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Assrnecr

Large sodium cobaltinitrite-stained slabs of hand specimens are magnified under a

binocular microscope and counted on a large mechanical stage. The method is recom-

mended for rocks that are so coarse grained as to require a very large number of thin sec-

tions per specimen for a moderately precise estimate of their mode, but not so coarse

grained as to make field identification of minerals a reliable procedure.

The method is applied to a quartz-mangeritic augen gneiss, and the variability between

the specimens is broken down into components of vaiance: (1) The operator plus counting

component of variance is not significantly different from binomiai expectation' (2) The

within-specimen component of variance is used to predict the number of slabs required

per specimen to obtain a mode of given precision. (3) The between-specimen component

of variance is unknown, but a rough estimate of its maximum size is possible and is useful

for designing sampling plans in similar rocks.

INrnooucrtoN

In the course of a survey of a geologically unknown region in the
Grenvil le Province of the Canadian Shield, 100 miles north of Montreal,
an intricately deformed complex of meta-igneous rocks was mapped
(Schryver, 1966a, b, 1968). In subsequent work it was desired to obtain
knowledge of the mineralogical composition and the degree of composi-
tional homogeneity of the most abundant rock type of the complex,
e.g., for determination of which specimens can be considered "typical,"
and chemical anall 'sis of which specimens can be considered of more

than local value only. This most abundant rrck type, a coarse-grained
augen gneiss of quartz-mangerit ic (o., quartz-pyroxene-monzcnitic)
composition, forms a mappeble unit underlying an area of approxi'
mately 120 square miles.

The gneiss is green to greyish green, and weathers light grey or bufi. The essential

minerals are potassium feldspar, plagioclase, quartz, orthopyroxene and clinopyroxene.

The accessory minerals are hornblende, iron-titanium oxides, apatite and zircon, in order of

abundance. Biotite and garnet are rare.

Slightly to strongly perthitic orthoclase and plagioclase (An25 30) occur in roughly

equal amounts, in grains ranging in size from a fraction of a millimeter to 5 cm. The large

grains are subhedral crystals, the finer ones are, at least in part, still recognizable as pro-

ducts of granulation and recrystallization of larger crystals and they commonly form

lenticular aggregates. Every textural gradation between the megacrysts and the lenticular

aggregates has been observed. Under the microscope, the distinction between megacrysts

and fine-grained aggregates is less clear than in the field: both consist of irregular inter-

growths of perthite and plagioclase. The few megacrysts that retain their identity under
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the microscope are invariably perthites Both megacrysts and lenticular aggregates are
referred to as 'augen'.

Ortko- and clinopyroxene occur in small (e.g. 0.5 mm) irregular, subhedral to anhedral
grains. They may occur as separate grains, but commonly they form fine lamellar inter-
growths consisting of roughly equal amounts of ortho- and clinopyroxene. Commonly,
quartz, pyroxenes, hornblende, magnetite and the other accessories occur together in thin
discontinuous stringers curving around the feldspar augen.

The rock is invariably well lineated, and commonly foliated, both by preferred form
orientation of the feldspar augen and the quartz-mafic stringers.

Point counting of rock surfaces is practically the only method to
determine quantitatively the mineralogical composition of most rocks
(however, see Erdosh, 1967). k is also the cheapest method to test
compositional homogeneity in terms of mineral abundances, and hence
to approximate homogeneity in terms of some of the major elements.

TnB Pnollrlr

The concept of IC (Identity Change) number was introduced by
Chayes (1956, Chap. 9) to predict sample size (number of thin sections
to be analyzed) as a function of the precision required. It is clear from
his investigation that the original concept of IC number was meant to
apply only to roughly equigranular rocks in which three mineral com-
ponents of approximately equal abundance account for the bulk of the
rock. The present author, however, was faced with the problem of
determining the modes of metamorphic rocks that are (1) inequigranular
to strongly porphyritic/porphyroblastic, (2) made up of at least four
mineral components of inequal abundances, (3) strongly l ineated and
foliated, and, to complicate matters, (4) without a definite break in
grain size between tmegacrystst and 'matrixt.

Neither the model studies of Solomon (1963), nor the empirical in-
vestigation of Shaw and Harrison (1955) suggest any solution to the
problem. Thus, from the onset it was clear that the precision of the
modal analyses could not be predicted from any directly measurable
parameter. An attempt was made in the field to determine modes by
point counting of entire outcrops with the help of a fishing net having
rectangular meshes of 1 square inch. However, by staining potassium
feldspar on slabs and thin sections of a few specimens, it soon became
clear that the two most abundant minerals, potassium feldspar and
plagioclase, could not be distinguished satisfactorily in the field, and
that the three minerals pyroxene, amphibole and magnetite could only
be distinguished from each other when they occur in uncommonly large
grains. Also, the absence of a break in grain size between megacrysts
and matrix made it impossible to estimate the abundance of megacrysts
by the macroscopic method.
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Tnn Mnruon

The next best method, and the one finally adopted, seems to be the
point-counting of slabs of hand specimens stained with sodium cobalti-
nitrite. fn order to estimate both the modal composition and the pre-
cision of the estimate, two slabs of approximately 40 cm2 each were cut
from each specimen. The size of the slabs was determined by the fact
that from most specimens it was possible to cut areas of that size, and
not larger. The instruments used for counting include a binocular micro-
scope with zoom lens (magnifying 7X to 30X, giving a lower l imit of
resolution of approximately 0.1 mm in routine counts), a specially con-
structed large mechanical stage (similar to the one described by Smith-
son, 1963), and a Swift point counter connected to the stage.

Spocur,arroNs ABoul Accun,q.cv

In reflected light, minerals display properties other than those
normally used to identify them with a petrographic microscope. But
identification very quickly becomes routine if, particularly in the be-
ginning, frequent recourse is made to a polarizing microscope and im-
mersion oils to substantiate a particular identification. Due partly to
the nature of the illumination and partly to the limited enlargement, it
continued to be necessary to count some minerals as a single componenL.
This was the case, for instance, for orthopyroxene, clinopyroxene and
hornblende. Furthermore, grains of diameters less than 0.1 mm cannot
be identified, thus the abundance of any mineral that occurs in a sig-
nificant amount in grains of so small a diameter will be estimated too
low. A phenomenon similar to the Holmes effect (e.g. Chayes, 1956,
Chap. 11) occurs in slab analysis. When dark minerals such as pyroxene
or magnetite are embedded in water-clear qrartz, it is difficult to see
which mineral l ies at the surface of the slab, and consequently the
abundance of the dark minerals might be overestimated.

The best method to substantiate or discard some of these speculations
on the accuracy of slab analysis lies in comparison of the results from
the slabs with those from a number of thin sections cut from the same
surface area. Possibly, the instrumental method recently proposed by
Erdosh (1967) also might allow comparison.

Tnn CouNuNG PLUS Oponaron CoupoNoNr o!'VARTANCE

Chayes (1956, Chaps. 4 and 5) has shown that the counting plus

operator component of variance is smaller than, or at most equal to,
binomial expectation if a systematic sample of points is counted over a
thin section. In order to test whether this holds for the present method
of analysis, duplicate counts were made of 18 slabs, the replicates being
properly randomly distributed among the routine counts of many more
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slabs. The results are given in Table 1, where:

x:  E(X; , *  x : , ) /36,

where X.;,: estimate of abundance of a mineral component from analysis
r of slab j. Each X;" is based on a count of approximately 930 points
(count ing gr id 2X2 mm).

s r ' : i ( x ; , -  x j , ) ' z /36 .

o02 : X(100 -X)/930: variance estimate of a binomial distribution.

"z 
: (18- l)502f os2, a statistic distributed as chi-square under the hy-

pothesis that So2 can be considered as an estimate of the popula-
tion variance o62.

f1o : null hypothesis that So2: oo2, Ho:alternative hypothesis that
S o2 l  oo2 .

The critical region of the test, i.e. the region of rejection of fls is given
by X'<Xr'-,12,17, and X2)Xzotz,rz, where a:the size of the crit ical reqion
and has been selected at 0.05.

T.qnr,n 1. ColrpanrsoN or Seupr,r Vanraxcr eNl Brxolrrel Vanrancr

Mineral ^ . 2
Outcome

of test
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c 0 2So'

K-feldspar
Plagioclase

Quartz
Mafic"

Oreb

L . 4 1
1 .88
0 . 9 8
0 7 2
0.  194

2 . 6 0
a  < t

1 .05
0 . 9 7
0.  180

Accept 116
Accept 113
Accept 116
Accept .Ils
Accept 116

4 l
J /

1 1
10

1 ,

9 . 2 2
12.73
15 .87
t2 62
t8.32

'Mainly ortho- and clinopyroxene, minor amphibole.
b Mainly iron-titanium oxides.

A similar test, but now with the alternative hypothesis that So2(o02,
shows that 562 cannot be considered as being signif icantly smaller than
o o 2 .

Therefore, the counting plus operator component of variance is not
signif icantly dif ferent from the expected variance of a binomial distr ibu-
t ion. A corol lary of the outcome of the test is that the counting process
is under control.

PnrcrsroN AND rHE WrrnrN-SpBcrMEN CoupoNBNr or VenrawcB

The within-specimen component of variance (o12) was estimated for
each major mineral by dupl icate analysis of a number of specimens. At
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first the author treated each specimen separately, and estimated or2

from single pairs of slabs. It soon became clear that, in accordance with

statistical theory, the variances so estimated fluctuate very greatly.

Rocks of presumably very similar composition and fabric gave verv

different estimates of variance. Thus it became necessary to group the

specimens and calculate a pooled within-specimen component of

variance.
The nragnitude of or2 depends on a number of properties of the rock,

the most important of which are: (a) modal composition: o12 changes

with changing abundance, (b) grain size'. or2 increases with increasing

grain size, (c) the actual frequenc-v distribution of the abundance in the

rock: see Appendix, (d) vectorial fabric properties' Some remarks can

be made about the last point: or2 is different for different orientations

of the surface counted with respect to the foliation and lineation. It is

clear that estimates of minimum variance are obtained from planes cut

at right angles to the foliation. Furthermore, Chayes (1956, Chap. 2)

has shown that, under certain restrictions, one of the edges of the

counting grid should make an angle of between 30o and 50" with the

trace of the foliation to get best (minimum bias) results. In l ineated

rocks, the smallest diameter of the grains commonly l ies in the plane at

right angles to the l ineation. Therefore, one should not simply select

any counting surface at right angles to the foliation' but the unique

surface at right angles to the l ineation (assuming the l ineation l ies in

the foliation plane). Despite this the author has cut most of his speci-

mens in two directions, one at right angles to the l ineation, and one

parallel to the l ineation but at right angles to the foliation plane. In

this way the estimates of pairs of slabs can be considered as independent,

even for relatively small specimens and large grains. The results of the

anall '5is of 59 specimens (118 slabs) of mangerit ic augen gneiss are

given in Table 2, where:

(x i1+x i r ) /118,
5 9

Y - \ -

where Xi;: estimate of abundance of a mineral component

specimen a. Each Xii is based on a count of approximately

over an area of 40 cm2 (counting grid 4 X 2 mm).

5 9

t , '  :  
=  

(xr -x i2)2/ r r8.

6r '  )  Su '  -  2oo' (See Appendix) .

The 95 percent-confidence intervals are calculated from

in slab j of
500 points

(01)

(02)l o l2  59 '  Sar
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where top:af 2-percentage point of the l-distribution, and is selected at
0.05. Thus, these are 95 percent-confidence intervals for the abundances
of mineral components in a specimen of which one slab of 40 cm2 has
been counted under the conditions soecified above.

Terr,n 2. Srnusrrcs CoNcnrwntc rnr Vartaelr,rry rN HeNl Sprcrwxs or
Mlwcrrurrc Aucrw GNarss

Mineral s ' 95lp-confidence
lnterval  lor  , , t ' ; j  ( t ,  

i " )

K-feldspar
Plagioclase

Quartz
Mafic

40
J /

1 1
10

t1 .79
8 . 1 4
4 .  5 6
3 . 6 4

6 . 9
5 . 7
4 . 3
3 . 8

6 . 5 9
3 . t 2
2 . 4 6
1 . 7 0

X;j:estimate of abundance of a mineral in slab j of specimen i.

From the statistics calculated it is possible to predict the precision of
a mode based on n slabs per specimen from the usual formula for the
confidence interval of a mean:

t .p ,y 'Su /  1 /n (03)

In the case of the mangerit ic augen gneiss where two slabs of each of
ft:59 specimens have been counted, the actual 95 percent-confidence
intervals are 7/t/2 smaller than those given in TabIe 2.

If the width of a 100(1-a) percent-confidence interval is indicated
by 2H,

2H :  2 ' t ,pyS^/ t /n .  (04)

Considering n as the unknown, and specifying the magnitude of 11,
(04) can be rearranged into

n :  (S" . top ,u /H)2 , (0s)
where n: sample size required (nr.rmber of slabs to be cut from a hand
specimen) to obtain a 100(1-a) percent-confidence interval equal to
2H.l{ote that k:number of degrees oJ Jreetlom of S^2.

For instance, if i t is decided that the width of the 95 percent-con-
fidence intervals should be similar to those in Chayes' work on granites,
as tabulated in  h is  F igure 12 (Chayes 1956,  p.82) ,  then

H2 < 0.02X2,

and equation (05) becomes the inequality:

(06)

(07)n ) S u2' (to.o2b,k)z /O.O2X2.
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Keeping the count length constant at 500 points per 40 cm2, and
tak ing  k :59 ,

n ) (6] + 2oo'). (to.o'i,biz /0.02X2 (08)

For potassitim feldspar and plagioclase, n:2 satisfies this condition:
Ior quartz and mafic minerals, however, at least 8 slabs should be

counted.
By doubling the count length, and thus reducing the counting com-

ponent of variance b1' a factor of 2,

n ) (6t2 + oo2) .  ( to.o2i,b)2 /0.02X2 (0e)

For potassium feldspar and plagioclase n:1 would just suffice: for
quartz and mafic minerals at least 6 slabs should be counted.

Therefore, in the particular case of the mangerit ic augen gneiss, 1000
points should be counted, distributed over either one or two 40 cm2
areas, if inequality (06) should hold. For qrartz and mafic minerals
either 8X500 or 6X1000 points should be counted. Now' the time re-
quired to count 2000 additional points (approximately t hour) is more

than the time required to cut and stain two additional slabs (approxi-

mately lf 2 hour, if done in large batches). Thus, the choice between
the alternatives is obvious, if a sufficiently large "hand" specimen is

available.

THB BBTwITEN-SpECrxrENS CoMPoNENT ol  VARTANCE

If i t is known, or one is wil l ing to assume that specimens are selected
at random from a given type of rock, it is possible to estimate the be-

tween-specimen component of variance (or'), and construct confidence
limits around the mean composition of that rock type. Also, the relative

magnitudes oI osz, o12, and oz2 will indicate which Ievel of sampling is

responsible for most of the variabil ity in the modes, anci, therefore, at

which level o{ sampling one should concentrate to reduce that variabil ity.
In the problem encountered by the author, and probably by anyone

sampling a geologically unknown and relatively poorly exposed area,
this part of the problem is wrought with many difficulties. During
fi.eld work, specimens were collected wherever a fresh piece of rock could

be hammered off an outcrop, and observed outcrops are distributed on

regularly spaced traverse l ines throughout the rock body of interesL. It
is clear that the sample so obtained cannot be accepted as a probabil ity

sample (Cochran, et al., 1954). This becomes even more obvious if one

considers that (a) contact zones with other map units were studied in

detail, and a disproportionately large number of specimens is from

such zones, (b) commonly, when the field identification of the rock
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type was in doubt, a specimen was collected, and (c) from large homo-
geneous-looking areas of exposure, only one, and rarely two specimens
were taken. This is a very comnron procedure in reconnaissance mapping.

The author believes that a very rough indication of the maximum
size of the between-specimen component of variance can still be ob-
tained from such a sample, even if it were only to determine orders of
magnitude of the variance ratios for the design of a subsequent, truly
random-sampling plan. If it is accepted that the maximum size of o22
can be approximated, then rough estimates of the maximum size of
confidence intervals for the average abundances of mineral components
can be calculated for the rock type.

The results of the analysis of the 59 specimens of mangeritic augen
gneiss are given in Table 3, where:

5 9

X : E 7,./so,
i:1

where X1 : est imate of mean abundance of a nrineral component
in specimen i.  Each Xi. is based on a count of approximately
1000 points over an area of 2X40 cm2.

2043

5 9

sur :E(X_Xt ) , / ss .

622 ( S52 -l- 'r"rrr(See Appendix)

The 95 percent-confidence intervals are calculated from

tap, tss-r..tb /V59,

where a:0.05. These are the maximum sizes of the 95
fidence intervals of mineral components in the mangeritic

(10)

( 1 1 )

percent-con-

augen gneiss.

Tesrn 3 Srlrrsrrcs ConcnnNrwc fim Venre.e[rry ol rHE M.tNcnnrrrc
Aucrx Gnorss

Mineral Sr,'x
Order of magnitude of maximum size of

9Slp-confidence dr'
interval for X (+)

K-feldspar
Plagioclase

Quartz
Mafic

39.28
2 7 . 5 3
1 9 . 5 5
t 4 . 0 1

40
J /

1 1
10

1 . 6
1 . 4
1 . 2
1 . 0

33
23
r7
12
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AppBNorx

If ez independent analyses (counts) are made of each of m randomly

cut rock slabs from each of fr randomly collected specimens, and if the
assumptions underlying the normal analysis of variance are fulfiIled
(Cochran, 1947), it is well known that the following table for the

analysis of variance can be written:

Tanle 4. ANar,vsrs-ol-VARTANcE 
'I.ter,n eNo ExpnctBn Var-urs or Vamencns

Source of variation Desrees of freedom
Mean square is an Variance rs an

estimate of estimate of

Between specimens
Within specimens
Between anall'ses

R -  |

h(n-  r )
kn(m- l )

o02 +rtla]+n117622 noz /rnn*ot2 /nIoz2

a02+nta]

oo2

anzf mlo]
co2

We have called d02 the counting plus operator component of variance,
o12 the within-specimen component of variance, ar.d o.22 the between-
specimen component of variance.

(1) Since, from previous theoretical considerations and experimental
work it is known that oo2 is, at most, equal to binomial expectation, the
present experiment was not designed to estimate o62, and throughout
most of the analysis ra:1. Nevertheless, the duplicate analyses of a

few slabs allowed testing of the hypothesis that the estimator of o62
(i..e. So2) is, in fact, not significantly different from binomial erpecta-
tion. For ease of reference the symbol oo2 has been used to indicate the
expected size of the counting variance for a count length of 930 points
per slab. Since the count length throughout most of the analysis was

500 points per slab, the counting variance is approximately twice as
large as o62, and has been written as 2o02,

(2) S,t is an estimator of. o62f mfa12. Now, m:1, afid the counting
component of variance: 2oe2, therefore:

d r ' ) S u 2 - 2 o s 2 : (01)

how much larger depends on the difference between the true size oI
os2 and the value from binomial expectation.

(3) Sr'?is an estimator of oo2fnmlorzfn+o22, and is thus equal to
Su2f nloz2, where ra:2. Therefore:

dr' : Sr, ' - S^2/2 (10)

Why &22 should be regarded as a very rough estimate of maximum size
has been discussed.
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The abundance of the ore minerals has not been taken further than

the first step of the statistical treatment (estimation of o62), mainly

because the abundance is very unlikely to have a normal, or even sym-

metrical frequency distribution (e.g., Agterberg, 1961). The effect of

truncation of the distribution at 0 percent is not negligible, unlike those

of the major minerals. For the major minerals, the actual percentage

points of the l-distribution are not exactly those for a:0.05, but the

discrepancy is probably very small. For the minor minerals, a lognormal'

or rather an asymmetric beta distribution (Cramer, 1946) is a better

approximation than the normal one. However, from an inspection of

Table 1, it is clear that many more than 500 points per slab should be

counted to give an estimate of the abundance of the ore minerals of a

relative precision similar to that of the major minerals. This has not

been done in the present analyses, and it seemed futile to take the very

poor estimates of the ore minerals through a series of complicated cal-

culations. It is noted here that the ore minerals form the only mineral

component for which an increase in count length alone would materially

improve the estimate of abundance.
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