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ABSTIRACT

This work provides a new rapid way to determine mean
principal refractive indices of mineralse. Crushed mineral
#grains yield immerxrsion data which are treated in a way new to
optical crystallographye.

The mineral families g0 treated yield mean refractive
indices and the stundard deviation of the refractive index
probability function for each samplee Raw data are provided
by the percent o0f randomly encountered mineral grains which
digplay indices less than, equal to, and greater than each of
several different immersion medium refractive indicese The
mean refractive indices from randumly encountered grains are
plotted against the mean indices for grains of the same sample
population oriented in choasen principal optical directions.

Statistics are treated graphically with probability paper
or with electronic computer programmed to simulate normal
probapility paperes

Plagioclase feldspars, olivines, augitic clinopyroxenes,
and orthopyroxenes are treatede A third degree equation |is
fit to 26 data points for plagioclasese The other mianeral
families yield straight line equationse However the data for
olivines and pyroxenes are considered preliminary, being based
on fewer data points than were obtained for plagioclases, and

only linear fLits were caomgletede.



A temperature—controlled modified Jelley refractometer cap—
able of measuring oil refractive indices to accuracies of
U001 and precisions oi 00002 is coupled to and calibrated
with a temperature—controlled microscope stagee.

The costs in time and money of this method are less than
for coanventional optical methodse. The portability of the
system make it applicable to use in the field or aboard shipse

The precision and flexibility of the system permit the
empirical drafting of density functions for specimens which do
not display a Gaussian digtribution of indicese

A feasibility study is made of the applicability of the

technique to derivation of rock modese
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INTRODUCTION
PURPOSE

The first purpose of this work is to create a new optical
mineral ldentification technique which is applicable to both
oriented and randomly encountered mineral grainses The second
purpose is to create for various minerals determinative curves
.relating randomly encountered to known principle optic direc-
tion (POD; see Bloss, 1861) indicese.

Few previovus workers have emphasized the range o0f indices
encountered in immersed grains of a Bolid solution displaying
a phase regiony, whether the phase region be natural or
artificial, isotropic or anisotropic, oriented or unoriented.?

This work was prompted by examination of coarse~grained
rocks from geveral MNaui, Hawaii, bossese. The plagioclase
feldspars of these rocks range from about An25 to about An75e.

When crushed grains of these feldspars are randomly scat~
tered on a slide and are randomly encountered in oils chosen
somewhere near the apparent mean index of the sample popula-

tion viewed as a whole, there is a noticeable difference

1§ know of no previous statistical petrographic approach
aimed specitically at making quantitative statements about the
compositional density function of a mineral phase region in
any rocke Nobody sSeems to have attempted empirical definition
of the density function of composition through definition of
refractive indices.
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in the number of grains above or below various oil indices so
chosene The germ of originality here arose in the gquantifica-
tion of grains less than (L), egqual to (E), and greater than
(G)y @¢ach ot several chosen o0il indices with +the aim of
seeking the wean index of the phase regione? Application and
development o0f descriptive statistics followed sSuccessful
gquantification of Ly E, and G

The phase region may include more than one mineral species,
and the nomenclature 1is complicatede. (See Berry and Masong
18959, pe 271-5.) A phase region is here considered to be
encompassed by the concept o0of a mineral name in the more
seneral sSensee. Thus, for present purposesy; plagioclase,
olivine, augltic clinopyroxene, and ‘orthopyroxene are four
different phase reglonse.

A refractive index encountered at a random stage setting in
a grain scattered at random and immersed in oil on the stage
is here defined as beta—-prime (BP)e¢e The mean (DMEAN) of some
number of beta—primes for the same mineral phase region in a
specimen is called nere DMEANUBP. DMEANBP i3 here related to
the mean beta (DMEANB) for plagioclase, olivine, and augitic
clinopyroxene; to the mean samma—prime ( DMEANGP) for

orthopysroxenese

2The present work incorporates the userful distinction of
Darken and Gursy (1953, pe. 290) between "phase and "phase
regionet
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The present work explores the relationship between DMEANBP
and means of indices measured in known POD'se.

Rocks are usually composed of only a few principal phase
regiong, each of which varies compositionallye. In specimens
containing a mineral species contined to a narrow phase
region, data from one or a few grains reasonably represent the
entire phase regions. Howevery, if the mineral ranges over a
rather broad phase rejgion, single—grain methods (eesge Wilcox,
1859) may well fail to define the mean composition of the
phase regione Other gralns from the same phase region of the
same rock chip may be quite different.

The problem of gaining insight with respect to the total
rock body under study is compounded by the variability
commonly evident even megascopically in the field within the
same outcrope3

The present method seeks to ignore weathering and to
isolate fresh minerals with the hope that they are sufficieant-
ly representative of the original unweathered rocke

This method is aimed at the elimination of tedium and at
the generation of a more complete quantitative description of
the rock body as a whole than is8 now available by other

inexpensive methodse. Broad compositional variations are

3Kkoch and Link (1970, p;‘255—335) discuss the problems
involved in sampling a rock body to obtain statistically
significant information on the entire bodye.
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cumphasizede Rapid mineral determinations by this technique
should enuble workers to make a highly accurate statistical
treatwent of large rock bodiese.

This method provides a way to estimate quickly the probabi-—
lity density function (Bairdy, 1962) of refractive indices for
any phase region in a rocke DMEANUP of a phase region and the
standard deviation of the refractive index density function
for wmany rock specimens may be cowmpared graphically or
mathematicallye. By extension of this principle, comparisons
of parameters are possible among specimens from different
bossesy batholiths,y aureolesy or whatever seems appropriate to
the investigantores

The results are presented as muthematical formulas and as
araphs to be of use to workers with or without computerse

Plagioclase feldspars receive emphasise Olivines, ortho~-
pyroxenes, and augitic clinopyroxenes receive preliminary
treatmente

A feasibility study of obtaining rock modes 2from this

method 1ls undertakene
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BACKGROUND CF OPTICAL MINERALUGY
RELATION OF REFRACTIVE INDICES TO COMPUSITION.

The important relation of refractive index to composition
amonyg many aminerals is well knowne A areat advantage of
optical work is the ability to extract the mineral from a
mixture of minerals by visual inspectione No single technique
can extract all possible laformation from a rocks But
refractive indices provide inexpensive results when compared
to other methods yielding compositional estimates. Appendix A
contains a discussion of immersion medium refractive index
controls and a discussion of related methods of ldentification
of plaglioclasess

Most routine work does not wvarrant the expense of chemical
analysisy, X-rayy microprobe, or atomic absorption methods.
Alsoy chemical analyses are to be viewed with caution in light
of ‘the counclusions drawn by Fairbairn et ale (1951), Flanagan
(1869)y and Stevens et ale (1960).

There ure other workers who agree that optical methods have
not been outdated by the more expensive wmodern analytical
techniguess H ceemicroprobe and/or optic data are considered
to be & better measure of the plagioclase composition [ than
chemical analyses]" (Borg uand Heardy 1970, pe J378)e Morse
(19568, pe 106) says: YFor couparative studies of plagioclases

from a single environment or genetic history, it is even
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probable that compositional variation can be determined with
areater precision by the dispersion method than by any
analytical means, possibly excepting the electron microprobe,
which gives comparable results and statisticge" Since the
statisticsa of this work are conmparable to MNMorsel's, his
statement is germanes

Friedman ( 1860, p. 74) finds that Yfor rocks in which the
composition of the individual wminerals can be obtalned by
optical measurements, the major coanstituents can be determined
with the petrographic microscope and the results can be
considered reliable <for most purposes. Petrologists should
therefore make more chemical analyses with the aid of the
microscopee

Caretul determination of refractive indices seems the most
expedient and perhaps the most accurate way to estimate
composition for most of the maJjor, common rock forming
mineralse Successful establishment of the relationship of
DMEANBP to the mean index of a known POD for the same sample
population forms the logical link between mean random indices
and known compositions when composition is reasonably esti-

mated by indexs
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PREVIOUS QIL IMMERSION VYORKe

The traditional, and currently the usual, approach to
optical mineralogy is well presented by Bloss (1961)e Some of
his notation is adopted hereo.
Becke lipe and oblicue illumination methodse

The relationships of principal refractive indices to
indices of immersion media are established by the use of the
Becke line or the oblique illumination method (Bloss, 1961).

Use of transmitted, white, plane-polarized light with
reduced diaphragm under low and medium powers produces colored
Becke lines for grains displaying indices close to that of the
immersion medium (Bloss, 1961; Ewmons and Gates, 1948). Use
of a wonochromatic light source eliminates the colored Becke

lines and narrows the zone ¢f apparent matche
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EFFECTS OF PHASE REGION ON iNDICES AND BIREFRINGENCE.

W¥hen grains in a4 sample are comprised of a single phase and
do not range appreciably over a phase region of a solid
solution, couparisons <fram grain to ygrain of a given POD's
index ylield essentially identical results, and there is no
need for the present methode Quartz provides the best natural
example o0f such an occurrence ( though even guartz displays
slignt variability of omega in the perfectly clear sample used
in this work to calibrate the refractive index scale)e.
However, most minerals commonly display solid solutions over
some range of composition and therefore of indicese.

Larsen and Berman (1964, pe 20) say: YTo test the lowest
and highest indices ot refraction ofeee minerals against the
embedding media a grain should be chosen that appears to show
strong birefringencey, both the thickness of the grain and the
interference color being taken into accounte The grain should
be turned to extinction (or the lower nicol should be revolved
909) and tested againe This procedure should be repeated on a
aumber of grains, and with a Little practicey; unless the
birefringence 1ls extreme, many of them will show the lowest
index of refraction, equal to [alphal], or the highest index
equal to [gamma]y within the limits of error of the immersion
methods" 1 consider this advice faultye.

Birefringence is usually about the same from grain to grain
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for grains of the 2sz2me phase region in the same hand specimens
But it is my experience that refractive indices vary Zfrom
grain to grain in powders from a single hand specimene So the
smallest ualpha found subtracted from the greatest gamma found
is not the birefringence for a grainy but might be called the
birefringence of the phase region, a distinctly different
concepte

Isuboi's dispersion wethod -

Tsuboi (1926) tell into the trap of regional birefringence
when he treated indices of crystals "in powders of random
orientation."*

It is interesting that even though he states that of all
the pyrogenic minerals, only quartz is not a member of a solid
solution sSerlesy, when he compares refractive indices he
derived for a sample of danburite from Obira, Bungo, Japan
with indices determined by M. Kawamura for the same mineral
from the same locality, he obtains a gamma index 00168 higher
than that obtailned by Kawamura (which he calls a "close
approximation%)e Tsuboi concludes (pe 146)32 "If a laryger
number of grains had been used, better results would have been
obtainede"

However,; the value for gamma could never be reduced by

applying his method to more grains; his method selects not the

4But he derandomized his approach by bringing each crystal
to a position of extinctione
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birefringence of a grain but the mnmaximum and minimum index
values to be obtained from the phase regione Thereforey, had a
larger number of grains been used, the measured range of the
phase region probably would have been increased and the tails
of +the Areiractive index density distribution probably would
have been better determined, increasing the value of the
regional birefringence which he mistook for the phase bire-~
fringencee. This opinion is supported by the fact that Troger
(1958) 1lists danburite birefringences from 0057 to .0058.
That Tsuboi Xound a danburite birefringence of 007 confirms
the belief that he lgnored the presence of solid solution
effects on indices to the disadvantage of his methode Workers
currently using methods directly or indirectly involving the

method of Tsuboi should tuke note of this warninge

INTRODUCTION 10



STATISTICS IN OPTICAL PETRUGRAPHY
Only if data are available in enough abundance and in short
enough time per gspecimen are statistical studies involving a
large number of specimens practicale.
The statistical quantitftication of rocks has been delayed by
many factorse Among them are:

le The difficulty of obtaining statistically meaningful
amounts of data on extinction angles, optic figures,
oriented indices and 2V within a reasonable amount of
time,

2e Seriate size relationships awmong grains of the same
pPhase in a single specimen,

Je Time required to orient grains for measurements of
principal or significant (Bloss, 1901, ppe 755, 151,
283 ) indlces,

4 Contradictory indices indicated by different optical
methods for the same grain,

S5¢ The inordinate amount of time required by universal
stage methods or such tedious and complex uniaxial
stage methods as those of Nieuwenkamp (1966) to produce
enough compositional data for statistical significance,

6e Lack o©0f a guantitative method capable of dealing

rapidly and inexpensively with data relating to

composi tion,
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7« The ditficulty of obtaining optic figures from small
#rainsy whether in thin sections or immersion mediae

The above problems are largely solved by: le Use of on
line computers which make measurements of 2V's Lless tedious
than otherwise; thougin no WwWOrk has been done here with
extinction ungles o the same statement must hold for theme
2¢ Crushing a specimen to a size swaller than the general rock
#rain size und addressing the question of that phase region's
density function rather than the composition of a single
®raine 3de The great rapidity of counting indices of grains
scattered uaud encountered randoumlye. 4 The advantayge of
averaging wmany grainst indices to produce a mean index for
that phase region in the roci, thereby establishing enough
knowledge o0z the index digtribution for the efiects of
caonflicting results on a few grains to become ingignificante.
S5¢ The rapidity of this methode 6e¢e This methode 7« The
advantage of being able ta work quantitatively with grains too
swmall to yield optic figurese

It is time to (join the powerful, availlable immersion
techniques (LEmmons, 1928, 1929, 1943; El—-Hinnawi, 1966; van
der Plas, 19606) to the recently developed powerful statistical
and electronic computer techanigquese This work indicates that

the resulting marriage can be exciting and elucidatinge
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MATERIALS AND METHODS
MATERIALS
A description of the petrographic laboratory appears In
Appendix By which is intended for readers wanting to construct

a laboratory similar to the one used in this worke

CHOICE OF MINERAL AND ROCK TYPES APPROPRIATE TO THIS STUDY.
MINERALS.

This work +treats plagioclase feldspars, olivines, augitic
clinopyroxenes, and orthorhombic pyroxenese These common
minerals represent the triclinicy monoclinicy and orthorhombic
crystal systemse® They range in birefringence from lLow (plag—
loclase) to high (olivine); in refractive indexy from low
(plagioclase) to medium and high (pyroxenes and olivines).
Demonstration of the applicability of the present method to
these minerals, while in no way providing an exhaustive
overview of all crystal usystems, birefringences, or ranges of
refractive indices, does provide a significant first step in a

continuing investigatione

SReaders wanting a general and concise review of the
literature relevant to the mineral groups treated here are
referred to volumes 1, 2, and 4 of Deer et ale. (1967a, 1965,
1867h ).
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Plagioclases.

VFeldspars are the most important of all rock-forming
substancesSese There is no mineral group which has been
studied more thoroughly in the past, and yet there is no
nineral group which has presented, and still presents to the
mineralogist so0 many puzzling problems" (Barthy 1969, pe xi)de
The iwmportance of the feldspars in the total context of
minerulogy and their iwmportance in rock classification makes
their emphasis here most apte Part of the emphasis they
receive here is giwply due to the fact that it was study of
them which prompted develogment of the present methode

Special conditions impoéed by plagioclase feldspars on the
present method are: 1¢ Low birefringence and 2. Two prominent
directions ot cleavages Successful establishment of a rela-
tionship between DMNEANBP and DMEANB for feldspars prompted the
preliminary work on the other mineral phase regions treated

heree.
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Qlivinese

Olivines are orthorhcmbice They have high birefringencee.
They are said to have virtually periect conchoidal fracture
when crushed}(Deer et alesy 1967a).°

T The approximate composition of an (MgeFe)=olivine may be
determined optically must expeditiously by measurement of the
optic axial anglee Moure precise results can be obtained £rom
the refractive indicese These, however, are not readily
determined in grains, for although the optic axial plane is
perpendicular to the two cleavages, these usually are not
developed suificiently well to give cleavage fragments on
crushing'" (Decer €& aley 18670y pe 24)e Thusy olivines are
different from plagioclase feldspars in crystal system, bire-—
fringencey and manner of breake Furthermore, a successtul
demonstration of a relationship between beta and beta—-prime
for olivianes would reduce the difficulties involved in obtain-—-
ing for them precise compositional determinations from refrac—

tive indices which were noted by Deer et ale

6 However, the dowminant frequency of Bxax figures over Bxox
figures noted in Tuble 15 here suggests that the fracture is
not perfectiy conchoidals The question deserves further worke
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Augitic clipnopyroxenese.

Pyroxenes are the most important group of rock—~forming
ferromagnesian silicatesy, and occur as stable phases in almost
every type ot igneous rock" (Deer g1 gley 1965y pe 1)

The couplexities oif ionic substitution in the augitic
pyroxenes results in the need to determine both the beta
refractive index and 2V in order to use determinative charts
such as those presented by Deer et ale (1965, pe 132)e Even
then Ycompousitions estimated from the optic axial angle and
beta indices may differ Ly as much as 5 per cente of the Ca,
Mz or Fe content Lrom their true values" (Deer gt ale.y 1965,
pe 132).

The augitic pyroxenes diiter from plagioclase feldspars,
olivines, and orthorhombic pyroxenes in that they have mono~—
clinic rather than triclinic or orthorhombic structuree. Their
birefringence is yreater than that of orthopyroxenes, less
than that of olivines. Just as orthopyroxenes possess a
dominant cleavagey so do the augitic pyroxenesa "crushed
fragmeats oi the pyroxenes include tablets lying parallel to
the prismatic cleavage ‘1103 and a smaller number of tablets
paraliel to the ‘1003 partinge The latter are easy to
recognize by their low birefringence since an optic axis
emerges frow them at about 202 from the vertical, and if

bounded by tne prismatic cleavage or {0103 parting planes such
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fragments exhibit straight extinctione The orientation of
these tablets c¢can be checked by observing the interference
figure whichy if the fragment is parallel to the (100) plane,
will show an off-center optic axis figure. I£f on rotating the
stage until the isogyre is east—west the brush divides the
tield exactly, then the ortic axial plane 1is normal to the
section and the [ beta] vibration direction north—south" (Deer
et aley 1035, pe 133)e 1husy DMEANBP is graphed against

ODMEANS for all but the uorthopyroxenes in the present worke
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Orthorhombic pyroxenese

Orthopyroxenes Zform a continuous serles of mineral species
increasing in refractive index in the order: enstatite,
bronzitey, hypersthene, ferrohypersthene, eulite, and orthofer-
rosilitees Deer et ale (1965, pe 28) fit straight Lines
through the alpha and gamma (—-prime) indices but do not plot
the beta indexe T@erefore, no a priori assumption of a
straight line relationsunip between caonposition of the ortho-

pyroxenes and the beta indices is made heree

Gamma—prime taken as PODe

Although most references advise determination of the
Ygamma" index for orthopyroxenes, they generally do not
mention use o0f an optic figure to check orientatione "Since

most orthopyroxene cleavage frayments in a crush Llie on a
(110) tace, the [gamma] index can generally be determined with
the ureatest ease and accuracy" (Poldervaarty 1950, pe 1075).
The implication is that one need only align the cleavage with
the poldrizer and check that extinction is parallel to measure
HAMMA e Howevery, a check of +the frequency of useful optic
figures for gamma and beta in several orthopyroxene samples
showed that optic figures yieldinyg gamma are more difficult to
f£ind than those yielding betae This is because in general the

alignment of the cleavage and extinction of an orthopyroxene
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with the polarizer does not assure that the ¢ crystallographic
axis (and thereidre gamma proper) is really in the plane of
the sStagee. More often the crystal breaks unevenly and
gamnma—~prime, not gamma proper, is founde. Exhaustive, quanti-—
tative work to see which POD, gamma proper or beta, is most
useful over the entire orthopyroxene range is beyond the scope
of the present work but is a problem worthy of further
attentione.

Birefringence of the series ranges from low to moderate,
intermediate to the bireiringences of plagioclase feldspars
and olivinese "Because most crushed fraugments of the mineral
lie on a {Qlu} cleavage plane, the [gamma—prime] refractive
index can be measured with the greatest ease and accuracy and
this is the most accurate optical method of determining the
EniFs ratio of an ortnopyroxene!" (Deer et aley 19653 pe 29)e

Use o1 ganma—prime bere shows that the difference in
precision between gamma and gamma—~prime measurements is likely
t0o be yuite smally for the gauma—prime statistics are compar—
able in precision to those of beta for plagioclases, augitic
clinopyroxenes, and olivinese. Certainly it is gquicker to use
samma-prime than to ugse gasama for orthopyroxenese. It has
therefore been declided to relate DMEANBP to DMEANGP indices

for orthopyroxenes treated here.
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ROCKSe.

Oof the Maul rocks that gave rise to this study, eight of
the fresher ones were chemically analyzed at the Japan
Analytical Chemistry Reseuarch Institutee Later work will give
more complete field descriptions for the locations of the
sites at which the Maul rocks were collectede These, with a
single rock provided by Lindsley and Smith (1971), were chosen
to test the applicability of the present method to total rock
counts and to concentrates known to range over a considerable
phase regione. It was hoped that statlistics for total rock
crushed grains similar to those to be presented for mineral
phase regions might provide a way to determine modal percen-—~
tagese Also, it was hoped that Index counts from concentrated
felaic grains from & rock known to have extreme variation of
feldspars might provide an empirically derived density func-
tion useful in determining relative amounts of different

plagioclases in the sample.
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MINERAL AND EOCK SAMPLES STUDIED
MINERALS .

The majority of samples treated here were kindly donated by
other workerse. As a resulty, most have been previously
discussed in the literatures

Many of the ftollowing tables are self explanatory and are
presented without commente
Blagioclages.

Specimens Pl through PS5 and P8 were selected at random from
drawers Labeled with general names like "bytownite?!; they are
2rom unknown Localities, which choice was purposely made
during initial work to maximize the randomness of that aspect
ot the approache? Specimens 6 and 7 are respectively Universi-
ty of Hawaii specimens Noe 10e3e¢l4 and 10e3e¢e12 from the
Stillwater complex. Following the success of initial work,
other samples were obtained from other workers as sSummarized
in Table 1.

All tables Llist samples in increasing DMEANB or DMEANGP

determined by this worke.

?The initial purpose was to see whether & relationship
might be found among pglagioclases regardless of structural
state or rock suitee This is why no initial exfort was made
to do anything but obtain a few samples which ranged over the
plagloclase indices at intervals as even as possiblees
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Tuble le Published plagioclase data of other worke

SAMPLE SANPLE SQUERCE STRUCTe. CHEMe MICROPRUBE XRAY OPTICS

NUNDLER SIALE . _ANALe _ _AVGe RANGE ( PERCENT AN)
P-23 BOBG AND HEARD LOW ANU1l .0 2
(1870) 007
U111 n PE&IS- ANlL1le2 AN0O6+2 ANOG- 3
TERITE ORLle35 QRU.7 ANS
2683 " PEKIS— AN13e8 AN1ZeS AN1U~- 13
TE&LL1E OR3Je8 OR2.2 AN1l4
U112 " LCW ANsUed AN1Be9 AN1S-— 18
ORJeY OR1.5 ANZ20
pP-351 " LOW ANUL1.9 30
UR2e1
p-81 " LCW ANJIBe6 ANJ7e4 ANJIT7- 39
. Octle7 OROL6 AN38
A-175 " LOW AN5149 AN4d4.4 AN41l- 50
ORJe7 OR1e5 ANSO
ulle " LOW ANS3e2 AND4+6 ANS1- 55
Or4el ORJ 0 ANSH6
5J3IN~2 JACKSCN (1961) SYa9
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Tauble le

wWOorke

{Cuntinuved)

36009 LAINDSLEYLSMLTH®

52ZBE~95

bK193D
AP
uELL 50
S
hilsédés
)
SHHV=32

=44
Sanp—2y
HSLBE-i

P=1i3

(is71)

JACUKSCN (iY01)

ARDLicOUN et ale

(1E71)

SULG AND HbAkw
(1570)
Jalhson (1vol)

Sk ANL LoAlwe
(1570)

Published

L0w3

Primd—
TLIVYE AN

plagioclase

ANTOe2
Oalss

ANGJI
Okle0
ANOS
Uded
AN76
Onrle S

AN7o0e 9

OO0 e

ANSSe 0
ORUe2

data ot other

703

ANoZ—-

AN72

AN6U—

AN72

AN7o0—

AN75
730

17

1puv not confuse Ps aud P3S with P—35 ana ©—3 taroughout this worke
2uihe bpulk o0i the plagioclase compositions will be those of the phenocryst cores

{around AnZ() ana grouna mass (around AnsV) | Lindsley,

much wmore below under "kKUuCKSY.
3Iransitional anortihite.

personal communication Je"
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Table 2 Olivine samgple sources and source for-
sterite estimates from microprobe datae.

PERCENT
SOURCE FORSTERITE
COMPOSITION
AVGe RANGE
DTs~-1 Flanagan
(1969)
JJIG=-352 Kushiro
(unpube)
pCC-1 Flanagan
(1969)
HMI.1950SE Anderson et ale 84 84-86
(1971)
HK1868G2 " 79 17-81
4526 #3 Burns § Huggins 78.9
(1972)
Sl11 #5 " 600
5107 #4 " 583
54087 #7 "
S181 #9 "
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Twenty—six

separate bulk

analyses of total rock for both

PCC~1 and DIS-1 are collated by Flanagan(1869, pe 87-8) and
are not repeated heree.
Table Js 0Olivine chemical data of other worke.
JJdG-3521 4526 5111 5107 54087 5181
¥42 #52 #42 #12 #92

Sioz 042« 1 U39¢66 03680 036626 035.35 032.63
Al203 00000 00006 00006 000.06 000,02 000.09
F8203 Neds Nede Dede Nede Nede
FeQ V07733 019460 034¢38 03437 041.15 055.50
MgoO 0508 04055 02880 02805 023.50 011.90
Ca0 000.0 000407 000408 00010 00003 000.11
Na»0 000.00
TiO, 00000 00001 000603 0U0.02 000,00 000.05
MO V00.00 000627 000647 00048 000.54 000439
Cra203 V0000
NiQ UO0U«27 00010 000,19 000.15 000,00
Total 100.8 10U«88 100672 099244 10074 100.67
FeZSIO*‘ 02102 039¢76 040033 049.08 (071.78
MgaSiO¢ 078630 US9e46 05882 050.04 027.51
MnaSivy 00030 00054 00058 00065 00051
Car5i0g 00010 000011 00016 000,04 000.19
NiaSlQ’ 00028 00013 00011 000418 000.00

i1Microprobe analysise

28ulk chemical analysis assumede.

3Total iron as FeO.

*The rest of the table consists of partial olivine

formulus Listed by Burns and Huyggins (1972).
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Auwgitic clinopyroxcuess

A saample I collected at the locality of Ztfree—augite
crystals at the 8500-fgot Level of Haleakala, Maui, is
probably reasonably close in cumposition to the sample ana—-
lyzed by Washington and Merwin (1822, »pe 119, analysis 1)
Thougnh the locality is a fair distance downhill from the Red
Hill location mentioned by those authors, the collection sites
are probably the same. Thls is inferred from the reasoning of
Washington and Merwin (1922, pe 117)sa An ubundant supply of
free augite crystals remains there yete

Eight oif the augite crystals from this sitey, ranging in
size frow about 3 mm to 15 mm across, were pounded together
and passed through & 0061 mm sieves They should provide a
reasonable sample of the localitye The powder 1is called
1972c¢px (L1972 for short)e Part of the sample was purified for
chemical analysise Hefore puritication it consisted of a
mixture oif cpx and red glasse Initial separations on the
Frantz magnetic separator failed to purity the samplee.

Heavy liguid separation with bromoform also failedy for the
&lass remained adwmixed with all densities ot the cpxe About
one third of the sample was enclosed in a glass tube and
heated in a bunsen flame to convert the glass?! hematite to

magnetitees Optical work was done on the unseparated portion
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of the sample to avoid any change of optical properfles as a
regsult of the heat treutmente. Passes of the heat—treated
sample through the Frauntz magnetic separator resulted in
purification at the 99 percent leveles This purified sample is
being analyzed by atomic absorption sSpectro-photometry by
Patricia Fryer at the Hawaii Institute of Geophysicse The

results are not yet availablee.
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Table 4« Augitic clinopyroxene sample sSources and
sources! reported indicese

SOURCE ALPHA BETA  GAMNA
Px-1 Boettcher (1§867)! 16739 1.6791 1.7015
209 Butler (1968)
215 n
128 Best and Mercy (1967) 1.684 1.689 1.710
209 Butler (196Y)
277 "
258 "
189 "
227 "
205 " .
183 Best and Mercy (1967) 14696 1.700 1.720
to 98 to 20 to 30
254 Butler (19639)
243 "

1972cpx present work
187 Butler (1969)
250 "

249 u

lAls0 treated by Goldich 2t ale. (1967); indices
measured by Boettcher on sSpindle stage with sodium
light (personal communication)e
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Table Se Augitic clinupyroxene cheunistries (weight percents).
Px=11  2092-3 2153  128% 2693 2773 2593 1893 2273

Sioy 05Je94 054448 05406 052451 033426 05306 052.79 052427 052.19
Al,03 000.060 002.11 .

Fe203 U01.13 G01.09 :

FeO. 001e91 00462 0066426 00797 010662 01136 01262 01239 01497
MuO 0162893 01677 015650 014923 013e74 01318 01265 012.U0 01090
Cao U23e55 023eUS 02334 02158 02200 02202 02138 01897 021.57
Nag0 00024 u0d.28

K20 <0.01 000.04

Ti0, 000.26 600,37

PaO‘ U00.u0

MnoO 00U«07 00108 000U«84 0U0.20 00038 00038 00057 004437 00036
B 00U.00 ’

Crz203 0U0.21

BaO 000.006

S0 U00.035

RbO 00000

BeC 00000

da0+ 000.00
HZO- YUv.03

Total U839697 1UV00 1UV00 10038 1UV«00 100400 10000 100.00 100.00
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Table Se {Continued) Augitic clinopyroxene chemistries (welght
percents e

2053 1534 25423 2453 1373 2502—3 2492-3

510, 051e82 05120 05246 US51265 05123 051.02 050.66

Al203 VU« 30

Fe203 UuleS8

FeO 015677 U14e81 U14029 0177« 01910 U19.81 020.64
MNaG U1U0el2 U1l0e27 01222 VU8 T) DUBe3d VU789 007.07
Cav 020680 ULUL37 019692 V2060 02065 V2054 020.23
Naz0 V0032

- K20 - dule VO

TiO2 U027 .

NnoO 001449 00V0e36 U01e11 000627 000650 000064 001.41

Total 100409 1UU04 1U0.00 10UG.0U 10000 100.00 100.00

1ulk analyses reported in Golcdich et ale preferable to that ot
Hoettcher (197) (Boettcher, personal communication); Cr03 and Sr0 by
emission spectroueter; Bal by wmass speciroueters

2Average of four analysese

3kely dnU, and Ca0 by X—ray exission sgectrochemical analysis; other
values Ifron dJdifferences based on ideal structure formulasy; so0 total is
100 percente.

*Bulk chemical analysis assumede

MATERIALS AND METHODS 30



Table

sources?

JJdG=352

148

277

189

259

£27

QrihopyYroxenQse

Orthopyroxene sample sources and
reported refractive indicese.

SOURCE
Kushiro (unpublished)
Best and Mercy (1967)

Butler (1568)

Best and Mercy (1867)

Butler (1869)

ALPHA BETA GAMMA

1.694 1704 1.707

12719 1732 1737
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Table

Si0
Alz03
FepU3
FeO
NgO
Ca0
Naz0
K20
TiOz
MnQ
Cr203

Total

Si0z
Al203
Fepz03
FeO
Mo
Cal
Na0
K20
TiO,
MnO

Total

Te Orthopyroxene chemistries

JUG=352 A28 2173
06845 052.77 (052.40
00066 001.12

003.37
00456 019692 126492
0356 021,06 018.05
U0040 001.15 00050
U00.04 000.04

000.02
000,00 00033
000.06 00052 001.13
000 .20
100.0 10030 100.00
83 20§83 2483
04927 04975 049470
000.94
003.53
03143 03402 037.51
Ul2e44 011.48 011,39
U01.38 000.73 00075
000.04
000 .04
000.43
00087 004«u2 000465
100306 10000 100.00

1Total iron as FeOe
2average of four analysese.
and Cald by Xray emission spectrochemical

3Fa0, MnQ,

analysis;

1893
050482

025.46
014.41
001.03

0038437

100.00

(weight percents).

2593
051.03

031.64
015.13
000.63

001.57

100.00

2173
050462

033.86
014.03
000.58

000.81

100.00

1873 25023 2493

049.14

039.17
009.31
000.76

0U1.13

100.00

048.74

04019
V08.67
000,80

001.60

100.00

048 .46

039.49
0V07.74
001.09

003,23

100.00

other values from differences based on

structure tormulas, s0 total is 100 percente.

2543
05054

032.20
013480
000. 45

003.01

100.00

1713

048.09

041.85
007.01
000.23

002.81

100.00

ideal
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ROCKSoe
Sample J0Jd=04.

Sauple JoJd—6Y is part of a core sStudied by Lindsley and
Smith (1971)e. Lindsley says the sample "was collected close
t0 the host rock sample on which the chemical analyses were
doneeee The more alkalic portions make up but a small volume
of the total feldspar? (personal communication)e. A sketch
included with his rewarks shows J63-69 about 1 to 2 eters
above 331-Y0 which was analyzed and called WYhost rock" in
their Figure 73b (1971 pe 274)e

Other pertinent remarks based oan U-~stage work are made by
Lindsley and Smith (1971): " .e.emost [plagioclase] from host
rock and other zones of the flows are In the 'high' structural
statee ox the remainder, most are ?intermediate! and only a
very few are in the 'low?! statee. All parts of the flows
except [ewmphasis theirs] the peygmatoids contain phenocrysts
with optically distinct cores of calcic plagioclase and with
rims ididentical in composition with that of the groundmass
Lathse There is a compositional gap between phenocryst cores
and rims extending from approximately An6é5 to An75 as deter-
mined opticallye. Pegmatoid teldspars range from And48 to AnS5Jd
in the cores and are progressively zoned toward albite and

alkali feldspare Most plagioclase twinaing in the pegmatoids
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is according to the simple albite law, whereas that from the
host rock is dominantly by the simple Carlsbad or combined
albite~Carlsbud lawSeese

"Because of nearly ubiquitous compositional zoning, most
fteldspar analyses presented here are of a single point only;
averaging values for several points would be meaningleSSees
[ See also the remarks of Anderson below, following Table 22.]

UThe optically detected compositional gap between pheno-
cryst cores on the one hand and phénocryst rims and ground
wass plagioclase on the other 1s confirmed (Fige 73 ),
although the microprobe data show a narrower gap (An70-74).
The width of the gap is probably more accurately determined by
optical methods, for whereas the break between phenocryst
cores and rims is sharp (<1 [millimicron] in width), the 8-12
[millimicron] spot size used to winimize Na loss undoubtedly
resulted in hybrid values when the beam overlapped core and
rim during step-scan traverses of the phenocrysts. [Work
reported here later shows that optical work closes the noted
®ap very nicelye.] The compositional +trends in Fige 73 are
similar to those reported for feldspars from a Hawalian lake
lava (Evans and Moore, 1868), although the Hawaiian alkali
feldspars tend to contain more calciume

YLarge numbers of analyses were made of feldspars from the
host rock, dark pegmatoid, and light pegmatoid in an attempt

to detect sympathetic or antipathetic relations among theme
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Although the distribution of analyzed points is not [emphasis
theirs] rigorously proportional to the volume of feldspar
having a given coumposition (the sampling was biased toward
sodic and potassic feldspars)y, the dominance of points from
step-scan traverses gives meaning to variations in point
density for adJiacent comrgsitions | emphasis theirs]e Thus if
traverses across eight or tem crystals in a given sample all
show a gap in the sume compositional range, it is likely that
feldspar of that composition crystallized sparsely, if at all,
in that sumplees A concentration oxf points, on the other hand,
may lndicate an abundance o1 feldspar of that composition, but
may also represent the results of a traverse across a grain
sectioned parallel to a growth suriace rather than through its
centere Thusy concentrations of points indicate relative
abundance only if they uappear on two or more traverses!
(Ppe L75=6)e
Maui_rockse

Maui rock sanmnples 27, J31F, d2D, 33Cy and 52 are from
Ukumehame Valley; sample 45 is from Kahakuloa Valley; sample
55 is from lao Valley; and sample 62 is from Kahoma Valleye
All are phanerites of the gabbroic faclese. Nore detailed

field descriptions will be given later but are
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available on a personal basis for nowe

Chemistries

are

reported here

to make them available to

other workers and to provide background data against which to

view future results of optical work on their mineralse.

Table 3

(Weight percents;

Maui phanerite chemistries.
Shiro Imais analyst.)

2 B 2. _3dC . 48 . 22 . 95 . 62 _

si0;> 4930
TiO> 2670
Al203 1472
Fe203 4e 3d0

FeO bed7
Cal 10e 22
NgO 0e 99
NnO Uel2
Nao20 219
K20 Qe l4d

HpO0(+) 070
Hp0(~) 1le61
PzQ’ Oe 23

49«96
J«50
1386
Jel8
10.00
10.29
Se86
O.16
2«28
0.34
0.32
035
0.29

50.18
Je 08
13.48
257
10.18
1082
Oed2
Uelob
2027
0640
043
031
Ve27

S0.74
287
14456
249
47
10.62
S5.74
Ue 14
241
033
0.48
0«46
0.29

464 82
242
12,21
2426
10.79
9. 98
1223
0«15
2004
0.36
0«62
0. 39
0«28

5035
2433
14.55
2.04
8.85
11.84
6.98
0.15
2423
0.23
0.53
0.35
0.17

5077
2483
986
J«81

10.50

10.36
7.91
U.18
187
026
0«54
0.88
0.28

50.74
2.71
10.09
J.91
10.52
10.32
7.74
0«18
1.90
0.27
0«43
1.01
0.29

Total 99589 100639 10065 100.60

100455 100460 100405 100.11
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NETHODS

Instability of immersion media results in the well known
need to calibrate immersion media rather often in careful
work.8
SEARCH FOR ACCURACY AND PRECISIGNe.

Although J3—place accuracies are sufficient for most pur—
poses of mineral identificatlion, this work seeks four-place
accuracy and precision to ensure the validity of the resultse.

The limiting factor of precise and accurate knowledge of
immersion media indices has been the major impediment to the
production of trustworthy datae Temperature—controlled
laboratory, stagey and refractometer are necessary to achieve
the desired accuracy and preclision in this works. The system
cong tructed to uweet these needs employs a common monocular
uniaxial petrographic microscope and a Jelley refractometer
(Jelley, 1994)e See "DESCRIPTION OF PETROGRAPHIC LABORATORY,Y
Appendix Hy for details. Appendix C is included primarily for
the use of students at the University of Hawaili who are

currently wmaking use o0of the Laboratorye It may also be

8 pvaporation, contamination, precipitationy oxidation, and
chemical changes during the aging process of an immersion
medium as well as changes of refractive index due to tempera-
ture fluctuations, all necessltate immersion medium calibra-
tions when accuracy is importante The problems of instability
are egpecially critical for immersion oils of indices greater
than 1.65 due to their volatility.
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instructive to readers wanting a more detailed listing of
steps performed during analytical operations than is given in
the body of this texte.

ELENENTS OF THIS METHUD.

Currently, workers are trained to rely only on indices
determined <from grains previously brought to extinction posi-
tionse. The present work departs from the traditional approach
by couparing lndices of grains scattered randonmly and immersed
in oile. The stage is not rotated to bring each grain to
extinctione. Insteady grain indices are examined at whatever
orientations they have when encountered during a traverse of
the mount at a fixed stage position.

Orientations of the yurains are not entirely random, because
they may lie on cleavagey fracture, partingy or remnant
crystal facese This may partially derandomize the orientation
of the indicatrixe.

If an immersion oil is held at constant temperature, its
refractive index zone may be coansidered to be a line so thin
that any uineral grain by camparison must be of either higher
or lower indexe Given the theoretically perfect gituation,
there should be no grains whlch display indices matching that
of the immersion mediume. However physiological limitations
coupled perhaps with inability to control temperature pertect-
ly have resulted in the traditional, practicaly, and routine

gatching" of minerals to oilse Saylor (1935) treats sensiti-

MATERIALS AND METHODS 38



vity of the criterion of match under various methods of
illumination using wonochromatic lighte He <finds +the wupper
limit of precision available to extremely careiful optical
microscoplists determining smineral refractive 1indices to be
about +0001.

Data descriptione.

Mineral grains viewed under plane polarized sodium light in
immersion media selected somewhere near the mean index estab-
lished by preliminary work may or may not display Becke linese
Of those that do, some display refractive indices higher than,
while others display refractlve indices lower than, that of
each immersion medlume Grains which are in the field but are
seen only under crossed nicals are said to be equal iIn index
10 the immersion mediume.

The data consist of percentages of grains whose indices of
refraction are determined to fall in the categories less than,
equal to, and greater than each of saeveral i1mmersion medium
indicese The data are generated either from grains oriented
at random with respect tao the xotation of the nlcroscope'
stage, or from grains oriented conoscopically to display a
refractive index associated with a Known axis of the

indicatrixe
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Ihe gtatisticse
Gaussian distributionse.

The most coumon distribution Zfound in nature is norﬁal
(Gaussian)e The most poweriful statistics are based on assump—
tionsg of normal probability density functions (Figure 1)
Therefore, the assumption that the frequency distribution of
refractive indices in such natural solid solution series as
the plugioclase feldspars 1s normal is the most convenient one
on which to base a first statistical treatment of the datae
The statistics developed foar the present application (Johnson
and Langfordy in preparation) are therefore based on the
assumption of a normal distributione.

Graphics and numerical statigstics generated by electronic
computer data analysls are described below; these may display
radical departures of the data from the best normal curve fit
to the data, thus providing a convenient check on the

appropriateness of the assumed refractive index Gaussian

distributione.
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Figure le Normal probability density functione

Probability density f&nction of refractive

index (N) of a solid solution (abcissa) versus

. densityy relative freqguency in percent (ordin-

ated)e Ly Ey Gy and g are explained in the
texte (Aftter Haicrdy 1862.)

Figure 1 shows the best fit normal (Gaussian) distribution
probability density function of phase reglon indices. The
total area under the curve is le The ureas labeled L, E, and
G represent the 1fraction of totul area under the curve
’occupled by s&rains which appear respectively to be less than,
equal to, and greater than each particular o0il index (g)
chosene Since the o0il index theoretically cannot precisely
match that of the grain, addition of E/2 to L yields (Johnson
and Langiord, in preparation) an adjusted fraction of the
total area less thun p which is called Y (not drawn )e9° .

Xbar is the mean refractive index sought for the sample
populatioq;. s is thg standa;d deviation of refractive indek.

These are here called DMEAN aand USD when determined by

electronic coumputers.

9Recall the work of Sayloar ( 1935).
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Ffigure 2 Cumulative normal distribution functione.
(After King, 1871.)

Figure 2 shows the same normal distribution as shown in
Figure 1, but in figure 2 the relations to indices are omitted
and the curve is the cumulative normal probability distribu-

tion function rather than the density functione
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Gaussian probability paper graphicse

Normal probability paper (Spiegely, 1861y, pe 136; King,
1971 ) would convert the curve of Figure 2 to a straight linee.
Plotting data on normal probability paper therefore provides a
test of the normal distribution of indices assumed in the
samplee Departures from & straight line indicate a violation

of the normal provablility function assumptione
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Figure 3+ Gaussian probability paper plote

Straight line fit by eye to immersion data plotted
on normal probability papere Refractive iIindex N
(abcissa) versus cunmulative relative <frequency Y
(ordinate)e The sample is 363-69Y (Lindsley and Smith,
1971 )e Thirty~one points from 22-26 July 1872 work
are 8sSshowne Indices are measured as randomly encoun-
tereds See also Figures 7, 8y 9A, YBy, and Table 21.
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A stralght line is fit by eye to the data within the limits
of one standard deviation (1 s) on either side of the meane
The straight line fits the data sulficiently well within 1 s
of the meanel? The graphically determined mean refractive
index of the randomly encountered grains is about 1.5625.

The standard deviation of the best Gaussian curve fit to
the data is the absolute difference between the value of the
mean and the value on the abcissa of either of two lines
parallel to the density axis, drawn equally far from the mean,
and enclosing between themselves 68 percent of the area under
the curve (Hairdy, 1902). Therefore, the refractive index
values, one standard deviation on each side of the mean
refractive index, are found by reading the indices correspond-
ing to vaiues on the cumulative relative frequency axis at 16
or 84 percent against the best straight line fit to the data
on probability papers The absolute difference between one of
these index values and the value of the mean index defines the

value of one standard deviation of the refructive Index curvee

10The mean refractive index is found in Figure 3 by fitting
the best straight line to the data by eye and then reading the
value on the abcissa that corresponds to ithe 50 percent level
on the ordinatee A mathematical best fit is quite a tedious
chore without a computers Use of a computer obviates the need
for a probability paper sclutione.
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The Gaussian assumption of index distribution is apparently
violated beyond 1 8 in both increasing and decreasing index
directions. There are fewer high index and more low index
members of the sample population than would be expected in a
Gaussian distributions 7This apparent violation of the normal

distribution assumption prompted the work shown in Figure 8.

USE OF COMPUTERS LN THIS WCEK.

When a lLarge number of data points in & 8et or a large
number of data sets require treatment, the more elegant
numerical solutions available through electronic computer
become attractive especially with regard to time savingse A
teletype is connected remotely to an IBM 360 or a Nova 1200
computers
Use of LDM Jode.

The mean (DMEAN), the standard deviation (DSD)y half the
width of the zane of apparent match (DX), the standard error
ot DMEAN (SDM)y the standard error of DSD (SDS), the standard
error of DX (S8DX)y and the standard deviation of the residuals
of the data about the best fit Gaussian curve to the data (SD)
are computed by program CUM which is available on request.
Data input to CUM are a minimum of 3 counts of L and E at 3

ditferent indices n for each phase region investijgated Iin a
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sample. The program handles any number o0of successive such
calculationse

Consistently repeatable departures of data from the best
it straight line through the data plLotted on normal probabi-
lity paper and large values of SD returned from program CUM
are both indicators of departures of the data from the
asgumption of a Gaussian distribution.

Detuiled empirical definition of density functions may be
desiredy, especially if the values of SD or DSD are highe

The importance of use of computers in the present work
cannot be overemphasized, for a principle aim has been to
construct rellable determinative curvese. Computers yleld
results to precisions unavallable by graphicse But workers
without computers should realize that the reason tfor produciag
graphical representations of the mathematical relations
defined is precisely to wake the results avallable to all
petrographers, whether or not they have computers.

It is here emphasized that the work treated in the present
dissertation considers only the parameters DMEAN and DSD in
detail, their analogs being available also from the graphical
approache The parameters not treated here in detail will be
more fully explained in the aforementioned work of Johnson and
Langford.

The IBN time sharing option which makes remote terminals

interactive with the I8M 360 computer is called TS0« It is
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now possible to do all work at the microscope even to the
extent of entering data for CUM and having returned to the
terminal the statistics £fit by computer to the data Jjust
submittede. It is also possible to submit all or any part of
the data sets stored on disk as card images and receive the
return either at the terminal, as standard IBM printout, or
bothe Howevery, TSO is not always avallable at this installa—
tion, the costs are rather highy the system 18 rather
inefficient and time consuming, and the procedure is not
recommended as a standard operatione In particular, the
excessive connect time reguired while work is done at the
microscope and the resultant cost of typing in card images
tend to make the procedure prohibitively expensive unless
connect time cos8ts are reducede. Storage of such data on a
disk available to several remote terminals would make possible
an interlaboratory data bank which could be of great impor-
tance in such works as the presente A program which lists the
data in any data set on disk and at the same time punches out

cards is available.

Use of Nova 1£00.

The language used with the Nova 1200 is Multiuser BASIC.
An adaptable program of about 6000 words of core storage is

used for o0il calibrations and generation of data for program

MATERIALS AND METHODS 48



CUMe The program is interactive and regquests data input in a
repeating logical pattern which frees the operator's mind from
most calculationse it stores calibration equations for each
calibrated oile The program is stored on paper tape and is
available on request.,

It is now possible to enter program CUM to the Nova and
have it work from disk on data entered from the terminal near
the microscopee This shaould in the future avoid IBM connect
time costs for workers wanting quick numerical returns on data
as generateds It should also make possible computerized data
processing at luboratories without IBM computers but with mini
computerse For lnstance,; such coamputerized data processing

aboard ships now seems feasibles
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SAMPFLE PREPARATION.
Mineral samplese

Mineral samples were crushed by pounding and were sleved
into various size fractionse Some samples were already so
processed when received from donorse There is no obvious
reason to select any particular slze <fraction other than
convenience unless grains very often display distinctly dif-
ferent indices within the same graine This is due to zoninge.
In such cases,y, finer pounding is Indicatede. The largest size
used here is 124 mm; the smallest, 032 mm.

Low concentration of the gsubject mineral in a crushed rock
specimen at times (Qeide 55MV-32) necessitates wmagnetic
separation, but heavy liquid and magnetic separations are
senerally not needed unless coexisting phase regions generate
confusked results or concentration of an unweathered portion of
a mineral phase region sSeems indicatede More oiten, counting
is8 possibpble by visible separation of the mineral desired in a
mount of wmixed mineralse The present results confirm the g

priori assumption that these guidelines would sufficee.
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Rock samplese

When working with rock samples, pounding should reduce the
grains to a fraction smaller than the predominant rock grain
Bizee.

Each chip of rock is pounded in an iron mortar with an iron
pestles Although it Is gnot known what proportion of the
opague Jgrains seen are Liron from these tools, the malleability
of the iron seems sufficiently greater thamn that of the opagque
minerals, aud such contamination is believed to be negligibles

Pounding is done gently at firsty, sifting often to obtain a
0¢032~0061 mm ZLractione. As the specimen 1is reduced to
smaller sizes, first the weathering products, then the fresher
non—-opaque minerals, and finally the tenaceous opaques are
passed through the 0.061 mn sieve until no sample remains

e

&reater than that gsizee.
After the first few pounding and sieving cycles, the sample

tends to form clods from pounding. These are broken up by

sentle rubbing between mortar and pestle. This is not
&rindinge.
The =032 mn part is set aside and not treated here. It

probably contains a greater proportion of weathering products
than the part used for immersion worke Thusy comparison of a

chemical anaulysis to modes produced by the present method
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may show sSome discrepancles; for chemical analyses refer to

total rock, in most cases somewhat weatherede.

Possibility of modes from immersion datae

Plots of Y derived from counting in crushed rock containing
several minerals are made to pinpoint index ranges of particu—.
lar intereste A range of indices between the maximum of one
and the minimum of another mineral is at times s0o defined.
Optical s@eparation of one mineral from the other is then
triviale. A best fitted horizontal straight Lline to data
points taken at various Indices yielding an approximately
constant vwvalue o0of Y theoretically should provide an estimate
of such a phase reglon?s modal percenty, assuming a lower or
upper bound to the phase reglion is found in the same waye. The
method is explored and discussion 1s continued belowy, but
sufficient data have not yet been generated to allow best
titting of a horizontal straight line between two such mineral

index ranges for any rock sample.
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Figure 4« Theoretical model relating total rock cumu-
lative frequency distribution to modal percentses

Figure 4 provides the theoretical background, the working

hypothesis, for the work shown in Figure 7.
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A s e

o e

Grains o0f a total rock are crushed and not separatede
Immersed in a series of oils, there is some index NO below
which noi grain in any orientation matches the 0il; and there
is an index N4 above which no grains in whatever orientations
match the oil. Opagques, when present, are assigned to the
highest stepy, in which case the value of N4 is not definede.

For purposes of initial simplicity, each phase region |is
assumed to range over a digtinct and limited range of indices;
and phase region indices are assumed not to overlaps Soy, no
matter whether or not the phase region of interest has a
Gaussian distribution o1 indicesy tails of phase regions are
defined by slapes approaching the horizontale

If there is no index overlap between two contiguous phase
regions, a8 for plagioclases and apatite, a truly horizontal
slope is expected over some range of Ne But more generally,
phase regions overlap to some extente N1 and N3 of Figure 4
are the lower and upper liamit of a phase region whose mean
index is at Xbar{R)e Rl, 83y and R4 are the corresponding
counts of cumulative frequency (Y = L + E/2)e Any index

chosen is labelled n; for €ach o there exists an fre
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Preliminary work shown in Figure 7 was done on the
assumption that a wide gap of indices 1in the total rock
probably exists between the upper limit of plagioclases and
the next higher mineral, say, apatite, for all rocks consi-
dereds Definition of +the total rock cumulative percent at
which the curve becomes horizontal for s8uch &a case would
provide a new way to estimate the modal percent of minerals in
rocks~—the modal percent would simply be the difference
between R1 and R3 for each phase regione!l R1 could be 0; R3

could be 100.

Treatment of broad phase regions iIn crushed rocke

Separation by muagnetic and heavy liguid methods of the
various rock phase regicns in a sample may yleld broad or
narrow standard deviations of the refractive index dlstribu—-
tion Zfunction for eache it DSD or SD values are high and the
specimen is of particular Interest, it may be necessary to get
lots of data at closely spaced index intervals in an attempt
to define the actual density function of indices in the

samplee Such is the case here below with sample 363-69.

110f course, rocks generally have averlapping indices from
contiguous phase regionse. But the theory is young and must
first work for simple cases betore development to £fit more

canplicated situations mukes sensee.
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Part of sample J63-69 was separated by Frantz magnetic
separator to allow precise empirical definition of the felsic
portion alones The data are analyzed graphically and the
unweighted data are analyzed by program CUM and are reported
in Table 10 for DMEANBP onlye. Table 21 summarizes the raw

data and shows a run of CUM.

CHOLCE OF IMMERSION MEDIA«

All indices treated Lere are measured with monochromatic
sodium lighte

Preliminary work egstablishes the range of indices to be
encountered in a phasey and an o0il 1s chosen of an index
somewhat higher than what appears to be the mean index of the
subject minerale. Different staze temperatures are used to
obtaln immersion indices at several different values over the
range o0f indices of the subject mineral phase region sgso that
counts may be madee.

Graphs are useful during data collection even if a computer
is to be usede Plots of Y12 un normal probability paper can
Zuide the choice of the next oil index ne Also, graphs may be
used during data collection to spot outliers so that counts
may be repeated immediately as a checke

Having plotted a point on the norwal probability paper,

‘zkecall. Y =L * E/2e

NATERIALS AND METHODS 56



assume & slope similar to slopes already plotted for other
samples nearbye Chouse next an oil index which is determined
by the intersection of the projected lLine and the 50 percent
value of the probability paper ordinatee Plot the point
resulting from a count at this index and connect the two
plotted pointse. Project the resulting line to intersect the
ordinate of 16 or 84 percent to choose an index about one
standard deviation from the means Cou;t at the indicated
index and plot the result. Count at other indices as
necessary to give contidence that the best straight Lline £fit
by eye to the data is sufficiently good for your purposese.
Submit the data to computer fitting if possiblee.

When determining a mineral already determined by another
worker who has supplied a compositional estimate;, relate the
reported composition to an expected index for the POD related
by the present work to DMEANBP. 1f the mineral is not treated
here, a need for new work along the present lines exists for
the mineral. Use the best formula availabley, if omne exists,
to estimate the expected DNEANHBP for the sample. Select an
appropriate oile Determine graphically or by on line computer
the temperature desired at the stage thermistore. Translate
the temperature desired to ohms balancing the Wheatstone
bridge; set the stepped resistor accordinglye. Adjust the
substage heater and the superstage infrared heater to bring

the thermistor to the desired temperature under the optical
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conditions to be used while countinge

COUNTING INDICES IN SEGREGATED MINERAL GRALNS.

Two methods of countlng‘have been used: the first applies
to randomiy—-oriented gruains; the second,; to grains oriented by
optic Zigure to display the desired principal index when 1lit
by plane—polarized light from belowe.

Either high (40X, NA=(0«85) or medium (10X, NA=0.22) power
objectives are used in conjunction with a 10X ocular to
establish by Becke line or van der Kolk illumination techni-
ques whether each grain is less than, equal to, or greater
than the index of the immersion mediume Care is taken that no
operator blas in any way affects the orientation of the grain
prior to asgignment of the gruin to the most appropriate index
categorye

For both unoriented and oriented grains, each grain is
asgsigned to the most predominating category it displays
unless, as happens often enough to be remarkabley, the yrain is
large enough to display quite clearly that half of it belongs
to one categorys half to anothere If the half-volume of the
grain is comparable to the volumes of other grains commonly in
the fieldy one count 13 assigned to each of +the appropriate
categoriese. Otherwise, the grain is assigned to the category

of the most prominently displayed indexe Following such a
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count, the sample 1s pounded to a finer size to eliminate this
zoning probleme See more in Appendix C under "DETAILED

SUGGESTIONS FOR COUNTING INDICES."
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COUNTING INDICES IN UNSEGREGATED GRAINS OF CRUSHED ROCKe.

Counts of Ly Ey and G for the Naul, Hawaiiy, rocks as well
as fTor a sample of the Lindsley and Smith sample J363-69 were
made without separating one mineral phase region from anothers
The attempt was made to keep each mount of grains 1In oils
representative o©of the total rock with respect to proportions
of mineralse. Sampling of the vial containing the powder was
done by tilting the vial over the slide on the stage and

tapping until enough grains fell oute.

NUMEROUS INDEX COUNTS OVEE A BROAD PHASE REGIONe.

An empirically drawn density function of sample 363-69
segregated felsics 1s constructed by plotting E (percent
equal) from beta-prime counts at J1 different Andicese During
these counts, though 100 grains were counted at most chosen

indices, some counts were made of ag few ag 50 grainse
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RESULTS, DISCUSSIUON AND CONCLUSION

RESULTS

STATEMENT OF PRECLS1UON AND ACCURACY.

ITeuwperature precigion.

A typical o0il rounds tu the same thousandths of refractive
index over a temperature range of about 20 Celsiuse. So
temperatures should be controlled to +/- 19C tor work rounding
to thousandthse Teuperature control in this work is precise
to at least one and possibly two orders o0of magnitude better
than requirede
kKepeatability of immersion medium catibrationse

Using the enlarged version of the Jelley refractometer
{Appendix B) increases precision from about 00008 for the
unmnoditied model to about 00002,

Eighteen readlngs of index (N) vse temperature (T) were
taken on 4 March 1972 for an oil labeled 14536 (at 259C in
sodiuw light) by the manutacturere The resulting equation
chosen was ox second degreey and it indicated a retractive
index of 155361 at 23.09Ce 7The same oil was again calibrated
with 7 readings of N vase T on 7 NMarch 1972« A second degree

eqguation was again chosene 1t indicated a refractive index of
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15355 at 259Ce A combination of the data from the two days
resulted in 25 data points and a second degree egquation which
was virtually a straight lines The indicated refractive index
at 259C was 15359. 1he significance of this work is that
repeatability of immersion medium calibrations to J-place
accuracies seems to hold for as few as 7 datum points.
Mineral index measurement precision and accuracye

All refractive indices measured by the present study are
subject to inaccuracies which may be present in the numbers
>ussiuned to the indices of the Corning calivbration glass and
the quartz ocwepa used in calibrating the systeume. Independent
corroboration of these values would be ideal, but lack of such
corroboration here does not reduce the usefulness of the
derived relationships between DMEANBP's and indices of kKnown
PGD'se

Indices obtained by varying the temperature in a single
medium rather than by changing the medium itself are relative-
ly more precise, probably being on the same orde