive indices were

made using the focal masking techniques described in detail by cherkasov (195.5a and b;

19s7).
To determine the extinction angle Z1\,c the grain was removed from the spindle needle

and remounted, so that its length, and hence crystallographic 6, was coilinear with the

spinclle needle The Z vibration direction was then brought both horizontal and north-

south b-v combined movement of both microscope stage and spindle needle The angle be-

tween this position and the one in rvhich the grain's length (crystailographic c) paralleled

the north-south crosshair gave the desired extinction angle.




