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ABSTRACT 

THE USE OF VERTICAL GRAIN SIZE PROGRESSIONS 

IN ESTABLISHING THE DEPOSITIONAL ENVIRONMENT 

OF ANCIENT SAND BODIES 

CARL MARTIN WOLFTEICH 

This study demonstrates the validity of using 

vertical grain size progressions as an environmental 

indicator for ancient clastic sequences. Previous methods 

of grain size analysis are shown to be generally 

unreliable for environmental determinations. Grain size 

data is interpreted here in terms of idealized sequences 

for different sedimentary environments. The environments 

examined in this study include braided river-alluvial 

fans, meandering rivers and coastal barriers. Braided 

river systems are characterized by the random variability 

of grain 

Meandering 

size parameters within a vertical section. 

rivers and coastal barriers are each 

characterized by a distinct vertical sequence of 

sub-facies. These stratigraphic sequences are reflected 

in the vertical grain size progressions that charae~erize 

each of these environments. Vertical progressions in 

ancient sequences correlate well with lateral progressions 

in modern analagous environments. With improved coring 

technology, this m~thod of grain size analysis can be used 

to establish the depositional environment of subsurface 

sand bodies. Vertical grain size progressions may prove 



to be an important exploratory tool for the petroleum 

industry as well as a reliable grain size method for the 

field geologist. 
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INTRODUCTION 

Statement of Problem 

An important problem in geology, particularly in oil 

exploration, is the identification of ancient sedimentary 

environments in the geologic record. For many years 

sedimentologists have attempted to use grain size data in 

distinguishing between sand samples collected from various 

sedimentary environments. Some investigators have 

achieved partial success with previous methods of grain 

size analysis in the study of modern environments. The 

application of these methods to ancient sediments, 

however, is limited. As a result, grain size analysis is 

seldom used as an exploratory tool, even though the use of 

automated settling tubes has greatly reduced the time and 

effort involved in acquiring such data. 

The objective of this study was to determine the 

value of vertical grain size progressions in establishing 

the origin of ancient sedimentary sequences. This 

research has been accomplished by studying grain size data 

from both ancient and modern sedimentary environments. 

This method will be shown to be a valuable indicator of 

depositional environments. Grain size analysis can be 

used as an effective tool for petroleum exploration and 

field study of sedimentary rocks. 

1 



Previous Work 

The main graphic devices used to display grain size 

distributions of sediment samples are frequency curves, 

Which represent frequency of grain size by weight percent, 

and cumulative curves that show the percentage frequency 

greater than a particular value. Figure 1 shows three 

different methods of plotting grain size distributions of 

a sample. Curve A shows the grain size plotted as 

frequency percent, curve B was plotted as cumulative 

frequency percent, and curve C as cumulative frequency 

percent-probability. This last type of plot is produced 

by plotting the cumulative curve on a log-probability 

scale. 

There have been many approaches to the use of grain 

size data in environmental interpretation. One approach 

is based on the physics of sedimentation, using grain size 

distributions to relate depositional processes to 

environment (Spencer, 1963~ Klovan, 1968~ Visher, 1969~ 

Reed et al, 1975). Visher (1969) first recognized the 

value of log-probability plots in recognizing various 

transport 

two or 

modes. These graphs are commonly composed of 

more straight line segments, each having a 

different slope, with a sharp break between each segment. 

These segments represent sub-populations within the 

overall distribution. The slope of each straight line 

segment and the position of the breaks between segments 



FIGURE 1. COMPARISONS OF GRAIN SIZE DISTRIBUTION CURVES. 
A IS A FREQUENCY CURVE, B IS A CUMULATIVE 
CURVE AND CIS A CUMULATIVE FREQUENCY PLOT.ON 
A LOG-PROBABILITY SCALE. THE LOG-PROBABILITY 
CURVR SHOWS MULTIPLE STRAIGHT LINE SEGMENTS AND 
TRUNCATION POINTS. FROM VISHER (1969) • 

3 
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reflect the mechanism of deposition. Each sub-population 

may correspond to a particular transport process 

(traction, saltation or suspension), thus providing a 

measure of their importance in the genesis of the sand 

unit (Visher, 1969). Figure 2 shows the correlation of 

transport processes with the various sub-populations of 

the log-probability plot. The central and larger segments 

may represent sub-populations that moved in the current by 

saltation (intermittent suspension), the segment at the 

fine end of the distribution resulted from deposition of 

particles carried in suspension, and that at the coarse 

end represents particles transported by traction (rolling 

and sliding). The traction and saltation populations are 

referred to collectively as the bed load. The sample 

represented in Figure 2 was taken from the foreshore of a 

modern beach. The suspension population in this example 

represents less than one percent of the total sample while 

the main population consists of grains moving by 

saltation. The swash and backwash produce two separate 

saltation populations 

different flow conditions. 

since these represent somewhat 

The differences in sorting 

and amounts of mixing in values, truncation points 

log-probability plots are interpreted 

environmentally significant. Analysis 

parameters were used by Visher (1969) to 

sands from different depositional environments. 

to be 

of these 

distinguish 

5 



FIGURE 2. RELATION OF SEDIMENT TRANSPORT DYNAMICS TO 
POPULATIONS AND TRUNCATION POINTS IN A GRAIN 
SIZE DISTRIBUTION. TillS SHOWS THE ANALYSIS 
OF A SAMPLE FROM THR ·FORESHORE OF A MODERN 
BEACH. .FROM VISHER (19691. 

6 
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The recognition of transport modes in grain size 

distributions aids in relating grain size curves to 

environments of deposition. The presence of several 

distinct modes in a grain size distribution suggests 

either the interplay of two or more transport processes or 

the influence of two or more source areas. Sediment 

transported by traction consists mainly of coarse sand and 

gravel. Saltation modes commonly exist in the medium to 

fine grained sand range while the suspended load is 

usually composed of sediment finer than 3.5 g. The energy 

level of the current controls the grain size of various 

transport modes in the deposit. The sub-populations that 

are easily recognized in log-probability plots influence 

the shape of the grain size frequency curve. 

There are various parameters that serve to describe 

grain size curves and are· thus affected by the presence of 

various sub-populations in the distribution. These 

parameters, such as mean grain size, standard deviation, 

skewness and kurtosis are calculated from moments which 

define the distribution. The mean grain size is derived 

from the first moment, standard deviation from the second 

moment, skewness from the third moment and kurtosis from 

the fourth moment (Friedman and Sanders, 1978). Standard 

deviation measures the variance of the distribution about 

the mean and is thus a measure of sorting. Skewness 

describes the asymmetry of the distribution about the mean 

8 



and is either positive (excess of fine sediment), negative 

(excess of coarse sand), or zero (symmetrical 

distribution) (Fig. 3). Kurtosis measures the "degree of 

peakedness" of the distribution and has proved to have 

little environmental significance (Blatt et al, 1972). 

The presence or absence of different transport modes 

affect the mean, standard deviation and skewness of the 

distribution. Figure 3 shows a series of different 

log-probability plots with corresponding frequency curves. 

Figure 3C shows a distribution consisting of a dominant 

saltation mode and a significant traction population. The 

suspension population is absent, which is common under 

conditions of high energy where fine material is 

effectively winnowed. The corresponding frequency curve is 

negatively skewed due to the excess of coarse material • 

In Figure 3A~ all three transport populations are present 

in the distribution. The traction and suspension 

populations exist in minor but equal amounts. The 

frequency curve of such a sample will show a symmetrical 

distribution with near zero skewness. The exclusion of 

the traction population in Figure 3B results in a 

positively skewed distribution. The presence of a 

significant suspended load is indicative of deposition 

under low energy conditions. 

The presence of transport populations in varying 

amounts will affect the standard deviation or sorting of 

9 



FIGURE 3. DIFFERENT LOG-PROBABILITY PLOTS WITH CORRES
PONDING FREQUENCY' CURVES • THE PRESENCE OF 
TRANSPORT POPULATIONS IN VARYING AMOUNTS WILL 
AFFECT THE SKEWNESS OF THE DISTRIBUTION. FRE
QUENCY' CURVES FROM FRIEDMAN AND SANDERS (1978) • 

10 
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the distribution. The presence of all three populations 

in significant amounts will yield a poorly.sorted sample 

(high standard deviation). This is common in an alluvial 

fan environment where the rate of sedimentation is very 

high. Under these conditions the sediment cannot be 

reworked effectively and all three transport modes are 

commonly mixed. Alternatively, dune sands are commonly 

composed of a $ingle saltation mode with very little 

contribution from other transport populations. Sands of 

this type are very well sorted (low standard deviation) 

due to the presence of only one transport population. 

Log probability plots must be used with caution in 

environmental interpretation. The segmented shapes 

produced in these plots have been interpreted by Visher 

(1969) as being the combination of suspension, saltation 

and traction populations. The source of sediment supply, 

however, can be an important factor determining the number 

of modes in a grain size distribution (Walton et al, 

1980). The influx of sediment from two different sources 

can produce two distinct populations of different grain 

sizes. These modes would be wrongly interpreted by Visher 

as being different transport populations which may result 

in erroneous environmental interpretations. 

Another approach to grain size analysis uses 

parameters of grain size distribution (i.e. mean grain 

size, standard deviation, skewness, kurtosis) in an 

12 



attempt to delineate environments on the basis of one or 

more of these parameters. (Folk and Ward, 1957; Mason and 

Folk, 1958: Friedman, 1961, 1967; Koldijk,'l968; Moila and 

Weiser, 1968). Studies such as those of Friedman 

(1961,1967) represent attempts to distinguish various 

modern environments through the use of two dimensional 

scatter plots of parameters obtained from the grain size 

distribution. Figure 4 shows an example from Friedman, 

where he distinguishes between beach and fluvial sands on 

the basis of skewness and standard deviation (sorting). 

Combinations of environmentally sensitive parameters such 

as standard deviation vs. skewness, mean grain size vs. 

skewness, or skewness vs. kurtosis, supposedly define 

fields on scatter plots that indicate beach sand versus 

fluvial or dune sand. With this approach, Friedman uses 

statistical measures of these parameters to separate 

sediments deposited in these different environments. 

Passega (1957, 1964) suggested the use of C/M 

diagrams for environmental analysis (Fig. 5). This method 

makes use of only 2 properties of the grain size 

distribution: the one percentile (C) to measure the 

coarsest grains in the deposit and the median (M). C and 

M values are obtained by intersecting the cumulative curve 

at the one percent and fifty percent lines and reading the 

grain size equivalent to these percentile values. The 

position of points on a C/M diagram depends on the modes 

13 
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FIGURE 4. METHOD OF GRAIN SIZE ANALYSIS DEVELOPED BY 
FRIEDMAN (_l96ll WHERE HE DISTINGUISHES BETWEEN 
BEACH AND RIVER SANDS ON THE BASIS OF SKEWNESS 
AND STANDARD DEVIATION. FROM BLATT ET AL (1972). 
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FIGURE. 5. C/M DIAGRAM DEVELOPED BY PASSEGA (1957, 1964) 
FOR USE IN ENVIRONMENTAL INTERPRETATION. THE 
POSITION OF POINTS ON THIS DIAGRAM DEPENDS ON 
THE MODES OF TRANSPORT AND DEPOSITION. VARIOUS 
ENVIRONMENTS SUPPOSEDLY DISPLAY CHARACTERISTIC 
PATTERNS. FROM BLATT ET AL (1972). 

16 
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of transport and deposition of 

observed that various environments 

sediments. Passega 

give characteristic 

patterns. Discrimination between environments is not made 

on the basis of a single sample, but by examining the 

pattern produced by plotting a number of samples from the 

same unit. 

Purpose of Study 

The application of grain size analysis to the study 

of ancient sedimentary environments has been limited, 

mainly because previous workers have treated each sand 

sample as a seperate unit and this seldom clearly reveals 

the nature of its depositional history. For example, log 

normal plots cannot distinguish between two samples that 

were deposited by similar processes operating in two 

different environments. Likewise, these two samples would 

plot in the same area of a Friedman diagram and be 

mistakenly interpreted as being from the same environment. 

This relates to the fact that all the sand deposited in a 

particular environment is not the result of the same 

depositional process. Many sedimentary sequences (e.g. 

fluvial, beach, turbidite) are composed of a number of 

different sand units; each one representing very different 

transport and depositional processes (Figs. 6, 17 and 27). 

Sedimentary facies in the ancient record tend to be 

composed of a vertical sequence of strata (representing 

18 



FIGURE 6. IDEAL SEQUENCE OF SEDIMENTARY UNITS IN A 
TURBIDITE BED. FROM BLATT ET AL (1972} • 

19 
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sub-facies) 

Studies of 

arranged in an orderly and predictable motif. 

recent sediments have shown how 

sub-environments migrate laterally over one another across 

the depositional area, resulting in a regular sequence of 

sub-facies. A migrating channel in a meandering river or 

a fluctuating shore! ine during a marine 

transgression-regression are just two examples. These 

studies have led to an increased understanding of the 

importance of cyclic mechanisms in generating ancient 

sequences. The recognition of cyclic sequences in ancient 

rocks is an important part of environmental 

interpret'ation. 

A more universal set 

analysis is necessary for 

from different depositional 

of criteria for grain size 

distinguishing between sands 

environments. Environmental 

interpretations of ancient sediments cannot be accurately 

made on the basis of analyzing a number of randomly 

selected samples. For example, it has been generally 

accepted that fluvial sands exhibit positive skewness 

because of the high suspended load in rivers. This, 

however, is not always a good criterion for identifying 

fluvial sands. For example, there are parts of a point 

bar sequence (basal channel lag) that can exhibit a 

negative skewness and will be identical to portions of a 

turbidite sequence, while other parts are well sorted and 

display near symmetrical distributions similar to beach 

21 



sands (Fig. 7). It is important to interpret grain size 

data in terms of idealized sequences for different 

sedimentary environments. There should be an overall 

vertical progression of grain size distributions that is 

characteristic for a particular environment. Two 

environments may contain sand units with very similar 

grain size distributions but the vertical progressions in 

each sequence will be different. Random sampling of 

sections does not permit recognition of the characteristic 

progression of grain size distributions that can be found 

in a single sedimentary environment. 

22 



FIGURE 7. GRAIN SIZE FREQUENCY CURVES OF TWO SAMPLES COL
LECTED FROM A BRAZOS RIVER POINT BAR SEQUENCE. 
SAMPLE BPB 2 (}\.BOVE) IS A CHANNEL LAG DEPOSIT. 
NOTE THAT THE SAMPLE IS NEGATIVELY SKEWED AND 
MORE POORLY SORTED THAN SAMPLE BPB 7 (BELOW) 
WHICH- WAS COLLECTED FROM THE LARGE SCALE CROSS
BEDDED UNIT O.F THE POINT BAR SEQUENCE. SAMPLE 
BPB 7 Dr5PLAYS A WELL SORTED, SYMETRICAL GRAIN 
SIZE DISTRIBUTION, SIMILAR TO A BEACH SAND. 
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Sampling Methods 

research 

than five 

METHODS 

involved the study of grain size data 

hundred recent and ancient sand 

This 

from more 

samples. Most of the ancient samples were collected from 

a number of Cretaceous-Tertiary sandstone units in the San 

Juan Basin area of northern New Mexico. This is an 

excellent area to study ancient clastic environments. The 

formations are well exposed and nearly every major type of 

siliciclastic depositional environment is represented in 

the stratigraphic section. 

The best exposures of rock units representing 

different depositional environments were located using 

previous literature and geologic maps of the area. The 

sections at each locality were carefully measured, 

described and then sampled at regular intervals (usually 

four feet). The intent was to locate ancient sequences 

representing particular marine or non-marine environments 

and collect a vertical succession of samples that would 

yield relevant grain size data for that environment. 

Modern environments, analogous to those of the San 

Juan Basin, were also sampled for comparison with ancient 

sediments. The sampling method commonly used in modern 

environments is based on Walther's law which states (in 

part) that "the various deposits of the same facies areas 
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are formed beside each other in space, though in 

cross-section we see them lying in vertical succession" 

(Middleton, 1973). Samples collected along a horizontal 

transect in a modern environment approximate what is to be 

expected in an ancient sequence. Recent nearshore 

sediments were sampled along coastal transects (dune to 

shoreface) of shorelines on the Texas Gulf Coast and the 

east and west coasts of the United States. This provided 

grain size data from both low and high energy coastlines. 

Modern fluvial environments, both braided and meandering, 

were also sampled from a number of geographic areas. 

Laboratory Analysis 

Laboratory analysis of samples was conducted at Rice 

University. Each sand sample was analyzed for grain size 

distribution using the Rice University Automated Sediment 

Analyzer (RUASA). This is a totally automated settling 

tube system which enables fast and reliable determinations 

of size frequency distributions of sand samples (Anderson 

and Kurtz, 1978). A progression of grain size 

distributions was constructed for each ancient sequence 

and analogous recent sediments. These grain size 

progressions could then be correlated with the sequence of 

depositional processes operating in each environment. 
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GRAIN SIZE ANALYSIS OF SANDS FROM BRAIDED RIVER SYSTEMS 

Depositional Environment 

The term "braided" generally refers to rivers in 

which the flow diverges and rejoins around bars at 

distances roughly equal to channel width (Reineck and 

Singh, 1975). Braided rivers are most common in glacial 

outwash areas, streams 

reaches of rivers. They 

of alluvial fans and mountainous 

usually form on surfaces of 

moderate to high gradient. Other factors that can 

contribute to braided patterns in rivers are variable 

discharge, easily erodable banks and abundant sediment 

load. The braiding or meandering of river channels 

depends mainly on the relation between discharge and 

channel slope. Higher discharges for given slopes and 

steeper slopes for given discharges tend to favor braided 

patterns rather than meandering. Steeper slopes cause 

higher sediment transport and bank erosion which are 

additional factors that contribute to braiding. Braided 

rivers are characterized by the rapid and continuous 

shifting of channels. The main channel is divided into 

several channels which are separated by longitudinal or 

transverse bars. These bars are constantly cut by newly 

formed channels, resulting in a continual reworking of 

sediment. 

The deposits of braided rivers consist mainly of sand 

27 



' ! . 

and gravel, with a low percentage of mud. The near 

absence of shales in ancient fluvial sequences helps to 

distinguish braided deposits from those of meandering 

rivers. Sedimentation in braided rivers begins with scour 

and a channel lag concentrate of coarse sediment. This 

channel fill consists of sand and gravel that have 

accumulated under upper flow regime conditions. As the 

channel shifts and the current wanes, finer grained 

sediment settles out of suspension, completing a fining 

upward succession. The fine grained top of this graded 

.sequence is probably removed by the next channel scour and 

is rarely preserved. The rapid shifting of channels and 

bars will produce deposits that show a largely random 

vertical and lateral distribution of fragmented bars and 

channel fills. The sand deposits have had a complex 

history of deposition and erosion and have usually been 

reworked by traction and saltation into cross-stratified 

units. A braided river sequence consists of a series of 

erosionally based lenses of sand and gravel of variable 

lateral extent. The random distribution of channel 

deposits in this sequence results from the transitory 

nature of flow·conditions in this environment. 

Grain Size Data from Modern Braided Rivers 

Modern braided river systems were sampled for 

comparison with ancient sediments. The two rivers sampled 
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were the Chaco River and the Rio Grande River in 

northwestern New Mexico. The setting for the Chaco River 

is that of a wadi (or dry wash) in a semiarid region. 

The river bed was dry when sampled and appears to be 

active only during times of high precipitation or flood 

conditions. The Rio Grande River is a continuous fluvial 

system throughout the southwestern United States. The 

river was sampled north of Albuquerque, New Mexico where 

it is braided in character. The river is active year 

round, although there are seasonal fluctuations in 

discharge. Samples were collected four inches below the 

surface from the Chaco (CR 1-8) and Rio Grande (RG 1-6) 

rivers, at regular intervals (50 yds. and 40 yds., 

respectively) along horizontal transects perpendicular to 

flow direction. Grain size data was also obtained from 

five samples (BR 1-5) collected randomly from four other 

braided rivers (see Table 1 for locations). 

Table 2 lists the grain size statistical calculations 

for samples collected from modern braided rivers. 

Frequency curve envelopes for the Chaco and Rio Grande 

samples are shown in Figure a. It is evident from the 

high standard deviation values and frequency curves that 

most of these samples are poorly sorted. Both frequency 

curve envelopes possess dominant saltation modes. The 

coarse and fine tails in these distributions indicate 

inefficient removal of these components. This reflects 
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TABLE 1. SAMPLE LOCALITIES OF BRAIDED RIVER SAMPLES 
BR 1 - BR 5. 
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Sample 

BR 1 
BR 2 
BR 3 
BR 4 
BR 5 

• 

TABLE 1 

Locality 

Llano River, Llano, TX 
Susquehana River, McKees Half Falls, PA 
Red River, Wichita Falls, TX 
Arkansas River, Canon City, CO 
Llano River, TX 
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TABLE 2. GRAIN SIZE STATISTICS OF MODERN BRAIDED RIVER 
SAMPLES (CR, RG AND BR) • 
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TABLE 2 

Sample No. Mean,Jl Std. Deviation,B Skewness,/A 

CR 1 1.840 0.696 0.105 
CR 2 1.289 0.536 -0.195 
CR 3 1.915 0.736 -0.017 
CR 4 1.510 0.657 -0.063 
CR 5 2.406 0.951 -0.139 
CR 6 1.874 0.703 0.024 
CR 7 1.585 0.666 0.108 
CR 8 2.067 0.582 0.090 
RG l 1.478 0.707 0.073 
RG 2 1.536 0.669 -0.044 
RG 3 1.639 0.776 0.018 
RG 4 1.325 0.530 -0.307 
RG 5 1.162 0.520 -0.237 
RG 6 1.603 0.565 -0.196 
BR 1 0.416 0.318 -0.384 
BR 2 1.154 0.370 -0.136 
BR 3 2.416 0.485 0.053 
BR 4 2.158 0.468 0.002 
BR 5 0.392 0.402 0.070 



FIGURE. 8 • FREQUENCY CURVE ENVELOPES FOR SAMPLES COLLECTED 
FROM THE CHACO RlVER (ABOVE) AND THE RIO GRANDE 
(BELOW} OF NORTHERN NEW MEXICO. THE DOTTED 
LINE REPRESENTS THE AVERAGE FREQUENCY CURVE. 
THESE BRAIDED RIVER SAMPLES ARE VERY POORLY 
SORTED AND SHOW A MIXING OF DIFFERENT TRANSPORT 
MODES. 
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the poor sorting ability of braided streams compared with 

other environments. Flow conditions at one point of a 

braided river are never constant for a long period of time 

due to the constant shifting of channels and bars. 

Constancy of flow regime over a long period of time is the 

most important factor for attaining well sorted sand 

deposits. Figure 9 shows the change in mean grain size 

along the transect of each river. The mean grain size is 

highly variable, particularly in the Chaco river, which 

illustrates the variable flow conditions prevailing at 

points across the depositional area. 

A total of nineteen modern braided river samples were 

plotted on one of Friedman's scatter diagrams (Figure 10). 

Thirty seven percent of the samples fell outside the area 

outlined by Friedman (1961) for fluvial sands. This high 

percentage indicates that this method is unsuitable for 

distinguishing these samples as fluvial deposits. 

Grain Size Progressions in Ancient Braided River Sequences 

Vertical grain size progressions were analyzed in 

three ancient braided river sequences located in the 

eastern San Juan Basin area of New Mexico. The three 

formations studied were the San Jose Formation (Tertiary), 

the Ojo Alamo Formation (Tertiary) and the Burro Canyon 

Formation (Cretaceous). Table 3 lists the grain size 

statistical calculations for the samples collected from 
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FIGURE 9. VARIATIONS IN MEAN GRAIN SIZE ALONG HORIZONTAL 
TRANSECTS ACROSS THE CHACO RIVER (CR) AND THE 
RIO GRANDE RIVER (RG) IN NORTHERN NEW MEXICO. 
ENDPOINTS OF THESE PLOTS CORRESPOND TO THE EDGES 
OF THE RIVER BED. THE MEAN GRAIN SIZE IS HIGH-
LY VARIABLE ACROSS THE DEPOSrTIONAL AREA OF 
BRAIDED RIVER SYSTEMS. 
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FIGURE 10. MODERN BRAIDED RIVER SAMPLES REPREPRESENTED 
ON A F~IED.MAN l196ll DIAGRAM. 

KEY: c~ - x 
RG -• 
BR-A 

39 



+0.2 FIGURE 10 

X 
)( 

• • 
)( )( • en 0 

en )( 

w • z 
3: 
w 
~ • )( en 

-0.2 )( • 
• 

Fluvial 

• Beach 

.. 

.. 
-0.4 

0.2 0.4 0.8 0.8 1.0 

STANDARD DEVIATION· :(sorting) 



TABLE 3. GPAIN SIZE STATISTICS OF ANCIENT BRAIDED RIVER 
SAMPLES. SAMPLES FROM THE SAN JOSE FM. (SJ) 
(TERTIARYL THE OJO ALAMO FM. (OJ} (TERTIARY) 

AND THE :BURRO CANl7QN FM.' (BC} (CRETACEOUS) ARE 
PRESENTED HERE. THE POSITION OF THESE SA~IlPLES 
WITHIN THE STRATI(:;RAPHIC SECTIONS IS GIVEN IN 
.l'.PPENDIX II. 
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TABLE 3 

Sample No. Mean, !I Std. Deviation, H Skewness, g 

SJ 2-1' 2.223 0.562 0.002 
SJ 3-6 1 1. 899 0.613 0.082 
SJ 4-9' 2.587 0.658 -0.102 
SJ 5-14 1 2.741 0.761 0.017 
SJ 6-17 1 2.268 0.672 0.148 
SJ 7-24 1 1. 965 0.693 0.078 
SJ 8-27 1 1.636 0.637 0.205 
SJ 9-29' 1.162 0.658 0.175 
SJ 10-30 1 1. 732 0.734 0.199 
SJ 11-32 1 2.154 0.592 0.005 
SJ 12-34' 2.775 0.387 0.087 
SJ 13-38 1 2.445 0.459 0.053 
SJ 14-41' 2.810 0.422 0.005 
SJ 15-4 7 I 2.302 0.443 0.281 
SJ 16-48.5' 2.831 0.615 -0.092 
SJ 17-55 1 2.440 0.621 0.127 
SJ 18-58' 2.950 0.528 0.153 
SJ 19-61 I 2.164 0.665 0.184 
SJ 20-64' 2.563 0.789 -0.094 
SJ 21-67 1 l. 943 0.691 0.232 
SJ 22-70' 1. 800 0.592 0.319 
SJ 23-73' 2.053 0.502 0.299 
SJ 24-81 1 0.761 0.598 0.310 
SJ 25-87' l. 413 0.641 0.149 
SJ 26-93 1 1.196 0.679 0.149 
SJ 27-99 1 2.442 0.648 -0.074 
SJ 28-105 1 2.281 0.688 -0.069 
SJ 29-111 1 1. 914 0.699 0.064 
SJ 30-117' 1. 967 0.596 0.254 
SJ 31-123 I 2.059 0.660 0.092 
OJ 1-1 I 1.704 0.712 0.287 
OJ 2-4 I 2.148 0.809 0.040 
OJ 3-5' 2.239 0.735 0.054 
OJ 4-9 1 1. 891 0.700 0.435 
OJ 5-13 I l. 064 0.651 0.374 
OJ 6-15 I 2.014 0.535 0.233 
OJ 7-19 I 2.113 0.636 0.225 
OJ 8-23 1 1. 702 0.793 0.395 
OJ 9-26 1 1. 622 0.515 0.196 
OJ 10-30' 2.076 0.478 0.274 
OJ 11-34 1 2.249 0.559 0.114 
OJ 12-38 1 2.577 0.384 0.156 
OJ 13-42 1 2.694 0.481 0.151 
OJ 14-46' 2.045 0.474 0.229 
OJ 15-50' 1.989 0.678 0.030 
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TABLE 3 (continued) 

Sample No. Mean, H Std. Deviation, J1 Skewness, K 

BC 1-2' 2.423 0.472 -0.090 
BC 2-8' 2.512 0.445 -0.168 
BC 3-14' 2.727 0.321 0.037 
BC 4-20' 2.070 0.473 o.oso 
BC 6-26' 1. 453 0.379 -0.061 
BC 7-32' l. 391 0.472 0.125 
BC 8-38' 1. 676 0.341 0.232 
BC 9-44' l. 940 0.333 0.057 
BC 10-50' 2.104 0.439 0.120 
BC 11-56' 1. 605 0.557 0.078 
BC 12-62' 1. 939 0.415 0.001 
BC 13-68' 2.162 0.570 0.047 
BC 14-74' 1.591 0.426 0.215 



these three sequences. The position of each sample in the 

particular section is included with the section 

descriptions in Appendix II. 

The San Jose Formation is a Tertiary unit containing 

both arkosic and conglomeratic sandstones with minor gray 

shale. It is a very thick unit (800-1400 meters thick) 

and is widely exposed in the eastern San Juan Basin. The 

lower section of the San Jose was described and sampled at 

regular intervals. This exposure consists almost entirely 

of channel sequences, randomly distributed both in 

vertical and lateral succession. Channels contain a 

coarse basal lag (containing gravel ) with shale rip-ups. 

This is overlain by sands that exhibit well developed 

trough cross-stratification. These field observations 

distinguish this section as a fluvial sequence. The low 

percentage of shale and lack of point bar sequences 

indicate that this sediment was deposited in an ancient 

braided alluvial environment. Figure 11 shows how the 

mean grain size of the San Jose changes with height above 

the base of the section. Grain size changes very randomly 

except for two areas, around thirty and eighty feet, where 

the graph decreases to a minimum and increases again to 

more average values. Figure 12 shows how the samples from 

the three ancient sequences plot on one of Friedman's 

scatter plots. The results from the San Jose Formation 

are quite good: ninety-seven percent of the samples plot 
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.FIGURE ll. PLOT OF .MEAN GRAI.N SIZE VS. HEIGHT IN SECTION 
FO'R THE SAN JOSE FM. (TERTIARY) OF NORTHERN 
NEW NEXICO. THIS" SEQUENCE SHOWS A LARGE VER
TICAL VARIATION IN MEAN GRAIN SIZE • THIS IS 
A CHARACTERISTIC FEATURE OF BRAIDED RIVER 
SEQUENCES. 
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FIGURE l2. ANCIENT BRAIDED RIVER SAMPLES REPRESENTED ON 
A FRIEDMAN {_l9611 DIAGRAM. 

KEY: SAN JOSE FM. (SJ) - x 
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within the field for river sands. Figure 13 is a Passega 

{1957) C/M diagram, on which the thirty samples of the San 

Jose were plotted. Only one third of them fa'll within the 

field for fluvial sands. Ninety-seven percent of these 

fluvial sands actually fall within the field for beach 

sands. The C/M method of grain size analysis evidently 

has little application to this ancient fluvial sequence. 

The Ojo Alamo is another Tertiary formation in the 

eastern San Juan Basin. It is a thick bedded sandstone 

unit {50-100 feet thick) with local lenses of conglomerate 

and gray shale. The section described and sampled {see 

Appendix II) consists mainly of channel deposits 

containing trough cross-stratified sandstone. Figure 14 

shows the variation of mean grain size with height above 

the base of the section. Shale rip-ups are common in the 

base of a channel sequence at twenty-five feet which 

suggests a fluvial origin for this unit. On Friedman's 

plot of skewness versus standard deviation (Figure 12), 

one hundred percent of the Ojo Alamo samples fall wi~hin 

the field for river sands. Friedman's method is once 

again successful 

fluvial unit. 

for distinguishing the Ojo Alamo as a 

The Burro Canyon formation is a white, 

pebbly, cross-bedded sandstone with local 

mudstone. It is unconformably overlain by 

kaolinitic, 

interbedded 

the Dakota 

Formation and is restricted to the northeastern flank of 
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FIGURE l3. SAMPLES FROM THE SAN JOSE FM. ARE REPRESENTED 
ON A PASSEGA {l957} C/M DIAGRAM. NOTE THE 
POOR CORRELATION OF THESE SAMPLES WITH THE 
FIELD OUTLINED FOR FLUVIAL DEPOSITS. 
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FIGURE 13 
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FIGURE l4. PLOT OF .MEAN GRAIN SIZE VS. HEIGHT IN S SECTION 
FOR THE OJO ALKMO FM. (TERTIARY} OF NOIDRTHERN 
NEW'lmXICO •. THIS' SE::QUENCE SHOWS A VERT~TICAL 
VARIATION IN ME"AN GRAIN SIZE SIMILAR TOrO OTHER 
ANCIENT BRAIDED RIVER DEPOSITS. 
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the San Juan Basin and the Chama Basin (Owen and Siemers, 

1977}. The Burro Canyon was sampled at a section located 

in the southern Chama Basin, which is a northeast 

reentrant of the San Juan Basin. This exposure consists 

predominantly of sandstone with minor lenses of mudstone. 

The sandstone exhibits numerous pebbly zones, cut and fill 

structures and trough cross-stratification. The entire 

sequence consists mainly of channel deposits and is 

unmistakenly a braided river deposit. Figure 15 shows no 

pronounced trend in mean grain size except for a maximum 

grain size near thirty feet from which size tends to 

decrease moving up or down in the section. The three 

graphs (Figures 11, 14 and 15} for the San Jose, Ojo Alamo 

and Burro Canyon are all similar in that the mean grain 

size is never constant for any substantial thickness of 

section. The saltation mode in successive samples is 

continually shifting, which reflects a variable energy 

regime. Only fifty-four percent of the Burro Canyon 

samples fall within Friedman's area for fluvial sands 

(Figure 12). It is evident that this traditional method 

could not be applied to an environmental study of the 

Burro Canyon. 

54 

Characteristic Progressions in Ancient Braided River Sequences 

The grain size data obtained from ancient sandstones 

allow some important conclusions to be drawn about braided 



~IGURE lS. PLOT OF MEAN GRAIN SIZE VS. HEIGHT IN SECTION 
FOR THE BURRO CANYON FM. (CRETACEOUS 1 OF 
NORTHERN NEW MEXICO. THE GRAIN SIZE VARIATION 
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rivers and characteristic grain size progressions. The 

most important observation is the extreme variability of 

mean grain size within each section. The grain size 

continually changes, even between successive samples. The 

mean grain size is a function of the energy regime. The 

lack of constancy in grain size of the dominant saltation 

mode indicates rapid fluctuations in energy level. In a 

braided river the continual shifting of ~hannels and bars 

causes the variability in energy level and explains the 

extreme changes in grain size recorded for these sections. 

These vertical variations in grain size are analogous to 

the horizontal variations observed in transects across 

modern braided rivers. 

The majority of ancient braided river samples are 

poorly sorted compared with sands deposited, for example, 

in a coastal barrier environment (Reineck and Singh, 

1975). This is consistent with data from modern 

environments and relates to the poor sorting ability of 

braided streams. There are some notable differences 

however, between the Burro Canyon samples and the other 

two sequences. The grain size characteristics appear to 

be slightly different, although all three sequences were 

deposited in the same general environment. Nearly all of 

the San Jose (97 %) and Ojo Alamo (100 %) samples fall 

within Friedman's area for river sands, however, only 

fifty-four percent of the Burro Canyon samples plot within 
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this field (Figure 12). This is because the Burro Canyon 

samples exhibit slightly better sorting and less positive 

skewness values than the other sets of samples. 

Statistically significant differences in sorting and 

skewness reflect differences in rates of sedimentation. 

Poorer sorting and higher positive skewness indicates a 

high rate of sedimentation where sand is being supplied at 

a faster rate than it can be reworked. This is a 

characteristic feature of alluvial fans, which are 

composed of many braided streams at close proximity to 

source regions (uplifted areas). The streams are not 

capable of winnowing out all of the fine sediment because 

of the rapid rate at which sediment is being introduced to 

the alluvial system (from erosion of headlands). This 

results in a fine fraction being left in sand deposits, 

giving highly positive skewness values. The San Jose and 

Ojo Alamo Formations may have been deposited in such an 

alluvial fan system because of the poorer sorting of 

samples and the tendency for very high positive skewness 

values. The Burro Canyon, however, may have resulted from 

deposition in a system of braided streams farther from its 

source. This interpretation is in accordance with the 

source areas theorized for these formations. The San Jose 

and Ojo 

eroded 

uplifts. 

Alamo represent the basin infilling by sediment 

from the local San Juan-Archuleta-Nacimiento 

These formations were deposited by proximal 
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braided streams, probably on the alluvial apron. 

Paleocurrent data indicates that the Burro Canyon was 

deposited by a braided stream system of high dispersion 

that transported pebbly sand eastward from the Mogollon 

highlands in Arizona and New Mexico (Owen et al, 1978). 

The Burro Canyon section sampled in this study therefore 

·represents a more distal deposit, one where the rate of 

sedimentation was lower. Therefore, sediment was reworked 

to a greater degree. This resulted in slightly better 

sorting and less positive skewness values. 

A braided river sequence is characterized by the lack 

of consistency in sediment textures. The mean grain size, 

saltation mode, and skewness will be highly variable, 

revealing no periods of constant energy regime. Some 

minor trends in mean grain size can occur, however, such 

as the distinct valleys on the graphs for the San Jose 

(Figure 11) and Burro Canyon (Figure 15). These minimum 

phi values probably represent the migration of the main 

channel system into the area or possibly re~ewed uplift in 

the source area providing a flood of coarse clastic 

material. The braided river environment lacks a 

characteristic sequence of different sub-facies that will 

be preserved in the ancient record. Braided river sands 

are predominantly channel deposits and the constant 

fluctuations in energy regime are reflected in sediment 

textures. 
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GRAIN SIZE ANALYSIS OF SANDS FROM MEANDERING RIVER SYSTEMS 

Depositional Environment 

Leopold and Wolman (1957} termed a 

meandering if the sinuosity of the river was 

river system 

greater than 

1.5. Sinuosity is the ratio of the river's actual channel 

length to the straight-line distance down valley. 

Meandering rivers usually develop where gradients and 

discharge are relatively low compared to those of low 

sinuosity braided river systems (Selley, 1970}. Meandering 

rivers commonly occur in low-relief valleys in the interiors 

of continents or in low-relief coastal plains (e.g. Gulf 

Coastal Plain). They are characteristic of humid, vegetated 

areas where seasonal discharge rates are fairly steady and 

sediment availability is relatively low. The low sediment 

supply is due to low topographic relief and the impeding 

effect of vegetation on both soil erosion and lateral 

erosion of channel margins (Selley, 1970). Meandering 

rivers show a more organized distribution of channel 

processes and a clearer separation of channel and overbank 

environments than braided river systems (Reading, 1978). A 

meandering river usually contains one active channel that 

occupies only a small part of its alluvial plain at any one 

time. A meandering channel shifts its position on the 

alluvial plain through time but will show much slower rates 

of lateral shifting than braided channels. 
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Helical circulation is considered to be the dominant 

factor affecting sedimentation in meandering rivers. The 

flow in meander bends is helicoidal with a surface component 

toward the outer bank and a bottom component toward the 

inner bank (Reading, 1978) (Fig. 16). The inner convex bank 

is the site of deposition while erosion occurs on the outer 

concave bank. Sediment derived from erosion and collapse of 

the outer banks is moved as bedload by helical circulation 
I 

onto the inner bank of the next bend downstream. The result 

is the deposition of a crescent shaped bar of sand at the 

inner bend of the river. This sediment body enclosed by the 

meander loop is termed the point bar. Its upper surface is 

nearly horizontal at the level of the surrounding floodplain 

and it slopes gradually into the channel towards the thalweg 

(Fig. 16). The point bar surface is the site of channel 

deposition and it grows by accretion in an oblique 
; 

downstream direction. The lateral migration of a meandering 

channel will result in the deposition of a vertical sequence 

of sand units roughly equal in total thickness to the 

maximum depth of the channel. This sand package is known as 

a point bar sequence and it exhibits a characteristic 

distribution of grain size and bedforms (Bernard et al, 

1970). Point bar sequences are an important environmental 

indicator because they are usually easy to recognize in 

both recent and ancient sediments. 

The model of point bar sedimentation is fairly well 
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FIGURE 16. FACIES MODEL FOR THE FLOODPLAIN OF A MEANDERING 
RIVE'R. AFTER BLATT ET AL (1972) • 
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established. Lateral migration of the channel will produce 

a tabular sand body overlying an erosion surface. Figure 17 

shows the ideal vertical sequence of deposits produced in a 

meandering channel model. A channel lag deposit containing 

coarse sand and gravel usually lies above the erosion 

surface at the base of the sequence. The point bar sands 

will exhibit an upward diminution of grain size and will be 

cross-stratified with upward reduction of set thickn~ss. 

The sequence of structures observed is commonly from trough 

or foreset cross-bedding, formed by migration of dunes on 

the lower part of the point bar, to small scale trough 

cross-laminations, formed by ripple migrati9n on the higher 

parts of the point bar. The water is too shallow and the 

energy too low for the formation of dunes on the upper point 

bar (Blatt et al, 1972). Allen (1970) determined that an 

increase in the overall energy of the stream increases the 

relative abundance of large scale as compared with small 

scale cross-stratification. Planar beds may be found below 

the trough cross-bedding, however, these beds are commonly 

reworked by the deep scouring that takes place during dune 

migration. A decrease in the sinuosity of the channel tends 

to increase the relative abundance of planar stratification 

(Allen, 1970). This sequence is commonly overlain by 

floodplain deposits of silt and clay which represent the 

complete migration of the channel out of the area and 

deposition during overbank flood stages. 

64 



FIGURE 17. IDEAL VERTICAL SEQUENCE OF SEDIMENTARY UNITS 
PRODUCED BY THE LATERAL MIGRATION OF A 
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MEANDERING RIVER. THIS SEQUENCE IS INTERPRETED 
IN TERMS OF FLOW REGIMES IN A MEANDERING 
CHANNEL MODEL. FROM BLATT ET AL (1972) • 
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The deposits of a meandering river are commonly 

preserved in a characteristic vertical sequence. The 

sequence consists of three major types of deposits lying in 

vertical succession. Channel lag deposits lie at the base 

of the section and are overlain by point bar deposits which 

comprise the major part of the fluvial sequence. These sand 

deposits are then overlain by floodplain deposits, thus 

completing the fining upwards succession. This is a cyclic 

sequence and it characterizes the nature of sedimentation in 

meandering rivers. The presence of well-developed point bar 

sequences and associated floodplain deposits distinguishes 

meandering river deposits from those of braided streams. 

Textural variations occur between the various sedimentary 

units deposited in a meandering river sequence and can be 

related to the sequence of transport and depositional 

processes operating during point bar development. 

Grain Size Data from Recent Deposits of Meandering Rivers 

Grain size data was acquired from over two hundred sand 

samples collected from four different meandering rivers in 

East Texas by Cole (1982) as part of a study on recent 

fluvial sands of the Texas Gulf Coast. The four meandering 

rivers sampled were the Brazos River, the Sabine River, the 

Trinity River and the Colorado River. These rivers all flow 

to the east across the Gulf Coastal Plain and drain into the 

Gulf of Mexico (see location map in Appendix I). For each 
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river, samples were collected at a number of localities at 

random parts of the point bar. The intent was to represent 

the entire range of sediment being deposited by each river. 

The parameters of grain size distribution were 

calculated for each sample. The data was plotted on the two 

dimensional diagrams of Friedman (1961) to determine the 

effectiveness of this traditional method in distinguishing 

these samples as fluvial sands. Skewness versus standard 

deviation was plotted for each sample from the Brazos River 

(Fig. 18), the Sabine River (Fig. 19), the Trinity River 

(Fig. 20) and the Colorado River (Fig. 21). Thirty-four 

percent of the Brazos samples, fifty-nine percent of the 

Sabine samples, forty-eight percent of the Trinity samples 

and sixty-seven percent of the Colorado samples fall outside 

the field outlined by Friedman for fluvial sands and within 

the area for beach sands. These results reflect the poor 

application of statistical grain size analysis to the 

identification of depositional environments from sand 

deposits. 

Grain Size Progressions in Modern Point Bar Sequences 

A modern point bar sequence of the Brazos River was 

studied and carefully sampled. This sequence was exposed 

along the banks of the Brazos River meander belt southwest 

of Houston, Texas (see location map in Appendix I). Three 

different units comprise most of the exposed vertical 
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FIGURE l8. BRAZOS RIVER SAMPLES REPRESENTED ON A FRIEDMAN 
(l96ll DIAGRAM. 34% OF THESE SAMPLES PLOT 

OUTSIDE THE FIELD OUTLINED BY FRIEDMAN FOR 

69 

FLUVIAL SANDS. GRAIN SI"ZE DATA FROM COLE (1982). 

e REPRESENTS AVERAGE OF ALL SAMPLES 
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FIGURE 18 
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FIGURE ~9. SABINE RIVER SAMPLES REPRESENTED ON A FRIEDMAN 
(l96ll DIAGRAM. 5.9% OF THESE SAMPLES PLOT 
OUTSIDE THE FIELD PROPOSED BY' FRIEDMAN FOR 
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FLUVIAL SANDS. GRAIN SI'ZE DATA FROM COLE (1982) • 

e REPRESENTS AVERAGE OF ALL SAMPLES 
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FIGURE 19 
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FIGURE 20. TRINITY RIVER SAMPLES REPRESENTED ON A FRIEDMAN 
(_196~} DIAGRAM. 5.9% OF THESE SAMPLES PLOT 

OUTSIDE THE FIELD FOR FLUVIAL SANDS. GRAIN 
SIZE DATA FROM COLE (19821 • 

e REPRESENTS AVERAGE. OF ALL SAMPLES 
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FIGURE 20 
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FIGURE 2.l. COLORADO RIVER SAMPLES REPRESENTED ON A A FRIEDMAN 
ll96.l)_ DIAGRAM. 67%. OF THE COLORADO SA3AMPLES 

:FALL OUTSIDE THE FIELD DEFINED ,FOR FLUVJVIAL 
$)"\NDS. DATA OB.TAINED FROM THE FOUR MEN:ANDERING 
RIVER SYSTEMS IN EAST TEXAS SHOW VERY P POOR 
CORRELATION WITH FRIEDMAN'S METHOD OF G GRAIN 
SIZE ANALYSIS •. GRAIN SIZE DATA FROM CCOLE (1982). 

e REPRESENTS AVERAGE OF ALL S.AJ~PLESS 
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FIGURE 21 
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section. Samples were collected from each unit of the 

sequence and analyzed for grain size distribution. Channel 

lag deposits are common near the base of the sequence. The 

remainder of the section consists mainly of discrete sand 

units displaying either trough (or foreset) cross-bedding or 

small scale trough cross-laminations. Planar beds, which 

are sometimes present below trough cross-bedding, are absent 

in this section. The trough and foreset bedded sands were 

formed by dune migration in the lower part of the point bar 

sequence. The cross-laminated unit represents a decreased 

flow regime and was formed by ripple migration on the higher 

parts of the point bar. These two units have already been 

mentioned as the two main sand units comprising an ideal 

point bar sequence. Mud drapes were also present overlying 

many of the rippled units. 

Grain size distributions of the samples collected were 

analyzed to determine grain size progressions through a 

typical point bar sequence. Table 4 lists the grain size 

statistics for each sample collected from the three 

different parts of the sequence. 

Channel lag deposits are present in discontinuous 

layers and occupy the lowest part of the channel or point 

bar sequence. These samples (BPB 1-6) possess the highest 

standard deviation values, and therefore are the most poorly 

sorted samples in the sequence. They contain both sand and 

gravel and represent a residual concentration of coarse 
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TABLE 4. GRAIN SIZE STATISTICS OF SAMPLES COLLECTED FROM 
A BRAZOS RI~~ POINT BAR SEQUENCE (BPB) • 
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TABLE 4 

Sample No. Mean,g Std. Deviation,Jd' Skewness ,Ji!f 

BPB 1 2.019 0.691 -0.173 
BPB 2 1.838 0.599 -0.226 
BPB 3 1.688 0.652 -0.024 
BPB 4 1.945 0.543 0.107 
BPB 5 1.842 0.527 -0.040 
BPB 6 1.788 0.819 0.263 
BPB 7 2.773 0.390 0.047 
BPB 8 2.839 0.332 0.116 
BPB 9 3.066 0.530 0.116 
BPB 10 3.143 0.403 0.251 
BPB 11 3.148 0.450 0.305 
BPB 12 3.272 0.511 0.169 



sediment left at the base of the channel. Figuree 22 shows 

the· frequency curves for the channel lag samples. Samples 

BPB 1 and BPB 2 are the only samples with unimodal frequency 

curves, each showing a 2.0% saltation mode. They are both 

strongly negatively skewed due to the winnowing of the fine 

fraction and the residual concentration of a large traction 

population. The rest of the samples {BPB 3-6) are bimodal, 

possessing two saltation modes. Samples BPB 3, 4 and 5 

possess saltation modes at 1.5 g and 2.0 2 while BPB 6 has a 

second mode at 2.75 g instead of 2.0 g. Skewness is only a 

useful measure when applied to unimodal frequency curves 

because it shows the presence of a coarse or fine tail about 

the mean, and in unimodal curves the mean will correspond 

closely with the single mode. It will not be used in the 

discussion of bimodal samples. The bimodal property of some 

of these curves represents a change in flow strength, 

thereby leaving sediment deposited from two different 

saltation events. The presence of a mode at 2.75 2 in 

sample BPB 6 represents a mixing of sand from the next part 

of the point bar sequence where the single saltation mode is 

present at the same phi size. 

Sand units exhibiting trough and foreset cross-bedding 

were not as widespread in the section as the cross-laminated 

sands, but where present they were overlying basal channel 

lag deposits. The large scale cross-bedding was formed from 

dune migration in the deeper parts of the meandering 
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FIGURE 22. GRAIN SIZE FREQUENCY CURVES OF BRAZOS RIVER 
POINT BAR SJ!.J:.IPLES. BPB l - BPB 6. THESE SA...11.1PLES 
WE..."qE. COLLE.CTED l'"ROM THE BASAL CHANNEL LAG 
DEPOSITS:. THESE ARE. THE MOST POORLY SO~TED 
SAMPLES IN THE MEANDERING RIVER SEQUENCE AND 
REPRESENT A .RESIDUAL CONCENTRATION OF COARSE 
SEDIMENT AT THE BASE OF THE CHANNEL. 
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FIGURE 22 
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channel. The two samples (BPB 7-8) collected from this unit 

are very well sorted, which is evident from their low 

standard deviation values and frequency curves (Fig. 23). 

They are also much finer than the underlying channel 

deposits. The frequency curves for these samples are 

unimodal and 

2.75 ~. The 

symmetrical with a high saltation mode at 

2.75 ~ saltation mode fits well with the 

truncation point of channel lag deposits. The sands in this 

cross-bedded unit were deposited under a lower flow regime 

because of its finer saltation mode. Channel lag sample 

BPB 6 actually shows a mixing of sand from these two flow 

regimes with its dominant saltation mode at 2.0 H and its 

smaller but defined mode at 2.75)r. The good sorting of 

these cross-bedded sands reflects a fairly constant flow 

regime. Flow conditions must have remained fairly stable 

for a long enough period of time in order to sort the sand 

so effectively. 

Sand units exhibiting small scale trough 

cross-laminations comprised the upper part of the point bar 

sequence and were often overlain by a mud drape. The 

cross-laminations were formed by ripple 

shallower parts of the meandering 

migration 

channel. 

in the 

Standard 

deviation values show that the three samples collected from 

this unit (BPB 9-11) were less well sorted than the· 

cross-bedded sands but were better sorted than the channel 

lag deposits. The samples were finer than the underlying 
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FIGURE 23. GRAIN SIZE FREQUENCY CURVES OF BRAZOS RIVER 
POINT BAR SAMPLES BPB 7 AND BPB 8. THESE 
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SAMPLES WERE COLLECTED FROM A SAND UNIT DISPLAY
ING LARGE SCALE TROUGH AND FORESET CROSS-BEDDING. 
THESE SAMPLES ARE VERY WELL SORTED WITH SYMME
TRICAL FREQUENCY CURVES. 
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cross-bedded sands indicating deposition under a lower flow 

regime. Figure 24 shows the frequency curves for these 

samples. The dominant saltation mode in all the samples of 

this rippled unit is at 3.0 g, which is one quarter phi 

finer than the saltation mode of dune migration. The curves 

exhibit positive skewness due to the presence of a fine 

tail. This fine tail (3.5-4.0 H) is particularly evident in 

samples BPB 9 and BPB 11 and represents a suspension mode. 

A sand unit exhibiting very low angle planar 

cross-laminations was found at one part of the section to 

overlie the rippled unit, in turn being overlain by a mud 

drape. This unit represents an even lower flow regime than 

that which prevailed during ripple formation. The one 

sample (BPB 12) taken from this unit is finer than any of 

the other samples, but has the same dominant saltation mode 

at 3.0 gas the rippled unit. The frequency curve for this 

sample (Fig. 25) shows an increase in the fraction of sand 

finer than 3.0 H. Two smaller modes are present at 3.5 8 

and at 4.0 H. The mode at 3.5 g is very distinct and may 

represent another saltation mode corresponding to a very low 

flow regime. Hence, this sample may represent a mixing of 

two saltation modes and a transition period to even lower 

flow conditions. 

Characteristic Progressions in Meandering River Sequences 

Studies of recent meandering river deposits enables me 

86 



FIGURE 24. GRAIN SIZE FREQUENCY CURVES OF BRAZOS RIVER 
POINT BAR SAMPLES BPB 9 - BPB 11. THESE 
SAMPLES WERE COLLECTED FROM A SAND UNIT 
DISPLAYING SMALL SCALE TROUGH CROSS-L~~INA
TIONS. THEY POSSESS A COMMON SALTATION MODE 
AT 3.0 g AND SHOW A SIGNIFICANT SUSPENSION 
MODE (POSITIVE SKE~"NESS) • 
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FIGURE 25. GRAIN SIZE FREQUENCY CURVES OF BRAZOS ; RIVER 
POINT B~~ SAMPLE BPB 12. THIS SAMPLE: WAS 
COLLECTED FTIOM A SAND UNIT DISPLAYING ; VERY 
LOW ANGLE PLANAR CROSS-L~~1INATIONS. TTHIS SAND 
SHOWS A 3 • 0 fd' SALTATION MODE AND IS MOIORE 
POSITIVELY SKEWED THAN UNDERLYING UNITTS IN THE 
POINT BAR SEQUENCE. 
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to suggest some grain size progressions that: may be 

characteristic of point bar sequences. A good example of an 

ancient point bar sequence was not found in the San Juan 

Basin area of New Mexico. The fluvial sandstones in this 

area appear to be more braided in character. Without an 

ancient sequence for comparison, recent sediments can only 

give us an idea of what grain size progressions to expect in 

the ancient record. 

A typical meandering river sequence is a fining upward 

succession from a basal channel lag of coarse sand and 

gravel to point bar sands, ending with floodplain deposits 

of fine sand, silt and clay. Point bar sands are composed 

mainly of two units- a trough or foreset cross-bedded sand 

and a trough cross-laminated sand unit. The fining trend in 

grain size is most pronounced between the various units of 

the sequence. Within each sand unit, such as the 

cross-bedded sands or the rippled sands, the fining trend 

is much less evident. The saltation modes remain fairly 

constant within each part of the sequence. In the Brazos 

River sequence the channel lag deposits contain sand with 

saltation modes at 1.5 g and 2.0 g. The saltation modes of 

these cross-bedded and rippled sand units are 2.75 g and 

3.0 Z, respectively. A significant change in saltation 

mode, and therefore in grain size, occurs between the 

various parts of a point bar sequence. 

Channel lag deposits are characterized by their poor 
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sorting and the 

Unimodal samples 

presence of gravel in many samples. 

are negatively skewed due to thee residual 

traction mode. The presence of two distinct saltation modes 

is also a common feature in some samples and represents a 

drop in energy level in the channel, producing less 

competent flow conditions. 

The cross-bedded sands in a point bar sequence are 

characterized by very good sorting and near symmetrical 

distributions. The saltation mode is finer than the modes 

exhibited by channel lag deposits. The fairly rapid flow 

conditions in the deeper parts of the channel excludes the 

formation of a fine tail in these cross-bedded sands. The 

finer sand and silt is kept in suspension until the flow 

regime decreases. 

Sands from the rippled unit in the upper point bar are 

characterized by a finer saltation mode and are less well 

sorted than underlying cross-bedded sands. Positive 

skewness appears to be characteristic of these sands because 

of the presence of a finer suspended mode. The low flow 

regime causes some of the finer sand and silt to settle out 

of suspension and become incorporated in the cross-laminated 

sands. Floodplain deposits of silt and clay are found at 

the top of this sequence and represent the fine sediment 

that settles out of suspension during waning flood stages.· 

The entire sequence can be expected to repeat itself as 

the river channel meanders back and forth across the 
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floodplain. In the ancient record, one can expect a 

vertical section composed of a number of point bar sequences 

with shale intervals: A short sampling interval (one to two 

feet) would be necessary in order to recognize the various 

units within the vertical sequence. A meandering river 

environment can be inferred from the ancient record by 

recognizing the stratigraphic associations and textural 

variations within this cyclic sequence. 
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GRAIN SIZE ANALYSIS OF COASTAL BARRIER SANDS 

Depositional Environment 

The coastal barrier environment has been studied more 

than any other sedimentary environment. Coastal barriers 

are long, relatively narrow sand accumulations that occur 

along many coasts of the world. A barrier consists of 

sediment deposited on the beach and in the shoreface zone. 

The seaward limit of the barrier sands is the transition 

zone where both sand and offshore mud are deposited. The 

beach sands are bounded landward by marshes and alluvium, 

or in the case of barrier islands, tidal flats or lagoons. 

A beach will form virtually any place where the land and 

sea meet, providing there is an adequate sediment source 

and a site available for sediment accumulation. Sand is 

supplied to the shoreline by river input, onshore 

transport or longshore drift. Other conditions that are 

conducive to beach development are a moderately stable, 

low gradient coastal plain and a hydrodynamic setting 

characterized by low, moderate or high wave energy but 

with limited tidal range (Reading, 1978). 

The coastal environment is composed of a series of 

sub-environments that are aligned parallel to the 

shoreline and is characterized by a general seaward fining 

of sediment. From land to sea, the sub-environments 

include: back-barrier marshes, lagoons and estuaries, 
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aeolian dunes, the backshore, the 

shoreface, which passes transitionally 

or shelf area (Fig. 26). 

foreshore 

into the 

and the 

offshore 

Aeolian sand dunes form complex ridges that cap the 

beach face above mean tide level. They develop where 

there is a sufficient supply of sand and where a dominant, 

strong wind is present in the onshore direction. The sand 

is brought to the upper beach by wave action and reworked 

by onshore winds into sand dunes. These dunes are 

generally composed of well sorted sands characterized by 

festoon cross-bedding. The primary sedimentary structures, 

however, can be modified or obliterated by fluctuating 

groundwater levels, plant activity and soil formation 

(Reading, 1978). 

The backshore and foreshore are considered together 

as the upper part of the beach face. The backshore is 

only inundated during storm events and is the supratidal 

part of the beach. The foreshore is the intertidal area 

and is generally characterized by swash zone processes. 

Parallel laminations, dipping gently seaward, are the 

predominant structure in sands of the foreshore. The 

laminations are present in two-fold couplets. Each 

couplet beg ins with a basal fine grained and/or heavy 

mineral layer, overlain by a coarser grained and/or light 

mineral layer. These laminations are the result of grain 

segregation under conditions of planar sediment transport 
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FIGURE 26. PROFILE ACROSS THE BEACH FACE SHOWING THE 
LATERAL SEQUENCE OF SUB-ENVIRONMENTS IN THE 
COASTAL BARRIER. FROM READING (1978). 
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during swash-backwash flow (Reading, 1978). 

The shoreface is seaward of the foreshore and extends 

out to the transition zone. It is the sub-tidal part of 

the beach face and can be divided into an upper and lower 

zone. The upper shoreface has a relatively steep gradient 

(1:10) that decreases offshore to a value of 1:200 in the 

lower shoreface (Swift, 1976). The upper shoreface is 

characterized by ridge and runnel topography. This 

topography is composed of a series of asymmetrical ridges 

(or bars), parallel to the coast and separated by shallow 

troughs or runnels. A breaker zone generally corresponds 

to each one of the nearshore ridges. In beach systems 

with more than one nearshore bar, the waves traveling from 

offshore will break over the outer bar, reform and break 

again on the inner bar (Reading, 1978). The weaker the 

wave energy of the coast, the fewer number of longshore 

bars that are formed. Two or more bars are commonly 

present, but on very low energy coasts only one ridge is 

developed near the low water line (Reineck and Singh, 

1975). During heavy storms, the topography is leveled, 

however, the bars are rebuilt as the storm recedes. 

Landward migration of these ridges is the primary mode of 

onshore sediment transport back to the upper beach face 

after storm events (Komar, 1976). The predominant 

sedimentary structures in these longshore bars are high 

angle, landward dipping foresets produced by ridge 
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migration. Seaward dipping laminations, overlain by 

ripple laminated sands, are common in the runnel where 

longshore current is the dominant process of sediment 

transport. Farther offshore, in the lower shoreface, 

cross-bedding is rare with laminated sand being the 

dominant structure. Wave ripples are common in the lower 

shoreface and the amount of bioturbation also increases 

offshore. 

The preservation of sedimentary structures across the 

shoreface is determined largely by the interplay between 

wave action and biogenic processes. Primary sedimentary 

structures will predominate in high wave energy settings 

because biogenic processes are not active or have a low 

preservation potential. In low wave energy settings, 

biogenic reworking may be so thorough that the sediment 

becomes virtually structureless (Reading, 1978). The 

facies characteristics of the shoreface are generally 

superimposed on a gradual seaward fining of sediment. 

The shoreface grades into the transition zone where 

very fine sand is found interbedded with offshore mud. 

The actual depth of the transition zone depends upon the 

energy of the coastline. The lower the wave energy along 

the coast, the less the depth of the transition zone. 

Very fine sand in the transition zone was brought offshore 

during storm events and deposited as evenly laminated 

sand. These storm sand layers are thicker and more 
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numerous in the transition zone than in thee offshore mud 

zone. 

a barrier The sub-environments of 

response to regressions or 

and/or variations in rates 

produce a corresponding onlap 

will 

of transgressionns 

of subsidennce. 

shift in 

the sea 

This will 

or offlap of sedimentary 

units. Factors that are conducive to barriier progradation 

are continued sediment supply, stable orr slowly falling 

sea level, and low to moderate subsidence rates. Under 

these conditions the barrier will prograde offshore and 

all of the sub-environments may be represented in a thick 

vertical sequence, beginning with offshore mud at the base 

and topped by back-barrier deposits (Fig. 27). A 

reduction in sediment supply, a rise in sea 

high rate of subsidence will result 

level, or a 

in a landward 

migration of facies. A transgressive sequence is 

generally thin and consists mainly of sediments deposited 

in the shoreface and offshore environments. Sediments 

deposited in the beach and nearshore environments tend to 

be reworked during the transgression (Blatt et al, 1972). 

Preserved barrier sequences are commonly asymmetric with 

thin transgressive units alternating with thicker 

regressive units. Repeated transgressions and regressions 

of epicontinental seas in geologic times have produced an 

extensive record of ancient coastal and shelf environments 

in sedimentary rocks. The presence of coastal barrier 
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FIGURE 27. IDEALIZED SEDIMENTARY SEQUENCE PRODUC:CED BY THE 
PROGRADATION O.F A LOW ENERGY BEACH FA<ACE IN THE 
GULF OF GAE.TA, ITALY. THIS U.LUSTRAT.TES AN 
UPWARD DECREASE IN BIOTURBATION STRUC'CTURES AND 
A. CORRESPONDING INCREASE IN WAVE rNDU1UCED 
STRUCTURES. FROM READING (1978) • 
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sandstone bodies in the subsurface is of particular 

interest to the petroleum industry because of the high 

reservoir quality of barrier sands and their close 

stratigraphic association with potential source rocks. 

Grain Size Data from Beach and Nearshore Transects 

Sands from the beach and nearshore environment were 

collected along ten 

shorelines of the United 

located on the Texas 

coast and one on the west 

Representative samples 

coastal transects on various 

States. Seven transects were 

Gulf Coast, two on the northeast 

coast of the United States. 

were collected from the major 

sub-environments of the beach and nearshore zone. In most 

transects these included the dune, upper and lower 

foreshore, and the ridge and runnel sands of the upper 

shoreface. Grain size distributions obtained from these 

samples were analyzed to determine characteristic lateral 

progressions across the beach-nearshore zone. Lateral 

progressions between adjacent sub-environments of modern 

shorelines can provide important criteria for recognizing 

ancient barier sands in vertical sequences. 

The Texas Gulf Coast is a microtidal, low energy 

coastline. The shoreline is composed of a chain of 

barrier islands that separate the Gulf of Mexico from a 

series of bays and back-barrier lagoons and estuaries. 

Samples were obtained from seven beach-nearshore transects 
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on Galveston, North Padre and South Padre Islands (see 

Appendix I for locations) 

Table 5 lists the grain size statistical parameters 

for the samples collected in all seven Gulf transects. 

Lateral grain size progressions across the beach and 

nearshore zone very similar between transects. Figure 28 

illustrates the typical progression in grain size 

frequency curves from the aeolian dunes to the ridge and 

runnel zone. 

The sediment deposited on the upper beach face 

consists of very well sorted, fine to very fine sand. 

Shells and Foraminifera are quite common in the nearshore 

sand. Table 6 lists the average values for each one of 

the four major sub-environments sampled along the Gulf 

shoreline. It is evident that mean grain size is fairly 

consistent. The nearshore bar and foreshore sand is 

slightly coarser due to the presence of a coarse tail. A 

significant difference occurs in the standard deviation 

values, which measure the degree of sorting. Samples from 

the nearshore bars have a higher standard deviation, hence 

they are more poorly sorted. They also exhibit a much 

higher negative skewness. These differences are due to 

the effects of wave action on the nearshore ridge system. 

The waves are breaking over the longshore bars and 

effectively winnowing out more of the fine fraction. The 

slightly higher energy of this zone also results in a lag 



TABLE 5. GRAIN SIZE STATISTICS OF SAMPLES COLLECTED IN 
ALL SEVEN GULF NEARSRORE-BEACR TRANSECTS. 

KEY: TE. - TRANSECT 
D - DUNE 
U_F - lJPPE.R ,FORESHORE 
MF - 1-1IDDLE .FORESHORE. 
LF - LOWER FORESHORE 
I'R - INNER RUNNEL 
IB - INNER BAR 
OR - OUTER RUNNEL 
OB - OUTER BAR 

* DENOTES QUESTIONABLE VALUE 
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TABLE S 

Tr.-Samp1e Mean,.9' Std. Deviation,Ir Skewness,Ir 

1-D 2.787 0.318 0.021 
1-UF 2.9S8 0.640 -0.316 
1-LF 3.027 O.S67 -l.681* 
1-IR 3.247 0.264 0.012 
l-IB 3.270 0.494 -0.060 
2-D 2.929 0.2S6 -0.116 
2-UF 2.767 O.S74 0.002 
2-LF 2.8SS 0.511 -0.213 
2-IR 2.807 0.422 -0.270 
2-IB 2.8S6 0.447 -0.279 
2-0R 3.02S 0.361 -0.038 
2-0B 2.767 0.474 -0.379 
3-D 2.9SO 0.232 -0.123 
3-UF 3.046 0.320 0.032 
3-LF 3.0S8 0.414 0.021 
3-IR 3.007 0.818* 0.034 
3-IB 2.889 0.741 -0.404 
3-0R 3.l8S 0.372 -0.062 
3-0B 3.1S8 0.237 o. 041 
4-D 2.69S 0.321 -0.099 
4-UF 2.79S 0.340 0.022 
4-LF 2.623 0.249 -0.029 
4-IR 2.772 0.276 0.033 
4...;IB 2.S1l O.S04 -0.1SS 
4-0B 2.802 O.S39 -0.038 
S-UF 2.617 0.219 -0.096 
S-LF 2.480 0.670* -0.170 
S-IR 2.627 0.371 -0.100 
S-IB 2.S88 0.46S -0.304 
S-OR 2.76S 0.436 0.090 
S-OB 2.069 0.769 -O.S80 
6-D 2.688 0.399 -0.121 
6-UF 2.404 0.268 -o.oso 
6-MF 2.432 0.2S6 -0.192 
6-LF 2.396 O.Sl8 -0.100 
6-IB 2.436 0.4SO -0.201 
6-0R 2.642 0.498 -0.123 
6-0B 2.971 0.49S -0.104 
7-D 3.073 0.3S9 0.223 
7-UF 3.088 0.238 0.2Sl 
7-MF 2.927 0.471 -0.264 
7-LF 2.944 O.S62 -0.237 
7-IR 3.129 0.496 0.1S8 
7-IB 2.969 0.668 -0.122 
7-0R 3.183 0.484 0.199 
7-0B 3.212 O.S10 0.148 



FIGURE 28. GRAIN SIZE FREQt!'ENCY CURVES FROM SAMPLES 
COLLECTED IN GuLF COAST TRANSECT NO. 7 ON 

107 

GALVESTON ISLAND, TEXAS. THE SEQUENCE OF SUB-
ENVIRONMENTS .FROM THE AEOLIAN DUNE TO THE 
RIDGE AND RUNNEL ZONE ARE REPRESENTED. THIS 
LATERAL PROGRESSION OF GRAIN SIZE CURVES IS 
TYPTCAL OF BEACHES ALONG THE TEXAS GULF COAST. 
NOTE THE 3.0 8 SALTATION MODE TEAT IS VERY 
CONSISTENT ACROSS' THE BEACH FACE. 
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TABLE 6. AVERAGE GRAI.N SIZE STATISTICS FOR THE SUB
ENVIRONMENTS SAMPLED IN SEVEN GULF COAST 
TRANSECTS. 

KEY': D ... DUNE 
UF - UPPER ,FORESHORE . 
LF ... LOWER FORESHORE 
F - ~FORESHORE 
IR. - INNER RUNNEL 
OR ... OUTER RUNNEL 
R - RUNNEL 
IB - INNER BAR 
OB - OUTER BAR 
B ... BAR 
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Sub-EnviroJ¥Rent 

D 
UF 
LF 
F (Overall) 
IR 
OR 
R(Overall} 
IB 
OB 
B (Overall} 

Mean,Rf 

2.845 
2.811 
2.769 
2.776 
2.931 
2.960 
2.944 
2.788 
2.830 
2.808 

TABLE 6 

Std. Deviation,Rf 

0.314 
0.371 
0.470 
0.410 
0.366 
0.430 
0.398 
0.538 
0.504 
0.522 
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Skewness,RJ 

-0.036 
-0.022 
-0.121 
-0.089 
-0.022 

0.013 
-0.006 
-0.218 
-0.152 
-0.187 



of coarse material, composed mainly of shell hash. This 

coarse tail is a traction mode and is evident in the inner 

bar and foreshore sands of transect 7 in Figure 28. It 

tends to reduce sorting and increase negative skewness in 

some nearshore sands. The coarse accumulation also 

causes a slight increase of mean grain size in the ridge 

and foreshore samples. The swash zone is another part of 

the beach affected significantly by wave energy and a 

coarse fraction of shell hash is also commonly present 

there. 

Figure 29 shows the superimposed frequency curves for 

each one of the seven transects from the Texas Gulf 

Coast. ·The most obvious feature of these graphs is the 

constant saltation mode in each suite of samples. A 

coarse tail (shell hash) is present in some samples but 

the single saltation mode is very consistent between each 

sub-environment. Sand being transported and deposited on 

the upper beach face is generally of the same grain size, 

which reflects the near constant energy regime of the low 

energy shoreline. This consistent grain size contrasts 

sharply with the fluvial environment where grain size 

changes dramatically across the depositional area (Fig. 9) 

and consequently within a fluvial stratigrahic sequence, 

due to wide variations in energy regime. 

Grain size data were also obtained 

collected on three other shorelines 

from samples 

in different 
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FIGURE 29. GRAIN SIZE FREQUENCY CURVES ARE SUPERIMPOSED 
FOR EACH ONE OF THE SEVEN GULF COAST TRANSECTS. 
THE PREDOMINANCE OF A SINGLE SALTATION MODE IN 
EACH TRANSECT REFLECTS THE CONSTANT ENERGY 
REGIME OF THE NEARSHORE-BEACH ENVIRONMENT. 
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FIGURE 29· 
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geographic areas. The intent was to look at the grain 

size progressions across different energy coastlines. 

More data is needed in order to make firm conclusions 

about higher energy shorelines. However, some general 

differences are observed in relation to low energy 

coastlines. Table 7 lists the grain size statistics for 

samples collected from the three different shorelines. 

The beaches at Nantucket, Massachusetts and Fort Ord, 

California can be considered high energy shorelines while 

the beach at Ocean City, Maryland is along a more 

intermediate energy coastline. These differences in energy 

are reflected in their grain size values which are 

considerably coarser than the 2.5-3.0 H sand found on the 

Texas Gulf Coast beaches. 

Figure 30 shows the grain size frequency curves for 

samples collected at Ocean City, Maryland. A dominant 

2.0 H saltation mode can be seen in all of the samples, 

although the sand is not quite as well sorted as the Gulf 

Coast samples. This is particularly true in the nearshore 

bar sample, which has a bimodal frequency curve and is 

rather poorly sorted. The finer mode at 2.0 g corresponds 

to the same saltation mode of samples farther up on the 

beach face. The coarser mode at 1.5 H probably represents 

a coarse fraction not being transported effectively past 

the high energy breaker zone. 

The frequency curves of samples collected from 



TABLE 7. GRAIN SIZE STATISTICS OF SAMPLES COLLECTED FROM 
BEACH TRANSECTS AT OCEAN CITY, MD. (OC), 
NANTUCKET ISLAND, MASS. (NI) AND FORT ORO, CA. 
(FO) • 

KEY: D - DUNE 
UF - UPPER FORESHORE 
LF - LOWER FORESHORE 
IR - INNER RUNNEL 
IB - INNER BAR 
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T:r.-Sarnp1e 

OC-D 
OC-UF 
OC-LF 
OC-IB 
NI-D 
NI-UF 
NI-LF 
NI·IR 
FO-LF 
FO·I~ 

FO-IB (Landward) 
FO-IB (Crest) 
FO-IB (Seaward) 

Mean,H 

1.868 
1. 809 
2.060 
1.645 
1.569 
1. 324 
0.857 
1.608 
0.679 
1.284 
1.242 
1. 092 
0.914 

TABLE 7 

Std. Devia tion,..e' 

0.409 
0.413 
0.404 
0.616 
0.337 
0.467 
0.494 
0.304 
0.444 
0.583 
0.626 
0.584 
0.670 

SkSkewness ,..0' 

- -0.186 
- -0.099 
- -0.156 
- -0.105 

0.164 
- -o. 295 
- -0.064 

0.118 
0.256 

- -0.185 
- -o. 055 
- -0.065 

0.114 

116 



117 

FIGURE 30. GRAIN SIZE FREQUENCY CURVES OF SAMPLES COLLECTED 
ON A BEACH TRANSECT AT OCEAN CITY, MARYLAND. 
THIS BEACH. rS ALONG AN INTER!-1EDIATE ENERGY 
COASTLINE. A SALTATION MODE AT 2.0 ~ IS 
PRESENT IN ALL FOUR SAl.fi>LES COLLECTED FROM THE 
DUNE, FORESHORE AND INNER BAR SUB-ENVIRONMENTS. 
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Surfside Beach 

presented in 

runnel samples 

possessing the 

on Nantucket Island, Massachusetts are 

Figure 31. The dune, upper swash and inner 

are all unimodal and well sorted, 

same saltation.mode at 1.5 ~. The sample 

from the lower swash zone, however, is a coarser sand that 

is bimodal and poorly sorted. A nearshore ridge system 

was not well developed along this shoreline. The high 

wave energy was therefore imposing directly on the beach 

without being reduced appreciably by nearshore bars. 

Coarse sand was thereby concentrated in this high energy 

zone of the foreshore, with finer sand being deposited in 

adjacent' sub-environments. 

Figure 32 shows the 

collected from a high 

frequency curves 

energy beach at 

of samples 

Fort Ord, 

California. This is not a complete transect since only 

the swash zone, inner trough and bar sub-environments are 

represented. The coarsest sediment is found in the swash 

zone as was the case on the Nantucket beach. Here, the 

dominant saltation mode is at 0.5 ~, which reflects the 

very high wave energy along the California coast. Wave 

energy is evidently not reduced substantially by longshore 

bars and is still very high at the foreshore. This 

results in the coarsest sand being deposited in the swash 

zone. Samples from the inner ridge and runnel are more 

poorly sorted and finer than the swash zone deposits. 

There are two distinct sub-populations present in the 
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FIGURE 31. GRAIN SIZE FREQUENCY CURVES OF SAMPLES 
COLLECTED ON SURFSIDE BEACH ON NANTUCKET 
ISLAND, MASS. THE DUNE, FORESHORE AND INNER 
RUNNEL SANDS ALL POSSESS A 1.5 ~ SALTATION 
MODE. 
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FIGURE 31 

50 50 UPPER FORESHORE 

DUNE 

40 40 

- 30 
. -30 ... ... 

:::: :::: 
Cl Cl 

iii iii 
3: 20 3: 20 

10 10 

0 0 

-1 0 2 3 4 5 e 7 8 8 10 -1 0 2 3 4 5 e 7 8 8 10 

PHI SIZE PHI SIZE 

50 50 

LOWER FORESHORE 
INNER RUNNEL 

40 40 

- 30 - 30 ... ... 
:::: :::: 
Cl Cl 
iii iii 
3: 20 3: 20 

10 10 

0 0 

-1 0 2 3 4 5 e 7 8 8 10 -1 0 2 3 4 5 8 7 8 8 10 

PHI SIZE PHI SIZE 



FIGUF~ 32. GPAIN SIZE FREQUENCY CURVES OF SAMPLES 
COLLECTED ON A NEARSHORE TRANSECT OF A HIGH 
ENERGY' BEACil AT FORT ORD, CALIFORNIA. THE 
FORESHORE, INNER RUNNEL AND INNER 'BAR SUB-
ENVIRONMENTS AP.E REPRESENTED HERE. NOTE HOW 
THE PREDOMINANT SAL'J..'ATION' lvlODE CHANGES ACROSS 
THE INNER BAR. 
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FIGURE 32 
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ridge and runnel sands. The coarser saltation mode is 

between 0.5 g and 0.75 H and a finer mode lies within the 

1.25-1.5 g interval. The coarser mode compares closely in 

grain size with the foreshore saltation mode. There is 

also a significant progression in the relative abundance 

of the two modes. In the inner trough, just seaward of 

the swash zone, the finer mode at 1.5 g is dominant. This 

finer mode becomes progressively less dominant in a 

seaward direction across the inner bar. The coarser mode 

dominates on the seaward slope of the inner bar, 

indicating a higher energy zone. The occurrence of a 

dominant saltation mode between 0.5 Hand 0.75 g reflects 

the high energy of the breaker zone. The waves are 

breaking first on the seaward slope of the inner bar and 

finally on the foreshore. Hence, the coarsest deposits 

are found in these zones of the upper beach face. 

The constancy of energy regime, particularly across 

low ene:gy shorelines, is reflected in sediment grain 

size. The efficient sorting processes operating in the 

nearshore environment produce the well sorted and unimodal 

sand of the Gulf Coast beaches. Samples from higher 

energy coastlines are generally well sorted, however, 

there is a tendency for more poorly sorted, bimodal sand 

to be deposited in the high energy zones (nearshore bar, 

lower foreshore). Coastal transects on the Gulf Coast 

show a consistent saltation mode through the various 
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sub-environments of the upper beach face. The lateral 

consistency in saltation mode is the most 

characteristic of the low energy coastline and 

recognized vertically in ancient barrier 

Samples taken from a core (21 feet) through the 

important 

should be 

sequences. 

Galveston 

barrier do, in fact, display such a consistent grain size 

throughout the cored sequence (Cole, 1982). A dominant 

saltation mode is usually present across higher energy 

shorelines, however, it is not as distinct because of the 

bimodal nature of some samples. 

Modern beach sands, particularly in the high energy 

breaker zones, tend to be negatively skewed due to the 

winnowing of fines by constant wave energy. This, 

however, cannot be considered a stringent requirement for 

ancient barrier sands. A beach can be composed of any 

material that is available in significant quantities and 

is of a suitable grain size (Komar, 1976). The coarse 

fraction of beach sand causing negative skewness is 

commonly coarse sand or gravel. However, if the supply of 

sand to the beach is low or the sand available is 

relatively fine, non-terrigenous material (e.g. shell 

fragments) can be an important constituent of the beach. 

This is true along the Gulf Coast where there is little 

medium-coarse sand available to the beach. Shell hash 

comprises most of the coarser fraction in the Gulf beach 

samples, giving them a characteristic negative skewness. 
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Shell material is generally not preserved in ancient 

sediments due to dissolution. The leaching out of shell 

material during diagenesis can alter the grain size of the 

sediment by eliminating the negative skewness present 

during deposition. In ancient coastal environments where 

coarse sand was available, negative skewness should be 

preserved in the sediment and thus be an aid to 

environmental interpretation. 

GRAIN SIZE DATA FROM OFFSHORE TRANSECTS 

Grain size data was obtained from samples collected 

along two offshore transects. The transects were located 

off the Texas Gulf coast and were conducted as part of a 

1979 oilspill study. The locations of these transects are 

shown on the location map in Appendix I. Sample locations 

along each offshore profile are given in Appendix III. 

Bottom grab samples were collected from the outer ridge 

and runnel zone seaward to the transition zone. Grain 

size progressions in the lower shoreface could therefore 

be examined in relation to the progressions found in the 

nearshore Gulf transects. 

Figures 33 and 34 show the grain size frequency 

curves of ten samples collected along each transect. The 

transects extend three miles offshore and show a general 

seaward fining of sediment. 

well sorted and unimodal. 

Most of the sand samples are 

The first sample in each 
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FIGURE 33. GRJ..IN SIZE FREQUENCY CURVES OF TEN SAMPLES 
COLLECTED ALONG OFFSHORE TRANSECT A OFF SAN 
JOSE ISLAND ON THE TEXAS GULF COAST. A CON
SISTENT 3. 5 .3 SALTA'ri'ON l10DE IS PRESENT ACROSS 
THE LOWER SHOREFACE. SEE APPENDIX III FOR 
OFFSHORE SAMPLE LOCATIONS. 
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FIGURE 33 
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FIGURE 34. GRAIN SIZE FREQUENCY ClTRVES OF TEN SAMPLES 
COLLECTED ALONG O~FSHORE TRANSECT B On' ARANSAS 
PASS ON THE TEXAS GULF COAST. A CONSISTENT 
3.5 !' SALTATIONMODE IS PRESENT ACROSS THE 
LOWER SHOREFACE. SEE APPENDIX III FOR OFFSHORE 
SAMPLE LOCATIONS. 
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transect was collected from the ridge and runnel zone. 

This sample contains the coarsest sand, with a saltation 

mode at 3.0 H, and was deposited in the outer ridge system 

where nearshore processes are still dominant. Farther 

offshore, the dominant saltation mode is at 3.5 g, which 

represents deposition in the lower shoreface. The fairly 

rapid transition from a 3.0 ~ to 3.5 ~ saltation mode 

represents the break between the upper and lower shoreface 

zones. Offshore processes, which transport very fine sand 

offshore, dominate in the lower shoreface. The 3.5 ~ 

saltation mode is very consistent in sand of the lower 

shoreface and reflects a fairly constant energy regime. 

Sample 7, collected one and a half miles offshore in both 

transects, is sandy mud and represents sediment from the 

transition zone. The shallow depth of the transition zone 

reflects the low wave energy along the Gulf Coast. The 

sand fraction in sample 7 is smaller than in previous 

samples but still has a saltation mode near 3.5 g. The 

m~ in these offshore 

deposited from suspension. 

sa~ples represents sediment 

Farther offshore, as far as 

three miles, the sand becomes progressively finer with a 

single saltation mode near 3.75 ~ present in the 

transition zone samples. These samples also possess a 

large suspended load. The transition into offshore mud 

completes the gradual seaward fining of sediment expected 

in the offshore profile. 

131 



132 

The lower shoreface is characterized by a fairly 

constant energy regime. The sand of the upper shoreface 

is considerably coarser because of the increased effects 

of wave energy in the nearshore zone. A break in energy 

regime occurs farther downslope where the effects of wave 

energy are minimal. The upper-lower shoreface boundary is 

characterized by a shift in saltation mode that reflects 

this change in energy. The consistent saltation mode of 

the lower shoreface should be recognized in ancient 

coastal sedimentary sequences. The stratigraphic 

succession from offshore shale to shale interbedded with 

sandstone or siltstone is 

identifying the transition 

Sands in the 3.5 ~-4.0 H 

a reliable criterion for 

zone in ancient sequences. 

range may also be a 

characteristic feature of ancient transition zones. In a 

vertical sequence, lower shoreface sands would exhibit a 

very fine (3.0 Z-4.0 B), but fairly consistent saltation 

mode due to the constant low energy in the offshore 

environment. An ideal sequence would show the vertical 

succession of these offshore sands with sands deposited in 

the beach and nearshore zone. The grain size progressions 

through the various sub-environments of the barrier 

provide important criteria for recognizing ancient barrier 

environments in sedimentary rocks. 
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Grain Size Progressions in Ancient Coastal Barrier Sequences 

The use of grain size progressions was applied to the 

study of ancient coastal environments. Sedimentary 

structures and stratigraphic associations have been used 

in the past as reliable field indicators of ancient 

barrier sequences on the outcrop scale. The application 

of grain size progressions to some documented examples of 

ancient barriers will serve to test the effectiveness of 

this method as an exploratory tool. 

Cretaceous barrier sandstones in the San Juan Basin 

Area of New Mexico and a Pleistocene beach section on the 

California coast were used in this study. Vertical grain 

size progressions in ancient coastal barriers were studied 

in relation to the lateral progressions found in analogous 

modern environments. 

A Pleistocene beach sequence, exposed near the coast 

of Fort Funsden, California, displays the various 

sub-environments of the beach and nearshore zone. 

Representative samples were collected from the ridge and 

runnel, foreshore and aeolian dune sand units in the 

section. This is a typical regressive sequence with the 

ridge and runnel sands lying at the base, overlain in 

sequence by swash zone and dune deposits. Table 8 lists 

the grain size statistics for the samples collected from 

this section. Figure 35 shows the frequency curves of the 

six samples, representing three sub-environments of the 
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TABLE 8. GRAIN SIZE STATISTICS OF SAMPLES COLLECTED FR0£.1: 
A PLEISTOCENE BEACH SEQUENCE AT FORT FUNSDEN, CA. 
CFF1. 

KEY: R & R - RIDGE! AND RUNNEL 
FS - FOP~SHORE 

D - DUNE 
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TABLE 8 

Sample Mean,.e' Std. Deviation,.e' SBkewness,.e' 

FF 1-R&R 2.294 0.944 . -0.630 
FF 2-R&R 1.279 1.251 0.114 
FF 3-R&R 2.754 0.313 . -0.286 
FF 4-FS 2.798 0.477 0.044 
FF 5-FS 2.582 0.642 . -0.242 
FF 6-D 2.446 0.543 . -0.250 



FIGURE 35. GRAIN SIZE FREQUENCY CURVES OF SIX SAMPLES 
(FF 1 - FF 6) COLLECTED FROM A PLEISTOCENE 

BEACH SEQUENCE AT FORT FUNSDEN, CALIFORNIA. 
THE RIDGE AND RUNNEL, FORESHORE AND AEOLIAN 

136 

DUNE SAND UNITS ARE REPRESENTED IN THIS SECTION. 
A SALTATION MODE AT 2.75 ~IS PRESENT IN ALL 
SIX SAMPLES. 
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FIGURE 35 
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upper beach face. A saltation mode at 2.75 Z is present 

in all six- samples collected from this section. Two of 

the three ridge and runnel sands (FF 1 and FF 2) are 

bimodal with a common saltation mode at 2.75 2. The 

coarser mode in these two samples represents the coarse 

sediment deposited in the high energy breaker zones. 

Hence, the two bimodal, poorly sorted samples are 

probably associated with the nearshore bars where coarser 

material tends to accumulate. The third sample (FF 3) from 

this sub-environment is unimodal (2.75 ~ and well 

sorted, representing deposition in the lower energy runnel 

system. A 2.75 Z saltation mode is consistent throughout 

the rest of the section. The foreshore and dune sands 

(FF 3-FF 6) are unimodal and exhibit the same energy level 

of saltation. These data are consistent with studies of 

modern beaches. Poorly sorted,bimodal samples were found in 

some transects, but a consistent saltation mode usually 

occurs in samples collected across the upper beach face. 

The unimodal sands from this Pleistocene beach show strong 

negative skewness. 

processes, due to 

environment. 

This reflects the effective winnowing 

wave action, in the nearshore 

Several ancient coastal sequences have been 

recognized in surface and subsurface studies of Cretaceous 

strata in the western interior of the United States. 

Cretaceous barrier sands of this region were deposited 

138 



along the western margin of 

that extended from the 

Mexico. The regressions 

Cretaceous sea have been 

the late Cretaceous seaway 

Arctic region to the Gulf of 

and transgressions of the 

recorded by the sequence of 

coastal environments preserved in the ancient record. 

Marine -regression and transgression result from the 

balance between the influx of terrigenous clastic 

sediments into the area and rates of subsidence, although 

eustatic sea level changes may also be a contributing 

factor (Davis, 1978). The thickest sequences were 

deposited during the overall regression, when the 

shoreline was migrating seaward. Transgressive barrier 

systems tend to produce relatively thin sequences with a 

complete sequence of coastal sub-environments rarely 

preserved. The west to east regression of the late 

Cretaceous sea produced several progradational barrier 

sequences that have been well described in the literature. 

These sandstone bodies are economically very important 

because they often serve as reservoirs for oil and gas 

accumulation. 

The Upper Cretaceous Gallup Formation is the oldest 

major regressive clastic wedge in the San Juan Basin 

Cretaceous deposits. It represents nearshore and offshore 

deposition along the western margin of the Late Cretaceous 

seaway. The ·facies relationships and regional 

correlations of the Gallup in this area are well 
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documented in 

Campbell (1979). 

literature 

The Gallup 

by Molenaar (1977) 

Formation consists 

and 

of a 

series of northeastwardly prograding coastal barrier 

sandstones that grade seaward into the offshore deposits 

of the Mancos Shale. These barrier sands intertongue 

-landward with nonmarine coastal plain deposits of paludal 

mudstones, fluvial sandstones and minor coal beds 

(Molenaar, 1977). This sequence prograded halfway across 

the San Juan Basin from a probable source in southwest 

Arizona (Molenaar, 1977). The Gallup outcrops in an 

almost continuous belt around the southwestern half of the 

San Juan Basin (Fig. 36). It is an important petroleum 

reservoir in this area and is thus well suited for this 

type of study. 

Two sections of the Gallup Formation in the San Juan 

Basin area were examined in the field. The locations of 

these two localities in the outcrop belt are shown in 

Figure 36. The section at both localities was described 

and sampled at regular intervals. Figure 37 shows the 

bedding sequence of a typical Gallup coastal barrier. 

This sequence coarsens upward from the offshore mudstone 

to the fine grained sandstone of the foreshore and 

shoreface. A complete sequence was not always recognized 

at each locality, but vertical grain size progressions 

appear to be a characteristic feature of these ancient 

barrier sands, which compares favorably with modern 
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FIGURE 36. OUTCROP MAP FOR GALLUP SANDSTONE IN THE SAN 
JUAN BASIN OF NEW .MEXICO. THE LOCATIONS OF 
GALIJtiP SEC'riONS' GG AND GW (SEE APPENDIX I I) 
ARE SHOWN HERE. FROM CAMPBELL (1979). 
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FIGURE 36 
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FIGURE 37. BEDDING SEQUENCE OF A TYPICAL COASTAL BARRIER 
IN THE GALLUP F0&\1ATION. THIS SEQUENCE COARSENS 
UPWARD FROM THE OFFSHORE MUDSTONE AT THE BASE 
TO FINE GRAINED SANDS OF THE UPPER BEACH FACE 
NEAR TflE TOP OF THE SEQUENCE. THE BARRIER IS 
OVERLAIN BY A NONMARINE BACK BARRIER SEQUENCE. 
FROM MOLENAAR (_l9 7 3} _. 
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barrier systems. 

The Gallup sandstone is well exposed on the north 

side of Puerco Gap, just east of Gallup, New Mexico. This 

exposure is one and a half miles south of the type 

locality and consists of three regressive sandstone units 

separated by marine shale and siltstone. The section was 

carefully measured and described by Molenaar (1977), who 

conducted an extensive regional st~dy of the· Gallup to 

differentiate the various facies and determine their 

lateral extent. Molenaar recognized six regressive 

sandstone units ("A", "B", "C", "D", "E" and "F") of the 

Gallup in the San Juan Basin. These six units intertongue 

with marine shale and non-marine facies (Fig. 3g}. The 

intertonguing of marine and nonmarine sediments was 

produced by minor transgressions during a general west to 

east regression of the Cretaceous sea. The section at 

Puerco Gap contains the "D", "E" and "F" sandstone members 

of the Gallup. The "E'' and "F" sands at this locale are 

regressive marine sandstone units bounded above and below 

by offshore mudstone. These sandstones consist mainly of 

offshore sand that gradually coarsens upward. Thin planar 

bedding is the most characteristic structure in the "E" 

sand except where it is obliterated by intense 

bioturbation. Each unit represents a regressive phase of 

the Cretaceous sea followed by a transgression. The sand 

is very fine grained (3.0-4.0 H ) , which indicates 
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FIGURE 38. REGIONAL CROSS SECTION ACROSS THE SAN JUAN 
BASIN SHOWING THE INTERTONGUING RELATIONSHIP 
O;F GALLUP BARRIER SANDS WITil MARINE 1\..ND 
NONMARINE FACIES. FROM MOLENAAR (1973) • 
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deposition in the lower shoreface. Coarser beach sands 

(with a 2.75 g saltation mode) are virtually absent in 

these units, implying that regression was not extensive 

enough for nearshore facies to be deposited or that the 

upper shoreface-beach sands were reworked during the 

subsequent transgression. One exception is the sample at 

the top of the "E" sand unit, where high angle foresets 

are the primary sedimentary structure. The same 2.75 ~ 

saltation mode in the beach sands of the "D" unit is 

present in this sample and reflects an upper shoreface 

(longshore bar) environment of deposition. 

The "D" sand at Puerco Gap is a regressive coastal 

barrier sandstone and separates the open marine facies 

from the restricted or nonmarine facies (Molenaar, 1977). 

The section description of this unit is presented in 

Appendix II. Table 9 lists the grain size statistics of 

samples collected from the "D" sand at both Gallup 

localities. The unit is mostly massive with gently 

dipping planar beds in the upper part of the section. The 

and root casts protrude 

The unit is underlain by 

sand appears to be bioturbated 

down from the upper surface. 

fifty feet of offshore shale that grades upward into a 

transition zone of interbedded thin sandy siltstone beds 

with shale intervals. The "D" sand is overlain by a 

nonmarine back-barrier sequence of paludal shale and coal 

with thin sandstone interbeds. Above this unit lies a 
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TABLE 9. GRAIN SIZE STATISTICS OF SAMPLES COLLECTED FROM 
THE "D" SAND OF THE GALLUP FM. AT PUERCO GAP 
lGG}_ AND "'l:UIDO~J ROCK lGWl. THE POSrTION OF 
THESE SAMPLES WITHIN THE. STRATIGRAPHIC SECTIONS 
IS GIVEN IN APPENDI:X II • 
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TABLE 9 

Sample No. Mean,Z Std. Deviation, a Skewness,f?f 

GG 1- 1' 3.416 0.329 0.143 
GG 2- 5 I 3.117 0.425 0.254 
GG 3- 9' 2.872 0.406 0.060 
GG 4-13' 2.553 0.460 -0.091 
GG 5-17' 2.919 0.369 0.196 
GG 6-21' 2.593 0.542 -0.170 
GG 7-25' 2.563 0.571 -0.072 
GG 8-29 1 2.915 0.307 0.196 
GG 9-32 1 2.893 0.289 0.117 
GW 8-15 1 3.246 0.393 0.271 
GW 9-16 1 3.307 0.370 0.172 
GW 10-18 I 3.047 0.519 0.250 
GW 11-20' 3.245 0.380 0.231 
GW 12-24 1 3.237 0.479 0.232 
GW 13-28 I 3.146 0.349 0.240 
GW 14-32 1 3.106 0.441 0.180 
GW 15-36.1 3.366 0.393 0.067 
GW 16-40 1 3.174 0.449 0.182 
GW 17-44 1 3.244 0.501 0.091 
GW 18-48 I 2.82l 0.366 0.076 
GW 19-52 1 2.318 0.561 0.048 
GW 20-56 1 2.670 0.442 -0.043 
GW 21-60 1 2.78l 0.4l0 0.047 



braided fluvial sequence consisting of medium grained sand 

with trough cross-bedding, pebbly zones and cut and fill 

structures. 

Nine samples were collected at four foot 

from the "D" sand and analyzed for 

intervals 

grain size 

distributions. Figure 39 shows the 

frequency curves of the nine samples. 

coarsens upward from sample GG 1 to GG 3. 

saltation mode from 3.25 H (GG 1) to 

corresponding 

The sequence 

The shift in 

2.75 0 (GG 3) 

reflects the increasing energy level seen along modern 

coasts proceeding proceeds from the offshore to the 

nearshore environment. Samples GG 3 - GG 9 represent 

sands of the nearshore-beach zone. The most 

distinguishing feature of these sands is the consistent 

saltation mode at 2.75 g. This reflects the constant 

energy of saltation in the nearshore environment. There 

are two distinct types of samples in this sequence. 

Samples GG 3, GG 5, GG 8 and GG 9 are well sorted with 

fairly symmetrical frequency curves. Samples GG 4, GG 6 

and GG 7 are more poorly sorted and possess a distinct 

coarse tail, making them negatively skewed. The 

alternation of well sorted sands with the negatively 

skewed samples may represent the ridge and runnel zone. 

The coarse tail in samples GG 4, GG 6 and GG 7 represents 

the concentration of coarse sediment found in these wave 

dominated zones. Samples GG 8 and GG 9, near the top of 
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FIGURE 39. GRAIN SIZE FREQUENCY CURVES OF SAMPLES 
(GG 1 - GG 9) COLLECTED FROM THE GALLUP "D" 
SAND AT PUERCO GAP (SEE APPENDIX II) • THE 
NEARSHORE BEACH ZONE IS REFLECTED IN THE 
CONSISTENT SALTATION (2.75 ~) IN SAMPLES GG 3 -
GG 9. 
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FIGURE 39 
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the sequence, are the most well sorted sands and probably 

represent deposition on the upper beach face. Sample GG 9 

is the best sorted sand and was collected from a one foot 

thick zone of carbonaceous sandstone at the top of the 

sequence. Its position at the top of the section, beneath 

a back-barrier sequence, may reflect a coastal dune 

environment of deposition. The presence of root casts in 

this part of the section also supports this 

interpretation. 

The stratigraphic succession of the "D" sandstone 

into an overlying back-barrier lagoon sequence strongly 

supports a coastal barrier interpretation for this unit. 

The lack of primary sedimentary <structures may be due to 

intense bioturbation. This reflects a low-energy 

shoreline where biogenic processes are a dominant factor 

in reworking the sediment. In the absence of sedimentary 

structures, the consistent saltation mode of 2.75 g is the 

most characteristic feature of this barrier sequence and 

correlates well with studies of modern low energy 

shorelines. Figure 40 illustrates this-characteristic 

difference between coastal barrier sands and fluvial 

sands. The seven frequency curves of the nearshore-beach 

sands (GG 3 - GG 9) in this sequence are superimposed in 

Figure 40A. 

A fluvial unit, known as the Torrivio sandstone 

member, overlies the coastal-lagoon sequence at Puerco 
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FIGURE 40. SUPERIMPOSED FREQUENCY CURVES OF A NEARSHORE 
BEACH SEQUENCE (A) AND A FLUVIAL SEQUENCE (B) 
IN THE GALLUP FORMATION AT PUERCO GAP. NOTE 
THE CONSISTENT SALTATION MODE IN BEACH SANDS 
WHICH CONTRASTS WITH THE HIGHLY VARIABLE 
SALTATION MODE IN FLUVIAL SANDS. THIS REFLECTS 
DIFFERENCES IN ENERGY FLUCTUATIONS; THE BEACH 
ENVIRONMENT IS CHARACTERIZED BY VERY CONSTANT 
ENERGY CONDITIONS OVER THE LONG TERM. THIS 
IS THE MOST DISTINGUISHING CHARACTERISTIC OF 
THE MODERN AND ANCIENT BEACH DEPOSITS IN THIS 
STUDY. 
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Gap. The same number of samples were collected (at four 

foot intervals) from this fluvial sequence, which was 

nearly the same thickness in section. The grain size 

frequency curves of these samples are superimposed in 

Figure 40B. The wide variation in energy regime is 

evident in the fluvial sequence, where several saltation 

modes are present. The barrier sequence has one constant 

mode at 2.75 g. This s~ltation mode can be useful in 

identifying other coastal barriers in the Gallup at 

different localities. 

A second Gallup section, just east of Window Rock, 

Arizona (Fig. 36) was carefully measured and sampled (see 

Appendix II for section description). The same "D" 

sandstone of Puerco Gap is exposed at this locality and 

represents a similar regressive sequence. The "D" sand 

here is quite a bit thicker than that at Puerco Gap (sixty 

feet thick), generally massive, and displays more of 

a gradual transition from offshore Mancos 

shale upwards through the coastal barrier sequence. A 

transition zone exists at the base where very fine grained 

sandstone and siltstone are interbedded with offshore 

shale. A saltation mode of 3.25 g to 3.75 8 is common in 

the lower transitional sands. Sands of the lower 

shoreface appear to begin about fifteen feet above the 

base of the section. Here, the first sand with a dominant 

3.0 0 saltation mode occurs. This saltation mode remains 
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consistent through ten successive samples (GW 8-17) 

collected at regular intervals between fifteen and forty 

four feet. A frequency curve envelope for these ten 

samples is shown in Figure 41. This illustrates the 

constant saltation mode through the lower shoreface 

sequence. Above forty four feet the saltation mode 

coarsens to 2.75 g and remains constant for the rest of 

the section. This shift to a 2.75 H saltation mode 

represents the break between the lower and upper shoreface 

environment. Wave processes dominate in the nearshore 

zone, therefore a higher saltation energy prevails. The 

lower shoreface sands are 

Figure 41 shows a distinct 

also more positively skewed. 

fine grained tail with the 

coarse fraction sharply truncated in the lower shoreface 

sands. This reflects the low energy of this environment, 

as very fine grained sand and silt are more easily 

deposited from suspension. 

Figure 42 shows the grain size frequency curves from 

the four samples (GW 18 - GW 21) of the nearshore-beach 

zone. Three of the four samples are well sorted and 

unimodal with a characteristic saltation mode at 2.75 H. 

Sample GW 19 is more poorly sorted and bimodal with modes 

at 2.25 8 and 2.75 8. This sample may represent 

deposition in the breaker zone where another coarse 

saltation mode can develop from higher wave energy. The 

2.75 8 saltation mode is the same as that present in the 
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FIGURE 41. FREQUENCY CURVE ENVELOPE FOR TEN SAMPLES 
{GW 8 - GW 17) COLLECTED FROM A LOWER SHORE
FACE SEQUENCE IN THE "D" SAND OF THE GALLUP 
FORMATION NEAR WINDOW ROCK, ARIZONA. NOTE THE 
CONSISTENT SALTATION MODE {3.0 ~) IN THESE 
SAMPLES WHICH REFLECTS CONSTANT LOW ENERGY 
CONDITIONS. A FINE SUSPENDED MODE IS ALSO 
EVIDENT WHICH IS ANOTHER DISTINGUISHING 
FEATURE OF LOWER SHOREFACE SAND DEPOSITS. 
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THE DOTTED LINE REPRESENTS THE AVERAGE FREQUEN
CY CURVE. 
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FIGURE 42. GRAIN SIZE FREQUENCY CURv~S OF FOUR SAMPLES 
(GW 18 - GW 211 COLLECTED FROM THE NEARSHORE 

BEACH. SEQUENCE. OF THE GALLUP II D II SAND NEJ1..R 
WINDOW ROCK, ARIZONA. THE CONSTA._1\fT 2. 75 ~ 
SALTATIO!'I MODE TS CONSISTENT WITH THE SAL'.rATION 
MODE OF THE GALLUP BEACH SANDS AT PUERCO GAP. 
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FIGURE 42 
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upper "D" sand at Puerco Gap. This mode represents the 

predominant energy of saltation in the nearshore zone. At 

Window Rock the "D" sand is overlain by a carbonaceous 

shale with sandy interbeds which represents a back-barrier 

lagoon sequence. The Torrivio sandstone member is easily 

identified above the back-barrier sequence by its 

characteristic red color. This is the same fluvial 

sequence present above the "D" sand at Puerco Gap. The 

section east of Window Rock represents the same regressive 

phase from marine to non-marine facies. 

Characteristic Grain Size Progressions in Coastal Barrier 

Systems 

Vertical grain size progressions in ancient barrier 

sequences compare favorably with the lateral progressions 

found across modern coastlines. 

Sands in the transition zone can be characterized 

simply by a very fine grain size, normally 3.0 8 to 4.0 H. 

This zone is not influenced significantly by wave energy, 

therefore the saltation mode of sand deposited far 

offshore will be similar along different energy 

coastlines. The Pictured Cliffs Formation (Cretaceous} 

southwest of Cuba, New Mexico is an ancient example of the 

transition between the offshore shelf and shoreface 

environments. The formation here consists of interbedded 

sandstone and offshore shale with the sandstone beds 
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increasing in thickness upsection. The saltation modes of 

these sands are between 3.5 8 and 4.0 8, which is probably 

characteristic of this sub-environment. The sandstones 

are very silty. 

Lower shoreface sands are characterized by a constant 

low energy saltation mode. This mode can occur through a 

substantial thickness of section, depending on rates of 

trangression or regression. 

distinguishing factor of sand 

Positive skewness is also a 

deposited offshore. The 

reduced wave influence, seaward of the upper shoreface, 

causes the settling of fine sediment out of suspension. 

A consistent saltation mode is also characteristic of 

the beach and nearshore zone. A significant break in the 

grain size of saltation modes commonly occurs between 

sands of the lower and upper shoreface. The degree of 

wave energy near the shore does effect the sorting of 

samples, particularly in the higher energy breaker zones 

where bimodal sands can be deposited. A characteristic 

saltation mode is usually present, however, across the 

nearshore and beach environment. Many unimodal sands 

deposited in the modern nearshore system are negatively 

skewed, however, this is not always a reliable criterion 

for identifying ancient beach sands. 

In conclusion, the results of this study show that 

vertical grain size progressions and the stratigraphic 

associations of marine and non-marine facies, do in fact, 
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serve to distinguish the coastal barrier in the ancient 

record. 
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CONCLUSIONS 

The hypothesis of facies sequences, first published 

by Johannes Walther nearly ninety years ago (Middleton, 

1973), is the basis for successful interpretation of 

ancient sedimentary environments. The normal products of 

deposition in many environments are patterned vertical 

sequences of physically distinct strata. The patterns 

displayed by these sequences serve to characterize 

environments of deposition. Recognizing characteristic 

vertical sequences enables the geologist to make accurate 

interpretations of ancient environments in the subsurface 

and in outcrops. The use of grain size progressions can 

be an important method of vertical sequence analysis, well 

suited for use in environmental interpretation. The 

series of transport and depositional processes operating 

in a sedimentary environment produces a vertical sequence 

of stratigraphic units that is characteristic for that 

environment. Vertical grain size progressions reflect 

this sequence of depositional episodes and can therefore 

be used to characterize environments of deposition. 

This study has shown that the application of vertical 

grain size progressions to ancient clastic environments 

can yield meaningful results. Grain size data from 

samples collected in both modern and ancient environments 

suggest that traditional sampling methods for grain size 
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analysis are not adequate fur environmental 

interpretations. The random collection of samples 

neglects the importance of the vertical sequence for 

recognizing different depositional systems. Very similar 

grain size distributions can be produced by similar 

processes operating in two different environments. Hence, 

the sand deposited in a particular environment cannot be 

characterized by one set of grain size measures. Also, 

grain size distributions can show wide variations between 

samples collected from different parts of the system. A 

more logical approach to grain size analysis is to look at 

the vertical grain size progressions produced in idealized 

sedimentary sequences from different environments. Data 

from this study suggest that this can be a viable method 

of using grain size analysis as an environmental 

indicator. 

The sequence of depositional sub-environments in 

sedimentary facies was observed directly in modern 

environments. Grain size data from horizontal transects 

in modern environments provided a clear and direct 

correlation between grain size progressions and the 

lateral sequence of sub-facies. This part of the study, 

using active depositional systems, enabled me to make more 

accurate interpretations of grain size data from ancient 

deposits. The sequence of depositional processes that 

produced ancient sandstone bodies was inferred from 
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vertical grain size progressions. The distinction between 

different sub-environments was not always as clear as it 

was in the modern environment but vertical progressions 

did relate closely to the lateral progressions in modern 

analogous environments. Slight differences observed 

between modern and ancient analogs may reflect minor 

variations of a particular environment. Ancient 

environments may not have been identical to modern 

systems. For example, the coastal barrier may have been a 

slightly different depositional system in the Cretaceous, 

compared to the present, due to different rates of sea 

level change. This could have produced slight variations 

in sedimentary textures, compared with recent deposits. 

Some small differences are noted in this study but, 

overall, the modern and ancient records correlate well 

using the method of vertical grain size progressions. The 

validity of this method can be demonstrated even further 

by applying it to core data and interpreting environments 

of subsurface sand bodies. 

The environments examined in this study include 

braided river-alluvial fans, meandering rivers, coastal 

barriers and associated shoreface environments. Specific 

criteria for recognizing each, using grain size data 

alone, is presented in Table 10. The coastal barrier and 

meandering river environments are each characterized by a 

distinct vertical sequence of sub-facies. This sequence 
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TABLE lO. CHA'RACTERISTI:C VERTICAL GRAIN SIZE PROGRESSIONS 
ARE SUMMARIZED FOR EACir DEPOSITIONAL ENVIRONMENT 
IN THIS STUDY. SPECIFIC CRITERIA AFE GIVEN FOR 
RECOGNIZING THESE ENVIRONMENTS IN ANCIENT VERTI
CAL SEQUENCES. -
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TABLE 10· 

DEPOSITIONAL VERTICAL SEQUENCE 

ENVIRONMENT OF MAJOR SUB-FACIES 
CHARACTERISTIC VERTICAL GRAIN SIZE PROGRESSIONS 

Predominantly sand and gravel, minor mud. 
Brai.llt~d River- Random distribution Traction, saltation and suspended modes mixed in variable proportions. 

of fragmented bars Sediment is generally poorly sorted, particularly at base of channel fills. 
.Alluvial Fan and channel fills Mean grain size and saltation mode will be highly variable throughout section. 

Mean grain size can vary as much as 2 to 3 phi units. 

Floodplain Mud, minor sand. 

Small scale Mainly fine to very fine sand, fine component includes silt. 
cross-lamina ted Fairly consistent saltation mode throughout unit. 
unit Sand will possess a finer saltation mode and be more poorly sorted than underlying .. cross-bedded sand • 

Meandering • Sediment will be positively skewed, with skewness becoming more positive higher in .a the unit due to increasing concentration of suspension mode • .. River ·~ 
0 Medium to fine, very well sorted sand. 
A. Large scale Fairly consistent saltation mode throughout unit. 

cross-bedded Saltation mode is significantly finer than modes displayed in channel lag but coarser 
unit than those of small scale cross-laminated unit. 

Symmetrical grain size distribution (near zero skewnei*), saltation mode predominates. 

Poorly sorted sand and gravel. 
Channel lag Coarse saltation modes, bimodal sands are common. 

unimodal samples will be negatively skewed due to predominance of traction mode. -
Aeolian dune Sand. 

C~nerally very well sorted, particularly on low energy shorelines. 
Backshore Sorting of sediment tends to decrease slightly with increase in energy of shoreline, 

particularly in high energy breaker zones. 
Fairly consistent saltation mode(s) present throughout section, even in bi.Joodal samJ?les. 

For~chnro Saltation mode is coarser than the lower shoreface saltation mode. 
Upper shoreface Unimodal samples are commonly negatively skewed (due to traction mode), particularly 

Coastal (ridge and runnel) in foreshore and nearshore bars. 

Barrier Very fine sand, generally well sorted. 
Lower shoreface Fairly consistent saltation mode is present throughout section and is coarser than 

those of transition zone. 
Sediment is positively skewed (contains suspension mode). 

Mud and very fine sand. 
Transition zone Saltation mode in sand is usually between 3.5 phi and 4 .o phi. 

Sands are positively skewed, with a fine tail of silt that represents a suspension 
mode. 

Offshore Mud. 



is reflected in the vertical grain size progressions for 

each environment. Braided river systems possess no 

characteristic vertical sequence of sub-facies, hence, 

grain size parameters will show random variation in a 

vertical section. Obviously, these sedimentary parameters 

will yield far better results when used along with other 

criteria, such as unit thickness and extent, contact 

relationships, sedimentary structures and fossils. 

Many sedimentologists rely most heavily on 

sedimentary structures in reconstructing environments, an 

approach that has been highly successful. However, 

sedimentary structures are not always preserved or 

observed, especially in cored deposits. Grain size 

determinations can provide useful information from small 

sidewall cores, and therefore may be obtained with far 

greater ease and with less expense. 

The study of ancient sedimentary environments is an 

important aspect of petroleum exploration. The 

environment of deposition pro_vides information on the 

reservoir potential of sand bodies in the subsurface. 

This information includes the lateral extent of sand 

bodies and different internal characteristics that affect 

porosity and permeability. Some environments, such as a 

coastal barrier, will produce excellent reservoir 

sandstones because of their permeability and lateral 

continuity. The recognition of these barrier sandstones 
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in the subsurface is based mainly on the study of electric 

logs and seismic sections. In the past, grain size 

analysis has not been used in oil exploration because of 

its limited application to ancient sediments. The use of 

vertical grain size progressions, however, may provide a 

viable means of applying grain size data to the search for 

petroleum. A laterally continuous sand body, such as a 

coastal barrier, tends to exhibit little variation in 

saltation mode throughout its vertical sequence. This 

implies an environment with a fairly constant energy 

regime. Localized sandstone units with a more restricted 

geometry, such as fluvial channel sequences, are more 

likely to exhibit wide vertical variations in saltation 

energy, reflecting a variable energy regime. Hence, grain 

size progressions should be useful in correlating 

different sand units which appear in seismic and well log 

records, and in predicting the lateral extent of sandstone 

units penetrated by wells in areas where well density is 

sparse. 

As coring technology is improved, sandstone bodies 

may be sampled at regular intervals from exploratory wells 

and grain size data could be obtained quickly using 

automated sediment analyzers. These data can provide 

valuable information on the depositional environment of 

subsurface sand bodies. Hence, vertical grain size 

progressions may prove to be an important environmental 
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indicator for the petroleum industry, and thus aid in 

reservoir evaluation. 

The favorable results of this study imply that grain 

size progressions can be applied to other sedimentary 

environments. The overall effectiveness of this method 

for environmental interpretation can only be ascertained 

by expanding the study to include a complete array of 

major depositional systems. Each environment should be 

sampled in the recent and ancient record, from many 

formations, in different areas, and from a wide span of 

geologic time. This will increase the data base and 

permit more justifiable conclusions to be drawn. The 

potential for this method appears to be good, meaning 

grain size analysis can soon gain more respect as a 

geological tool. 

173 



REFERENCES 174 

Allen, J. R. L., 1970, Studies in fluviatile sedimentation: 
A comparison of fining-upwards cyclothems with special 
reference to coarse member composition and interpreta
tion: Jour. Sed. Pet., v. 40, p. 298-323. 

Anderson, J. B. and Kurtz, D. D., 1979, "RUASA": An auto
mated rapid sediment analyser: Jour. Sed. Pet., v. 49, 
p. 625-627. 

Bernard, H. A., Major, c. F., Parrott, B. S. and LeBlanc, 
R. J., 1970, Recent Sediments of Southeast Texas: A 
field guide to the Brazos alluvial and deltaic plains 
and the Galveston barrier island complex: Guidebook 
no. ll, Bureau of Economic Geology, Austin, Texas, 16 p. 

Blatt, H., Middleton, G. v. and Murray, R. c., 1972, Origin 
of Sedimentary Rocks: Prentice-Hall, New Jersey, 634 p. 

Campbell, C. V., 1979, Model for beach shoreline in Gallup 
Sandstone (Upper Cretaceous) of northwestern New Mexico: 
New Mexico Bureau of Mines and Mineral Resources Circu
lar No. 164, 32 p. 

Cole, M. L., 1982, Detailed texture and mineralogy of recent 
sands along the northeastern Texas Gulf Coast and a 
resulting model for barrier formation: Rice University, 
Unpublished thesis. 

Davis, R. A., 1978, Coastal Sedimentary Environments: 
Spring~r-Verlag, New York, Inc., 420 p. 

Folk, R. L. and Ward, W. c., 1957, Brazos river bar: a study 
in the significance of grain size parameters: Jour. 
Sed. Pet., v. 27, p. 3-26. 

Friedman, G. M., 1961, Distinction between dune, beach and 
river sands from their textural characteristics: 
Jour. Sed. Pet., v. 31, p. 514-529. 

-------- l967, Dynamic processes and statistical parameters 
compared for size frequency distribution of beach and 
river sands: Jour. Sed. Pet., v. 37, p. 327-354. 

Klovan, J. E., 1966, The use of factor analysis in determin~ 
ing depositional environments from grain-size distribu
tions: Jour. Sed. Pet., v. 36, p. 115-125. 



Koldijk, W. S., 1968, On environmentally sensitive grain
size distribution: Sedimentology, v. 10, p. 57-69. 

Komar, P. D., 1976, Beach Processes and Sedimentation: 
Prentice-Hall, New Jersey, 430 p. 

175 

Leopold, L. 
terns: 
papers 
85 p. 

B. and Wolman, M. G., 1957, River channel pat
braided, meandering and straight: Professional 

of the u. s. Geol. Surv., Prof. Paper no. 282-B, 

Mason, c. c. and Folk, R. L., 1958, Differentiation of beach, 
dune and aeolian flat envirorunerits by size analysis, 
Mustang Island, Texas: Jour. Sed. Pet, v. 28, p. 211-
226. 

Middleton, G. v., 1973, Johannes Walther's law of correla
tion of facies: Geol. Soc. America Bull., v. 84, 
p. 979-988. 

Moiola, R. J. and Weiser, D., 1968, Textural parameters: 
an evaluation: Jour. Sed. Pet, v. 38, p. 45-53. 

Molenaar, C. M., 1973, Sedimentary facies and correlation 
of the Gallup Sandstone and associated formations, 
northwestern New Mexico: in Four Corners Geological 
Society Memoir, p. 85-llO.--

Morton, R. A., 1974, Shoreline changes on Galveston Island 
(Bolivar Roads to San Luis Pass) : An analysis of hist
orical change of the Texas Gulf Shoreline: Geological 
circular 74-2, Bureau of. Economic Geology - U. of 
Texas, Austin, 34 p. 

Owen, D. E. and Siemers, C. T., 1977, Lithologic correla
tion of the Dakota Sandstone and adjacent units along 
the eastern flank of the San Juan basin, New Mexico: 
in New Mexico Geol. Soc. Guidebook, 28th Field Con
ference, San Juan Basin III, p. 179-183. 

Owen, D. E., Walters, L. J., Depetro, L. M. and Turmelle, 
s. M., 1978, Paleocurrents of Jackpile Sandstone, 
Burro Canyon Formation, and Dakota Sandstone of San 
Juan basin region, New Mexico, Colorado, and Utah: 
Abstract, Am. Assoc. Petroleum Geology Bull., v. 62, 
no. 6, p. 1093. 

Passega, R., 1957, Texture as characteristic of clastic 
deposition: Am. Assoc. Petroleum Geology Bull., v. 41, 
p. 1952-1984. 



Passega, R., 1964, Grain size representation by CM pat
terns as a geologic tool: Jour. Sed. Pet. , v. 34, 
p. 830-847. 

Reading, H. G., 1978, Sedimentary Environments and Facies: 
Elsevier, New York, 557 p. 

Reed, W. E., Lefever, R., Moir, G. J., 1975, Depositional 
environment interpretation from settling-velocity 
(psi} distributions: Geol. Soc. America Bull., v. 86, 
p. 1321-1328. 

Reineck, H. E. and Singh, I. B., 1975, Depositional Sedi
mentary Environments, with Reference to Terrigenous 
Clastics: Springer-Verlag, New York, 439 p. 

Selley, R. c., 1970, Ancient Sedimentary Environments: 
Chapman and Hall, London, 237 p. 

176 

Spencer, D. W., 1963, The interpretation of grain size dis
tribution curves of clastic sediments: Jour. Sed. Pet., 
v. 33, p. 180-190. 

Swift, D. J. P., 1976, Coastal Sedimentation: in Marine 
Sediment Transport and Environmental Management, John 
Wiley, New York, p. 255-310. 

Visher, G. S., 1969, Grain size distribution and deposition
al processes: Jour. Sed. Pet., v. 39, p. 1074-1106. 

Walton, E. K., Stephens, W. E. and Shawa, M. s., 1980, 
Reading segmented grain-size curves: Geol. Magazine, 
v. 117, no. 6, p. 517-644. 



177 

J\P1?END:p{ ~. MAP. O;F THE TEXAS GUL;F COAST SHOWING SAMPLE 
LOCALIT+:ES ~ND MEANDERING RIVER S¥STEY~ • 

e GULF COAST BEACH.. TRANSECTS •. (_I - 7} 

£ O"SHO"RE. TP,ANS'ECTS (A AND B) 

• BRAZOS RIVER POINT BAR SEQUENCE (BPB) 



178 

TRINITY 
SABINE 

BRAZOS RIVER 

""' HOUSTON 

• 
ISLAND 

CORPUS 

CHRISTl 

PADRE ISLAND ~ 
N 

S. PADRE ISLAND I 
/ 

0 20 40 60 

RIO MILES 



,APl?END:p{ +:I·. STRATrGP.APHIC SECTrONS OF ANCIENT SEQUENCES 
SAMPLED IN THE SAN JUAN BASIN OF NEW MEXICO. 
SAJ-!PLE LOcAT.IONS IN EACH. SEQUENCE AR."I!: GI\i'EN. 

179 



KEY TO STRATIGRAPHIC SECTIONS 
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APPENDIX rii. SAMPLE LOCATIONS ALONG GULF COAST 
OFFSHORE TRANSECTS . (A AND Bt. 
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OFFSHORE TRANSECT A 

Traverse from wreck about 17 miles NE of Aransas Pass 
Jetty at Cedar Bayou Cut. 

GRAB SAMPLES 

A-~ Sand with shell hash. Water depth, 5 I j offshore 
lOO yds. 

A-2 Sand. Water depth, 7 I j offshore 200 yds. 

A-3 Sand. Water depth, 11 I j offshore 1/2 mile. 

A-4 Sand. Water depth, 18 1 ; of::shore 3/4 mile. 

A-5 Sand overlying mud. Water depth, 22 I j offshore 
l mile. 

A-6 Grab sample consisted of sand with very thin 
( lmm thickl · mud layer . .at surface. Water depth, 
25 1 ; offs-hore l l/4 -mile. 

A-7 Sandy mud. Water depth ·3l 1 ; offshore T 1/2 mile. 

A·-8 Sand. t\fater depth 31 1 ; offshore 2 miles. 

A-9 l em. sand overlying mud. Water depth, 36 1 ; 

offshore 2 1/2 miles. 

A-lO Very thin mud ( ~rum) overlying sand. Water depth, 
37 1 ; offshore 3 miles. 
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OFFSHORE TPANSECT B 

GRi\.B SAMPLES 

B-1 Water depth, 6 I i offshore lOOm. Top of third 
bar. Sand. 

B-2 Sand. Water depth, 11 I i offshore 1/4 mile. 

B-3 Sand. Water depth, 16 I i offshore 1/2 mile. 

B-4 Sand. Water depth, 23 I i offshore 3/4 mile. 

B-5 Sand. Water depth, 27 I i offshore 1 mile. 

B-6 Sand. Water depth, 30 I i 1 1/4 mile offshore. 

B-7 Mud. Water depth 33 I ; offshore 1 1/2 mile. 

B-8 Sand. Water depth, 35 I i offshore 2 miles. 

B-9 Water depth, 37 1 ; offshore 2 1/2 ~les. First grab 
hit mud, second grab hit sand, third grab hit mud. 
Probably rippled bottom. 

B-lO Wa·ter depth, 38 1 ; offshore 3 miles. Firs·t and 
second grabs hit sand, third grab hit mud. 
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