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ABSTRACT

The Estero Marua is an unusual lagoonal environ
ment because of irregular semidiurnal tides with a maximum 
vertical range of about 7 m (22 feet). The high tidal 
range results in high current velocities up to 200 cm/sec.

The unique hydrodynamic conditions present result 
in a variety of sedimentary structures. Linguoid, lunate, 
double crested, flat-topped, rhomboid, symmetrical and 
asymmetrical parallel ripples are formed as the result of 
current and/or wave actions. Double crested ripples and 
flat-topped ripples appear to be unique to a falling water 
level environment.

The Foraminifera present indicate that there is no 
distinct lagoonal assemblage. Instead, the genera present 
are typical of the nearshore environment and are swept into 
the lagoon by the high current velocities.

The statistical parameters of the sediments reflect 
the hydrodynamic conditions present. In areas of high cur
rent velocities or prominent wave activity, the sediments 
are coarser grained and skewed to the coarse. A high per
centage of shells and the relative youth of the area keep 
the sediments from being better sorted. The dune sands 
have smaller inclusive graphic mean values than their 
companion beach sands.
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ix
The lagoonal sediments are composed of quartz, feld

spar, rock fragments, heavy minerals, shells, and shell 
fragments. If the sediments were lithified, they would be 
classified as calcarenites.



INTRODUCTION

Purpose
The purpose of this study was threefold: to relate 

grain-size distribution and coarse fraction analysis to the 
unique hydrodynamic conditions of the Estero Marua; to 
analyze the sedimentary structures in relation to the rising 
and falling water level and high current velocities; and to 
study the Foraminifera in order to subdivide the area into 
biofacies and obtain relative rates of sedimentation.

The Estero Marua is an unusual high energy estuarine 
environment. The area is alternately drained and flooded 
by irregular semidiurnal tides. The overall objective was 
to determine enough distinctive characteristics of this 
environment so that a similar environment might be recog
nized in the rock record.

Location of the Area
The entrance of the Estero Marua is 9.6 km (6 miles) 

east of Puerto Penasco, Sonora, Mexico. The lagoon, locally 
called the "first lagoon," is the most westerly of several 
lagoons, located east and south of Puerto Penasco along the 
Sonoran coast. Puerto Penasco is located 96 km (60 miles) 
by paved roads south-southeast of Lukeville, Arizona. The 
Estero Marua is bordered on the north by the Sonoran Desert,

1



which is also referred to as the Gran Desierto del Altar, 
and on the south by the Gulf of California (Fig. 1).
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Figure 1 Index map of the Estero Marua



PHYSICAL SETTING OF ESTERO MARUA

Regional and Local Physiography 
The Estero Mama lies in the physiographic prov

ince that Erwin Raisz (1964) referred to as the Buried 
Ranges. Detrital material from the Sierra Madre Occidental 
has buried the hilly region in the western part of the prov
ince so that only the peaks of the ranges are visible. The 
Buried Ranges province continues southward through the states 
of Sinaloa and Nayarit. The desert area to the north of 
Estero Mama is composed of granitic rocks of Precambrian 
and Mesozoic age, volcanic and clastic rocks of late Cenozoic 
age, and Pleistocene and Recent alluvium. The area slopes 
gently toward the Gulf and has several regions of sand dunes. 
The main drainage of the region is the Rio Sonoita which 
enters the Gulf east of the Estero Mama.

The lagoon is approximately 9.6 km (6 miles) in 
length and 0.8 km (0.5 miles) in width. Except for the 
inlet, which is approximately 0.4 km (0.3 miles) wide, the 
lagoon is separated from the Gulf of California by barrier 
dunes averaging 0.4 km (0.3 miles) in width.

At the east end of the lagoon is a paleochannel of 
the Sonoita River that appears to have entered what must 
have been a much larger lagoon. The formation of a delta
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5
divided the larger lagoon into two smaller lagoons, the 
western one becoming the present day Estero M a m a . The 
paleochannel is recognizable by the presence of phreato- 
phytes along the line of the former channel and by cobble- 
size igneous and metamorphic rocks in local water wells.

The western end of the Estero Mama is bounded by 
sand dunes. What must have been small salt pans are also 
present on the western end of the lagoon.

Origin of Estero Mama
The genesis of barrier beaches and barrier islands 

has been the subject of much discussion in recent geologic 
literature. Hoyt (1967) and Shepard (1963, p. 187-192) 
have presented the most comprehensive discussions concern
ing the various modes of formation of barrier features.
Hoyt's hypothesis proposes that previously constructed 
beach or dune ridges become a barrier island landward of 
the shoreline by submergence. Additional slow submergence 
causes the area landward of the barrier to be flooded there
by forming a lagoon. Minor sedimentation or slow submergence 
allow the continuation of the lagoon.

The evidence for submergence of coastal areas during 
the late Wisconsin and Holocene has been discussed by many 
authors in the past 10 to 15 years, so that there is little 
doubt that submergence has taken place. The very recent 
paper of Milliman and Emery (1968) presented the results of
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their studies and other workers' research to demonstrate 
that sea level has been rising since about 14,000 years ago. 
Milliman and Emery (1968, p. 1121) stated that "Sea level
30.000 to 35,000 years ago was near the present one. Subse
quent glacier growth lowered sea level to about -130 meters
16.000 years ago." The Holocene transgression then con
tinued rapidly until about 7,000 years ago, after which the 
rise was more gradual.

In the past there must have been dune or beach ridges 
along this coast. Holocene submergence flooded the area 
landward of the ridges thus creating the Estero Marua. While 
eustatic changes may vary in different areas with time, it 
appears that this general picture is applicable to the 
Sonoran coast.

This explanation for the origin of Estero Marua and 
other similar lagoons along the Sonoran coast is probably 
simplified. Uplift of this coast is recognized at Pelican 
Point where wave cut benches occur 9-10 m (29-32 feet) 
above mean low water. The terraces are covered with sands 
rich in shells and shell hash containing Pleistocene faunas 
(Hertlein and Emerson, 1956). Dr. Douglas L. Inman, Scripps 
Institute of Oceanography, has obtained radiocarbon dates 
for pelecypods occurring in sediments along old beach lines 
inland from the present shoreline (personal communication to 
Dr. Joseph F. Schreiber, Jr., October 2, 1967). The dates



range from about 35,200 to more than 43,200 years B.P. for 
shells from localities now some tens of feet above the pre
sent mean low water mark.

The above information is included to show that the 
history of this coastal area is a complex one, as uplift of 
the land surface has been taking place at the same time that 
sea level has been rising.

Climate
The Estero Marua is climatically part of the Sonoran 

desert, which is considered to be a typical low-latitude 
west coast desert. Weather data for the area has been com
piled from hourly observations and is available in unpub
lished form (Green, 1962). These data include average 
6-hour rainfall, dry bulb temperatures, relative humidity, 
wet bulb temperature, percent of calms, average hourly wind 
speed, and maximum wind speed. More recently Green (1968) 
has synthesized these data.

The total annual precipitation averages 73.5 mm 
(2.9 inches). Average dry bulb temperatures range from 
12.6° C. in December and February to 29.7° C. in August.
The average relative humidity is 42.8 percent. Mean wind 
speeds show a maximum of 64 km (40 miles) per hour in 
December and January and a minimum of 44.8 km (29 miles) 
per hour in February. The wind magnitude and direction for 
Puerto Penasco are recorded in figure 2. Gale force winds
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infrequently enter the area. The University of Arizona- 
University of Sonora pilot desalting plant at Puerto 
Penasco recorded a maximum wind velocity of 121.6 km (76 
miles) per hour during the fall of 1967.

Vegetation
The vegetation on the windward side of the dunes 

consists of Sporobolus virginicus and Jouvea pilosa. In 
the area of the coastal dunes the following plants are 
common: Bebbia juncea, Croton californicus, Jatropha
cuneata, and Jouvea pilosa. The vegetation in the coastal 
dunes aids in stabilizing the dunes against migration.

Within the lagoon the vegetation is most common in 
the marsh areas. There are isolated areas of vegetation 
located on sand bars within the lagoon proper, but this 
vegetation is generally confined to areas of lower current 
velocity. Sporobolus virginicus is the dominant vegetation 
within the lagoon that aids in sedimentation. In the area 
of the high tide limit Sueada torriana is very common.

Tides
The tidal range in the northern Gulf of California 

near the mouth of the Colorado River reaches 10.1 m (33 
feet). Tide gauge records have been obtained in the past 
by the Mexican government at Puerto Penasco and near the 
mouth of The Colorado River. Tidal elevations and current
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velocities have been computed by Matthews'*- (unpublished data) 
for the entire Gulf and Matthews and Browning have provided 
the necessary calculations for a tidal calendar for Puerto 
Penasco published by The University of Arizona.

Tides at Estero Marua are of the irregular semi
diurnal type and have a maximum amplitude of approximately 
6.7 m (22 feet).

1. Matthews, J. B., 1968, The tides of Puerto 
Penasco, Sonora, Mexico: Unpublished M.S. Thesis, Geofisica 
International.



METHODS OF STUDY

Size Analysis
The samples for size analysis were collected on a 

predetermined grid system (Fig. 27). A can with a volume 
of 250 cubic cm (15 cubic inches) was used to obtain the 
sample. After collection, the samples were thoroughly 
washed with distilled water and then dried in an oven at 
temperatures equal to or less than 60 degrees C. a repre
sentative fraction of the sample was obtained with the use 
of a sample splitter and then weighed and sieved by a Ro-Tap 
for 15 minutes using a standard set of Tyler screens at 0.50 
phi intervals. Each half phi fraction was weighed on a 
Mettler model H-5 balance to 0.01 gm. The raw weight for 
each phi size was used in the University of Connecticut's 
modification of the University of Missouri sediment analysis 
computer program for statistical analysis. The program pro
vides the following statistical data: moment of measure
statistics— mean, variance, standard deviation, skewness, 
kurtosis, third moment, and fourth moment; Folk's statis
tics-graphic skewness, and graphic kurtosis; and Inman's 
statistics— mean phi, sigma phi, skewness,and kurtosis.
The parameters of Folk (1965) were used because of their 
greater accuracy in recording poorly sorted samples.

11
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Heavy Mineral Analysis

Standard flotation methods were used to separate 
the heavy and light mineral fractions (Krumbein and Petti- 
john, 1938). Where the quantity was sufficient the 4 phi 
fraction was used for the analysis. In cases where the 4 
phi fraction was small, it was necessary to make separations 
from a composite of the 3 phi and 3.5 phi fractions. First, 
grain counts were made for an opaque-nonopaque ratio based 
on a 100-grain count. Slides from which the magnetic opaque 
fraction had been removed were then prepared for a 300-grain 
nonopaque grain count. The percentage frequency distribution 
of the grains was then determined.

Coarse Fraction Analysis
Representative fractions from each of the half phi 

sizes were examined under the binocular microscope in order 
to determine the percentages of each of the significant 
constituents present. It was hoped that this would allow 
additional insight into each of the different environments 
as noted by Shepard (1963) and Shepard and Moore (1954).
In samples where the total grains counted did not total 100 
grains the number of grains counted was given. Volume per
centages were also recorded because of their significance 
as discussed by Shepard and Moore (1954). In the case of 
large samples, the material was split in a sample splitter 
in order to insure a representative fraction.



13
Foraminifera Staining

Samples containing Foraminifera were collected in 
a traverse parallel with the length of the lagoon. Addition
al samples were collected in the inlet and along the beach. 
The samples were collected in a plastic tube with an inter
nal diameter of 3.48 cm (1.3 inches). The top 1 cm (0.4 
inches) of sediment was used as the standard (Walton, 1955).

The staining techniques were basically the same as 
those described by Walton (1952) with slight modifications. 
Upon returning to the laboratory, the sample was washed on 
a 4 phi sieve with distilled water. A solution was prepared 
by mixing 1 gm. of Rose Bengal with 1 liter of distilled 
water. Next, the sample was placed in a jar containing a 
sufficient amount of the Rose Bengal solution to completely 
immerse the sample and rotated for 10 to 15 minutes depend
ing on the intensity of the coloring desired. The sample 
was then washed thoroughly with distilled water to remove 
the stain from all specimens except those containing living 
protoplasm at the time of sampling. This washing must be 
particularly thorough in the fine-grained material.

Wind Blown Material
Traps for collecting wind blown material were made 

by cutting a 6 by 10.5 cm (2.4 by 4.1 inches) opening in 
one end of a standard one gallon rectangular paint thinner 
can. The cans were buried so that the openings were flush
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with the ground and faced in the direction of predominant 
winds. Care was taken to restore the surface around the 
cans to the original conditions as closely as possible.

The sand in these traps was collected periodically 
and weighed. The amount of sand transported was then ana
lysed relative to the number of days with wind velocities 
sufficient to transport sand during the period of collection.

Calcium Carbonate Content
Samples weighing 10 to 15 grams were separated from 

the total sieved fraction by the use of a sample splitter.
The samples were then treated with a sufficient amount of 
dilute hydrochloric acid to dissolve the calcium carbonate 
portion of the sample. The sample was then reweighed and 
the weight loss was calculated as percent calcium carbonate.

Sedimentary Structures
Surface measurements were made with a steel tape.

A minimum of 25 measurements were taken of each type of 
structure with the mean values for amplitude and wavelength 
being computed from 25 measurements.

Underwater observations were made possible with the 
use of both snorkel and SCUBA equipment. During low tide 
a steel pipe with 20 cm (7.9 inches) divisions marked with 
yellow tape was driven into the sand. A nylon rope marked 
with 30 cm (12 inches) divisions was attached to the pipe.



This allowed this writer to estimate and maneuver in both
vertical and horizontal dimensions. This procedure was 
followed at various points on the beach, and in the inlet 
and lagoon.



LAGOON ENVIRONMENT

The lagoon may be divided into two facies based on 
grain-size of the sediments. In the lagoon facies, the 
sediments are composed of sand-size particles. The marsh 
facies consists of silt- and clay-size particles.

The marsh facies is in the extremities of the lagoon. 
Deposition in this area is the result of particles settling 
out of suspension during slack water (Van Straaten and 
Kuenen, 1958). A core 0.75 m (28 inches) in length was 
taken from near the boundary of the marsh and lagoon facies. 
The bottom 15 cm (6 inches) of the core contained sediment 
that was olive gray (5 Y 3/2) based on the Rock-Color Chart 
(Goddard, 1948). The upper portion of the core was light 
olive gray (5 Y 5/2). The core was structureless except 
for minor air holes. The marsh facies contains little or 
no stratification because of the burrowing organisms and 
plants which rework the sediments. Sinuous, dendritic 
streams in the marsh area appear to have little lateral 
migration. This is based on earlier photographs and person
al communication with residents of the area. It is well 
known that partially dry muds are difficult to erode 
(Hjulstrum, 1955) thereby increasing the chances of pre
serving sedimentary structures in this area and explaining

16
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the resistance to channel migration. Minor amounts of salt 
deposition can be observed in portions of the marsh.

The lagoon facies is composed of sand-size particles. 
In the lagoon the major agents of sediment erosion, trans
portation, and deposition are wave action and tidal currents. 
According to Klein (1967), the major factor controlling 
sand transportation and accumulation is the shear strength 
of the sands and local areas of eddy flow. The higher cur
rent velocities in this area are responsible for a large 
variety of sedimentary structures. Sinuous tidal channels 
and sand bars are found throughout the lagoon. Lane (1963) 
noted that tidal channels may be distinguished from fluvial 
channels based on the smaller size, tens of feet in width, 
of the tidal channels.

The large variety of bedforms in the tidal channels 
of the lagoon and the inlet when combined with their very 
active movement results in a large amount of cross-stratifi
cation of the sediments. McKee (1965, p. 81) in his studies 
of Cholla Bay found that the only stratification in the tidal 
areas was, "Somewhat irregular, but mostly horizontal 
laminae." He attributed this to the lack of sediment supply 
plus the redistribution of these sediments back and forth 
by the ebb and flood tides. While no trenches were dug, 
this type of irregular laminae is probably present in the 
low-tide terrace and portions of the lagoon in which
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current velocities are below those of the inlet. These are 
also areas of low sedimentation rates.

The tidal waters decrease in competency and capacity 
as they move toward the extremities of the lagoon. The re
sult is the deposition of sediments that decrease in grain- 
size when traced from low- to high-water level.

Conditions of Deposition
Heavy mineral studies, which are discussed later in 

this section, indicate that in the area of Estero Marua the 
dominant contribution of sediments comes from the Rio Con
cepcion. Based on the work of Van Andel (1964), the Rio 
Concepcion is the major source of sediments for the area 
from Puerto Penasco south almost to Cape Lobos.

During times of heavy rains in the area north of 
Estero Marua, the Rio Sonoita actively contributes sediments 
to the area. Residents of the region report that during 
times of sediment transport by the Rio Sonoita the water for 
a considerable distance offshore is cloudy with silt- and 
clay-size particles supplied by the Sonoita. At times of 
maximum discharge, the Rio Sonoita overflows and follows 
old drainages discharging some of its sediments directly 
into the Estero Marua.

No grab samples were taken from the offshore area, 
but this writer would expect to find a reasonably prolific 
fuana of macro-invertebrates. Based on the large amount of
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shell fragments and shells present in the sediments of all 
environments connected with the Estero Marua, this appears 
reasonable. High seas generated by onshore winds result in 
a large number of shells being washed up on the beach area 
and probably also into the lagoon.

Rates of sedimentation are discussed more thoroughly 
in the section dealing with Foraminifera but generally appear 
to be low in Estero Marua.

Sediment transport in Estero Marua is controlled by 
ebb and flood tide currents. The intensity of these currents 
varies greatly within the lagoon. The area of maximum veloc
ity is within the inlet to the lagoon. Surface velocities 
were measured by timing floats through a measured distance. 
Current velocities have a maximum of 200 cm/sec during the 
flood tides and a maximum of 178 cm/sec during the periods 
of ebb flow. These values are roughly equivalent to those 
noted by Klein (1967) in his studies in the Minas Basin of 
the Bay of Fundy. During the times of highest current 
velocities, pelecypods shells up to 15 cm (6 inches) in 
diameter are transported rapidly along the bottom in traction.

Mineralogy
The sediments in Estero Marua have the following 

variations for each of the constituents: quartz from 42 to
59 percent, shell fragments from 8 to 30 percent, feldspar 
from 3 to 10 percent, rock fragments from 7 to 20 percent.



heavy minerals from 1 to 17 percent, and Foraminifera and 
Ostracoda from 0 to 0.8 percent.

The rock fragments include both igneous and meta
mo rphic types. The igneous rock fragments consist of grains 
either granitic in composition or pumice fragments. The 
quartz grains are generally clear with a mean roundness of 
0.32 (subangular), based on the roundness scale of Shepard 
(1963, p. 150), which is a modification of Powers' (1953) 
roundness scale. A minor percentage of well rounded quartz 
grains was noted. The heavy mineral grains become more 
euhedral as the grain-size decreases. Heavy minerals are 
described later in this section.

If the sediments of Estero Marua were to be lithi- 
fied, they would be classified as calcarenitic sand.

Size Distribution
The samples seaward of the beachrock in the inlet 

fall into the sand category. Within the inlet five samples 
are sand; however, two samples are gravelly sand and two 
samples are slightly gravelly sand. Heavy mineral sands in 
the inlet are silty sand.

North of the inlet the sand bars, which remain emer
gent except during the highest tides, are composed of slight
ly gravelly sand. Between these bars and the shore, one 
sample provided a value of slightly gravelly muddy sand.
This writer has observed high waves breaking against this

20
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shoreline with considerable force on windy days. It is 
believed that this would provide sufficient energy to trans
port the gravel fraction into this area. The mud portion 
of the sample is deposited during the slack high water 
stage.

In the eastern portion of Estero Marua the samples 
are evenly distributed between sand and silty sand. In 
the western end of the lagoon, the samples fall into the 
sandy silt category. There is a slight trend showing an 
increase in grain size toward the inlet from the west with 
the values in the sand category. The areas of sand coincide 
with areas of higher water velocity during ebb and flood 
tides.

Statistical parameters.— The graphic means (Mz) 
range from -0.450 phi in the inlet to 3.283 phi in the west
ern end of the lagoon. Within the inlet, the values vary 
from -0.450 phi to 1.955 phi. This larger grain-size in 
the inlet demonstrates the influence of the shell material 
in the coarser grain-sizes. Progressing into the lagoon 
proper, the graphic means generally fall in the 2 phi range. 
The sediments show a minimum and maximum value of 3.283 phi 
and 1.336 phi, respectively. The values within the lagoon 
are in areas of tidal channels. Toward the extremities of 
the lagoon, the graphic mean values drop into the 3 phi
range.



In the inlet, nine samples have inclusive graphic 
standard deviation ((Tj) values of moderately sorted. One 
sample from north of the beachrock is poorly sorted. An 
additional four samples from the inlet have values of 
poorly sorted. These areas containing poorly sorted sedi
ments are either near shore or in areas of high shell 
concentrations.

In the eastern portion of Estero Marua, fourteen 
samples have values of moderately sorted sediment. At 
three additional stations, the sediments are found to be 
poorly sorted. In the western portion of the lagoon, the 
sands are dominantly moderately sorted, however, samples 
from three localities are poorly sorted. Three sample 
localities located near the shore and out of the way of 
the main flow of water yield sediments with sorting values 
in the poorly sorted range.

The values for inclusive graphic skewness (Skj) in 
the inlet range from coarse-skewed to strongly coarse-skewed. 
Seaward of the beachrock, which partially extends across 
the inlet, values for the sands are nearly symmetrical.
The skewness values of the sediments become near symmetrical 
as the inlet merges with the lagoon proper.

The material that is trapped by vegetation on the 
bars within the lagoon has a skewness value of strongly 
fine-skewed. These sediments would seem to be the result
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of insufficient energy to winnow out the finer grained 
material.

Within the Estero Marua there are isolated concen
trations of shell material on sand bars causing skewness 
values to be coarse-skewed. Several sand bars located just 
north of the inlet, which are not submerged with every tidal 
cycle, have strongly coarse-skewed samples.

The values for graphic kurtosis (KG) are dominantly 
mesokurtic and leptokurtic in the inlet. Two samples have 
values of very leptokurtic. As the inlet merges with the 
Estero Marua, the samples become dominantly mesokurtic.
The sediments of the east and west ends of Estero Marua have 
kurtosis values of leptokurtic. One sample from the western 
end has a value of extremely leptokurtic.

All of the statistical parameters applied to the 
sediments found in Estero Marua and the inlet can be ex
plained by the hydrodynamic conditions operating there. In 
the areas of higher current velocities the sediments are 
moderately sorted. The main factor preventing these sediments 
from exhibiting better sorting values is the amount of shells 
and shell fragments. Because of their flat shape, much 
larger shells and shell fragments can be transported by a 
current whose velocity is capable of transporting only the 
smaller grain-sizes of spherical material. Those sediments 
having graphic mean values in the 2 phi range generally show 
the best sorting.

23



24
The values for inclusive graphic skewness are also 

controlled by the hydrodynamic conditions present. In areas 
where the current velocities are weak, sediments are skewed 
to the fine. This represents the inability of the current 
to winnow out the fines. However, in areas of strong cur
rent velocities, the sediments are skewed to the coarse 
because of the removal of the finer material and addition 
of the coarser shell material.

Coarse Fraction
The coarse fraction analysis of the lagoonal sedi

ments revealed the presence of quartz, feldspar, rock frag
ments, heavy minerals, Foraminifera and Ostracoda, shells, 
and shell fragments in significant amounts. Muscovite, 
biotite, sponge spicules, and echinoid spines were present 
in amounts less than 1.0 percent. The shells and shell 
fragments were counted together, however, since the per
centage of whole shells was minor. The major portion of 
the shell material is from Pelecypoda and Gastropoda.

Below 2 phi the shell fraction was either negligible 
or not present. Land and Hoyt (1966) found the same condi
tion to be present in their study of an estuary along the 
Georgia coast. They postulated that either solution of the 
carbonate (low-Mg calcite and aragonite) was occurring or 
that the shell material was broken into very fine particles 
and removed in suspension (Chave, 1964). The shell material



in Estero Marua shows no signs of solutioning. Further 
examination of this problem would be worthwhile.

The main difference between the lagoon sands and 
the sands of the beach as shown by the coarse fraction 
study is the presence of heavy minerals, Foraminifera and 
Ostracoda. Most of the lagoonal sediments have a heavy 
mineral content of 5 to 10 percent of the total sample, 
whereas the beach sands have 0 to 4 percent heavy minerals.

A graphic representation of the coarse fraction 
analysis is shown in figures 3 through 11.

Heavy Minerals
Major concentrations of heavy minerals are found 

in the inlet to Estero Marua (Fig. 12). Heavy minerals 
are also found concentrated along the shorelines at various 
points.

The opaque fraction of heavy minerals varies from 
an opaque:nonopaque ratio of 0.41 in the western portion 
of the lagoon to a ratio of 3.00 in the inlet. The opaque 
part of the heavy mineral fraction consists of magnetite 
and ilmenite.

The Estero Marua has a heavy mineral variation from 
the east to the west end, respectively, as follows: zircon
from 4.0 to 4.5 percent, epidote from 35.0 to 40.5 percent, 
lamprobolite from 7.0 to 9.0 percent, garnet from 5.5 to 6.0
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Figure 3. Coarse fraction analysis of sample
26826 from the eastern part of the
lagoon

Figure 4. Coarse fraction analysis of sample 
26824 from the extreme eastern part 
of the lagoon

A  quartz
O shell fragments 
+ rock fragments 
• heavy minerals
—  less than 100 grains counted
—  100 grains counted
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Figure 5. Coarse fraction analysis of sample
26833 from the eastern part of the
lagoon near the inlet

Figure 6. Coarse fraction analysis of sample 
2687 from the central part of the 
eastern half of the lagoon

A quartz
O shell fragments 
+ rock fragments 
. heavy minerals
— less than 100 grains counted
— 100 grains counted
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Figure 8. Coarse fraction analysis of sample
26837 from the western part of the
lagoon near the inlet

Figure 9. Coarse fraction analysis of sample 
26842 from the western part of the 
lagoon

A  quartz
o shell fragments 
+ rock fragments 
* heavy minerals
— less than 100 grains counted
—  100 grains counted
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Figure 10. Coarse fraction analysis of sample
26875 from the central part of the
western part of the lagoon

Figure 11. Coarse fraction analysis of sample 
26873 from the extreme western part 
of the lagoon

A  quartz
O shell fragments 
+ rock fragments 
• heavy minerals
— less than 100 grains counted
—  100 grains counted
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F ig u r e  1 2 .  T h is  v ie w  show s a  t y p i c a l  h e a v y  m in e r a l  c o n 
c e n t r a t i o n  i n  t h e  i n l e t .  The  d i v i s i o n s  on  
th e  c u r r e n t  a r r o w  a r e  10 cm (4  i n c h e s ) .



percent, hornblende from 9.5 to 22.0 percent, sphene from
10.0 to 12.0 percent, and tourmaline from 9.0 to 11.0 
percent.

In the inlet the heavy mineral concentrations have 
the following constituents: zircon 10.0 percent, clear
garnet 3.0 percent, pink garnet 16.0 percent, clear garnet 
with black inclusions (probably magnetite) 7.0 percent, 
tourmaline 1.0 percent, lamprobolite 6.0 percent, epidote
28.0 percent, apatite 3.0 percent, sphene 10.0 percent, 
and hornblende 16.0 percent.

The heavy mineral assemblage found in Estero Marua 
falls into the Rio Concepcidn province of Van Andel (1964). 
The Concepcidn suite is characterized by a high epidote 
content. The nearest province, which is the Colorado prov
ince, shows the amphiboles to be dominant. A large differ
ence exists between the assemblages from the Concepcidn and 
Colorado provinces based on the epidote/amphibole ratio.
The Concepcidn province has a ratio of 1.0 whereas the 
Colorado has a ratio of 0.5. Van Andel noted that this 
difference in ratio illustrates that the Concepcidn province 
can not be derived from the Colorado province by selective 
weathering.
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Foraminifera
Samples were taken from five different localities 

in order to determine the variety of Foraminifera present.
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their relative abundance, and the living/total population 
ratios. In the environments studied, there are twenty one 
different genera present with thirty nine species. Three 
genera, Buccella, Elphidium, and QuinqUeioculina, are found 
in the lagoon, marsh, and nearshore environments. A very 
minor percentage of the Foraminifera present indicate a 
contribution from a source other than Recent. This con
clusion is based on the fact that some of the Quinqueloculina 
have had the original shell material replaced.

There appears to be little if any difference between 
the Foraminifera in the foreshore area and those in the 
lagoon. This homogeniety is probably the result of the high 
current velocities present. With velocities up to 200 
cm/sec occurring in the inlet during flood tides, the Forami- 
nifera present along the entrance to the lagoon are swept 
from the low-tide terrace into the lagoon. This thorough 
mixing of lagoon and Gulf waters makes the division of beach 
and lagoonal biofacies impossible.

Phleger (1955), Walton (1955), Phleger and Ewing 
(1962), and others have used the ratio of the size of the 
living population to the total population to determine rela
tive rates of sedimentation. The theory is that low ratios 
suggest slow sedimentation and high ratios are indicative 
of fast deposition of sediments. In other words, in an 
area where many living Foraminifera are buried and killed.



this rate of burial results in a decrease of the living/ 
total population ratio.

The living/total population ratios for Estero Marua 
vary from 15 in the inlet to 0 in the marsh area. The sam
ples from seaward of the beachrock in the inlet have a ratio 
of 4.6. Samples within the Estero Marua have values of 0.26 
and 0.006 for the east and west sides of the lagoon, respec
tively. This would be interpreted as meaning that the 
Estero Marua has a low rate of sedimentation. However, due 
to the extremely abrasive nature of the environment, one 
should consider that many of the Foraminifera may be killed 
by abrasion as well as being buried. The absence of Forami
nifera was also noted by this writer during his study of 
sediment dispersal (Sandusky, 1968) in the Bay of Fundy.
D. J. Stanley (personal communication, 1968) indicated that 
in his studies of Sable Island only the genus Quinquelocu- 
lina was found. He attributed this to the high abrasion 
rate of the environment there.

The following genera were badly abraded: Elphidium,
Quinqueloculina, Nonion, Rotalia, and Triloculina. General
ly these particular genera were too badly abraded and/or 
broken to allow identification at the species level. Even 
the identification at the generic level is in question for 
many specimens. This is particularly true with those listed 
under Elphidium sp.
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35

FORAMINIFERA POPULATIONS
Sample locality 65 129 132 82 78
Total population 185 155 188 236 560
Ammonia beccarii 5 1
A. cf. A. beccarii 2
A. sp. 1 1
Anomalina jacksonensis texana 17 14 2 10
Astrononion stellatum 1
Buccella mansfieldi 24 1 5 8 3
B. tenerrima 21 7 3 11
Cibicides corpulentus 3
C. mackannai 1
Discorbis sp. 1
Elphidium discoidale 1
E. excubitor 7 1 88 216
E. gunteri 2
E. translucens 5 5 32 2 9
E. tumidum 24 13 5 8
E. sp. 71 77 76 36 66
Eponides tumidulus 4
Hanzawaia nitidula 1
Lamellodiscorbis sp. 3
Nonion affis 5
N. sp. 3
Nonionella atlantica 11
N. basispinata 4 3 8 6
N. miocenica Stella 1
Pygro murrhina 1
Quinqueloculina akneriana 4 3 12 24
Q. bosciana 1 1 15 5
Q. cf. Q. crassiformis 1
Q. lamarckiana 1 5 14 60
Q. poeyana 2 5 1 14
Q. polygona 1 1 6 21
Q. rhodiensis 3 1 49 82
Q. sp. 15 8
Reusella atlantica 2 1
Sigmoilina sp. 1
Spiroloculina depressa 1Textularia schencki 1 1
Triloculina bellatula 3 2
T. inflata 7 1T. sp. 11
Trochammina inflata 1
T. globeriniformis 1T. squamata 1
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Sedimentary Structures

Through the use of SCUBA equipment this writer was 
able to determine several generalities regarding the forma
tion and size of bedforms in relation to the water depth 
and current velocity. Current ripples increase in size 
with an increase in water depth. An increase in the veloc
ity of the water brought about an increase in the asymmetry 
of the current ripples. An increase in grain-size appears 
also to result in a general increase in the scale of the 
ripples, however, no specific measurements were taken.

As the water depth and velocity increase during 
flood tides, the current ripples are obliterated. The in
creasing water depth and velocity result in the movement 
of the larger bedforms. This transition is very rapid, 
requiring only 1 to 3 minutes.

To avoid adding to the confusion that presently 
exists in the geological literature regarding the terms 
"megaripple" and "sand wave", this writer chooses to follow 
Klein (1967) and uses the following divisions. First order 
bedforms have a wavelength of 0.005 m (0.2 inches) to 0.5 m 
(19 inches), second order bedforms have a wavelength of 
0.8 m (3.1 feet) to 6.0 m (19.5 feet), and third order 
bedforms have a wavelength of 8.0 m (26 feet) to 82 m (260 
feet). In no place, however, did the writer find bedforms 
with a maximum wavelength near Klein's maximum dimension of 
82 m (260 feet).



Two stages of runoff may be seen in various parts 
of the lagoon and inlet. When the water level is deeper 
than approximately 1 m (3.2 feet), second order bedforms 
are the dominant type present. However, as the water level 
decreases, current ripples are prominent. In the initial 
stage of development, the current ripple movement is in 
the same direction as the second order bedforms. As the 
water level continues to drop and topography plays the 
dominant role in controlling the direction of water move
ment, the current ripples form and move in a direction up to 
and including movement normal to the second order bedforms.

In Estero Marua, current ripples vary in direction 
due to the control of the late stage runoff by topography. 
Current ripples are observed to superimpose on earlier 
forms (Fig. 13). Trefethen and Dow (1960) observed the same 
process in their studies on modern beaches and tidal flats.

It is difficult to determine which if any of the 
sedimentary structures will be preserved, but it would seem 
that with the low rate of sedimentation in the Estero Marua 
the chances of preservation are poor. As previously noted, 
desiccation cracks in the marsh area may be favorable to 
preservation.

Second order bedforms.— A typical second order bed- 
form is pictured in figure 14. The wavelength of these

37



Figure 13. Two stages of runoff are shown in 
this view. Initial runoff is from 
left to right while secondary run
off is away from viewer. Divisions 
on current arrow are 10 cm (4 inches).

Figure 14. Current ripples are superimposed on 
typical second order bedforms. Divi 
sions on current arrow are 10 cm 
(4 inches).
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features ranges from 2 m  (6.5 feet) to 4.6 m (15 feet) and 
the amplitude varies from .12 m (4 inches) to .25 m (10 
inches).

The second order bedforms are found only in the in
let and in portions of the lagoon near the inlet. The sand 
in these areas of the inlet has a graphic mean value of 1.8 
to 1.9 phi and is poorly sorted to moderately sorted. The 
second order bedforms generally have a high concentration 
of shell material in the troughs. Current ripples were 
observed to migrate over the second order bedforms during 
the lower water level stages of ebb and flood tides. The 
crests of these sedimentary structures are both sinuous and 
straight.

Linguoid ripples.— Linguoid ripples have been re
ferred to as current marks by Kindle (1917), linguoid cur
rent ripples by Bucher (1919), or cusp ripples by McKee 
(1957) in the geologic literature. In most cases the lin
guoid ripples were observed to form en echelon as noted by 
Bucher (1919). They are arc-shaped in appearance with the 
concave portion of the arc pointing in the up current direc
tion. The wings of the arc point up current and lie against 
the forward curve of the lee-sides of two ripples in the 
row behind as noted by Allen (1963).

In Estero Marua the linguoid ripples have a wave
length that ranges from 2.5 cm (1 inch) to 10 cm (3.9 inches).
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The variations in amplitude range from 3 cm (1.2 inches) 
to 4.5 cm (1.8 inches). The wavelengths of the linguoid 
ripples average 6 cm (2.3 inches) while the mean value 
for the amplitude is 2.5 cm (1 inch).

Allen (1963) noted that the linguoid ripples form 
in relatively turbid water that has sinuous flow lines.
This would appear to be in agreement with the conditions of 
formation in Estero Marua. However, water conditions in 
areas of linguoid genesis are too turbid to allow adequate 
observations.

Linguoid ripples have been observed in both fluvial 
and intertidal environments. They have been observed in 
the rock record (Pettijohn and Potter, 1964, pi. 84a).
While this ripple mark does not appear to be unique to the 
intertidal zone, its conditions of formation, turbid water 
with sinuous flow, do seem to be unique. Harms (1969) 
attributed the ripple marks with less continuous crests 
to be indicative of higher energy than ripples with straight 
crests.

Double crested ripples.— Double crested ripples were 
observed along the beach areas bordering the Gulf of Cali
fornia and in the lagoon. They were found in the area from 
1 m (3.2 feet) below the high water level to 50 m (492 feet) 
seaward. The wavelength ranges from 8 cm (3.1 inches) to 
25 cm (9.9 inches). The amplitude varies from 2.5 cm



41
(1 inch) to 4.4 cm (1.7 inches). The mean wavelength is 
13 cm (5.1 inches) and the amplitude averages 3.2 cm (1.2 
inches). Figure 15 shows a double crested ripple.

The orientation of the double crested ripples rela
tive to the shoreline varies from parallel to the shoreline 
to normal to the shoreline. If preserved in only a limited 
outcrop, this would certainly result in difficulties in 
determining the direction of the ancient shoreline.

Evans (1943) reported what he termed double crested 
ripples in the Moenkopi in Arizona. A comparison of his 
photographs with those from the Estero Marua, however, 
reveals that the two structures are different.

The genesis of the double crested ripples appears 
to be a very late stage phenomenon. Underwater observations 
show that the ripples are moving with the current as the 
water level drops. As the water level drops below a suffi
cient depth to allow the continuation of this movement, the 
ripple movement is halted by exposure above the water level. 
To this writer's knowledge, the double crested ripple has 
only been observed in areas of falling water level.

Rhomboid ripples.— Rhomboid ripples are found approx
imately 5 m  (16 feet) north of the beachrock at the mouth of 
the inlet. They are convex in the down current direction 
(Fig. 16). Twenty-five measurements were taken of the 
length, width, and amplitude. The length ranges from a



Figure 15. This view shows a double crested 
ripple mark. Current arrow has 
10 cm (4 inches) divisions.

Figure 16. Rhomboid ripples are found in areas 
of fine-grained sediments with a 
low degree of slope in Estero Marua. 
Current arrow is divided into 10 cm 
(4 inches) intervals.
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maximum of 12 cm (4.6 inches) to a minimum of 5 cm (2 
inches). The width varies from 6 cm (2.3 inches) to 1 cm 
(0.4 inches). The amplitude ranges from 0.6 cm (0.2 
inches) to 1 cm (0.4 inches). The mean values for length, 
width, and amplitude are 8 cm (3.1 inches), 3.1 cm (1.2 
inches), and 0.6 cm (0.2 inches), respectively.

The slope of the surface at the above location was 
1 degree. By plotting the slope versus the length/width 
ratio, the writer found a precise agreement with a similar 
plot by Hoyt and Henry (1963).

The rhomboid ripples in this section appear to have 
been formed by the wave action or wave action causing wash- 
over onto the bar.

The location, grain-size, general size, and genesis 
appear to be very similar to rhomboid ripples observed by 
this writer while working in the Minas Basin of the Bay of 
Fundy in the summer of 1968.

Flat-topped ripples.— Flat-topped ripple marks have 
been discussed by Tanner (1962) in his paper dealing with 
ripple marks common to the falling water level. The ampli
tudes found in Estero Marua range from 1.5 cm (0.7 inches) 
to 4 cm (1.6 inches) while the wavelength varies from 7 cm 
(2.7 inches) to 15 cm (5.9 inches). The wavelength and 
amplitude average 11 cm (4.3 inches) and 2.5 cm (0.9 inches), 
respectively.
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This writer has observed flat-topped ripples form

ing from symmetrical ripples. As the water level falls, the 
water motion serves to plane off the top of the previous 
ripple. Figures 17 and 18 serve to illustrate both the 
early stage form and the final form of the flat-topped 
ripples.

This writer has also observed flat-topped ripples 
in the Minas Basin of the Bay of Fundy. This particular 
form of ripple mark probably is only formed in areas of 
falling water level.

Symmetrical parallel ripples.— -Symmetrical parallel 
ripples along the beach and shore areas of the lagoon range 
in wavelength from 7 cm (2.7 inches) to 16 cm (6.4 inches). 
The amplitude has a maximum of 4 cm (1.6 inches) and a mini
mum of 2 cm (0.7 inches). Generally they are arranged in 
long sinuous rows, however, in certain places the rows are 
observed to branch forming several shorter rows.

Symmetrical ripple marks require two forces of water 
acting in opposite directions. Because of wave action, this 
is very common in the littoral areas of most beaches.

Lunate ripples.— In Estero Marua, lunate ripples have 
a wave length from 2.5 cm (1 inch) to 8 cm (3.2 inches) and 
vary in amplitude from 2.8 cm (1.1 inches) to 4.8 cm (1.9 
inches). The wavelength of the lunate ripples averages



Figure 17. This view shows the early stage of 
a flat-topped ripple. The crest 
of an earlier ripple was barely 
planed off. Divisions on current 
arrow are 10 cm (4 inches).

A completely formed flat-topped 
ripple is shown in this picture. 
Scale has 10 cm (4 inches) divi
sions.

Figure 18.
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5.5 cm (2.2 inches) and the amplitude has a mean value of
2.5 cm (1 inch).

The lunate ripples in Estero Marua are concave in 
the down current direction. The tip of the wings point 
toward the middle of the next lunate ripple down current.

The areas of occurrence for the lunate and linguoid 
ripples are usually the same. It would also seem that the 
turbid water conditions mentioned for the formation of 
linguoid ripples applies to the lunate ripples. In a like 
manner. Harms' (1969) statement regarding sinuous crests 
would indicate high energy.

Asymmetrical parallel ripples.— Asymmetrical par
allel ripples are found in Estero Marua and interpreted as 
current and wave formed. Based on the twenty-five measure
ments taken, these ripples have a mean wavelength of 9 cm 
(3.6 inches) and an average amplitude of 0.3 cm (0.12 
inches). The asymmetrical parallel ripples are found in 
the lagoon and along the beach.

They would be interpreted as requiring lower energy 
for formation than either the linguoid or lunate ripples.

Desiccation cracks— Desiccation cracks are found 
in the silt- and clay-size material of the marsh areas of 
Estero Marua. The desiccation features are polygonal in 
outline with a maximum diameter of 21 cm (8.3 inches) and
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a mimimum diameter of 8 cm (3.1 inches). The average di
ameter is 15 cm (5.9 inches).

The desiccation features were found in areas con
taining vegetation as well as areas without vegetation.
They are more common, however, in the areas of scant to no 
vegetation.

Desiccation or mud cracks have been reported in the 
rock record. Pettijohn and Potter (1964, pi. 96b and 97) 
picture them in both Silurian and Devonian rocks.

Biologic structures.— The tracks and burrows of 
various animals are extremely common throughout the lagoon 
and beach environments. The undulatory trails of various 
gastropods can be seen throughout the lagoon, especially 
in the areas of the finer-grained sediments. Pelecypods 
and fiddler crabs are the most common burrowing forms. 
Figure 19 shows how abundant the fiddler crab holes are 
in the fine-grained sands of the Estero Marua.

Calcium Carbonate Content
The calcium carbonate content of the lagoon samples 

have a minimum value of 3.73 percent in the extremities of 
the lagoon to a maximum value of 26.2 percent in the inlet. 
In general, the sediments show a decrease in the percent of 
calcium carbonate present in each sample toward the ex
tremities of the lagoon. As noted in the coarse fraction
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Figure 20.
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Figure 20. Lunate and linguoid ripples



study, the shell material, which makes up the calcium car 
bonate fraction, is composed primarily of pelecypod and 
gastropod fragments.



BEACH ENVIRONMENT

The foreshore of the beaches in the immediate vicin
ity of Estero Mama ranges from 35 to 45 m (115 to 151 feet) 
in width. The slope of the beach increases west of the 
inlet to about 8 degrees, while east of the inlet the slope 
of the beach is constant at about 2 degrees. The beaches 
fall under Shepard’s (1963, p. 171) type "C". To the west, 
in the area near the University of Arizona-University of 
Sonora pilot desalting plant, the low tide terrace has con
tinuous outcrops of beachrock. To the east, however, the 
beachrock crops out only sporadically.

As pointed out by McKee (1957) beach deposits can 
not expand in both thickness and width. Therefore, it 
would be expected that the beach sands would form blanket 
sands.

Conditions of Deposition 
The source of the beach sediments is the same as 

that of the lagoon, which has been previously discussed.
The coastline in the area of Estero Mama is noticeably 
straight. While no studies were made of grain transport 
along the beach area, the dominant factor controlling sedi
ment movement appears to be wave action. Waves are observed 
to strike the coast at an oblique angle. This results in a
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net movement normal to the coast thereby providing a mecha
nism to explain the extremely straight coast in this area.

Mineralogy
The beach sands are composed of quartz, feldspar, 

rock fragments, heavy minerals, shells, and shell fragments. 
Foraminifera and Ostracoda were not present in most samples, 
which were taken from the swash zone. The lack of these is 
probably due to the winnowing effect of the waves on the 
smaller grain sizes and the highly abrasive nature of the 
swash zone because both types of microfauna are found a 
few meters seaward of the swash zone.

Both igneous and metamorphic rock fragments are 
present. Because of the extreme difficulty in separating 
the two rock types in the smaller grain-sizes, they were 
counted together under a single category. The igneous rock 
fragments are predominantly granitic in composition with 
minor amounts of pumice. Gastropoda and Pelecypoda are the 
primary contributors to the shell fragments. The quartz 
grains are clear and have a mean roundness of 0.31 (sub- 
angular) based on the scale of Shepard (1963, p. 150).
Beal and Shepard (1956) and Shepard and Young (1961) stated 
that beach sediments may be separated from dunes on the 
basis of their roundness values, the beach sands being 
slightly rounder.
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If the beach sands were lithifled, they would be 

classified as a calcarenitic sand.

Size Distribution
Eight samples were taken along the beach at 1.6 km 

(1 mile) intervals as companion samples to the dune sands. 
All samples except two, which were gravelly sand, were 
slightly gravelly sand.

Statistical parameters.— Graphic mean (Mz) values 
for the beach sands range from -0.936 to 0.914 phi. The 
average for all beach sands near Estero Marua is 0.218 phi.

Inclusive graphic standard deviation (<r%) values 
for the beach sands vary from 0.706 to 1.101 (moderately 
sorted to poorly sorted). Values range from -0.455 to 0.247 
for inclusive graphic skewness (Skj). These values would 
give the beach sands a variation from strongly coarse skewed 
to fine skewed. The values for graphic kurtosis (Kq ) are 
from 0.671 to 1.896 (platykurtic to very platykurtic).

As noted by Ingle (1966), in his comprehensive dis
cussion of sorting and grain movement in the foreshore area, 
little work has been done with sorting in the surf zone. It 
may be generalized, however, that water provides an effec
tive agent for winnowing out the fines in this area. The 
beach sands range from near symmetrical to strongly coarse- 
skewed near the Estero Marua. One sample, however, did



have an inclusive graphic skewness value of fine-skewed. 
Moiola and Weiser (1968) found that more than half of the 
beach sands in their study were positively skewed.

The beach sands consistently have larger numerical 
values for graphic mean than their companion dune samples. 
This would be expected because of the higher competency of 
the transporting agent, water.

The sorting values for the beach sands reflect the 
higher percentage of shell material in the sands. The 
coarser fraction of the beach sands is generally composed 
of shell fragments. This material is usually in the shape 
of flat blades, which allows much larger particles to be 
transported because of the increased surface area.

The samples taken from the west side of the inlet 
show an increase in grain-size in a westerly direction.
The increase in grain-size is accompanied by an increase 
in the angle of the slope of the beach. This phenonmenon 
has been discussed by Bascom (1964). Bascom stated that 
this relationship between the slope of the beach and the 
grain-size is a function of the intensity of wave action 
and relates only to exposed beaches.

The beach sediments near Estero Marua can be dis
tinguished from the coastal dunes by their poorer sorting, 
larger grain-size, and by generally being coarser skewed.
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Coarse Fraction

The typical coarse fraction analysis of two beach 
sands can be seen in figures 21 and 22. The absence of 
Foraminifera and Ostracoda, plus the much smaller or non
existent heavy mineral fraction, would allow the beach 
sands in this area to be separated from the sands of Estero 
Marua.

Heavy Minerals
The heavy mineral content of the beach sands is 

generally neglible near Estero Marua. However, one sample, 
which was skewed to the fine, did show the following assem
blage: zircon 5 percent, epidote 39 percent, lamprobolite
7 percent, garnet (pink) 10 percent, hornblende 17 percent, 
sphene 4 percent, apatite 7 percent, and tourmaline 11 
percent.

The heavy mineral assemblage in the beach sand also 
falls into Van Andel's (1964) Rio Concepcion province.

Sedimentary Structures
Rill marks, symmetrical ripples, flat-topped ripples, 

animal tracks and burrows, and swash marks are found along 
the beach area. Except for the rill marks, all other sedi
mentary structures have been discussed in the lagoon en
vironment. Wave generated ripple marks may be oriented at 
90 degrees to the shoreline.



Figure 21. Coarse fraction analysis of sam
ple 46888 from the beach 1.6 km 
(1 mile) west of the inlet

Figure 22. Coarse fraction analysis of sam
ple 568124 from the beach 3.2 km 
(2 miles) east of the inlet
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Rill marks.— Rill marks appeared on the subaerial 

portion of the beach as dendritic patterns that bifurcated 
in either upstream or downstream direction. Their formation 
is in part due to the backwash from waves. More commonly, 
however, they resulted from the flow of a thin sheet of 
water caused by the highly porous beach draining during 
periods of low tide.

Calcium Carbonate Content 
The beach sands had the highest percentage of cal

cium carbonate in one sample of any environment studied.
The values for the beach sands ranged from 25.9 percent to 
33.0 percent and had an average of 31.0 percent calcium 
carbonate. This calcium carbonate is the result of shells 
and shell fragments that are usually dominant in the coarser 
grain-sizes.



DUNE ENVIRONMENT

Coastal dunes separate the Estero Marua from the 
Gulf of California. Changes in the color of the sediments 
indicate that there are two ages of dunes present. The 
younger dunes, which are next to the Gulf, are lighter in 
color and appear to be migrating over the older dunes. Due 
to the loose nature of the dunes no trenches were con
structed, however, based on the work of McKee (1966) one 
would expect high angle planar to be the dominant type of 
cross-bedding present.

Conditions of Deposition
The sediments of the coastal dunes are derived from 

the berm and from the low-tide terrace during exposure. A 
portion of this material is transported across the width of 
the dunes into the water of Estero Marua.

Sediment traps were placed at various locations 
throughout the dunes. Due to the inavailability of wind 
data from Puerto Penasco no direct correlation could be 
made between the amount of material being transported and 
the length of time. Wind transported material shows a max
imum of 156 grams per day and a minimum of 35 grams per day. 
The average of eight samples is 55.2 grams per day.
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Variations per station are the result of different exposures 
to the wind resulting from variations in topography and 
vegetation.

During periods of high tide, high wind velocities 
are observed to produce a large amount of spray from the 
Gulf. This spray can be seen from a distance to attain 
heights equal to and greater than the highest elevation of 
the dunes. During these periods of wind velocities up to 
56 km (35 miles) per hour, this writer has observed sal
tation to heights of 1 m (39 inches). The sea spray results 
in the formation of a fragile crust on the dune surface.

Mineralogy
The coastal dunes have the following average compo

sition: quartz 59.7 percent, shell fragments 16.3 percent,
feldspar 5.2 percent, rock fragments 14.3 percent, and 
heavy minerals 4.3 percent.

As in the lagoonal environment, the rock fragments 
are either igneous or metamorphic. Granitic particles and 
pumice comprise the igneous fraction. The quartz grains 
show only a minor amount of frosting and have an average 
roundness of 0.36 (subangular) using the roundness scale 
of Shepard (1963, p. 150). The heavy minerals are de
scribed later in this section.

Once lithified, the coastal dunes would be classi
fied as calcarenitic sand.
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Size Distribution

Eight samples at 1.6 km (1 mile) intervals were 
analyzed from the dunes immediately shoreward of the beach. 
The samples were taken in the dunes about 35 m (115 feet) 
shoreward of the beach samples. All samples fall into the 
sand category.

Statistical parameters.— The graphic mean (Mz) of 
the samples range from 0.875 phi to 1.353 phi with the 
average being 1.091 phi. The values for inclusive graphic 
standard deviation of the samples range from 0.461 to 0.780 
(moderately well sorted to moderately sorted). Inclusive 
graphic skewness (Skj) values have a variance of -0.092 to 
0.152 (near symmetrical to fine skewed). Folk's graphic 
kurtosis values for the dune sands have a range of 0.720 
to 1.289 (platykurtic to leptokurtic).

The textural parameters of the dune sands reflect 
both the mode of transportation and the energy of the trans
porting medium. As noted by Friedman (1961), the upper 
grain-size limits of grains carried in suspension or by sal
tation are controlled by the competency of the transporting 
medium. It is natural, therefore, to expect and to have a 
smaller graphic mean for the dune sands as compared with the 
companion beach sands. The inclusive graphic skewness values 
also reflect that the wind is incompetent to transport the 
larger grains. The dune sands are all skewed to the fine.



Of the three environments studied, the dune sands 
show the best sorting. Only one of the eight samples is 
moderately poorly sorted, whereas the rest are moderately 
sorted. The fact that the dunes did not show better sorting 
values would appear to reflect the relative youth of the 
coast line plus a multiple source. A comparison of sorting 
in the dune and beach sands is shown in figure 23.

The geologic literature shows that geologists have 
tried to recognize different environments through the use 
of textural parameters. Several investigators. Folk and 
Ward (1957), Mason and Folk (1958), Friedman (1961) ,
Koldijk (1968), and Moiola and Weiser (1968) , believe that 
the proper combination of textural parameters may distin
guish the environments.

The combination of graphic mean vs. inclusive stan
dard deviation appears to be the most effective in distin
guishing the beach sands from the coastal dunes near Estero 
Marua (Fig. 24). By plotting inclusive standard deviation 
vs. graphic kurtosis, the two environments again appear to 
be distinct, but the distinction was not as clear.

Coarse Fraction
The coarse fraction analysis shows that the dune 

sands differ from the lagoon sands in the absence of Forami- 
nifera and Ostracods. The heavy mineral content of the dune
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sands is less than in the lagoonal sediments. A typical 
coastal dune coarse fraction analysis can be seen in figure 
25.

Heavy Minerals
Epidote and tourmaline dominate the heavy minerals 

found in the coastal dunes. The heavy mineral assemblages 
also include zircon, lamprobolite, hornblende, sphene, 
apatite, and garnet. The opaque fraction, which constitutes 
50 percent of the heavy mineral fraction is composed of 
magnetite and ilmenite. The average percentages are as 
follows: zircon 2 percent, epidote 39 percent, lamprobolite
6 percent, hornblende 7 percent, garnet 12 percent, sphene 
8 percent, apatite 9 percent, and tourmaline 17 percent.

Sedimentary Structures
Two types of aeolian ripple marks exist in the dunes 

surrounding Estero Marua. The smaller of the two has an 
average wavelength of 9.2 cm (3.7 inches) and an average 
amplitude of 0.6 cm (0.24 inches). This particular type of 
wind ripples appears to be easily distinguished from the 
current ripples in the lagoon by the standard ripple index, 
which is wavelength divided by amplitude. The wind ripples 
of this type had a minimum ripple index of 15. Finding this 
type of wind ripple in the rock record would be difficult 
as their high ripple index would make them very easy to
overlook.



Pe
rc

en
ta

ge

64

100 ,
80 .

*Figure 25. Coarse fraction analysis 
of sample 568125 from the 
dunes 4.8 km (3 miles) 
east of the inlet

A  quartz
O shell fragments 
4* rock fragments 
• heavy minerals
— less than 100 grains counted
—  100 grains counted



65
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66
The second type of wind ripple in the dunes is much 

larger in scale. It has an average wavelength of 1 m (39 
inches) and an average amplitude of 2.5 cm (1 inch). These 
ripples have a crescent shape with the wings pointing in 
the down wind direction. This writer knows of no example 
of this type in the rock record.

There appears to be no transition between the two 
types of wind ripples. In fact, they are found adjacent in 
some areas (Fig. 26).

Calcium Carbonate Content 
The calcium carbonate content varies from 21.8 to 

38.5 percent. The eight samples along the beach average 
27.3 percent calcium carbonate. In the coastal dunes, the 
calcium carbonate fraction is composed predominantly of 
flat shell fragments of pelecypods. In the coastal dunes, 
a single sample has the highest calcium carbonate content, 
but the average content is lower than the beach sands.



ROCK RECORD

If the present is really the key to the past and 
Estero Marua was lithified into the rock record, it is 
believed that some of the following characteristics would 
serve to distinguish it from other environments.

The sediments in the main body of the lagoon would 
be classified as detrital and fall into the category of cal- 
carenitic sands. The individual grains would consist of 
quartz, feldspar, rock fragments, shell fragments, heavy 
minerals, Foraminifera, and Ostracoda. Lithification of 
the marsh area would result in the formation of fine-grained 
elastics such as siltstones or shales. Organic material 
from the plants, wood fragments, and algae may be found in 
the rocks of a lagoonal environment.

The texture of the lithified material would have 
moderate to poor sorting depending on the amount of shell 
material present. If the influx of shell material was con
stant, it is doubtful that a well sorted sand would ever 
result. Rocks that were skewed to the fine would be indica
tive of deposition in areas of low current velocity, while 
the converse is true for rocks skewed to the coarse. A 
shell conglomerate may underlie the calcarenitic sand. The 
fine-grained material of the marsh area could provide a
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source for an intraformational conglomerate if storms pro
vided sufficient energy to tear up the material into indi
vidual clasts.

The preservation of sedimentary structures from the 
lagoon would be a function of the rate of sedimentation.
Due to the low rate of sedimentation in the Estero Marua, 
the chances of preserving sedimentary structures would 
appear poor. However, those sedimentary structures present 
include asymmetrical and symmetrical parallel ripples, 
rhomboid ripples, lunate ripples, linguoid ripples, flat- 
topped ripples, double crested ripples, and second order 
bedforms. The first order bedforms would have multimodal 
cross-bedding with a high variance, while the second order 
bedforms would be unimodal with a low variance. The large 
variety of bedforms present in the lagoon is the result of 
wave and tidal currents, and combinations of the two. 
Tanner's (1967) comprehensive article using the various 
combinations of ripple mark geometry could be used to deter
mine whether the ripple marks were wave or current formed. 
The flat-topped and double crested ripples would provide 
evidence indicating a falling water level.

If the sediment supply was low, wavey laminations 
would be common. This is the result of the sediment being 
transported back and forth across the lagoon floor by the 
ebb and flood tides. If the rate of sedimentation was high
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enough to result in the accumulation of sediments, the rocks 
would show cross-stratification. The dominant direction of 
cross-stratification would indicate the dominant tidal cur
rents .

The marsh sediments would probably not show strati
fication because of being reworked by the burrowing organisms. 
Desiccation cracks and rain drop prints may be found on out
crops of the marsh sediments.

Sinuous, dendritic tidal channels that were only a 
few meters wide would be common within the lagoonal rocks.
The channels would be composed of the coarser-grained 
material. They could be separated from fluvial channels 
on the basis of marine organisms and the smaller size of the 
tidal channels.

The associated dune deposits could be distinguished 
from the beach deposits by their better sorting and smaller 
mean grain-size. By plotting graphic mean vs. inclusive 
standard deviation the dunes and beach rocks could be sepa
rated. The dunes may have slightly better rounding than 
either the beach or lagoonal rocks, but all in the Estero 
Marua fell into the subangular category. According to the 
work of McKee (1966), high angle planar cross bedding would 
be common in the dunes.

The micropaleontology should show that among the 
Foraminifera the following genera are common: Buccella,
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Elphidium, and Quinqueloculina. A lack of difference in 
populations between the lagoonal and beach environments 
would be interpreted as the result of high current veloc
ities mixing the two populations.

The Estero Marua would form an elongate lenticular 
sand body with the long axis parallel to the shoreline.
The beach sands, however, may tend to form blanket sands.



SUGGESTIONS FOR FURTHER STUDY

This writer feels that the following suggestions 
would provide valuable research topics:

1. A comparison between the statistical parameters 
of the beach and coastal dune sands for a considerable dis
tance along the Sonoran coast would be useful. The goal 
would be to find parameters that would enable the two envi
ronments to be distinguished. This study should also in
clude the sampling of the inland dune in order to determine 
the changes that occur during the transportation of the 
sands.

2. There are no shell fragments found in the sedi
ments of Estero Marua below the 2 phi fraction. Land and 
Hoyt (1966) felt that this was the result of either dissolv
ing of the carbonate material or the removal of the shell 
material in suspension. The present study by this writer 
has lead to no definite conclusion regarding this question.

3. A much more thorough investigation of the sedi
mentary structures present within the Estero Marua and 
nearby beach areas should be very fruitful. This proposed 
study should include the construction of trenches and peels 
being made from the trench walls. An economical technique 
dealing with the construction of peels is discussed by
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Barr, Dinkleman, and Sandusky (in press). A study of this 
type should include a detailed underwater study of the 
genesis of the sedimentary structures. The water clarity 
and temperature combined with the unique variety of current 
velocities make the Estero Marua an ideal natural flume.

4. The analysis of the seemingly homogeneous silt- 
and clay-size material in the marsh area by X-ray work 
might prove useful. Other workers in Recent sediments have 
found that silt- and clay-size material contains sedimentary 
structures when analysed by X-ray techniques.

5. A series of inland core holes made with a hand 
auger should prove useful information relating to the fluc
tuation of sea level and elevation of the land. This work 
in combination with additional radiocarbon dating of shells 
would provide a clearer picture of the development of the 
present day coast line.

6. A study of the movements of sand grains in both 
the Estero Marua and the nearby beaches would be useful.
The observation of painted sand grains would provide in
sight into the net movement of the sand and relative rates 
of sedimentation.
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APPENDIX B

STATISTICAL PARAMETERS*

Sample Mean
(Mz)

Sorting
((Tj)

1681 1. 701 0.717
1682 1.816 0.508
1683 1.835 0.641
1684 1.955 0.480
1685 2.351 0.417
1686 1.909 0.687
1687 0.877 0.869
1689 0.197 1.135
16810 0.200 1.006
16811 -0.450 0.832
16812 0.259 0.795
16813 1.052 1.086
16814 0.693 0.948
16815 -0.087 0.623
16816 1.353 0.669
16817 1.602 0.741
16818 1.907 0.638
16819 2.418 0.685
2682 2.401 0.650

*Statistical parameters

Skewness
(Ski)

Kurtosis Sediment
(Kg )

-0.184 1.475 S
-0.163 1.201 S
-0.151 1.084 S
0.110 1.176 S

-0.015 0.995 S
-0.161 1.188 (g)s

-0.143 1.024 (g)s

-0.143 1.035 (g)s

0.427 1.424 (g) s
0.078 1.658 gS

— 0.061 1.118 (g)s

0.044 0.796 (g)s

-0.164 0.986 (g) s

-0.061 0.949 (g)s

0.152 1.012 s

-0.370 1.026 s

-0.161 1.592 s

-0.244 1.171 (g)mS
-0.159 1.091 S

according to Folk (1965)
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77
Sample Mean

K )
Sorting 
(crj)

Skewness
(Ski)

Kurtosis
(kg)

Sediment

2684 2.055 0.415 0.357 1.182 S
2686 1. 878 0.598 -0.067 0.982 (g)s

2687 2.792 0.538 -0.040 1.432 zS
26810 2.368 0.670 -0.053 1.032 zS
26812 1.376 0.645 0.163 1.076 S
26814 2.351 0.674 -0.064 1.074 zS
26816 1.882 0.594 -0.032 1.001 S
26821 2.004 0.784 0.142 1.069 S
26823 2.946 0.577 0.001 1.334 zS
26824 2.365 0.676 -0.101 1.150 S
26825 2.430 0.480 0.138 1.199 S
26826 2.901 0.577 -0.021 1.446 zS
26829 1.777 0.506 -0.089 1.110 S
26830 2.044 1.142 -0.337 1.108 (g)mS
26831 1.492 0.768 -0.082 1.020 (g)s

26832 2.416 0.501 -0.159 1.282 S
26833 1.738 0.736 -0.227 1.036 (g)s

26834 2.288 0.578 -0.213 1.402 (g) s
26835 1.731 0.769 -0.199 1.055 (g)s

26836 2.362 0.973 -0.272 1.238 zS
26837 1.336 0.676 -0.103 1.071 (g) s

26838 1.933 0.544 0.008 1.400 s

26839 2.369 0.852 -0.059 0.968 zS
26840 1.952 0.476 0.077 1.111 S



78
Sample Mean

(Mz)
Sorting 
((T[)

Skewness 
(Sk j)

Kurtosis
(Kg )

Sediment

26841 1.871 0.612 0.015 0.876 S
26842 2.742 1.575 0.165 3.146 zS
26845 1.435 0.578 -0.061 1.334 S
26846 2.860 1.717 0.138 2.829 zS
26847 1.964 0.507 0.051 1.104 S
26850 1.976 0.768 0.159 1.044 S
26851 3.366 1.256 0.322 3.280 sZ
26852 2.839 0.658 -0.148 1.068 zS
26856 2.440 0.517 0.104 1.080 zS
26857 0.886 0.997 —0.090 0.841 (g)s

26858 1.383 0.572 -0.097 0.892 s

26859 1.162 0.701 -0.293 1.263 s

26862 1.440 0.610 -0.106 0.921 s

26869 1.041 0.730 0.231 1.052 s

26870 1.936 0.538 -0.016 1.345 s

36871 1.440 0.530 0.071 0.763 s

36872 -0.109 0.983 0.022 1.071 (g)s
36873 3.185 0.423 -0.252 1.137 sZ
36874 3.283 1.284 0.312 4.472 sZ
36875 3.186 0.429 -0.276 1.177 sZ
36876 2.895 0.537 -0.030 1.398 zS
46887 2.785 0.414 0.052 0.864 zS
46888 0.325 0.723 0.025 1.896 (g) s
46889 1.192 0.780 -0.092 0.720 s
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Sample Mean

(Mz>
Sorting
(<T j)

Skewness
(Skj)

Kurtosis
(k g )

Sediment

46890 1.829 0.531 -0.148 0.778 S

46891 0.233 0.706 -0.202 1.051 (g)s

46892 0.875 0.542 0.027 0.904 s

46893 0.016 0.911 -0.455 1.195 gS

46894 0.901 0.461 0.134 1.289 S

46895 -0.936 0.797 0.146 0.791 gS

568121 1.220 0.680 -0.067 0.898 S

568122 0.355 1.101 -0.043 0.803 .(g) s
568123 1.375 0.557 0.037 0.899 s

568124 0.914 1.006 0.003 0.671 (g) s

568125 0.972 0.492 0.113 1.110 s

568126 0.176 0.801 -0.135 1.040 (g)s

568127 0.940 0.485 0.131 1.142 s

568128 0.662 1.043 0.247 1.021 (g) s

568134 1.662 0.635 -0.285 1.318 s

568135 1.627 0.831 -0.249 1.083 s

368C 1.526 0.731 0.204 1.012 s
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