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ABSTRACT

The design and results of an experimental evaluation of the precision of linear analy-

sis are described. It is shown that no systematic error is introduced by duplicate or multi-
ple measurements of the same grain, providing the traverses are evenly spaced throughout.
The precision error, whether of a single linear analysis or of a mean based on a group of

such analyses, varies directly with the traverse interval. The mean of a large number of

linear analyses will not difier from a true Rosiwal analysis of the same group of slides.
Numerical statements of these conclusions are given for the Woodstock, Maryland,

granite as analyzed by the writer on the Hurlbut and Wentworth-Hunt micrometers. The
precision error of a single ana,lysis is small in comparison to difierences between thin sec-

tions; in this case it may be neglected. It is shown by comparison of Hurlbut- and Went-
worth-stage results that the precisinn oI the two instruments is of the same order.

INrnonuctroN

In the linear traverse method as described by Rosiwal (1) the unit of
the sample is the individual grain, and this unit has been retained by
Lincoln and Reitz (2) in their well-known investigation of the precision
of the method. The continual improvement of measuring devices and
the increasing reliance of petrographers on thin sections rather than
polished slabs has greatly ri:duced the practical importance of the single
grain. Partly from convenience and partly from necessity, the thin sec-
tion has replaced the grain as the sample unit; information concerning
grain size is not obtained in routine operation of any of the instruments
used for this work. Wentworth's original suggestion (3) that the travers-
ing interval be standarhized at 1mm. regardless of grain size has never
been criticized, and has apparently found such favor that in their recent
papers neither Larsen and Miller (4)* nor Postel and Lufkin (5) con-
sidered a theoretical discussion of traverse interval necessary. Yet since
the Wentworth procedure often requires duplicate or multiple measure-
ments of the same grain, it does not meet the standard set up by Rosiwal
and is specifically excluded from the category of methods that might be
justified by the Lincoln-Reitz analysis. Petrologists nevertheless continue
to refer to their analyses as Rosiwal analyses and, if they are pressed for
some rationalization of the procedure, many of them will cite the excel-
lent work of Lincoln and Reitz.

fn connection with the standardization of certain physical testing pro-
cedures the writer was recently called upon for an estimate of the miner-

I Published by permission of the Director, Bureau of Mines, U. S. Dept. of the Interior.
2 Petrographer, Bureau of Mines, College Park, MaryIand,
* This paper contains a full bibliography.
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alogical uniformity of prepared surfaces of the Woodstock, Maryland,
granite. The samples were in the form of AX diamond-drill core, and the
test specimens were prepared by sawing the core into appropriate lengths.
The rock was to be used as one oI several provisional standardsl multiple
tests were to be run on it, and the spread of these results was to be con-
sidered "instrumental variation." It was obvious that this procedure
would be satisfactory for tests involving the bulk composition of each
specimen; but several of the tests concern properties of only the end-
surfaces of the specimens, and it was not entirely clear that these small
surfaces would be of sufficiently uniform composition. Some estimate of
the mineralogical differences to be expected from surface to surface was
desired, and it seemed that this could best be made with thin sections,
since the areas of the test surfaces were of about the same order as those
of standard thin sections.

A linear analysis is subject to uncertainty from three principal sources;
the precision or reproducibility of each individual measurement, the
variability of thin sections, and the accuracy of the final result. Most
studies of the problem have attempted to treat the third factor by com-
parisons of mode and norm. A few have been concerned with the first
factor, but there seem to be no recorded studies of the second. By and
Iarge, the petrologist may be somewhat concerned with his individual
measurements, but his strongest interest is in the accuracy of the final
result, judged in relation to external (usually chemical) standards, and
the variability of thin sections usually has nothing but a nuisance value
for him.

The orientation of the present study is very difierent from that of
normal geological work. It is not concerned with accuracy but is primarily
interested in thin-section variability (or sample variance), and this vari-
ability can be properly interpreted only if the error of individual measure-
ments is either known or reduced sufficiently so that it may be neglected.

The immediate problem in our laboratory was to determine both the
precision with which a Wentworth (6) stage could be operated and the
sample variance of areas of a size that could be measured on that stage.
The simplest and best test of precision consists simply in remeasuring
the same slide or area a large number of times and then comparing the
results. Although there may be errors in identification and manipulation,
the principal source of uncertainty is in the traverse path, and any satis-
factory test of precision must include this factor. What is needed is a
single area in which the operator may perform successive analyses of
equal length over many difierent traverse paths. The Wentworth instru-
ment as marketed does not provide for the systematic spacing of trav-
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erses, and even with a piece of millimeter graph paper glued to the stage
the smallest distance between adjacent traverses is 0.5 mm., so that if
one is attempting to gauge the precision of analyses made with a l-mm.
traverse interval, only two analyses may be obtained from each slide.
Consequently no satisfactory direct test of precision on the Wentworth
stage was developed.

The Federal Geological Survey's Hurlbut (7) stage, made available
to the writer through the courtesy of Dr. C. S. Ross, has been equipped
by the Survey machine shop with a Spencer mechanical stage calibrated
in millimeters, with a vernier reading in tenths of a millimeter. A direct
single-slide test of precision was made on this stage.

On each of eleven thin sections analyses were then made with the
Wentworth and Hurlbut stages, the measurements in each case being
confined to a f; inch diameter circle drawn on the slide. From this infor-
mation numerical estimates of the sample variance were obtained, and
the results showed that the precision error of the Wentworth instrument,
Iike that of the Hurlbut stage, could easily be reduced to negligible size.

A great many shorter experiments confirm the conclusions based on
these major tests. Some of these are described below, but detailed ac-
counts of most have been omitted, since often they are not germane to
the main outlines of the discussion. In particular, several attempts to
determine precision directly on the Wentworth stage were made before
the indirect procedure described below was adopted. A good deal of in-
fortnation concerning the effect of orientation has been accumulated, but
this is strictly a question of accuracy rather than precision or sample
vatiance, and it is planned to treat it separately in a later paper. There
is some evidence that a slight discrepancy in means may be introduced
by illumination differences, so that the qtartz and feldspar values de-
termined on the Wentworth stage do not check as closely as might be
desired with those obtained on the Hurlbut instrument. This efiect is
very persistent but so small that its influence on mean values could not
be exactly determined without an amount of work out of all proportion
to its importance; in any case, it affects neither sample variance nor
precision.

Finally, the efiect of the traverse area on the variance has been partly
investigated. Much work remains to be done along these lines, however,
and here it need only be said that unless otherwise stated the sample
variances described below are valid only for areas of about 0.44 square
inch (actually circles f inch in diameter).

The argument in this paper is largely of the elementary sort that is
almost self-evident once its terms are defined. A few terms that may be
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unfamiliar to some readers recur throughout, and in order to facilitate
reference, definitions and symbols are presented in a separate section.

TBnus AND SYMBoLS

The terms and symbols used in this paper are those required for almost
all treatments of the precision of measurements. Some of them are com-
mon words that are given precise definitions in elementary statistics
while a few have no significance except in that subject. The latter are
defined first.

Vari.ance is the mean square of the deviations about their mean. ft is given by:

>(X -  i )2v : - ;_ r :

where i is the mean of X1, X2, Xt. ' - X" measurements.

The standard. d.eaialion is the square root of the variance;

/  ) / . \ z  -  ; \ 2a ls :4 / - ; - r - : \ / v '

The stanilortl error or standord ileaiotion oJ the mean is,

/> (X -  i ) "  s

" :  ( -n_u :u,  (3)

The properties of s as a measure of variation are well-known. For
normally distributed measurements of a given quantity, the range r*s
includes about 65 per cent of all values if s and f are close approximations
of the true population parameters, and on the same condition the range
**2s includes 95 per cent of all similar measurements.

The standard error or error of the mean is used here for determining
the number of analyses which would be required to achieve some stated
precision of the mean. fts application is described below, where this
question is discussed.

Variabilily and uariation are used to describe a condition quantitatively
expressed in terms of variance, standard deviation or standard error.
Precision (or precision error) is a measure of the reproducibility of a par-
ticular measurement or group of measurements. In the former case it is
here stated quantitatively as a standard deviation, in the latter as a
standard error. It has nothing to do, directly, with accuracy, and the
question of the accuracy of linear analysis is not touched upon in this
paper.

DrnBcr SrNcrn-Sr,roo PnecrsroN Trsr oN rrrE IIURIBUT SrAGE

On a typical thin section of Woodstock granite traverses were made
at 0.1-mm. intervals from one edse of the slide to the other. The tallies

(1 )

(2)
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on the recording dials were copied at the end of each traverse in tabular

form, and the table was differenced, yielding 173 separate traverses.

These were next copied onto numbered cards and the cards arranged to

give the following sets of analyses:

9 analyses with traversing interval of 0.9 mm.

265

1 0 t ( 4 u

1 1  4  4  4

2 O . . t ( 4

u  u  1 .0  "
u u l . l ( l
u  u 2 . 0  

"
4 0  . t  4  t t  t t  ( 4 . 0  (

For each suite of analyses the average and standard deviation were com-

puted for each of four constituents. Results are shown in Tables I and 2.

TAer-n 1 MrrrNs or Mur,rrprn AN,c'LvsBs ol rrre Seun Sr-ron
Wrrn Drlrnnrrc Tnevnnse INTnnv,s.rs n

Traverse
interval, mm.

Number of

analyses

Mean values, per cent

Quartz i r"tdrnu, Mica I roiao,"

27  .28
27  .19
27 .Ol
27 .O3
26.94

6 2 . 5 7
62.45
62.68
62.34
6 2 . 7 0

9 . 1 5
9.09
9 . 0 4
9 3 6
9 r l

| . 2 7
r . 2 7
t . 2 7
t . 2 7
1 . 2 5

0 . 9
1 . 0
1 t
2 . 0
4 . 0

0

10
1 1
20
40

TtnLn 2, SreNoeno Dnvrerrots lon Gnoups Wnosn Mnens

ete SnowN rN Teslr 1

Standard deviation of a single analysis

(per cent of whole)Traverse
interval, mm.

Number ol
analyses

0 . 9
1 . 0
1 . 1
2 . O
4 . 0

9

10
1 1
20
40

0.48
0 .53
o.43
0 .65
0.99

_ l

Quartz ]

0 . 8 0
1 . 3 4
0 . 6 7
2 . 6 3
4 .  1 0

Feldspar 
]

r .43
1 . 1 3
2 . 8 1
3 . 5 6
4 . 4 7

Mica

1 . 2 4
0 . 9 3
0 . 8 8
r . 7 8
2.06

Epidote

The first three rows in these tables, and particularly in Table 2, can

scarcely compare in reliability with the last two, being based only on

small groups. rt is impossible to repair this deficiency experimentally

with present equipment, yet the object of this part of the study was to
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compare the precision obtained at 1-mm. traversing interval with that
yielded by the 4-mm. interval, since the former was the smallest practical
interval and the latter meets the requirement of true Rosiwal analysis
for this particular rock.

It was therefore decided to treat the data for the 0.9-, 1.0- and 1.1-mm.
intervals as a single group, thus obtaining thirty analyses for the range
0.9-1.1, to compare with 20 at 2 and 40 at 4 mill imeters. In actual
practice a range as great as 0.2 mm. in the traversing interval is probably
the rule rather than the exception. The procedure used here does not
duplicate routine conditions precisely, however, because of the regularity
of interval within each analysisl it was adopted only because there seemed
no alternative. Table 3 shows the results of this recomputation, as com-
pared to the previously given values for the 2- and 4-mm. intervals.

Tasln 3. Srem.ml DnvrarroNs or rrn Couposrrr Suarr, L.rrrnv.a.r
Gnoup es Couplnro ro Rnsulrs ron

2- exo 4-uu. Ixrnnv.als

Traverse
interval, mm.

Number of
analyses

Standard deviation
(per cent of whole)

-:"-ll 'ry: Mica Epidote

0 .9 -1  . 1
2 . 0
4 . 0

30
20
40

1.08 I
2 .63
4 . 1 0  l

1 .93
3  . 5 6

0 . 9 4
1 . 7 8
2 . 0 6

0 .47
0 .65
0.99

Further discussion of these results is deferred until we are in a position
to compare them with the total variance developed by combined ana-
lytical error and sample variance. Since the total variance was estimated
from analyses made with a 1-mm. traverse interval, only the first row
of Table 3 is of interest in the discussion that follows.

Torar VanrerroN or ,q. Gnoup ol Trrrw SpcrroNs

Eleven thin-section samples were cut at l-inch intervals along a l-foot
length of AX core. The original tablet from which each thin section was
ground was a circle of about l-inch diameter, but to insure that succes-
sive analyses would be made on the same area a circle f inch in diameter
was drawn on each finished slide, and the measurements described below
were confined to the area so outlined. A linear analysis of each slide with
l-mm. traverse interval was then made on the Hurlbut and Wentworth
instruments. The results of these analyses are shown in Tables 4 and 5.
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T.q.sln 4. Hunr-sur Auar-vsns or Er-nvnN Tnru SrcrroNs, Tnevnnsr Ixrnnvar 1 rrau.

Sl ide
No.

1

a

A

q

6
7
8
9

10
1 1

Quartz,
per cent

Feldspar,
per cent per cent

9 .80
8 . 4 0
8 . 0 9
7  . 3 5
6 . 0 0
9 . 1 2
5  . 8 0
9  . 3 8
4 . 3 2
9 . 2 4

Epidote,
per cent

2 . 6 2
2 . 2 3
1 . 1 5
1 . 3 6
0 . 7 7
2 . 7 4
0 . 9 6
1 . 3 2
0.  86
2 . 2 2
1 . 4 5

2 6 . 1 4
24.82
27 .9r
27 .35
29.60
3 2 . t 9
26.42
34.17
31  .23
35 .28
3 0 . 7 1

6 t . M
6 4 . 5 5
6 2 . 8 5
63.94
63 .63
55 .95
66.82

63 .59
5s.26
60. 10

Tasls 5. Wnltrwonru Sracn Ar.l,r.r-vsn's or ElrvnN TnrN SrcrroNs,
Tuvntsr Irtrrnvrrr- 1 ulr.

Slide
No.

Quartz,
per cent

29.78
27 .32
5 Z . J  I

31 .60
3 t . 7 4
33 .81
26 .52
34.41
31 .99
36 .83
29 .08

Feldspar,
per cent

59.70
64.O2
58 .38
6 0 . 5 1
63.04
-<3 .80
67 .55
. ) / .  / 6

61 .34
5t .92
62.05

per cent
M ica, I noiaot.,

cent per cent

1
z

J

4

6
7
8
9

t0
1 1

8 . 9 0
6 . 5 2
8  . 3 6
7  . r 2
4 . 6 0

1 1 . 1 1
4 . 9 0
6 . 7 8
6 . 0 1
9 . 8 7
8 . 1 3

r . 6 2
2 . t 4
0 .89
o . 7 7
t . 2 2
1 . 2 8
1 . 0 3
1 . 0 3
0 .66
1  . 3 8
0 . 7 4

In Table 6 the statistics necessary for comparison of the results are

shown. These include for each constituent the mean (f), the variance or

mean square of the deviations (Z), the standarddeviation or square root

of the mean square (s) and the standard error or standard deviation of

the mean (s;).
The difierences between the quartz and feldspar means as determined

on the two instruments are small in relation to the standard errors of

these means, but in all the work so far done by the writer the sense of

this difierence is the same; the mean of a group of Hurlbut qtrartz values

is almost invariably a little lower than that of Wentworth quartz values

for the same slides; conversely, Hurlbut feldspar estimates are a little
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higher. Comparison of the qvartz values of Tables 4 and 5 shows that
in only three instances (Nos. 1, 3 and 4) do the paired values difier by
more than the standard deviation of either group considered separately
(see Table 6), and in no case is the difierence as great as 2s. This difference
is also not large in relation to the precision with which either machine
may be operated, but the Hurlbut quartz value is smaller than the respec-
tive Wentworth value in more than 50 of a total of 60 such pairs accumu-

Tlsrr 6. Srarrsrrcs Coupurco rnou Dlre or Tasrns 4 eNo 5

Constituent Hurlbut stage Wentworth stage

Quartz

Feldspar

Mica

29.62
1t.66
3 . 4 2
1 . 0 3

6 t . 0 2
19 .89
4 . 4 5
1 . 3 4

7 . 7 5
3 . 0 2
r . 7 4
0 . 5 2

1  . 6 1
0 . 5 0
0 . 7 r
0 . 2 1

3 1 . 3 5
9 . 4 2
3 . 0 8
0 .93

60.01
20 03

L \')

1  . 3 6

7 .48
4 . 0 6
2 0 2
0 . 6 1

t . t 6
0 .  1 9
0 . 4 4
0 .  1 3

xc
v
s
Sj

v
s
S t

I

s

v
s

lated to date. The discrepancy is apparently systematic rather than ran-
dom even though its size can not be precisely determined with the
methods described here.3

But this very small, non-random difference in the means for qttartz
and feldspar has not afiected the statistics describing the variability of
the sample. For the three principal constituents the differences between
the Hurlbut and Wentworth estimates of 7, s and so are not greater than
might be expected if both runs had been made on either of the two
machines, and either set of data may be used for the remaining calcula-
tions.

3 On the assumption that the differences shouid be evenly distributed with regard to
sign, 12 may be computed as 2(5}-j0)r/30:26.7,whereas the 0.01 point for I degree of
freedom is only 6.6. Cf. Snedecor,G,\Y., Slatisticotr Method,s (1940), p. 6 and table p. 163.
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The question of how extensive a measurement would be required to

obtain a mean of known error has been raised intermittently since

Rosiwal's original publication. For the present experiment this informa-

tion may be obtained from the s values of Table 6. The standard error

of the mean is given by

J

" J n

and if it is desired only that the probability of s; not exceeding some

given value a be 65 per cent, the proper value of a is given by

, : r:\'.
\ c , /

If one wishes a 95 per cent assurance that s; will not exceed a, then

st: 2s/l n

and

n :  4 ( s /a )2 .

In our case z is the number of thin sections of 0.44 squale inch area which

must be analyzed. Letting a=l/p of the total, the Hurlbut s values from

Table 3 yield the following results:

Constituent

Number of slides (z) required to assure s; not

in excess oI l/6 of total with

65/e probability 95le probability

Quartz
Feldspar
Mica
Epidote

To reduce the largest error, that for feldspar, to 1 per- cpnt with 65 per

cent probability would require about 8 hours' work on the Hurlbut stage

or about 24 with the wentworth instrument. It must be remembered

that the slides used in the experiment are very closely spaced, and that

the means and their errors apply strictly only to the original length of

core. Results for another length of core drilled from the same block are

very similar (see Table 8), and it may therefore be concluded that the

slides represent the cores and the cores are an adequate sample of the

block. Whether the block is a good sample of the quarry is a matter

concerning which sufficient evidence has not been obtained.

A a

79
t2
2

t 2
20

.t

1
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On the other hand, we do have evidence (see Table 8 and related text)
that the variability between thin sections can be materially reduced by
moderate enlargement of the area of traverse. Preliminary experiments
indicate that the total variance for either qtrartz or feldspar can be re-
duced by nearly half (the standard deviations reduced by about 25 per
cent) if the area traversed is increased from 0.44 to 0.78 square inch.
Analyses of 42 small and rather poor thin sections spaced at 6-inch
intervals along continuous EX core indicate that in this particular case
such an enlargement of area would compensate the increase of variance
occasioned by a five- or six-fold expansion of the distance between thin
section samples. This conclusion, of course, can not be applied a priori
to any other rock or even to any other granite, but it does suggest that
a few detailed studies made with thin-section areas of a square inch or
more might place the whole subject of linear analysis in a new light.

PnBcrsroN oF A STNGLE ANer,ysls rN RELATToN To VARTATToN
ol TuDq SEcrroNs

The V values of Table 6 are expressions of the total variation intro-
duced both by difierences between thin sections and by random errors
incurred in analyzing each section. These sources of variation are evi-
dently independent of each other, and what is required now is an estimate
of how much each contributes to the total variance.

The contribution of analytical or precision error to the Hurlbut total
variances is given by s2 where s is the appropriate 0.9- 1.1 mm. entry of
Table 3.4 The variance contributions made by differences between thin
sections are then obtained by subtracting these s2 values from the Hurl-
but 7 entries of Table 6. The first and third lines of Table 7 show the
variance before and after subtraction of the portion due to analytical
error.

Even in a study of variance-if, for instance, the relative effects of
orientation as opposed to spacing of samples were being examined-the
differences between the variances of lines 1 and 3 would scarcely be
critical. Here, however, the immediate interest is the expectable range
of composition of thin sections, and this is best discussed in terms of
standard deviation, which is a direct index of the distribution of values.

a At any rate it is not larger than this. The precision test was made when the writer
had had very little experience with the machine and a good deal of evidence suggests that
his proficiency has increased with practice. Any one planning extensive work of this sort
should test his own precision, perferably after he is thoroughly familiar with the operation
of the machine; the efiect of varying the speed of traverse will probably differ from operator
to operator and possibly also from rock to rock. The precision indicated in Tables 2 and 3
is readily attainable.
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The standard deviations before and after the extraction of analytical
error are shown in lines 4 and 5 of Table 7. The largest difference is for
feldspar. From the uncorrected feldspar standard deviation one would
conclude that 65 percent of all similar thin sections would yield feldspar
values in the range 56.6-65.5 per cent, and 95 per cent would fall between
52.1 and 69.9 per cent. Similar estimates from the corrected feldspar
standard deviation would be 57.0-65.0 and 53.0-69.0 per cent, respec-
tively. The difierences between these estimates are negligible in the pres-
ent case, and it may be concluded therefore that, if a. l-m'n . traverse

Terr,n 7. ExrnecrroN ol ANer,vrrcer, Ennon lnou Tor.lr Venrexce

27r

Bpidote

Total variance. Hurlbut
Variance due to precision error
Sample variance
Total standard deviation

Standard deviation after extrac-
tion of precision error

19.89
s . 7 2

I O . I /

4 .45

4.03

3 . 0 2
0 . 8 8
2 . 1 4
1 . 7 4

0 .50
0 . 2 2
0 .28
0 .  7 1

0 .53

I o""lf_""t1.:" _l_ r'* _l
1 1 . 6 6
| . 1 7

10.49
3 .42

s . 2 5

interval is usetl, the error incurred in analyzing a single slide is so much
smaller than the variation between thin sections that no special account
of it need be taken.

Table 6 indicates that this conclusion, which is based entirely on ex-
periments with the Hurlbut stage, may be quite safely extended to the
Wentworth instrument, for it will be remembered that the same sample
was used in both runs. The contribution of the sample to the total

variance is therefore the same, and since the total variances are very

similar for the three major constituents it follows that the precision with

which the Wentworth machine may be operated does not differ signifi-
cantly from that which may be attained with the Hurlbut instrument.s

PnecrsroN rN RrrarroN To TRAvERSE INTERvAL AND Gnarw Srzn

With the conclusion that in this case the analytical or precision error
of a 1-mm. interval analysis is small enough to be neglected, the main

outlines of the argument are complete. But considerable more generally

applicable information may be drawn from Tables 1,2 and 3.

6 There is reason to suspect that the Wentworth stage is preferable for analyses involving

very small grains of minor constituents, and the epidote figures in Table 6 are in this re-

spect typical of results obtained in a good many shortet, Iess carefully controlled experi-

ments. The only point of consequence here is that the precision error of the Wentworth stage,

is not larger than that of the Hurlbut stage, for it has already been sho'lvn that the pre-

cision error of the latter may be safely neglected for present purposes.
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On the thin section used for the precision test, no grain was measured
more than once with a 4-mm. traverse interval, while with all smaller
intervals duplicate or multiple measurements were unavoidable, and, of
course, their frequency increased as the interval was reduced. With the
l-mm. interval nearly all quartz and feldspar and a great many mica
grains were measured at least twice. Yet it is clear from Table 1 that the
mean values are not significantly afiected by variation of traverse inter-
val. As long as the traverses are evenly spaced no systematic error is
introduced by duplicate or multiple measurements of the same grains.

Tables 2 and, 3, on the other hand, clearly indicate that the precision
of a single analysis is greater the smaller the traverse interval with which
it is made. Where the composition of individual thin sections is desired,
the smallest practical traverse interval will give the most precise result.
Using the quaftz figures of Table 3 as an example, a single 1-mm. analysis
will fall, with 2/1 probability, within 1.1 per cent of the true6 compo-
sition of the slide, and the chances are l9/L that it will not be in error
by more than 2.2 per cent, while for a single 4-mm. analysis the equiva-
lent ranges are 4.1 and 8.2 per cent.

It may be noted in passing that this direct variation of precision error
and traverse interval seems independent of grain size. In the thin section
used for the precision test, epidote grains were no more than a few tenths
of a millimeter in maximum diameter, mica grains were on the order of
1 mm., and quartz and feldspar grain diameters were nearly all between
2 and 4 mm., with the latter mostly more and the former mostly less than
3 mm. Yet the sense of the variation of precision error with traverse
interval is the same throughout; it would require a much more extensive
measurement to determine whether its rate is affected by grain size,
though this seems quite probable.

These conclusions deal only with the problem of determining the
composition of a single thin section, and they are compatible with what
might have been predicted from a consideration of the "trapezoid rule"
commonly used in determining the areas of irregular figures.7 But the

6 "True" in the sense that it will be the mean of a very large number of analyses of the
silme area made at any traverse interval.

z A:w(iyo*!tty"*,'. y*rli!), cf., for instance, Marks, L., Mechonical Engi'-
neers Hanilbook, 4th Ed., McGraw Hill Co., p. 2029 (19af ). The accuracy of the result varies
directly with z and inversely with zo. In our case zo is the traverse interval, I is the traverse
length within a single grain (or in all grains of a single mineral), and z is the number of
traverses in a grain (or in all grains of a single mineral). In linear analysis one determines
only the ratios of areas to each other, thus:

!:y:@:tt_v"t! v*+ ' '2to_.!2Q.
Az wa(iyr,ol yt,* y.,1'  '  '  ' ! t , ,- ,- t  iy,, ,)
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object of linear analysis is nearly always the determination of the compo-

sition of some large and usually unknown volume of rock, and it is in this

connection that both Rosiwal and Lincoln and Reitz specifically require

that no grain be measured more than once. In Table 8 are shown results

for the analysis on the Hurlbut stage of a second suite of 11 sections,

prepared from the same block and in the same fashion previously de-

scribed. In these analyses the entire area of the slide (approximately

1 square inch) was traversed for each analysis, and the error of the mean

for each constituent is smaller than for the analyses shown in Tables 4,

5 and 6.

TA.sln 8. Couposrrrox ol Sncouo Surre or Er,nvnw TnrN Snc'rroNs

euartz ln"tarnu. l  
ui.u 

lnpiaor.
62 .O
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6 l . r
r . 7

6 1  . 2

From comparison of Tables 6 and 8 it is evident that the conclusions

drawn from the single-slide precision test may be safely applied in com-

bining the results for many thin sections providing the orientation and

areas of the thin sections are uniform. The error of the mean is much less

for the 1- than for the 4-mm. values, while for the Rosiwal summation

it is unknown.
Suuuanv

Where the composition difierences between thin sections are of the

order of a few per cent and the constituents being measured are present

in excess of five per cent, the estimate of thin-section variability is not

significantly afiected by the random errors incurred in analysis of the

thin sections, providing the traversing interval is 1 mm. or less.

To obtain mean values for the Woodstock granite whose standard

errors would in each case be less than 1 per cent of the total with 2/I

probability would require 1-mm. traverse-interval analysis of 20 thin

ff the traverse interval is held constant, as in the Wentworth procedure, 1ea: t and the

areas will be related to each other as the ratio of the total traverse distances' From this all

the conclusions so far stated in this section may be seen to follow.
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Mean of 1-mm. traverse-interval analyses

Standard error of mean

Mean of 4-mm. traverse-interval analyses

Standard error of mean

4-mm. analyses summed as a single Rosi-

wal analysis

29.4
0 . 8

2 9 . 8
1 . 7

29.8

7 . 2
0 . 5

7 . 8
1 . 1

1 . 4
0 . 1

1 . 3
0 . 2
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sections of 0.44 in.2 area for feldspar, 12 for quartz, 3 for mica, and 1 for
epidote. rf thin-section areas are as much as 0.7J in.2 similar precision
would be obtained with only 11 slides for feldspar and fewer for other
constituents.

The precision error of a single analysis varies directly with the traverse
interval, and its variation is independent of griain size as long as magnifi-
cation is sufficient to permit ready identification of all grains. The pre-
cision of the wentworth machine is essentially the same as that of the
Hurlbut stage, except that in the writer's case the former gives some-
what better results for minor constituents present in small grains.

The mean of a group of 1-mm. Iinear analyses does not difier signifi-
cantly from a true Rosiwal analysis of the same group of slides, or from
the average of linear analyses of these slides made with a traverse interval
large enough to eliminate duplicate measurements. But the precision of
the l-mm. mean is superior to that of the mean based on larger traverse
interval. For the analyses reported in Table 8, for instance, the number
of slides required to achieve a mean of some known precision with
traverse interval of 4 mm. is between three and five times as great as
would be required if a l-mm. traverse interval were used.

The procedure suggested by Wentworth, in which traverses are regu-
larly spaced regardless of grain size, is thus superior to the regulai
Rosiwal procedure, in which the maximum grain diameter sets an arbi-
trary lower limit to the spacing of traverses. rn fact, precision readily
obtained with the wentworth procedure is of such an order as to suggest
that valuable results might accrue from carefully planned variance stud-
ies of any rock suitable for linear analysis, even if no close correlation
with volume, specific gravity or chemical composition were attempted.
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