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. ABSTRACT
© Extensive textural study.of both modern and ancient sands has provided the basis for a

pretation of sand texture. Analysis is based on recognizing sub-popuiations within individual i6g-normal
grain size distributions. Each log-normal sub-population may'be related to a different ‘mode of <sediment
transport and deposition, thus providing a ‘measure of their importance in the genesis of a sand unit. The
three modes of transport reflected are: (1) suspension; (2) saltation; and (3) surface creep or rolling.
.Each ofthese is developed as a separate sub-population within a grain size distribution. The number, amount,

size-range, mixing, and sorting of these populations vary systematically in relation to-provenance, sedi-}:
mentary process, and’.sedimentary -dynamics.. The analysis of these :
the process-response characteristics of individuval sand units. . . ) 1

A number of processes are uniquely reflected in log-probability. curves of grain size distributions of
- .sands and sandstones. These include: (1) current; (2) swash and backwash;:”(3) wave; (4) tidal channel ;

parameters-is the basis for detérmining

(5) -fallout from suspension; (6)  turbidity current; and (7) aeolian dune.. The combination of two or

- more of these processes. also” produce characteristic log-probability curve shapes. . )
Ancient “sands ‘show some differences from their modern analogues, but these are usually ‘minor.. Log- °

probability plots of ancient sands are directly comparable to- those’ from modern sands. The principal limita-
tion of this study is in comparing sands formed under comparable conditions and obtaining an independent
determination of the processes of formiation of ancient sands. )

INTRODUCTION
Statement of Problem

For many years sedimentary petrographers.

have attempted to use grain size to-determine
sedimentary .environments. A survey of the ex-
tensive. literature on- this subject illustrates the

__steady progress that has been made toward this

goal. Many excellent contributions have been
made during the past twenty to thirty years,
‘each providing new approaches and insights

into the nature and significance of grain size

distributions, Only within the past few years,

_however, have workers attempted to relate grain -

‘size distributions to-the depositional processes
responsible for their: formation. This approach
appears to be patticularly fruitful, and it pro-

vides the basis for the next step towards a truly-
genetic - classification. of sedimeéntary textures.’

One of the major problems in the analysis of
Cgrain size distributions is that the same ‘sedi-
_mentary processes occur within a number of en-

vironments and the consequent textural re-

sponsé is similar. Now that there are many. -

physical criteria available ~to identify specific
depositional environments, the textural studies
“do not need to stand alone, but can provide a
separate line of evidence to aid in interpreting
clastic deposits of unknown origin.

In summary, the problem lays in the relation-
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of sedimentary processes to textural responses. °

If these can be related to specific depositional

environments, then .a - powerful tool will be

available for interpreting the genesis of ancient
clastic deposits. ) . -

Prévious Work .

The development of a genetic -approach to
clastic textures has been a long and difficult one.
Many workers have provided ‘information and
furthered the development towards this goal;
consequently, it is-nearly impossible to trace the
origin of many of-the ideas. Specific concepts
such as the log-normality of grain size distribu-
tion are very old, with extensive treatmert of

_this concept by Krumbein (1937, 1938). Specu-

lation concerning the reasons for this were dis-

cussed by Krumbein '(1938), but no satisfactory

explanations were given. From that time to the

. 3 N
. present various  approaches ' to “granulometric

analysis have been proposed. Thase significant
to the understanding of processes are summa-
rized, so ‘that the development of the essential

ideas relating sedimentary protesses to textural

responses can be traced:

Developments During 1940's .
Work by Pettijohn- (1949) 'indicated -that a

- number of modes existed in grain size-distribu-

tions, and ‘that deficiencies occarred in the
coarse sand—fine granule size and in the coarse
silt size. These modes and deficiencies were. at-

genetic inter-

>

- nent -distributions or

tributed to provenance and to the hydraulics of
stream transport, but little environmental 'sig-

nificance was placed on the observations. No .

general hypothesis “was developed to explain

why the same modes should appear both in fiu-

vial and maripe sediments. ; ‘
One of the:most significant of the early pa-

pers on texture was by -Doeglas (1946): He~

concluded that grain size distribiitions follow an
arithmetic probability law. Two major contribu-
tions by Doeglas were that (1) grain size dis-
tributions are mixtures of two or more compo-

populations, and that (2)
these distributions were produced by varying

........ y

transport-conditions. From his analyses he de-’

veloped an empirical classification of curve
shapes and related types of curves to specific

. sedimentary environments. There were several

problems in_this type of analysis: (1) & sedi-
mentation balance was used for textural analy-
sis which did not provide sufficiently accurate or
reproducible results; (2) cumulative distribu-

" tions were plotted on - arithmetic probability

paper, which tended- to- minimize the fine

grained tail and strongly accentuated the course-

fraction; (3) the mixing and - trufication of

component- distributions was not observed; (4)

curve shapes were not related to specific deposi-
tional processes. - o
‘Regardless of these limitations Doeglas’ con-

“tribution was not”sufficiently recognized by sedi-

mentologists, and this rather fruitful approach
to the recognition of sedimentary environments
was not widely adopted.in this country.

One of.the most significant papers relating
sedimentation. dynamies to texture was ‘pub-
lished by Inman (1949).. Hé recognized thht

there are three fundamental modes of transport,”
surface creep, saltation, and suspension (Inman, - i
. “from their textures. Sindowski, however, did

1949, p. 53), and- he utilized the existing knowl-
edge concerning fluid mechanics to analyze the
modes- of transport of -sedimentary “particles,
Much of the work in this area had been devel-
oped by Gilbert (1914), Shields (1936),-Rubey

(1938), Bagnold (1941), and Kalinske (1943)..

Many chgr workers aided in the development
of these concepts, but the above writers related

fluid mechanics directly to the problems of sedi-

ment transport.and: deposition.

Prelimimary’ eonclusions concerning sorting,
skewness, and mean size were derived by Inman
(1949). He did not, however, relate these pa-
rameters to the total grain size distributions’ or

_to'the presence of individual populations, as had
been ‘suggested earlier by Doeglas. Inman’s

work formed the basis for the emphasis during
the 1950’s and 1960’s on statistical measures of
the grain size distribution and on the continued
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mathematical study of sediment transport and
fluid mechanics. ‘ '

Developments During 1950's

Studies by Einstein (1950), Einstein and
Barbarasso (1952), and Einstein and Chien
(1953) involved the relation of sediment trans-
port to stream characteristics, These papers,
however, dealt with predicting the volume of
sediment transport rather than with deposition.
Papers. by Bagnold (1954, 1956) dealt specifi-
cally with the transport mechanics of sediments,
and these papers provided the theoretical basis
for thie interprefation of the textures of sedi-
ments. Papers by Chien (1956), Sundborg
(1956), Vanoni.and Brooks (1957), and Brooks
(1958) discussed- in detail the relations of
stream mechanics and sediment transport. This
work in fluid mechanics was not applied specifi-
cally to textures of the deposited sedimerits.

_Shapes of grain size distribution curves of sedi-

ments from both imodern and ancient environ-

" ments were described by Sindowski (1938).

He referenced the pioneer studies by Doeglas

(1946), but- deviated from that work in that he. -
used log-probability plots of the grain‘size in- _

formation. -Sindowski (1958, p. 239-240) em-
pirically classified size distribution curves ac-
cording to seven different depositional types:
(1) relict, (2) strand, (3) tidal flat, (4) shelf,
(5) tidal inlet,-(6) minor tidal channel, and
(7) fluvial. Many examples are provided in his
paper from more ‘than 5000 analyzed samples.
Sindowski’s work, “which - generally has been
overlocked in this country,-provides the first

“careful study of the relation of sediment textures

from known depositional environments to the
shapes of grain size curves. It allows the envi-
ronmental 1dentification of many types.of sands

not try to relate the shapes of the grain size
curves. to- transport and-depositional processes

that-formed them. This step could not be made

witheut. ¢close study of the fluid mechanics of
sediment transport and deposition, as was devel-
oped by Bagnold. (1956) and other workers.

The first step in the correlation of curve shapes -

with processes was published by A. John Moss

© (1962, 1963). P

Dez-'eloﬁmgnts During the 1960's

The two papers by Moss represent a major .

contribution toward an understanding of the re:
lation-of grain size distrtbutions to depositional
processes. Moss: used shape and size of grains to
distinguish  subpopulations - produced by the
three means of sediment transport described by
Inman (1949) and Bagnold (1936): (1) sur-
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-face creep, (2) saltation, and (3) suspension.
He found that these three populations could be
intermixed in the same. sample. He discussed at

_length the transportation of clastic particles and
* mechanisms of entrapment of particles at the

sedimentary interface. Moss also provided in-
sight into the roll of shape and size in sediment
lamination and mixing, and into the mechanisms

_ by which fine or coarse-grained tails are incor-

-porated into size distribution curves of sedi-
ments deposited from a traction:carpet of sal-
tating sand grains. His data illustrated the sub-
division of -three sub-populations, and showed
that the position of truncation, sorting, and
-mean size of these populations were different in
different samples. The most exactingly selected
particles are the ones transported and deposited
from the dense traction carpet of saltating
grains: Breaks or truncations occur between the
population of particles finer or coarser grained
than those found in the saltation population or
fraction. The fine particles transported in sus-
pension usually. have ‘an upper size range of

{about .07 to .1 mm, but may be coarser. This

size provides an indication of velocity of free
“current clear of the bed (Moss, 1963, p. 340).
" The coarser grained particles appear to be
transported into position at the depositional in-

terface by sliding or rolling. This necessitates

transport over a bed of low grain- roughness;

~ consequently, ‘these particles are always coarser

_ probability

than those transported by saltation. The upper
size limit of saltation depends on the nature of

the current and on the characteristics of the bed

(Moss, 1963, p. 306).

Work .on truncation points illustrated by log-
plots was presented by Fuller
(1961). He suggested that the break between

saltation and- rolling” populations .in many in-:

stances occurred near -2 phi; or the point of
junction between the Impact-and Stokes laws of
particle settling (Fuller, 1961, p. 260). Spencer
(1963, p. 190) suggested from analysis of data
presented by Krumbein and Aberdeen (1937)
that: (1) -all clastic sediments are mixtures of
three or less log-normally. distributed popula-
tions; and (2) sorting is.a measure of the mix-
ing of thes¢ populations. Tntermixture of thesé
populations ‘caused the variation:in mean and
sorting values present within the group of re-
lated samples from. Barataria Bay, Louisiana.

Different populations in log-probability plots
were shown by Visher (1965a) in a study of flu-
vial sedimentation units in Oklahoma. This
study using a factor analysis approach sug-
gested that flow regime may control the range.
of grain size of the saltation and suspension
populations and the approximate position. of
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‘truncation between the two populations.
“Klovan (1966) applied a factor analysis to the
same data studied by Spencer (1963). He found
that the degree of mixing of the two fundamen-
_tal 'populations was environmentally sensitive.
The environments separated by Klovan (1966,

p. 123) primarily reflected sedimentary process-

and included: (1) surf energy dominant; (2)
current energy dominant; and (3) gravitational
energy dominant. This illustrated the close asso-
~ciation of process to the mixing of suspension
_and saltation populations in Barataria Bay.
Other lines of textural evidence for environ-
mental identification have® been pursued during
the last ten years; the most significant are the
studies by Folk and Ward (1957), Mason and
Folk {1958), Harris (1959), and - Friedman
(1961, 1967). These authors have used the sta-
tistical measures of mean, standard deviation,

skewness, and kurtosis to separate beach, dune;-

aeolian flat, and fluvial environménts. This. ap-
proach has been moderately successful in mod-
ern -environments but less successful in inter-
preting the genesis of ancient sediments. Work
by Passega and others (1957; 1967) has led to
the development of C/M plots. By using a num-
ber of samples it is possible to distinguish sus-

pension, traction, graded suspension, and other =

sedimentary processes. Analysis of many sam-

- ples’by use of C/M plots when combined with

othe.:r~ methods -of textural analysis should add
additional insight into the genesis of individual
sand units. i ) :

RELATION OF SEDIMENT TRANSPORT TO
.  GRAIN SIZE DISTRIBUTIONS
The three modes, of sediment transport, sus-
pension, saltation, and surface creep, have been
studied in some detail from a theoretical and

mathematical viewpoint. Some data are avail-" -
-able on the grain size ranges attributable to in-

dividual modes of transport.

‘ Transport by Suspension

True suspension caused by turbulence where
there is no vertical change in grain size occurs
in the very fine grained sand range, typically
less than .1 mm (Lane, 1938). Other studies sug-
gest a size of .0375 mm (U. S. Watérways Ex-

" periment Station, 1939). The true value miist de-

pend upon the intensity of the turbulence and
possibly could be coarser than .1 mm. The prob-
lem is complicated by the interchange of sus-
pension and bedload transport in cértain grain
sizes. As shown -in figure 1, this results in a
graded suspension, with coarser suspension sed-
iments -increasing in concentration toward the

. number of writers,
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Fic. 1.—Mississippi River sediment samples, U.S.
Waterways Experiment Station. The strong size
gradation within 2 ft of the river bed is illustrated.

bed (U. S. Waterways Experiment Station,, .

1939).2

The size of a sediment particle that may be

held in suspension is dependent upon turbu-
lence; consequently, the break or.truncation

_point between suspension and bedload transport
may be highly variable and reflect physical con-.

ditions at the time of deposition. In true suspen-

sion fio variation in concentration of sediments.

exists from the surface to the depositional in-

_terface. Therefore,” some of this material is

available for deposition with coarser material at
the sediment-water interface. A graded Suspen-
sion increases in grain size ‘downward towards
‘the bed, allowing an interchange with the bed-
load. Mixing between these two populations is
common. in a sedimentary deposit. Most: sedi-

mentary laminae contain so_rne‘of the .1 mm gmd -
smaller size fraction, which is directly deposited -

from the suspension mode of transport. This
size material was easily recognized as a sep-
arate population in log-probability plots of some
Recent sediments ( Visher, 1967a, 1967b).

*The term graded suspension. has been used by 2
but with little consistency. It is
used here to indicate coarse materials (> .1 mm)
which are part of the suspension or “clay” population.
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Saltation Transport )
Very little information is available on the
grain size distribution of the moving bed layer,
or traction carpet. The maximum size that
moves in this layer is unknown; but from stud-
ies of the U. S. Waterways Experiment Station
(1939), grains from .75 to 1.0 mm have been
sampled moving within 2 ft of the bottom
(fig. 1). Grains of this size must be deposited -
by an interaction between the traction carpet
and the graded suspension. Log-probability plots
show that grains of this size are the coarse end

of .a single population, and previous studies

{ Visher, 1965a) indicate these to be 2 part of a
saltation population. :

Figure 2 shows a striking similarity between
the shapes of. the log-probability curves of both
the bedload samples from the Mississippi River
(U. S. Waterways Experiment Station, 1939)
and samples from fore-set beds of a model delta
(Jopling, 1966). Jopling (1966) shows .a-com-

. parison to a theoretical distribution from a

heavy fluid zone using Einstein’s (1950) bed-
load transport formula. The close agreement
suggests that the Recent bedload sample, the
grain size distribution from a deposited lamina,
and the theoretical distribution from a moving
grain layer are all measures of the same funda-
mental distribution. The distributions shown in
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figure 2 all contain two or three populations and
are similar to log-probability plots of fluvial de-
posits described by Visher (1965a).

There appears to be a similar size distribution
in the moving bed layer or traction carpet and
in the resulting depositional laminae. This pro-
vides ‘the opportunity to reconstruct from the
grain size distribution the physical forces pro-
ducing a lamina. More study of the conditions
responsible for the development and charactef-
istics of the traction carpet are needed,  but
frém preliminary data the concentration and ve-
locity -of. the traction carpet appears to be di-
tectly interpretable. The upper flow regime pro-
duces a different shaped log-probability - plot
than does lower flow regime conditions (Visher,
1965a). : '

Surface Creep Transport
Most grain -size distributions show a coarse-
grained population with a differéent mean and
degree of sorting than the other two popula-
tions. Certain fluvial deposits, however, do not

VISHER

e

show this population, and the saltation popula-
tion includes the coarsest material in the distri-
bution. The reason for this is unknown; but prob-
ably it is related to removal of part of the
coarsest fractions and to the strong shear at the
depositional interface in deposits formed by
continuous currents. : . )

"ANALYSIS OF GRAIN SIZE CURVES

The comparison of grain size curves and the
interpretation of separate populations is aided
by the use of log-probability plots. Figure. 3
shows three different methods of plotting a
grain size distribution: One curve shows the o
of the grain size,with frequency percent, am.
other with~the cumulative frequency. percent
and the third with the cumulative /f_requency’

percent—probability, This last type of plot, with. :
a few simple assumptions, is believed to be mean-

ingfal with regard to depositional processes.
The ﬁ;st two curves are difficult to read and in-
terpret, and change in slopg, amount of mixing,

-truncation points, and other parameters cannot -
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Fie. 3—Comparisons of grain size distribution curves. The log-probability
curve shows multiple curve segments and truncation points. :

" GRAIN SIZE DISTRIBUTIONS °

‘be easily observed or compared. The striking as-

pect of the log-probability plot is that: (1) it
normally exhibits two or three straight line seg-
ments; and (2) the “tails” of the simple “S”
shaped cumulative frequency curves appear as
straight lines, allowing for easy comparisons
and measurements. These straight line segments
have been observed in nearly 2000 grain size
distributions. The consistency of the position of
truncation points, slopes, and other characteris-
tics suggests that meaningful relationships are
reflected by log-probability plots. :
The most important aspect in analysis of tex-
tural patterns is the recognition of straight line
curve segments. In figure 3 four such segments
occur on the log-probability -curve, each defined
by at least four control points. The interpreta-
tion of this distribution is that it represents
four separate log-normal populations. Each pop-
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population to form a -single distribution. This
nieans that grain size distributions do not follow
a simple log-normal-law, but are composed of
several log-normal populations each with a differ-
ent mean and standard deviation. These sep-
arate populations are readily identifiable on the
‘log-probability plot, but are very difficult to pre- :
cisely define on the other two curves (fig. 3):
Using the -fluid mechanics concepts summa-
rized in the previous section, and the work by
Moss on thé different populations, the following
interpretation and assumptions have been devel-
oped. Figure 4 iliustrates the anaiysis of a sin-
gle sample from the foreshore of a beach. A
suspension population has been defined which
‘represents less. than 1 percent of the sample.
Note that the point where it is truncated and
joined to the next coarser distribution is close’
to 100 microns. This is precisely the point

ulation is truncated and joined with the next where fluvial hydrologists report marked
) T T T T
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F1c. 4—Relation of sediment transport dynamics to popuiations and truncation points
in a grain size distribution.
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changes in the size distribution of the wash load
or material transported dominantly- in suspen-
sion (Lane, 1938). »

‘The grain size distribution curve (fig. 4)

shows two very well sorted saltation populations

which differ only slightly as to mean-size and
sorting. The high degree of sorting of these two

- populations “suggests very . exactingly selected

grains that logically would be deposited from the
moving graim layer ot traction carpet of saltat-
ing grains. This particular sample is from "the
foreshore of.a beach where swash, and back-

“wash represent ‘two differing transport condi-

tions and presumably produce two separate.sal-
tation populations in opposite flow directions:
Such a result emphasizes that small changes in
current ‘velocity can modify a single. detrital
population. - - - v o
The truncation of the salfation populations
occurs near 2 phi, or 250 microns, This break
has been atiributed by some workers as the
junction between the Stokes and Impact Law
formulae (Fuller, 1961). This might be inter-
preted as the size where inertial forces cause

" rolling or sliding of particles rather than salta- .

tion. The coarser straight line segment repre-
sents traction load or surface creep. )
‘Inasmuch as the evidence suggests that grain
size distributions’are in reality mixtures of one
or more log-normal “populations,” an analysis
of .the number, degree of mixing, size range,
percentage, and degree of sorting of each popu-
lation should characterize a grain size distribu-
tion. If it is assumed that each' transportation
process (surface. creep, saltation, and suspen-
'sion)_is reflected in a separate log-normal popu-
lation within-a single grain size distribution, the
proportion of each population should be related
to the relative importance of the corresponding
process.in the formation of the whole distribu-
tion. In_addition, the sorting, size range, degree
6f mixing, and the points of truncation of these
populations can provide insight into provenance,
currents, waves, and rates of deposition.

An “analysis of more than 1500 samples has
shown that these parameters vary in a predict”
able and systematic manner, and that they have
-significance in terms of transport and deposition.-

CHARACTERISTIC CURVE SHAPES FROM
MODERN ‘ENVIRON MENTS
Sampling Procedures
Samples - collected from known depositional
environments were analyzed inlight of the con-
siderations outlined above. Sampled areas in-
cluded a wide range of environments, physical
conditions, and provenance areas. The .samples
were collected to provide factual information on

GLENN §.
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the association of spt.__.c sedimentary environ-

ments with certain types of grain size distribu- . -

tions. More than 500 samples -from modern ma-
rine environments- were collected to determine
whether there was a genetic association of
curve shapes with environment or depositional
processes. At each sample locality information
was obtained on the physical aspects of the
depositional environment, including tidal infor-
mation, wave conditions, provenance, and geo-
morphology of the depositional site. Special em-
phasis was placed on sampling many different

‘geographic areas,  and. presumably differing

provenances and physical conditions. in every
instance effort was made to collect samples. rep-
reséntative of conditions at the fime of the sam-
pling.. Most. samples were from the uppermost
bedding unit, and rarely did a sample -extend
more than a few centimeters below the deposi-

"tional interface. -

Beach and Shallow Marine Samiples
Samples were collected along profiles across
the strand line from the dune to several hua-
dred yards offshore at more than 30 locali-
ties - from Grand Isle, Louisiana to Cape Hat-

teras, North Carolina (fig. 5). In addition, sam-

ples were taken from beaches along the Gulf
Coast from. Browisville, Texas, to Cameron,
Louisiana. The nature of sampling is.illustrated

. in figure 6 for each sample-locality. Three to 25
samples were collected at each locality, and spe-

cific information on the - physical and geo-
morphic conditions was recorded (fig. 6.
Analysis of the size data fromr these samples
showed that there were several different funda-
mental log-probability curve. shapes. -The sam-
ples could be classified into those deposited by :

(1) beach processes; (2) aeolian processes;

(3) wave action; and (4) “breaking waves.

Each of these four shows characteristic log-.

Beach ‘
Figure 7 illustrates the characteristics of
foreshore sands from 11 different beaches, from
a wide range of physical and provenance condi-

~-tions. Each size distribution-is plotted in identi- -
“cal fashion, and .all show three or four popula-..

tions, ‘with two saltation populations. “Many
differences appear, however, and the position .of
truncation points is highly variable. At Myrtle
Beach (fig. 7A) the 2-phi break occurs at 1.0
phi, and at Pensacola Beach-(fig. 7D) no 2-phi
break is present. The break in the saltation popu-

lations ranges from about 15 percent to near 80

percent. Also slopes, or sorting, of the various
‘populations are highly variable. ’
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The similarity of each of these sands is in'the
dévelopment of two saltation populations. The
reason for this is believed to be related.to swash
-and backwash in the foreshore zone, but. other
possibilities might include mixing from separate
provenances or shape of particles ‘of different
size. These samples are refated only by their oc-
currence on the foreshore, and it is improbable
that the same break would occur in all samples:
unless it is related to.a specific process devel-

" ‘oped on the foreshore. In the hundreds of ana- -

“lyzed samples this particular curve shape is al-

ways associated with 'the. foreshore of & beach.

Dune Sands . o
Of the more than 100 dune samples analyzed

12 are shown in figure 8. The samples are from '

dune ridges adjacent to beaches. This location
influences the general:shape of size distributions
for these samples, making them a highly selec-
tive group of wind blown sand deposits. How-
ever, certain characteristics are developed ‘that
can be associated with wind processes, and these
characteristics' serve to drstmgulsh them from
samples. from other envxronments closely asso-
ciated with beaches.

Of special significance is that the two popula-
tions found in the saltation range 6f the beach
foreshiore have been resorted into one popula-

“-tion. A single saltation population -is developed

in all-of the dune samples, and in each case. it
represents tiearly 98 percent of the distribution:
The sorting -of this single popiilation, as indi-
cated by the slopes: of the curves, is excellent;
and generaily better than for beach samples.

. Also the truncation of the coarse traction-popu-

lation occurs between 1.0 and-2,0 phi in all sam-
ples. The percentage of the traction population
was found to be-very small, never more than 2
percent. The presence of a suspension popula-
tion and the truncation of the coarse population.
account for the positive skewness characteristic
of dune deposits. All these characteristics serve -
to-differentiate dune sands from all other mod-
ern sands the writér has analyzed

The importance of saltation in wind transport
of sediment has long been emphasized, and the
dominarice of this population in the samples an-
alyzed ‘suggests a genetic relationship: The gen-
eral lack of competence of wind processes to
mave a coarse population by surface creep
(Bagmnold, 1941), accounts for the smal per-

centage of material in the coarse population, Fi- ~

nally, the addition of 1 to 2 percent in the sus-
pension population above that present .in the
beach foreshore samples suggests. that unidirec- -
tional winds are like fluvial transport, and that
the suspension materials’ are incorporated into

' the sediment at the depositional interface.
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“More variability occurs in the shapes of the
log-probability curves of marine sands than in
those previously described. The 12 samiples plot-
ted- on figure 9, however, were selected from
more than 100 samples of sediments from- the
lower tidal flat to a water depth of 17 feet. The
basic similarity of all these samples is that they
are from the wave zone, and that the deposi-
tional -interface was wave rippled at: nearly
every sample locality. In each instance three
different. populations: are developed, and each-

- sample contains. a variabie amount of siit and
mud. All show a poorly sorted coarse population
which remains after the shell material is re-
moved by an acid teach.”

Characteristics of these curves include: (1) a
poorly sorted coarse.sliding or rolling popula-
tion; (2) a very well sorted saltation populatien
with a size range from approximately 2.0 to 3.5~
phi; and (3) a variable percentage of the’ sus-
pensmn population. The amount of the suspen-
sion. population appedrs to  be related to the
proximity of the depositional site to a source of
fine clastics. The samples with the largest pro-
portion of this. fraction came from either the
Sea Island area, Georgia, where 4 fumber of
rivers draining the coastal marshes and plain
enter “the sea, or from the Mississippi Delta
area. -Other samples farther from a clastic
source, - for - example Avon Beach' near Cape
Hatteras, North Carolina (fig! 9A) ‘and Gulf-

- ‘shores, Alabama (fig: 9C), have a very small

fraction of the suspension population. The rela-
tions, however, are complicated by local physi- -
cal conditions, such-as breaker height, shoreline
geometry, -and sedimentation rates.

‘Certain - charactéristics of marine sediments-
suggest a correlation to wave processes. The os-
cillation which produces wave ripples may cause -
winnowing that produces the excellent “sorting
and the narrow size range of the saltation popu-
lation. The lack of strong currents prevents the
removal of the coarse hedload populahon or its.
transport by saltation. The fine suspénsion pop-
ulation is relatéd to. the amount of the mate-
rial in suspensxon and to the amount of win-
nowing at the sediment water interface.

Marine Sands from.Zone of ~
Breaking Wawves

 The final type of grain size distribution from
the near shore zone is a product of deposition in
the surf zone. Twelve samples from this zone
are illustrated in figure 10. The samples are

~characterized by relatively high percentages of

material in the coarse sliding and rollmg popu-
lation. The percentage of this material is depen-
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dent upon the source area and wave conditions,

but ranges from several percent to 80 percent of
the grain size distribution. The saltation popula-
tion is added to this coarse material, but mixing

- occurs between the two populations. The fine

end of the saltation population is truncated, and
little suspension population is present.

These characteristics appear to-be consistent
with the processes of waves interacting Weith’
strong currents. Breaking waves keep the depo-
sitional interface agitated, and suspension mate-
rial is winnowed out and transported seaward

_by currents. The traction carpet is of an inter-

mittent nature, dependmg on the position of the
breaker and on the direction and magnitude of
the currents. These combine to allow mixing be-
tween the saltation and the sliding or rolling
populations. :

M z"ssigsippi Delta Samples

- Nature of samples—A. group of 30 samples was

taken from a series of short 2-3 ft cores col-
lected by James Coleman and Sherwood Gagli-
aro of the Coastal Studies Institute of Loui-
siana State University. These cores were taken
in the area -of the Southeast Pass of the Missis-

" sippi River for the study of sedimentary struc-

tures. The sampling and textural analysis were

" performed by the writer to determine the rela-
‘tionship of specific structures and environments
‘to.the shapes of Jog-probability curves.

Enviromments .rampled and nature of size disiri-
butions—The size distributions. for this group
of samples appear to be fundamentally different
from those described for the beach and near-

‘. shore environments, but some similarities exist:

Threé -examples from each of four environ-

‘mients are illustrated in figure 11. These in-
“clude: (1) strand-line deposits (fig. 11A); (2)

distributary mouth bar (fig. 11B); (3) natural
levee (fig. 11C); and (€] channel dep051ts (fig.
11D).

Distributary mouth bar samples are similar to
the shallow marine sands previously described,
but they contain an appreciable amount of the
suspension population (fig: 11B). These samples

are from shallow water- (less than 6 ft), but.

‘wave energy is not sufficient to remove the sus-
pension population. The amount of this frac-
tion is-likely to be related to the high load of
suspension material in transport ‘in the waters
of the Mississippi- River.

The deposits from the natural 1e\ee (fig.
11C) along the distributary are different from
those developed in other environments. The
curves show a single population, with a size
range and Sorting characteristic.of suspension
transported detritus. Natural levee deposits are
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formed by the rapid fallout of suspension mate-
rial along the flanks of the distributary. This is

a product of rapid change i current velocity

at the channel margin, and may account for the
single population. Similar distributions were
recognized by Klovan ( 1966) in the area of
rapid sediment fallout in the Barataria Bay
area, Louisiana.

Strand line deposits (fig. 11A) show the dual
saltation populations characteristic of foreshore

"beach deposits. The major difference lies in the

presence of a considerable silt and mud suspen-
sion population. This is to be expected close to
the mouth of the Mississippi River with its high
suspension ‘load, and also because of the miini-

mum wave energy developed along strand lines

associated with the delta, )

The distributary- channel deposits show two
major populations, one related to suspension
and the other fo saltation (fig. 11D). The salta-
tion population has a size range of nearly 2 phi,

and it is truncated at 3.0 phi in one sample and
near 3.75 phi in the other. The percentage of ~

the suspension population ranges from 50 to 80
percent. These two samples possibly reﬁect dif-
fermg current velocities. N

Altamaha River Estﬁarj Samples
Nature of samples—A series of 86 samples of

the bottom sediment was collected from the Al-

tamaha River Estuary. The distribution of sam-

ple stations-is shown in figure 12. At most lo--

calities current, wave, tidal, depth, salinity, and
turbidify measurements were taken at the time
of sampling. The environments sampled in-
cluded: (1) marine tidal delta; (2) shoal area
seaward of inlet; (3) wave-current zone; (4)
tidal inlet; (5) low energy tidal channel and
tidal river; and (6) major tidal channel above
the zone of the salt'wedge. In adddition to.these
environments two sample stations (nos. 10 and
55) were occupied over -a 12-hour tidal .cycle,
with sampling carried out at 2-hour intervals.
These 12-hour sample stations provided a mea-
sure> of the response to high and low velocity
conditions.. In most instances thie sample was
from the upper few centimeters of the bed: con-
sequently it represented the physical conditions
for a short period of time prior to sampling. In

_areas of strong velocity changes over short pe-

riods of time; the sample represented an aver-
age of the prior transport conditions. This is a
characteristic aspect of each environment, and
the individual samples develop characteristic
size distributions.

Characteristic size distributions—Selected size

distributions shown in figures 13 and 14 illus-
trate different shaped log-probability eurves.

v
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The offshore marine sands in the area of the
tidal delta at depths of 10 to 40 ft show the

charActeristic. shape described for the shallow

marine samples associated with beach deposits.
The three examples illustrated in figure 13A are
from different depths and positions within the
tidal delta. They all show the well sorted salta-
tion “population developed within a very narrow
“size range. The "break between saltation. and
suspension populations ‘was in the very fine sand

rangé, usually near- 3.5 phi. The break between’

the bedload population and the saltation popula-

. tién was also fine, g‘enefally near 2.5 phi. These

characteristics are thought to be fypical of de-
position by’ oscillation waves. The variation in
shape of the curves appears to be related to po-
sition on the delta and to  proximity to the
source of elastic detritus.-Close to the channel

. the traction population is more abundant, and
there is less of the suspension population. This.
appears to be related to stronger currents and
shoaling action of the waves.

The shoal.areas shoreward of ‘the tidal delta
(fig. 13B) reflect the action of breaking waves:
They contain a well developed saltation popula-
tion, truncated at the fine end. Also a large bed-
load” population joins the saltation population
between 2.0 and 2.25 phi. These characteristics

" are Similar to those samples from the beach

plunge zone (fig. 10), but the percentage of

bedload is much greater. The three samples-il-
lustrated are from shallow water areas close to

“breakers marginal to the channel which extends™ -
across the tidal delta. This envu‘onment is simi- ..

lar physically to the plunge zone adjacent to
beaches, and a similar log-probability curve
shape is reflected.

The zone of interaction of waves and txdal
carrents (fig. 13C) ‘produces a different shaped
distribution curve. Each of -the three curves il-

lustrated contains three popdlations (fig. 13C)..
. The saltation population is truncated on the fine.

end and has a réstricted size range. The coarse
end is truncated between 2.5 and 3.5'phi, which

is relatively fine when compared to other types .
The coarse truncation:

of size . distributions.
‘point is from .1.0 phi to nearly 2.0 phi. The sal-
tation populatlon is poorly sorted and has_a

broad; size range. Its size range-and sorting is

-unique when compared to:any other distribu-
‘tioni, The  third population, truncated on the
coarse end, -shows good sortmg and extends

" - -over a wide size range.

The mechanism- for the formatlon of thls size
‘'distribution is unknown, but the fine saltation
population suggests winnowing by wave action.
The poorly sorted intermediate population sug-
gests dumpmg from a highly ‘turbulent graded
suspension-traction carpet and the coarse popu-
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latlon suggests bedload transport by a strong
current. These conditions would be the result of
the interaction of a strong bottom current with
surface waves within a tidal channel. Support-

ing this interpretation, the  sample localities R

shoal ‘area.

Samples from the tidal inlet (ﬁg 13D) were
characterized by three well developed and
moderately well sorted populatxons ‘The suspen-
sion population comprised from 2 to 5 percent
of the distribution and ranged from near 2.0 phi
to 4.0 phi. The saltation population was we]l

sorted and occurred over a very narrow size

range -from 1.3 phi o 2.0-2.5 phi. The: bedload
or surface-creep population was also well sorted
and represented from 30 to 70 peércent of the
distribution. These two populations join with

little mixing at about 1.5 phi,-and are truncated
- on the coarse end néar —1.0 phi.” . ~ =

- Strong turbulent. currents generated by dis-
charge into the ocean combine to preduce a sus-
pension population, a.coarse truncation. point
between saltation. and suspension, and a large
bedload fraction: The sorting of the bedload

population was directly related to the position in

the channel inlet and the velocity of the bottom
current. - The sample . from - station number 10
(fig. 13D) shows only one population, possibly

_indicating that the coarse bedload population is.
transported by salfation when current velocity

is- high. This is supported by data from the 12-

_hour sample station at the inlet mouth, which

indicates fhat durmg low-flow condmons three
distinct populations’ are developed, ‘and that
after periods of high flow the grain size distri-

_ bution approaches a smgle populatlon (fig.

14A).
- Grain size dxstrlbutlons upstrcam -from  the

salt wedge (fig. 14B). are similar to those found 3
“in the inlet area. They generally ‘contain les\g of

the suspension populatlon, typically from 0 to
less ‘thafi 2 percent. The 12-hour tidal stafion
exhibits the same relationship between poptila-
tion discrimination and periods of maximum

~flow velocity (fig. 14C). The percentages of

the other populations-are similar, and the sort-

ing and points of truncation between popila-

tions are nearly identical. This suggests that the

- tidal action and currents ‘are important in pro-

ducing ‘these log-probability curve shapes; and
that physical processes associated with the inlet,
or the.salt wedge, are not as jmportant.

The final group of distributions is from areas

" in the-Altamaha River where current velocity is

lower because of a reduced tidal range or a lo-

cation in one of the less 1mportant tidal chan- -
.nels (fig. 14D). Two types ‘may be recognized:

v
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(1) distributions similar in shape to those de-
scribed for the main channel; and (2) distribu-
tions with three well defined populations. This
{atter type is characterized by a highly variable
percentage of the suspension population (from
less than 1 to more than 10 percent), and by
truncation with the saltation population between

2.5 and 3.5 phi. The saltation population of this

type extends over a range from 1.25 to 2.0 phi,
is more poorly sorted, and the truncation with

the traction population, if present, occurs be--

tween 1.0 and 1.5 phi. The amotint of the sur-
face creep fraction ranges from 2 to 25 percent.
The difference ‘between these two types of dis-
tributions "appears to be -related to position
within .the channel, with the second type found

in shallower water of a lower current velocity.

The  difference between these two types of
distributions suggests that current velocity is
the controlling factor both for the position of
the break between saltation: and suspension and
for the slope of the saltation population. The
maintaining of a bedload or surface creep popu-

lation appears to be related to the tidal action.

rather than to current conditions. This popula-
tion is thought to be concentrated in the estuary
by the alternating direction of the bottom cur-
rent and may be an important textural criterion
indicating tidal action. . ‘
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Modern Fluvial Samples
Fluvial samples, illustrated in figure 15, show
a distinctive pattern. They are characterized by :
(1) a well developed suspension population

. comprising up to 20 percent of the distribution;

(2).the truncation between suspension and sal-
tation occurring between 2.75 and 3.5 phi; (3)
the size ranging from 1.75 to 2.5 phi in the sal-

“tation population; and (4) the saltation popula-

tion hdving a slope or sorting intermediate be-
tween deposits” formed by waves or reversing
currents and those formed by suspension. The

slope of the saltation population is in the 60 to

65 degree range, as compared to the high 60’s or
70’s for wave deposited distributions or the 50’s

for suspension deposits. The bedload or surface -

creep population, if present,. would be coarser

“than 1.0 phi. This is strongly provenance con-
trolled, and is developed most frequently in the-

deepest portion. of the channel. Because of va-
riations in channel patterns and the size of

materials in transport, an’ inclusive statément -

concerning the shape-of fluvial grain size distri-

butions-cannot be made.

The characteristics described above are par-
tially developed in some of the’ samples de-
scribed from the Altamaha River Estuary (fig.
14D) and the Mississippi- River channel sands
(fig. 11D). A gradation between deltaic and flu-

, — T v T = v 29 29
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Fi6. 15—Selected examples of modern channel sands. These curves illustrate variation in truncation points
and slopes of individual populations. .
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vial.grain size curve shapes is indicated that

might make it possible to place individual sam- -
ples within the fluvial, upper deltaic plain, or

lower deltaic plain environmental regimes.

tween ancient and modern examples shows
these similarities. Comparisons show the appli-
“cability of log-probability curves in the in-
terpretation of depositional processes and envi-
ronments.

Variations in the slopes.or sorting of individ-
ual populations, positions of truncation points,
and amounts of various populations are devel-
oped. This is to be expected since similar varia-
tions .occur within .modern environments, but

RELATION OF MODERN_DISTRIBUTIONS
TO ANCIENT SEDIMENTS
Possible Dzﬁerence: wn Curve S hapes
The pnmary purpose of the study of modern

sediments 'was ' to  obtain information from
‘known environments to aid in classifying distri-
butions from ancient sediments. Nearly 1000
distributions from ancient rocks have been ob-
tained, and a number of specific patterns can be
recognized. Specific shaped. curves also were
correlated with environments determined from
other physical and paleontologic eriteria, but
textural data from modern sediments provided
the basis for environmental comparisons. )

The major difference observed between an-
cient and modern grain size distributions is in-
the amount of fines less than 44 microns that
occurs in the ancient samples.’ The reason for
this is probably multiple: (1) related to diage-
netic addition of clays, . (2) post-depositional
mixing, (3) sediment settling downward
through the pores; and (4) possible transport by
moving  interstitial fluids. Each of these -pro-
cesses is described in the literature, but little in-
formation has been published evaluating the rel-
ative impértance of each process. When grain
- size distributions of ancient sediments are inter-’
preted, the possibility of these processes ‘modi-
fying the curve shape must be recognized.

Other changes might be related to solution
" and precipitation of fine clastic particles and to
enlargement of grains by precipitation of mate-
rials on larger grains. In the size range from 1
mm to 44 microns such processes probably are
not quantitatively important for most sedimen-
tary rocks, but in deeply buried or strongly de-
formed clastics the possible effects cannot be ig-
-nored:

The mechanical dlsaggregatmn of consoli-
dated rocks alters the grain size distributions to
some dégree, but can be minimized if care is
taken. Still little hope can be held out for ob-
tammg the original size distribution of mate-
rials in the clay or-fine silt size range. Problems
of flocculation, dispersion, crushing, recrystalli-
zation, and cleavage appear to be insurmounta-
ble. Consequently, size analyses have not been
carried finer than 44 microns.

acter to recoe‘mze sne(:lﬂc processes and
ronments.

envs

envi-

Curve Shapes With No Modern Analogue
A number of curve shapes from ancient rocks
do not have -a close analogue in the'modern sed-
‘iments included. in. this study. All modern envi-
ronments have not been thoroughly sampled,
and these curve shapes may be found when
more extensive sampling can be accomplished.
In a number of instances the environmental in-
formation from ancient sediments is sufficient to
.draw conclusions as to the origin of a particular
size distribution. In these instances interpreta-.
tions are suggested.

PATTERNS FROM ANCIENT ROCKS
Fluvial Deposits
Log-probability curve shapes developed in an-
_cient fluvial sands are similar to those described
for modern environments. Similar saltation and
suspension populations are developed with a
truncation point between 2.75 to 3.5 phi. The sus-
pension population ranges from 2. to 30 percent,
with the sliding or rolling population generally
absent. These characteristics are shown in ex-
amples of fluvial sands selected from more than
300 samples (fig. 16).

Samples from Missourian Series of Oklahoma.
~—Characteristic size curves are shown in figure
16A illustrating the major types of fluvial sands
classified by a factor analysis study of more
‘than 200 -samples (Visher, 19652). These sam-
ples range from the hase of a channel to the up-
permost ripple cross-bedded unit. Sample varia-
-bility is small compared to the range of curve
shapes described from "medern . environments,
but some variability exists in the position of the -
saltation-suspension truncation point and in the -
slope ‘of the” saltation population. These mea-
sures_probably are related to sedimentary struc-
tures and to the position within the channel.
Grain size distributions of sands with small
scale cross-beds, found in the upper part of the
channel, showed a finer truncation point than
the current-laminated or festoon cross-bedded
units; also, the saltation population was more

Similarities in Curve Shapes
The consistency of curve shapes from sample
to sample produced by similar processes and
that between ancient and modern analogues are
noteworthy. A comparison of curve shapes be-

the general curve shapes provide sufficient char- -
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; Bluéjacket—Bartlesville;-Sandstones
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poorly sorted. These factors suggest that cur-
rent velocity and depth control the saltation-sus-
pension truncation point a§ well as the slope of
the saltation population.

The sliding or rolling population was . not
commonly developed in these size distributions.
The only samples that showed this population
were ripple cross-beds at the very top of the flu-
vial sequence (not illustrated). The absence of
a traction populatlon appears. to be characteris-
tic of many ﬂuVIal sand depostts

Mid-Continent Pemzsyl'vaman channel sands—
Sandstones from- Mississippian and -Pennsylva-
nian channel deposits wefe analyzed, and repre--
sentative examples from the Arkoma basin, the
Iilinois basin, and the Oklahoma shelf are illus-
trated in figures 16B and 16C. The sandstones
from the Illinois basin (fig. 16B) are described
by Potter +(1963), who provides detailed de-

-scriptions of the channel sequences and geome-

tries. The sands from the Oklasoma shelf (figs.

"16B and C) are.described by Saitta (1968) and

are from the alluvial plain of the Bluejacket-
Bartlesville delta. The Arkoma basin samples

(fig: 16B) are from a large channel in the

Atoka Formation near .Ozark, Arkansas, de-
scribed hy Hendricks (1950).

All examples show the same characterxstlc
saltation “and suspension populations: ‘Differ-

ences between these sands and modeérn examples

- are shght supportmg a fluyial origin.

Cretaceous ﬂuwal, mnds—Rock Sprmgs Area,
Wyoming.~The sands illustrated (fig. 16D) are

from channels in the Almond and Lance For-.

_matjons. The channel origin of these sands is

based on the work by Weimer' (1965)." The_

shapes of the log-probability plots are nearly
identical to those described from other fluvial

" deposits, thus supportmg ‘Weimer’s interpréta-

hon : . o >

Dellqic Distributary Sands

from the
Pennsylvanian Bluejacket-Bartlesville delta of
the Oklahoma shelf (fig. 17A) are described by
Saitta (1968) and are ‘similar to those devel-
oped ‘in' the north-channel  of the Altamaha
River Estuary. (fig..14D). ‘Three populations
are present, with -the poorly 'sorted surface
creep-population ranging from 15 to 35 percent
of the distribution. The moderately-well sorted
saltation population ranges from about 2.0 to 3.0
phi. The suspension population is poorly sorted,
with nearly 10 percent of the distribution less
than 44 microns in size.

The same characteristics are shown by -the ™

sands from the modern Altamaha tidal channel

NIY O, VIOLILCKR

(fig. 13), indii__.ng that physical conditions
may have been similar and that low current ve-
locity and high suspended load also character-
ized the Bluejacket-Bartlesville delta. In addi-
tion, the high- concentration and poor sorting of
the surface creep population in these Pennsylva-
nian sandstones suggest dumping of the coarse

- fraction, possibly as a result of a large tidal

range similar to that of the Altahama Estuary.

Cretaceous deltaic sands~Samples from the
Almond and Lance Formations show a different
shaped log-probability curve shape (figs. 17B
and C). These sands have been described by
Weimer (i965) and are interpreted by him as
being of deltaic origin. The curves show a small
moderately well sortéd surface creep population
(figs. 17B-C). The saltation population - ranges
from about 2.5 to 3.5 phi with moderate sorting
(slope from 60 to 68 degrees). Some of these
curves are similar to the fluvial curves, except
that they contain a surface creep population.
These curves are interbedded with fluvial type

curves and another type not seen in modern sed- .

Iments ‘sampled for this study. The log- probabil-
ity ‘curves without a modern analogue have a
-well sorted saltation population (dsually with a
slope above 70 degrees) and a poorly sorted

suspension population (fig. 17C). The point of -

junction of the fwo populatwns usually occurs
between 2.0 and 275 phi,
These curves are thoughL to be produced by

_strong tidal currents-in an area where the sur-
face creep population has been removed, possi- |.
bly in shallow water or on bars in the tidal
‘channel. The close. association of three types of .

curves—(1)-Auvial type, (2) fluvial-with a sur-
face creep population, and (3} truncated and

" winnowed saltation population with a large sus-

pension population—suggests a genetic associa-
tion and possibly reflects a distributary with
only a small tidal range. This would account for

the absence of a-large surface creep population

and for the close assoc1at10n with ﬁuvtal type
dlstrlbutions -

Atoka deltaic sands —The log probability pIotSir

are of outcrop samples collected during outcrop
studies by the writer (Visher, 1965b). The envi-
ronmental interpretation is based .on sedimen-
tary structures and- vertical sequences. Similar

shaped curves are developed as were described

for the Cretaceous sands of the Rock Sprin

area (fig. 17D), and a similar or1gm is sug-'

gested.

Log probability plots—deltaic sands~—These ex-
‘amples illustrate” the types of distributions de-

veloped. Additional textural studies from mod- :
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F1c. 18—Sandstones from probable marine environments. Each sample occurred within a section wivth‘

demonstrable marine characteristics. ‘All exam
or of' Altamaha River Irlet and marire delta samp
tions of ancient deltas rather than to nedrshore

environments associated with beaches.

ples are suggestive of Mississippi Delta area samples (fig. 11)
les (fig. 13). These samples may be related to marine por-

ern and ancient deltas Fré needed :Defqre‘the
cangé of the variation can l?e determined. More
recise information concerning the processes re-
sponsible for the formation of individual curve

shapes is needed before specific environmental

interpretations are possible. Sufficient informa-
tion, however, is available for the identification
of deltaic type curve shapes. -

Shallow ma:_'i.né sands
Burrowed and wave-rippled sandstones were
collected from many different rock units; includ-
ing the ‘Cretaceous, Almond and Lance Forma-

tions, Pennsylvanian Sands from northeastern-

ned tha Dann

ST P Mgy anG ing Zennsy.

UKl1a1oinia,
maiion from: the Arkoma basin (fig. 18)."Three
distinctive characteristics.are® common to these
sands: (1) the bedload popiilation when present
is - poorly .sorted, and truncation generallyis
finer than 2.0 phi; (2) the size range of the sal-
tation population is from 1.0 to 1.5 phi; and (3)

lvanian Atoka For-

anliall StlX

" the suspension population is well sorted and

usually truncated at a -size finer than. 3.5 phi.
This population typically ranges from 5 percent
to as much as-80 percent of the distribution.
These sands differ from tidal-channel distri-
butaty sands in the degree of sorting of the
bedload population and the position of trunca-
tion of the saltation population.. They differ
from fluvial sands in the sorting of the suspen-
sion population  and the position of truncation
of the saltation population.’ These curves are
similar to those described for modern environ-
‘ments, and this characteristic  curve shape ap-

. pears to reflect wave processes.

No systematic study of shallow marine sands
has been carried out; ' consequently, other
shaped distributions are possible. Relict sands,
those produced by transgressions, or shelf sands

- all ‘are a product of wave processes, but their

.grain size -distfibutions might show different
characteristics. The shallow marine sands- de-
scribed ‘are probably. similar only to-the near
shore sand$ developed adjacent té6 beaches and
deltas included in this study. A more compre-
hensive sampling ‘of modern marine shelf. envi-
ronments is needed to determine the range of
possible Iog-probability curve shapes.

Beacl Dep‘osits‘ ,
- Modern beach "deposits have a particularly
characteristic ¢urve shape, and their identifica-

- ‘tion should be posssible in ancient rocks. Exam-

ination. of all log-probability plots available of
aricient sands indicate only a few that have the

_characteristic two saltation populations.- Curve
- shapes of possible beach-deposits are illustrated

(fig. 19). ) , ,
One deposit from the Cretaceous. Castlegate

Formation. from the Book Cliffs, Utah, was
identified as a beach by Spieker (1949). The
distribution curve for this sample-contains two
-saltation populations and is similar to modern
beach curves (fig. 7). The sample contains 5
percent suspension population, -but this may ré-
flect source area or diagenetic ‘effects,
A distribution curve of the Ordovician Ber-
gen ~Sandstone, equivalent to the St. Peter
_ Sandstorre,  from  northeastern’ Qklahoma is
"nearly identical'in shape to modern beach distri-
butiofis. The St. Peter. is interpréted widely as
being of a -beach origin, but little evidence has
been presented. The Bergen outcrop sampled

does mot c¢ontain sedimentary structures or a

vertical sequence which would indicate a beach
deposit, but other interpretations are equally
ambiguous. R - :
A vertical profile from & marine sequence of
Pennsylvanian age near Tulsa, Oklahoma shows
" an upward progression from a shale to a sand-
stone-shale interbedded ﬁhit, followed. by a
sandstone containing brachiopods. This unit is
capped by a paralfel bedded sand unit. Log-
probability curves of sands from this unit con-
tain two saltation ‘populations.. The position in -
the sequence is that of a strand-line deposit, but
insufficient - evidence ‘exists to call it a beach
from other environmental criteria. The shape of
the log-probability curve, however, is distinctive
enough to suggest this possibility (fig. 19). :
These are -the only examples of pogsible
~beaches’ found in this study of ancient sands.
This suggests either that beaches are rarely pre-
served as-ancient’ sands, .or that. -post-deposi-
tional processes have altered the distributions so
that beaches cannot be identified. This, how-
ever, is unlikely . since characteristic .curve
shapes, as indicated by previous comparisons,
- are commonly preserved. <. .

Turbidity Current Deposits -

One of the most characteristic shaped size
distribution curves is from turbidity current de-’
posits +(fig. 20). No modern analogue is avail-
.able for these sands, but”the environmental
criteria are Wwell developed and allow for easy
recognition. A-large range occurs in the shapes

- _“"of the log-probability plots of density or turbi-

“dity current deposits, -possibly because these
-currents are-highly variable in velocity, density,
grain size of transported materials, and thick-
-ness. . = . g
The distinguishing- characteristic of -these de-
posits ‘is the development of a large, poorly
sorted - suspension population, which inclndes
grain sizes from clay and silt to 1 mm. Even
coarser materials may be transportéd in the sus--
pension mode by some currents, but precise data
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-are limited. The truncation point of the suspen-
sion population can be as coarse as 1.5 to 0.0
phi, and a coarser population may be present.
This populdtion is better sorted and may repre-
sent the saitation population; but the physical
characteristics of particle transport in dense sus-
pensions is unknown, and whether there is salta-

tion or surface creep transport has not been as-:

certained.

Ventura Basin graded bed—Four gfain size

" distributions are plotted from a single Pliocene |

turbidity current bed from the Ventura basin
(fig. 20A). The upward decrease in grain size,

the change of the saltation-supsension trunca-

tion point toward finer sizes upward in the bed,
and the increase in percentage of the suspension
population toward the top of the bed are notable
features. Environmental information concerning
Ventura basin turbidity currents and informa-
tion concerning this bed are -discussed by Cro-
well and others (1966). The interpretation. of
the log-probability curves supports the concept

that the graded suspension mode of transport is
predominant, and that a dense suspension c¢an’

transport coarse detritus.

Other examples of turbidity current deposits.
—Figure 20 illustrates examples from the Penn-
sylvanian Atoka Formation (fig. 20B), the
Hudson River submarine fan (Kuenen; 1964),
and the Delaware basin (fig. 20C), and miscel-
laneous examples from several areas and ages
(Dzulynski and Walton, 1965) (fig. 20D). The
turbidity current origin of the Atoka samples is

- discussed by Briggs and- Cline (1967). These
curves are -similar in shape and vertical
progression to those from the Ventura basin.
The curves from grain size analyses reported by
Dzulynski and Walton are more variable (fig.
20D), but do show the poor sorting of both the
suspension and -the saltation population (slope
usually less than 50 degrees). The position of
the truncation point between the saltation and
suspension populations appears to range widely
and probably is dependent upon the density of
the turbidity current:

The Delaware basin curve shapes.and those
reported by Kuenen (1964) are different from
the other examples (fig. 20C) and" certainly
must reflect a different type of depositing cur-
rent. Turbidite sedimentary structures are lack-
ing in most sandstones from thé Bell Canyon
Formation, suggesting that they may have been
deposited. by a different process than those de-

- scribed above. The distribution curves of sands
from the Hudson submarine fan (Kuenen,
1964) are similar, suggesting a submarine fan
origin for these Delaware basin sands. Eaviron-
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“Fie. 19. —Examples of sandstone with grain size
curve shapes similar to modern beach sands. A beach
origin for -these sandstones s inferred from their
“curve shape, .

‘mental mformatxon on the origin’ of the Bell
Canyon Formation sands has been presented by
Hull (1957), but little detailed work is pub-
lished. Thé term fluxoturbidites (Stanley, 1963;
Dill, 1964) has beén progosed for deposits pro-
duced by sand transport down-the continental

slope and across subsea fans, A well sorted sal-

tation population and. the mixing of a graded
suspension’ population at the point of truncation
are characteristic of these curves., This would
fit the processes of sand transport described for
modern examples (Dill, 1964). -

Significance of turbidity current curve shapes.

“—The curve shape of the log-probability plots

of turbidity current deposits provides a new ap-
proach to the interpretation of their transport
and deposition. The vertical gradatlons in size,
the truncation point between suspension and sal-
tation -populations, the slope of the suspension
population, and the amount of detritus less than
44 microns all suggest that a turbidity current
bed is-a single genetic unit. The variations
found in the bed suggést that a similar vertical

“variation may oceur in the turbidity current.

The preponderance of poorly sorted suspensmn
detritus in turbidite units of the classical type is
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andstones Insets A, B, and D illustrate the vanabxhw

“found in turbidity current deposits. Inset C shows similar grain size curve >hapes from modern and ancient
sands. A subsea fan origin is suggested for the Bell Canyon Formation.
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indicated from curve shape and the relation to other samples and data.

supporting evidence for the concept of a dense
turbid cloud moving rapidly down a slope: The
turbidite unit from the sole marks to the upper
laminated zone, therefore, woild all be a prod-
uct of the same flow. Alternative modes of de-
position would be reflected by abrupt changes in

the shapes of the log-probability plots and

should be easily recognized.

Miscellaneous Curve Shapes

The study of any group-of log-probability dis-
tribution curves from an ancient sand provides
many unanswered questions concerning a num-
- ber of curve shapes. Many variations and .un-
usual curve shapes are present; and their expla-
nation necessitates a re-study-of all the physical
and biologic aspects of the sedimentary se-

quence. Some of the anomalous curve shapes

may be due to composite samples (those repre-
senting’ more ‘than a single depositional unit),
but others may represent unusual processes and
have real significance in interpretation of the
genesis of the sand body. These curve shapes
usually can be related to the vertical sequence

of Sedimentary units or to their position within-

the environmental framework, and their signifi-
‘cance can thus be properly evaluated. Some of
the interpretations suggested for specific types
of grain size distribution curves have been de-

veloped in this manner; but their true signifi- -

- ments has provided

cance must awalt detailed analyses of samples
from kdown modern environments.

The most important group of grain size dis-
tribution curve shapes that have not been de-
scribed are those developed by depesition froin
suspension - (fig. 21A). Many density current
and slump-deposits ‘occur at relatively shallow

water - depths. These curves usually show a

poorly developed saltation population; or strong

" mixing between surface creep and suspension

transport populations. These characteristics also

-can be dgveloped by post- -depositional reworking .
produced by burrowing organisms or secondary -

processes (fig. 21B), and care must be taken
not to confuse these curve shapes with ones
produced by primary depositional  processes.
These curve shapes are included to show the
hazards of attempting to interpret every distri-
bution found within a sand unit.

DYNAMIC RESPONSE OF CURVE SHAPES TO
ENVIRONMENTAL CHARACTERISTICS

The analysis of grain size distribution curve:

shapes from both modern and ancient environ-

characteristics of . the log-probability curves.
Most of these characteristics were suggested by
the association of a specific property of an envi-
ronment to a unique characteristic of one or
more of the shbordinate populations of the size

information concerning -

seneral hypotheses concerning cause and effect

relationships between sedimentary processes and

.extitral responses. These relatlonshtps are out-
lined below, but with the precautionary note
that they are only empirical and are not based
aponl quantitative hydraulic studies. - They. are

Joutlined here to provxde a basis for the more

quantitative work that is needed 'to support. the
general thesis that log- probability curves do re-
ﬂect sedlmentary processes.

Characteristics Reﬂected by the

oo o P
JLLA}‘)K)NMJIL Fa uy"«b('uuu

The suspension population reflects the condi-
tions above- the depositional interface. A close
association exists between a large suspension
populatwn, a high concentration of suspended
wdiment in the fluid, and rapid sedimentation
rates. Relations concerning sorting of this popu-
uation and mixing with the saltation population
are ambiguous, but- appear to reflect turbulence
in the overlying fluid and the presence of a
boundary layer. Strong currents produce a’
boundary layer and restnct both .the amount
and the sorting of the suspension populatmn in-
cuded in the distribution. Strong mixing be-
tweeri the suspension and saltation population
appears to be related-to highly variable energy
conditions which result in the partial destruc-
tion of the boundary layer.

Characteristics Reflected by the
Saltation Population

The saltation population is a product of the
moving grain layer. The forces attive in the
wransport of sediments within this zone are
poorly’ understood. The range of grain sizes,
sorting, and points of truncation of the popula-
tion are highly variable, but they do suggest
tertain interpretations.’

Samples ‘with good sortmg of the saltation

population appear to reflect reworking or win-
nowing by wave, tide, or swash and backwash.
The higher the velocity of the opposing cur-
tents and the slower the rate of sedimentation,
the better is the sorting and therefore the

tion curve. When opposing currents each form
separate lamihae, two distinct saltation popula-
tions' may be developed as described for beach
foreshore deposits.  The position of ' the . fine
truncation point may reflect turbulent energy at
the depositional interface. High turbulent en-
ergy would produce truncation at a course
Doint, and low turbulent energy at a ‘finer trun-.
Gtion point. The coarse truncation point would

reflect the ‘shear at the depositional interface,

_GRAIN SIZE DISTRIBUTIONS

fistribution.. The characteristics indicate certain

steeper is the slope of this partof the distribu- -

¥ith high shear produced by high bed layer ve-..

1103

locities. The amount of the saltation population
depends upon the stability of the moving bed
layer and the rate of deposition. -

Characteristics Reflected by Surface
Creep Population
The amount of the surface creep population
is largely provenance controlled. A large per-’
centage of this population necessitates the re-
moval of finer grain sizes. This can occur by
the selective removal of finer materials by win-
nowing. The slope of this population reflects the

- competence of the transporting currents. The.

maximum size may indicate a provenance con-
-~ trol, or a limit related to current velocity. Many
distributions are truncated at the coarse end,
which suggests there is a.mechanisim limiting
the coarsest size material in transport.

CLASSIFICATION OF GRAIN SIZE CURVES

The characteristics of the individual grain
size distribution curves provide a basis for an
environmental classification. Any’ attempt to de-
fine precise limits for the slopes, truncation
points, and percentages of each of the three
basic populations. for individual environments
probably is impossible. Certain guidelines; how-
evér, may be based on the samples that were
available for this study. Because of variations in
provenance, post-depositional processes, and im-
proper sampling, any single grain ‘size distribu-
tion curve may net fit into a unique category.
Also improper classification.is possible if ‘the
guldelmes are taken too r1g1dlv With these. lim-
itations as a guide, a proposed classification is
presented in table 1. Only a few sedimentary
environments are included, but others may be
added as more information is obtained.

CONCLUSIONS )
" The determination: of the deposxtlonal envi-
ronments of an ancient sand is a difficult prob-
lem, and ‘in-most instances physical, biological,
and chemical criteria are needed before a-firm

_interpretation is possible. The textural criteria
~outlined in this paper should properly be only

another set of criteria to be used in conjunction
with many others, Together with other informa-
tion such as sedimentary structures, position in
sequience, fauna, and mineralogy, the-textural
information may provide new insight or possi-
bly the confirming data needed for environmen—,
tal interpretation.

The emphasis of this paper has been in devel-
oping the background material for a new ap-
proach to ‘textural analysis.. Sufficient data
have been presénted to indicate that this ap-
proach has possibilities. Rigid application of the
proposed - classification, or specific genetic in-
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TasLe 1.—Key: C.T.= Coarse Truncation point; F.T.= Fine Truncation point; -
4 = Saltation population; B= Suspension population; C= Sztrface creep population.
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"terpretations, probably is unwarranted at this
time, but the approach has been successfully ap-
plied to a number of study areas. ’

- The analysis-of log—probability grain size dis-.

tribution curves appears to be a fruitful ‘method
for - studying  sedimentary dynamics. If more
-~ textural data were presented in this manner a
basis would exist for comparing textures of clas-

tic rocks. More information is believed to be ob-

tainable from this type of plot than for any
othér method of presenting the data, and for
" this reason alone such curves should be included

as a part of the

. ¢lastic rocks.

petrographic description of
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: ABSTRACT- T . -
. - - N : Experimental ‘pressure solution of: quartz was. conducfed in hydrothermal reactors. Loads ranged frem
- ~ S 2500 psi to 12,000 psi, with temperatures ranging from 270°C to 550°C. Pressure solution occurred in distilled
- . . water ‘as well as in solutions of NaOH, Na.CO;, NaCl, and natural brines. Clearly defined pressure solution
’ - ) *pits ‘were readily observed on faces of quartz crystals which had been surrounded by small zircon grains and
o . " subjected to load. . = R ) ’
. : The rate of compaction of fine sand was much greater than that of coarse sand, resulting in a pore space

- - . . reduction of 70 percent in fine sand compared to a 45 percent réduction in coarse sand. The rate of compac-
- . ’ ' : ) . { - tion of fine angular sand Was approximately 2.3 times that of fine round sand. As a resilt of pressure solution

) : : and growth, the appearance of the anguldr grains was little different from that of the round grains after
comparable pressure solution. Simultaneous pressufe solution and quartz growth:in sand samples produced

aggregates which ‘were considerably stronger than those resulting from cementation alone. - -
Samples composed of grains of chert responded to pressure solution much more rapidly than monocrys-
taltine quartz. The chert did not completely recrystallize, but grain boundaries became very indistinct and the

resulting prodict resembled a solid mass of chert. -

The experimental studies show that as a result of pressure solution, initial differences in texture and com-

INTROBUCTION .
The phenomenon of pressure solution refers

- to-the solution of quartz at the point of grain
contact as a result.of stress, generally from load -

pressure. The effects of pressure solution have

" been widely observed and reported from petro-
- graphic studies of sedimentary rocks. Probably

the most dramatic expression of pressure solu-
tion takes the form of stylolite seams.: Heald

(1955)- described the formation of stylolites in.
* sandstones .and stated that the silica produced
by stylolitic  solution could be an important
-source of silica cément in sediments. In'some

parts of the Simpson and St. Peter sandstones,
the entire volume of secondary silica -cement

may have been derived by pressiire solution

(Heald, 1956). . .
The possibility of clay promoting the process

" of pressure-solution has been- proposed by a
number of workers. .Heald (1956) suggested
“that the clay simply dcted as a catalyst. Weyl

(1959) advanced the idea that solution was. fa-

- Vored by the greater diffusion through clay be-

tween grains. Thomson (1959) theorized that the
clay promoted the process of pressure solution
by providing a microenvironment of high pH at
grain  contacts. As the silica migrated away
from the points of grain contact into the pore
spaces, the silica would be deposited as.secon-

* Manuscript received October 16, 1968.

New York.

*Present address: Colgate University, Hamilton,

- position of natural sands may lead to striking differences in final porosity. :

dary quartz overgrowths on the th_afti grains as
a result of a decrease in pH. *- '

. .METHODS OF INVESTIGATION
Recognizing the potential importance of pres-
sure solution as a process of sandstone lithifica-
tion, the present writers initiated a series of ex--
periments designed to produce pressure solution

“under - laboratory’ conditions. Fine grained na-

tural quartz sands have beent used in most pre-
vious. studies of compaction (Maxwell,” 1960
Ernst and Blatt, 1963). Modifications develop-
ing on these grains during the-early stages of
compaction ‘are difficult to distinguish  from
original ‘surface irregularities, and rhechanical
effects cannot be clearly distinguished from -so-
lution effects. In an attempt to increase the pos-
sibility of detecting solution effects at the con-
tacts, grains were polished by air abrading with
fine grit. The treatment was partially successful
in that some small pits’were observed on the
polished grains at the completion-of the pres-
sire solution experiments. However, the pits
were so small in the early stages of-solution
that quantitative measurements were difficult to
carry out and mechanical effects could not be -
easily recognized. ' .

It was found that the best method of observ-
ing incipient pressure solution was to .use crys-

tals-or cut plates of quartz surrounded by grains

urider load. In transmitted light under a petro-

‘graphi¢ microscope, .solufion pits of extremely



