DISCRIMINATION OF SEDIMENTARY ENVIRONMENTS BASED ON
PARTICLE SIZE STATISTICS
by . C;“
>k

DAH CHENG WU vras
B. S., National Taiwan University, 1962

., University of Oklahoma, 1966
., University of Oklahoma, 1969

g W

Ph.

A MASTER'S TiPORT
submitted in partial fulfillment of the

requirements for the degree
MASTER OF SCIENCE

Department of Statistics

KANSAS STATE UNIVERSITY
Manhattan, Kansas

L8713

Approved by

B L4
Major Professor



LD

2ol ¥
1973 '
TABLE OF CONTENTS
WY
-2
One -
1, INTRODUCTION. .. escvsatrseassnorassasssacsssnnns o - 0w
1.1 ©Purpose and Scope of Investigation........ aee
1.2 Definition of Individual Particle and
Working Units..veveeenesecrransnnnsonsnosss
1.3 Principles of Particle Size Cla551f1cat10n
2. PARTICLE SIZE DISTRIBUTIONS....... VAR E S AR e s Vi
2.1 Normal Distribution for Describing
Bartlcle S1ze. .. v amemem oo o sraemmnsie o P .
2.2 Lognormal Distribution of Particle Size......
2.3 Krumbein's Phi (@) Normal Distribution.......
2.4 Rosin and Rammler Distribution of
Partdicle B128. o s swampw o 15 wrmwse s s 4 mven €8
2.5 Discussion of Particle Size Distribution
Oof Sediments..voeecresccsnanroonsssaaanes S

3. STATISTICAL ANALYSIS OF PARTICLE SIZE OF
SEDIMENTS . s eresnnsanronsiatvansens et ees e

3.1 Computation of Sample Momints of Size

AHALVELE DHEE e e 153 8501 85 § 5 R d ¥ » 2 sl
3.2 Distribution of a Percentile.....civiivennnnn
3.3 Approximate Graphic Analogues to

Moment Measures Based on Percentile........

4. PARTICLE SIZE STATISTICS AND SEDIMENTARY
ENVIRONMENTS ¢ .. .\ o Wi ¥ e % 8 feseen K e GRS N S % e

4.1 Application of Particle Size Statistics to
Differentiate Sedimentary Environments.....

4.2 Applicability of Grain Size Statistics in
Determining Environments of Ancient
SediIMENtE .. v s b nrdine C 0 s RTRad S d o miamyensao

5. LINEAR DISCRIMINANT FUNCTION AND ITS APPLICATION

TO DIFFERENTIATING SEDIMGNTARY ENVIRONMENTS.......
5.1 Introduction......cieiinsnssionmeonasnoannones
5.2 The Technique of Discrimination.......ce.uu...
5.3 Test of Equality of Covariance Matrices......
5. Test of Eguality of Means . cews vees s vnowms R 2

5.5 Test for Discriminatory Power....c.ievveean..

10

13

13
14

15

23

23

29

31

31
e
35
36
39

ii



5.6 7Probability of Misclassification.......vv.un.

5.7 Differentiation of Sedimentary Environments
by Linear Discriminant Analysis of
Particls BiZ@vewvss s vy ss o R 4§

CONCLUSTONS.....

------------------------------------

------------------------------------

PAGE

41
45
47

51

iii



LIST OF TABLES
TABLE

1. Descriptive Measure of Sediment-Size
Distribution According to Several Authors

(after Blatt, et al,, 1972)............ Creeeeaes
2. Efficiencies of Graphic Measures......eeoteeeeunss

3. Mechanical Size Analysis of Data on River Sand
and Dune Sand Collected at Hunters Island and

Vicinity (in weight percent)....... § SR § Y § 5 5

PAGE

19

21

42

iv



LIST OF ILLUSTRATIONS

FIGURE

1. Range in Phi Units for Various Percentiles
from the Cumulative Curves of Repeated
Analyses of Each of Several Samples

(after Inman, 1952).......000nn Ve e m e e

2. Plot of Skewness and Standard DeﬁiatiOn,
Using Phi (#}) Scale, for Beach and River

Sands (after Friedman, 1961)..... DN

3. Example Showing Four Truncated Lognormal
Populations in a Grain Size Distribution

from Lower Swash Zone (after Visher, 1969)....

4. C=M Pattern of Sediments Deposited in
Different Environments (after Passega,

1957 LB6% Fumuaas o v o wosmmeod 1 6 8 5 WA B § 8§ SRR 6§

PAGE

17

24

26

26



1. INTRODUCTION

1.1 Purpose and Scope of Investigation

Particle size distribution is a very significant textural
property of clastic sediments because it may shed light on the
genesis of sediments.

Though it is widely known that the particle size distribution
of a substance obtained from mechanical disintegration follows either
the lognormal law or the Rosin's law, sedimentary processes, trans=
porting modes, and multiple sources cause the particle size of sedi-
ments to deviate from any known probability distribution.

This report essentially summarizes several published
articles dealing with the use of particle size statistics for dis-
crimination among sedimentary environments. Theoretical consideration
of particle size distributions is followed by the discussion of pro=
blems concerning their application to sediments. A comparison of the
graphic and moment methods for the estimation of the population moments
of the particle size distribution is also presented. The description
of particle size statistiecs in discriminating sedimentary environments
is emphasized. Finally, the multivariate method of linear discriminant
analysis is introduced and used to differentiate sedimentary environments
for a set of real observed data. A discussion on tests of hypotheses
of means and covariance matrices between two multivariate normal popula=-

tions is also included. Discriminatory power and probability of



misclassification are briefly described as well.

1.2 Definition of Individual Particle and Working Units

The American Society for Testing Materials (ASTM), defines
"individual particle' as " a minute unit of matter whose size and shape
depends on the forces of cohesion'". Tt is normally only a single
crystal or a particle of regular shape with a specific gravity approximating
that of a single crystal. '"Working units" and "ultimate particles"
are terms for the actual discrete units which may be individual par-
ticles or.aggregates; they do not change their state of dispersion
with time nor by the addition of peptizing agents throughout the

determination procedure.

1.3 Principles of Particle Size Classification

The principles for the classification of particle sizes

and the corresponding methods (Herdan, 1953, p. 35) are:

.Principles : Methods
Geometrical Similarity Sieving, Microscopic Examination
Similarity in Hydrodynamic Sedimentation, Elutriation

Behavior
Similarity in Optical Density Light Extinction
Similarity in Surface Properties Permeability, Adsorption Methods

of Particle Aggregates

According to the principle of geometrical similarity, particles

whose two dimensional images or whose three dimensional forms have



the same nominal diameter or nominal sectional diameter, respectively,
are said to be of one size. Nominal diameter is the diameter of a
sphere of the same volume as the particle. Nominal sectional diameter
is the diameter of a circle of the same area as the projected image
of the particle on its largest face. According to the principle of
similarity in hydrodynamical behavior, particle size is calculated
from Stokes' law; and particles with the same settling velocity in
a fluid medium are considered to be of one size. These two principles
and the corresponding methods of measurement are used by geologists

to determine the particle size of sediments and sedimentary rocks.



2. PARTICLE SIZE DISTRIBUTIONS

2.1 Normal Distribution for Describing Particle Size

The probability law most popular in nature is the Gaussian
(normal) law. One might be inclined to think that nature, though
obeying very nicely the Gaussian law in the region of the very large
objects and Maxwell's law in that of the small, has not learned its
lesson too well in the intermediate region. Particle sizes of
materials rarely show a normal distribution. As stated by Herdan (1953),
normal distributions of particle size are found chiefly among the
particulate substances produced by chemical processes such as conden-
sation and precipitation.

The normal distribution of particle size is given by

2
£(x) =(oNTm) " exp (-~

X
2g
where f(x) is the probability density, x the diameter of a particle,

M the true arithmetic mean of particle diameter, and ¢ the true

standard deviation of particle diameter.

2.2 Lognormal Distribution of Particle Size

Ifrthe logarithm of x 1s normally distributed, the
distribution of x is gaid to be lognormal. The lognormal distribution
is a more realistic representation of particle size of a substance
than the normal distribution because large variations in particle

size of substance are not uncommon. The logarithmic transformation



of observations of particle diameter would increase the accuracy and
scope of estimating results.

According to the discussion of Kottler (1950a), the lognormal
law can be derived from Galton's (1879) law of growth, dx/dt = kx,
where dx/dt is the rate of gfowth of crystal size in diameter, t is
time and k is the velocity constant. Because the scale of time has
an arbitrary zero, we may assign t = - @ to the initial stage of
crystallizationandt = + @ to the end of the crystallization process.

Integration of the above differential equation yields
t = 1/k logx ~1/k C, where C is the integration

constant. If we assume t is a unit normal variable, i.e. logx ™~
N(C,kz), the probability density of the lognormal distribution of

X is
' _ -1 2, 2
£(x) = (xA2n k) exp (=1/2(logx -C)°/k°) x>0

If the law of growth is replaced by the law of décay, dx/dt = -kx,
the lognormal distribution of size of particles byrbreakage from
large fragments of substance can be derived in the same way. The
law of decay can be deduced by assuming the relative rate of change
dx/x is independent of x, if the time interval dt is kept constant.
In other words, one assumgzjghe relative rate of decay in breakage
is independent of the absolute quantity of material present.
Another advantage of the lognormal distribution over the

normal distribution in describing particle size distribution is as

follows:



It is often possible to measure size in terms of either diameter or
volume of small objects of the same shape. If the distribution of
the diameter is normal, then the distribution of volume will neces=-
sarily be asymmetrical. The normal law cannot be true in both
cases. However, if the logarithms of the diameter are distributed
normally with standard deviation, ), the logarithms of the volume
will be distributed normally with standard deviation 3).

Pulverized quartz, granite, calcite, limestone, soda, ash,

sodium bicarbonate, alumina, and clay have size distributions which

can be fitted satisfactorily by the lognormal law (Herdan, 1953).

2.3 Krumbein's Phi (@) Normal Distribution

The disparity between the extreme sizes is enormous in
sediments; hence, particle sizes of sediments have to be measured
on some type of geometric or logarithmic scale. Udden (1898) intro-
duced a geometric scale based on a center of 1 mm and multiplier or
divisor of 2. The names proposed by Udden to describe the size
grades were modified by Wentworth (1922) to form the commonly used
Udden-Wentworth grade scale.

In constructing histograms, we usually use equal width
intervals in defining the classes. The wide range of size among
sediments makes it generally impossible to use equal intervals
without introducing an indefinitely large number of very small
classes. As pointed out by Krumbein (1936), in most mechanical size
analyses the data are assembled in classes according to the Udden~-

Wentworth grade scale., Thus, the class 1/2 - 1/4 mm is followed



on the right by the class 1/4 = 1/8 mm, an interval half its size.

I1f the grade scale is plotted on ordinary arithmetic graph paper,

the grades rapidly decrease in width as the scale is followed to the
right due to the convention of plotting the coarser grades at the ieft.
Similarly, a histogram or frequency curve plotted on such a scale

will be quite asymmetrical, with much of the material assembled at

one end or the other. However, when the logarithms of the diameters
are used, the intervals become equal and the resulting frequency

curve increases much in symmetry.

If logarithms to either base 10 or e are used, the class
limits are non-integral. Thus, Krumbein (1936) suggested that logs
to the base 2 be used. Then log, 2 = +1, log, 1 = 0, log2 1/2 = =1
etc. As a result of this procedure, negative values apply to diameters
smaller than 1 mm. There probably are more fine-grained sediments
(sands, silts, clays) than there are gravels in nature so that most
analyses will lie in the range below 1 mm. This suggests that
negative logs be used to avoid negative numbers in this important
range and also to convert the grade scale to one which increases to
the right as most ordinary scales do. The symbol ¢ (phi) is called
the Wentworth Exponent by Krumbein (1936) and defined to be «logg‘ﬁ?,
wher%ﬁr is the numerical value of the grain diameter in mm. Accordingly,
if --log2 X is normally distributed, the random wvariable X is said-to
be phi normally distributed. As a matter of fact, phi normal distribution

is equivalent to the lognormal distribution because



1ogeX = logEX/logge = -1/1ogae(-log2X) = K(-logEX);
where K is a constant.

2.4 Rosin and Rammler Distribution of Particle Size

A distribution function was proposed and applied to broken
coal by Rosin and Rammler (1933). Rosin's distribution was later
proposed to be applicable not only to coal but to cement, gypsum,
magnesite, clay, dye-stuff, quartz, flint, glass, and ores. The

mathematical expression of the law is as follows:
R = 100 exp (-bx") 0 K < @evrnnenennn (1)

where R is the cumulative percentage of particle sizes

larger than x (mean projected diameter), and b and n are distribution
constants. Bennett (1936) defined b = (l/i)n to make the exponent

a dimensionless number, where X is the absolute size constant which

is the size for which the residue is 100 exp - ( % ) = 36.78.

Thus, Rosin's equation becomes
—. N
R = 100 exp =~(x/X) +uevu.. . TRy T (2)

Based upon the assumption that rock material is isotropic and that
the probability of fracture of any grain in any particular place or
direction is equal to the probability of fracture elsewhere, the
Rosin's equation was derived theoretically by Bennett (1936). He
also provided abundant experimental evidence to verify the wvalidity

of Rosin's law as applied to run-~of-mine coal and the products of



subsequent washing and handling, etc. He cﬁncluded that Rosin's
law safely can be applied to sizes from one five-hundredth of an inch
up to three inches.

Dividing both sides of equation (2) by 100 and inverting,

one obtains
100/R = exp (x/;)n.......................... (3)

If thg logarithm of both sides of equation (3) be taken twice, one obtains
loglog 100/R = N(LOEK=TOEK) ¢t vvarrrnaneennnns )

log x and n are constant for any particular distribution, so eaquation

(4) may be written
Toglog 100/R = € F . FOEEwwwn v+ 3 vt 5 0 5 warses (5)

where C is a constant.
It is possible to comstruct graph paper.graduated logarith-
mically in accordance with the lingar form of Rosin's equaﬁion (3
but calibrated with values of x (grain size) on the abscissa and
values of R on the ordinate. Then data obtained from a population
of particles whose sizes are distributed according to Rosin's law
will lie on a straight line when plotted on the special graph paper.
This graph paper was used by Kittleman (1964) to demonstrate hypothetical;
artificial, and natural size frequency distributions. It forms the

basis of a statistical test for goodness of fit to Rosin's distribution.



10

2.5 Discussion of Particle Size Distribution of Sediments

The sample statistics: mean, standard deviation, skewness
and kurtosis are extensively used by geologists to describe and compare
particle size distributions. As pointed out by Krumbein (1938),
symmetrical phi size frequency curves are not uncommon among certain
‘types of sediments, but curves having values of kurtosis close to .

3.0 are comparatively rare among samples of sediments.

Folk and Ward (1957) stated "Non-normal kurtosis and skewness
values are held to be the identifying characteristics of bimodal sediments
even where such modes are not evident in the frequency curves." They
are saying that non-normal skewness and kurtosis values are probably
indications of two populations of grain sizes each of which is
lognormally distributed.

After having examined some 260 grain size analyses from the
Mississippi ﬁelta, Spencer (1963) found that all sediments in the
Mississippi Delta may be adequately described by two lognormal grain
size populéﬁions either mixed together in different proportions or
kept separate. The two popu;ations are sand and clay. Thus, Spencer
(1963), hypothesized that all clastic sediments are essentially mix-
tures of three or less fundamental populations of lognormal grain size
distributions. These three populations are "gravel”, "sand", and
"clay". Accordingly, deviation from lognormality (phi normality) may
be well-explained as a result of mixing two or more size populations,
according to those authors.

Roger and Schubert (1963), on the other hand, proposed that

populations of different sized material have different types of size
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distribution because they are produced by different abrasional and

fracturing mechanisms. References to experimental evidences and

natural sediments were cited by them to support the following
statements:

“"Pebble- or gravel-sized material formed by
single=-stage crushing without extensive transport
should theoretically obey Rosin's size distribution.
Pebble~ and sand-sized material that have undergone
extensive repeated abrasion should follow a log-
normal size distribution. The fine-grained silt and
clay that are produced by chipping from large grains
are presumed to have a normal size distribution."

Middleton (1962) comments on size distribution and moment
measures of geologic samples as follows:

"In attempting to define a natural probability
distribution, one may proceed in one of two ways:
inductively or deductively. The inductive approach
is to msasure either the entire distribution or a
sufficiently large part of it, and then to fit a
curve either by method of least squares or some
other method. The deductive way, is to deduce the
distribution law by making certain initial assump-=-
tions about the mechanism which controls the
natural processes."

As discussed in the proceeding chapter, Kottler (1950a and 1950b)
deduced the lognormal distribution of particle sizes in photographic
emulsions and Bennett (1936) deduced Rosin's distribution of broken
coal.

A hypothesis based on deduction from principles should not
be readily discarded simply because of a few exceptions. However,
the hypothesis of a lognormal distribution of particle size of sediments
based purely on convenience and general experience may be rejected

if departure of observations from theory can be demonstrated.

With regard to the method of moments, Middleton (1962)
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pointed out two drawbacks. First, it is possible to obtain different
probability functions which have the same moments (even 1f one considers
more than the first four moments). Second, for many distributions
(e.g. highly skewed distributions), the sample moments are relatively
inefficient estimators of the population moments.

In general, spot samples, such as used in Friedman's (1962)
study, are collected for the size analysis of sediments. ﬁowever,
a spot sample is far from a random sample. Thus, no valid inference
can be drawn from the size distribution of the spot sample about the

size distribution of the whole population.



1.3

3. STATISTICAL ANALYSTS OF PARTICLE SIZE OF SEDIMENTS

3.1 Computation of Sample Moments of Size Analysis Data

In mathematical statistics, we may describe the properties

of a set of data under study in terms of population moments. The

w

kth moment of a distribution is defined as n, = xk f(x) dx,

-

where f(x) is the density function of a continuous variate.

In practice, the density function f(x) is usually unknown.
Thus, it is customary to take a sample of size N and classify the data
by dividing sample space of x into equal class intervals in a manner
similar to that used in constructing a histogram. The sample moment
measures are then obtained by summing the individual moments for each
class interval. A measure obtained in this manner is referred to
as the sample moment and is defined as
= 1/N

[t =

i=1

where X, is the value of the midpoint of the ith class interval, fi
is the class frequency, and h is the number of classes. If both N

and h are very large, the sample moments approach the value of the

corresponding theoretical moments. Sample moments about the mean

are defined as
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where M = nl is the arithmetic mean.

3.2 Distribution of a Percentile

ansider a sample of size N drawn from a one=dimensional
continuous distributioﬁ with the cumulative distribution function
F(x) and the frequency function £(x). Let kp denote the percentile
of order p of the distribution; that is, F(Kp) = p, where 0 <p < 1.

We also assume that in some neighborhood of x = kp’ the frequency
function is continuous and has a continuous derivative f'(x).

Let @ = ¢p, a random variable, denote the corresponding
sample percentile and u = [Np] represents the largest integer smaller
than Np if Np is not an integer. We define the probaBility that Qp
will lie in the infinitesmal region between x and x+dx to be g(x)dx,
which is identical with the probability that, among the N sample wvalues,
u = [Np] are < x and N-u-l are > x+dx, while the‘remaining value falls
between x and x+dx. This is the sample distribution of a percentile

which Cramér (1946, p. 368) expresses as follows:
N N~u-1
g(x)dx = () (N-u) (FC)) (L=F(x)) " £(x)dx,

where g(x) is the density of the random variable of order statistic
(N). The distribution of @ = ¢ , the sample percentile, is
‘g utl P
asymptotically normally distributed with Kp and variance (p(l-p)/N(f(kp))ej
(see Cramér , 1946, p. 368-369). For a phi normal distribution with
the parameters Mﬁ and O the median is M@ and we have f(Mﬁ) =

2,1/2

1/(2ﬂ0¢) Thus, the median 91/2(¢50) of a sample of N from the
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distribution is asymptotically normal (Mﬁ,dgﬁ/BN).

3.3 Approximate Graphic Analogues to Moment Measures Based on
Percentile

Statistical parameters such as standard deviation, skewness
etc. obtained from moments may be the most relevant numerical descrip=-
tions of size frequency distributions because they are based on stan-~
dard statistical relations and take into considgration the entire
sediment distribution. The dependence of moment measures on the
entire distribution is a limitation to their practical application
to particle size analysis of sediments since mechanical analyses of
sediments frequently result in open-ended curves, andrdo not give the
coarse and fine limits of the distribution; In fact, the very fine-
grained fractions of some sediments are technically unmeasurable by
conventional sedimentation methods. Another disadvantage of the
moment measurés is the complex and time=-consuming procedure required
to compute them. However, this ié now a less serious drawback con-
sidering the availability of high-speed computers.

Graphic moment measures were first introduced by Trask (1932).
He defined the sorting coefficient and the skewness coefficient as

1/2

" - 2
S, = Q/Q)7"%, (@3 >Q;) and 5, =Q, Q,/Md

» respectively, where

Qi and Q3 are the diameters in millimeters corresponding to the 25th
and 75th percentiles respectively of a cumulative percent curve and Md
is the median diameter. The Trask's quartile's measures and their
equivalent in phi notation are easy to compute and hence have received

rather wide usage. However, quartile measures are limited in wvalue



16

because they are based on the central 50 percent of the sediment
distribution and have no particular significance in the geometry of
a normal curve.

The 16th and 84th percentiles of a normal cumulative
frequency curve of particle éize represent diameters one standard
deviation either side of the mean and the 2 1/2th and 97 1/2th per-
centiles represent diameters two standard deviations éither side of
the mean. As many sediment distributions approximate a phi normal
distribution or one of the family of curves derived from it, the
use of percentiles based upon standard deviations seems more mean=
ingful for the description of size frequency distribution than those
based on quartiles used by Trask (1932).

As discussed in the last section, the sample percentile is
asyﬁptotically normaliy distributed with mean kp,and variance

p(l—p)/N(f(xp))g. Exrors of sampling are minimum at the median (50
percentile) and increase symmetrically away from the medium toward the
higher and lower percentile for this normal distribution because
f(kp) is maximum at kp =K1/2' This theoretical result was confirmed
by plotting the range in phi units for various percentiles from the
cumulative curves of repeated analyses of each of several sediments
(Figure 1).

Inspection of Figure 1 indicates that percentiles one stan-
dard deviation either side of the median (616 and ¢84) can be determined
with almost the same accuracy as the median, and that there is appreciably
greater inaccuracy in percentile measurements two standard deviations
and @

either side of the median (9, However, the errors

2 1/2 97 1/2)'
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in measuring the 5th and 95th percentiles are appreciably less than
those for the 2 1/2th and 97 1/2th percentiles. In general, it
would be extremely difficult to obtain the 97 1/2 percent diameter
in analysis of fine-grained sediments. For these two reasons, the
5th and 95th percentile diameter, obtained from cumulative frequency
curve is used by Inman (1952) as a working approximation to two
standard deviations. The considerations discussed above led him to
select five parameters to describe the frequency distribution of
sediments (Table 1).

Because sample moments of distributions are more variable
than theoretical measures, Inman (1952) decided to compare the
approximate graphic measures with theoretical moment measures of known
distributions. 1Inman's graphic parameters(Mbs Oﬁ’ aﬁ, aeﬁ’ and ﬁb)
of the Pearson Type T and Type II, Gram=-Charlier Series and chi
square curves were computed and compared with the corresponding
theoretical moment measures. The reasons for selecting these four
distributions are related to their frequent application to sediments.
For each distribution, Imman (1952) varied the parameter of skewness
and noted the effect on the phi deviation (Ua). He observed in every
example that the ratio of the phi deviation to the standard deviation
decreases as the absolute value of skewness increases. In other words,
the degree of correlation of the graphic parameters to the corresponding
moment measures decreases as the distribution becomes more skew.
However, Inman (1952)lsaid "For a fairly wide range of distributions,
the first three moment measures can be ascertained from the graphic

parameters with about the same degree of accuracy as is obtained by
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computing rough moment measures'.

Because sample percentiles are asymptotically normally
distributed, a similar relation exists for a graphic mesasure which
is a linear combination of percentiles. By assuming that the grain
gize is lognormally distributed, McCammon (1962) calculated the
statistical efficiency of the graphic measures of mean and standard
deviation. The statistical efficiency of a graphic measure is the
ratio of the variance of the distribution of the corresponding
efficient estimate {(minimum variance unbiased estimate) and the
variance of the limiting distribution of the graphic measure. The
latter is discussed by Mosteller (1946, p. 377-408) in detail. The
efficiencies of graphic mean and sorting proposed by Inman (1952),
Folk and Ward (1957) and others are compared with those proposed by

McCammon (1962) in Table 2.
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Table 2, Efficiencies of Graphic Measures

Graphic Measures Efficiency Graphic Measures Efficiency
by McCammon by others
MEAN SIZE
(g + B5 + Ogq) /3 & By + 9g,)/2 s

(819 + P30 + 855 + 8

* P90y /5 9 @5 + 8750 /2 81
B + 85+ by + B35 + 0,
thys *+ Bgs + By * Pgs
+ By5) /10 97 (B1p + Bsy + B30 /3 88
SORTING
(Bgs + By = B = B,5)/5.4 79 (8,5 - 6,5)/1.35 37
(Br * Bgq + B + Bg; = by
-~ By = Oop = ) /9.1 87 (Bgy - B1)/2 54
(095 - (55) 133 64
(Bgy, = 1) /4 + By

1

=

w
-
)
o

.
L=
~J
pie)
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Despite the higher efficiencies, McCammon's (1962) scheme has not
been widely used by geologists. Some of the reasons could be as
follows:

(1) Comparatively more percentiles are involved in the
computation of graphic measures.
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(2) His method for computing efficiency is valid only
for phi normal distributions.

(3) The schemes of Inman (1952) and Folk and Ward (1957)
have already been widely accepted and adopted in the
geologic literature

Folk and Ward (1957) modify Inman's @ deviation measure by

including in their parameters the 5th and 95th percentiles. Their

measure is defined by the equation (see Table 1)

o = By, = By /b = By - 6)/6.6

Friedman (1962) did empirical correlation studies between three graphic
sorting measures (Trask's, Inman's, and Folk and Ward's) and the
standard deviation computed by the sample moment method. Correlation
diagrams show that both the Trask coefficient and the Inman sorting
measure approximate the standard deviation and that a high correla=
tion exists between the standard deviation and sorting measure of

Folk and Ward (1957).
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4, PARTICIE SIZE STATISTICS AND
SEDIMENTARY ENVIRONMENTS

4.1 Application of Particle Size Statistics to Differentiate
Sedimentary Environments

A distinction between beach, dune, and river sands was shown
numerically by Friedman (1961) by computing the moments. In terms
of phi units, the skewness of beach sand is generally negative and

those of dune and river sands are generally positive. A plot of

mean grain size against skewness results in an almos; complete
separation of the fields representing dune sands and beach sands.
The mineralogical composition of the sands does not affect the sign
of skewness. In addition, dune sands tend to have smaller standard
deviations than river sands. A plot of skewness and standard devia=
tion also results in a good separation of the fields representing
beach sands and river sands (Figure 2).

The upper size range of grains carried in suspension or by
saltation dgping the transportation of river sands is governed by
the competency of the transporting medium. But fine particles in
transport are not affected by such a limitation. Accordingly, the
lack of a "tail" at the coarse-grained end of the frequency distribu=-
tion curve results in positive skewness of river éands. In beach
sands, the fine~grained particles of sands are winnowed away by wave
actions and coarse-grained particles are left behind. Thus, the
distribution of beach sand appears to have a "chopped off'" tail at
the fine-grained end; that is, it resembles a truncated normal curve,

with negative skewness. Tn the Fformation of dunes, the wind leaves



