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ABSTRACT 

PHYSICAL AND BIOGENIC SEDIMENTARY STRUCTURES 

OF A RECENT COASTAL LAGOON 

Kevin T. Biddle 

The physical and biogenic sedimentary structures of Mugu 

Lagoon, a shallow coastal lagoon in Southern California, were 

investigated in an effort to define suites of sedimentary 

structures and use them to divide the lagoon into sedimentary 

subenvironments. These data, coupled with grain size infor¬ 

mation, were used to prepare a depositional environment map 

of Mugu Lagoon. 

Seventy-three "can-cores" were taken along traverses in 

the lagoon. X-ray radiography and epoxy peel techniques were 

used to analyze the internal structures of the sediments. 

Twelve types of physical and six types of biogenic sedimentary 

structures were recognized, and the amount of bioturbation 

was estimated. 

On the basis of sedimentary structures the lagoonal 

system was divided into ten major subenvironments, which are: 

barrier beach, tidal delta, tidal channel, tidal creek, 

subtidal pond, barren zone or tidal flat, lower marsh, upper 

marsh, salt pan, and ancient sand ridge. Minor subenvi¬ 

ronments , developed only locally within the lagoon, are: 



silt pellet dunes, tidal creek banks, and mussel beds. 

The subenvironments are characterized by different 

associations of physical sedimentary structures and the 

degree of biogenic reworking. A relationship between 

current strengths, sedimentation rates, and the amount of 

bioturbation exists. In subenvironments with rapid sedi¬ 

mentation rates and high energy regimes (e.g., barrier 

beach, tidal delta, tidal channel) physical structures 

predominate. In those areas with slow sedimentation rates 

and low energy regimes (e.g., subtidal ponds, upper 

marsh) biogenic structures are most common. Intermediate 

areas, such as the barren zone, are characterized by physical 

and biogenic structures in subequal amounts. 

The subenvironments defined by distinctive associations 

of sedimentary structures correspond extremely well with 

depositional environments recognized in Mugu Lagoon by 

other methods (Warme, 1966; 1971), showing that these 

depositional environments can be useful in interpreting 

similar modern analogs or ancient lagoonal systems. 
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INTRODUCTION 

Coastal Lagoons are shallow bodies of water, elongate 

to the coastline, connected to the open ocean either by a 

permanent or ephemeral inlet. They occur on all types of 

coastlines and in all climates. Today, lagoon-barrier 

complexes occur along approximately 13 percent of the world's 

coastlines (Cromwell, 1971). Along the coastline of the 

United States about 80 to 90 percent of the Atlantic and 

Gulf Coasts are bound by estuaries and lagoons, and between 

10 and 20 percent of the Pacific coast is fringed by lagoons 

and estuaries. Even so, a search of the geological literature 

indicates that ancient lagoonal complexes are scarce. It has 

been suggested that this apparent scarcity is a result of 

improper interpretation instead of a true paucity of 

lagoonal rocks (Reineck and Singh, 1975). 

This study was undertaken to provide a better understanding 

of one aspect of a lagoonal system? its physical and biogenic 

sedimentary structures. In Mugu Lagoon, distinctive asso¬ 

ciations of sedimentary structures coincide with obvious 

surface physiographic features. The physiographic features 

defined by their sedimentary structures are referred to in 

this report as subenvironments of the lagoonal system. 

Descriptions of various subenvironments of Mugu Lagoon form 



2 

the body of this thesis. 

Depositional environments have been defined as physio¬ 

graphic units where deposition takes place (Reineck and 

Singh, 1975, p. 4). The physical, biological, and chemical 

processes operating in each depositional environment are 

such that a characteristic deposit is produced (Reineck and 

Singh, 1975, p. 4). A great deal of information must be 

acquired on a sedimentary deposit before that deposit can 

be assigned to a depositional environment; no single attribute 

would be sufficiently diagnostic. Sedimentary structures 

alone do not define depositional environments. 

With this in mind, Mugu Lagoon, a small but varied 

coastal lagoon, was chosen for study. Abundant detailed 

information about several facets of this lagoon has already 

been published (Warme, 1969, 1971; Warme and others, in press). 

This information, coupled with the data presented in this 

thesis, has been used to produce a depositional environments 

map of Mugu Lagoon. 

The sedimentary processes operating at Mugu Lagoon 

should be similar to those that were active on lagoonal 

systems in the past, allowing extrapolation of the conclusions 

presented here back into the ancient rock record. 

The major approach used in this thesis to help understand 

the sedimentary structures of Mugu Lagoon was x-ray radiography 
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of vertical cores (see Methodology). Use of this technique 

in geology is not new. Bruhl (1896) was apparently the first, 

to employ x-rays in geological studies. Lehman (1939) was 

the first to apply x-rays to sedimentary rocks. The use of 

x-ray-radiography for the study of unconsolidated sediments, 

however, is a relatively recent development. Calvert and 

Veevers (1962) were the first to apply x-ray-radiography in 

this manner. The method used in this study was that of 

Howard and Reineck (1972). 

Mugu Lagoon 

Mugu Lagoon is located on the California coast at the 

juncture of the westernmost Santa Monica Mountains and the 

Oxnard Plain (fig. 1). 

The lagoon is a shallow tidally-controlled lagoon. At 

low water it is less than three meters deep except where 

artficially dredged (Warme, 1969). The lagoon is approxi¬ 

mately 400 meters wide and extends for about seven kilo¬ 

meters behind a narrow barrier beach. Calleguas Creek, a 

small intermittant stream, empties into the central part 

of the lagoon. 

The lagoon is composed of several easily recognizable 

parts. These parts are: barrier beach, tidal delta complex, 

subtidal channels, ponds and creeks, tidal flats or barren 

zone, salt marsh, and salt pans (fig.l). Detailed 



Figure 1. Index map showing the location of Mugu 

Lagoon and major physiographic features in 

the eastern arm of the lagoon. 



4 

'\
\\
 

P
ac

if
ic
 

O
ce

an
 



5 

descriptions of these various divisions can be found in 

Warme (1966, 1971). 

The distribution of these lagoonal features is con¬ 

trolled primarily by the duration, strength and height of 

tidal currents. The rapid change in these factors throughout 

the lagoon produces the varied depositional environments 

useful for a study of this type. 

All observations made during the course of this investi¬ 

gation refer to the eastern arm of the lagoon (fig.l). This 

portion of the lagoon is part of the U. S. Navy's Pacific 

Missle Test Center and has been set aside as the Point Mugu 

Wildlife Sanctuary and Scientific Research Area. As a result 

of this action the eastern arm of the lagoon is still in a 

relatively natural state, one of the few lagoons along the 

western United States coast left in such a condition. 

Previous Work 

During this century marginal marine sediments have 

received considerable attention because of their economic 

significance to the petroleum industry. General references 

on marginal marine processes and sediments include the 

works of Johnson (1919), Trask (1939), Guilcher (1958), 

Shepard and others (1960), Gorsline (1962), BagnoId (1963), 

Zenkovitch (1967), Bird (1969), Dickinson and others (1972), 

and King (1972). A recent review of the subject was provided 
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by Reineck and Singh (1975). 

An excellent worldwide summary of literature on lagoons 

was provided by Emery and others (1957). Papers covering 

more specialized aspects of modern lagoons and intertidal 

sediments are those of Hantzchel (1939), Bradley (1957), 

van Straaten (1961), Evans (1965), and Land and Hoyt (1966). 

References covering physical sedimentary structures 

of littoral deposits include those of van Straaten (1951, 

1959), Stewart (1956), Moore and Scruton (1957), Inman and 

Filloux (1960), Trefethen and Dow (1960), Bouma (1963) 

Bajard (1966), Reineck (1967) ,Warme (1967, 1971), Clifton 

and others (1971), Howard and Reineck (1972), and Katuna 

(1974). 

Helpful references on biogenic sedimentary structures 

are Schafer (1962), Weimer and Hoyt (1964), Seilacher (1967), 

and Frey and Howard (1969). 

Examples of ancient lagoons can be found in Wanless 

and Shepard (1936), Fisher and McGowen (1969), and Walton 

and Smith (1969). 

Specific works on Mugu Lagoon include those of Inman 

(1950a), Savage (1952), and Warme (1966, 1967, 1969, 1971). 
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REGIONAL GEOLOGY 

The geology of the Mugu Lagoon area is dominated by 

the Santa Monica Mountains and the Oxnard Plain (fig. 2). 

The Santa Monica Mountains form a range about 200 km 

long and five to 20 km wide. Maximum height of the range 

is about 900 m. These mountains are composed mainly of 

Cretaceous to Miocene siliciclastic sedimentary and volcanic 

rocks with older crystalline rocks cropping out near the 

eastern end of the range (Bailey and jahns, 1954). 

Structurally the Santa Monica Mountains have been 

referred to as a broad anticline (Bailey and Jahns, 1954). 

Truex (1976), however, believes this to be an over simpli¬ 

fication, and that the structure of these mountains is more 

complex. The mountain range has been extensively broken by 

steep normal faults and intruded by basic igneous rocks 

(Bailey and Jahns, 1954). 

The western edge of the Santa Monica Mountains is 

bounded by a subsurface fault known as the Bailey fault. 

This fault trends north-south and runs approximately under 

Calleguas Creek (Page, 1963). Displacement on this fault 

is down to the west and appears to be on the order of 

300 to 600 m (Warme, 1966). 

The Gxnard Plain is a subaerial and submarine deltaic 



Figure 2. Geologic map of the area surrounding Mugu 

Lagoon (after Bailey, 1954). Patterns: 

1) 

2) 
1 

3) 

Mesozoic to Precambrian gneisses 
and other metamorphic rocks. 

Mesozoic plutonics, mainly granitic. 

Upper Eocene and Oligocène ss and sh. 

4) Upper Eocene, Oligocène, and Late 
Miocene continental red beds. 

5) 

6) 

7) 

Miocene andesite, trachyandesite, 
and basalt. 

Miocene diabase and basalt. 

Miocene-Pliocene continental elastics. 

8) |I Q - Quaternary alluvium, terrace, 
* * talus, and landslide deposits; 

QP - Quaternary marine; QPc - 
Quaternary continental; M - 
Miocene marine; K - Cretaceous, 
mainly marine. 
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complex underlain by approximately 500 m of unconsolidated 

Quaternary deposits (Warme, 1966). These sediments overlie 

consolidated siliciclastic sediments of Miocene and Pliocene 

age. During the Holocene the Oxnard Plain has built progrès 

sively seaward by fluvial and marine deposition 

(Inman, 1950). 

The continental shelf in the area of Mugu Lagoon is 

narrow and interrupted by two submarine canyons, Hueneme 

Canyon and Mugu Canyon. Mugu Canyon is located just seaward 

of the lagoon with its canyon head opposite the lagoon inlet 

There are no outcrops of rock in the upper part of Mugu 

Canyon, indicating that the walls are composed of loosely- 

consolidated Pleistocene and/or Recent sediments 

(Warme, 1966) . 

Mugu Lagoon itself lies primarily on the sediments 

of the Oxnard Plain while the eastern arm of the lagoon 

lies on an apparent wave-cut terrace at the base of the 

Santa Monica Mountains (Warme, 1971). 
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CLIMATE AND VEGETATION 

Near Point Mugu coastal southern California has a 

Mediterranean-type climate, with a dry summer season. 

Annual rainfall is usually between 25 and 50 cm per year 

and the result of a few intense winter storms (Warme, 1971). 

Coastal fog is common and occurs in all seasons. Mean 

temperature is about 22 degrees centigrade. 

The prevailing wind directions are from the north and 

west. 

The vegetation of the Santa Monica Mountains has been 

labeled "coastal Sage Scrub". This changes to "coastal 

Strand" vegetation along the beaches (Bailey, 1954). 

The marsh flora of Mugu Lagoon have been discussed in 

detail by Warme (1966, 1971). Using the flora he was able 

to divide the lagoon marsh into three zones. These zones 

were based on the vertical ranges of common plants and were 

designated the lower, middle, and upper marsh zones (fig. 3). 

The distribution of these zones appears to be controlled 

primarily by tidal height and duration (Warme, 1971). 

Presently, the salt marsh of Mugu Lagoon is rapidly 

expanding. As sedimentation takes place, areas of the 

lagoon previously uncolonized are raised above a critical 

elevation. Once this occurs plants of the lower marsh zone 



Figure 3. Vertical ranges of common plants of the Mugu 

Lagoon marsh. Warme (1971) has divided the 

marsh into lower, middle, and upper zones on 

the relationship between tidal heights and 

plant taxa. The vertical range of the barren 

zone and other boundaries are also shown. 
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quickly inhabit the area. These plants then act as a baffle 

facilitating further sedimentation. 

In the subtidal portions of the lagoon, the major plants 

are zostera marina, or eelgrass, and Ruppia maritima, ditch 

grass (warme, 1971). Several types of algae also are found 

in the lagoon. 
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PHYSICAL OCEANOGRAPHY 

Tides and Tidal Currents 

Pacific coast tides near Mugu Lagoon are dominated by 

semidiurnal constituents, giving rise to two high and two 

low tides of unequal range each day. Spring tidal range is 

about 3 m at Mugu Lagoon. The lagoon inlet, however, is 

maintained at about mean sea level and only the upper half 

of the tidal spectrum affects the lagoon interior (Warme, 

1971). The irregular tides give rise to currents, water 

levels, and durations of slack water inside the lagoon that 

are extremely variable. Maximum water exchange occurs during 

spring tides. During these tides one to two orders of 

magnitude more water is exchanged then during neap tides. 

No great exchange of water occurs during neap tides (Warme 

and others, in press). Warme (1971) has discussed the effects 

of tidal heights on the sediments and organisms of the 

lagoon. 

Maximum current velocities, in excess of 2 m per second, 

occur during flood tide at and near the inlet (Warme and 

others, in press). Current speeds are maintained in the 

major tidal channels, but decrease with distance from the 

inlet in other parts of the lagoon. Current velocities 

are damped immediately in areas where water spreads over 
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the tidal flats and marshes, or becomes unchannelled in 

ponds. 

Waves 

The coastline near Mugu Lagoon is subject to attack 

by waves originating in both the Northern and Southern 

Hemispheres (fig.4 ). Waves approach this part of the 

coast mainly from the northwest, however. Point Conception 

to the north and the Channel islands to the west provide some 

protection from these waves. Waves originating in the 

Southern Hemisphere have a relatively unhindered approach 

to the coastline. 

The predominant northwesterly wave approach results 

in a net longshore transport of sediment down the coast, 

to the southeast. 

Salinity and Temperature 

The salinity of Mugu Lagoon is similar to that of the 

open ocean, due to exchange of tidal waters (Warme, 1971). 

Some dilution can occur during periods of heavy rains or 

high runoff from Calleguas Creek. Dilution was also possible 

in the past, during periods of inlet closure. 

In the deeper parts of the lagoon, near the inlet, 

maximum summer water temperatures are close to those of the 

open ocean, or approximately 20 degrees centigrade 



Figure 4. Diagrammatic illustration of wave approach 

directions in the Mugu Lagoon area. 
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(Warme, 1971). Significant solar heating takes place in the 

shallower reaches of the lagoon and can raise the water 

temperature several degrees (Warme, 1971). 
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THE SEDIMENTS OF MUGU LAGOON 

Basic Sediment Components 

According to Warme (1971) the sediments of Mugu Lagoon 

are a mixture of two sediment types or ”end-members". 

These end-members are a pure sand and a mud comprised of 

one part silt and two parts clay. When grain-size analysis 

data are plotted on a triangular diagram a linear trend 

is apparent, indicating this mixing effect (fig. 5). 

A few of the samples shown in figure 5 do not follow 

the linear trend. These sediments are all extremely silty 

and come from either the salt pans or areas close to the 

base of the Santa Monica Mountains (Warme, 1971). 

There appears to be a lack of intermediate grain sizes 

(fine-grained sand and coarse-grained silt) in Mugu Lagoon. 

This apparent lack is not a function of the source material. 

Abundant fine-grained sand and coarse-grained silt can be 

found just offshore of Mugu Lagoon (Inman, 1950b). Warme 

(1971) believes that the lack of intermediate grain sizes 

in Mugu Lagoon is real and the result of sorting action by 

waves and tidal currents. 

Sediment Sources 

The primary source of sediment for Mugu Lagoon is the 

beach. Sand is supplied to the beach by longshore drift, 



Figure 5. Triangular diagram (after Folk, 1974) of 

sand-silt-clay ratios for 79 surface samples 

from Mugu Lagoon: S - sand, Z - silt, C - 

clay, M - mud, cS - clayey sand, mS - muddy 

sand, zS - silty sand, sC - sandy clay, sM - 

sandy mud, sZ - sandy silt. 
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and is mainly derived from rivers to the northwest (Inman, 

1950a). Mud may be contributed by turbid offshore waters 

entering the lagoon during and after storms, or introduced 

directly into the lagoon by Calleguas Creek. The silt of 

the upper parts of the lagoon is probably derived directly 

from the Santa Monica Mountains. Detailed descriptions of 

the sediment types of Mugu Lagoon and their sources may be 

found in Warme (1971). 

Depositional Processes and Patterns 

Five major sediment distribution and depositional 

processes have been identified in Mugu Lagoon. Listed 

in decreasing order of importance, these processes are: 

1) tidal currents, 2) barrier washover, 3) wind, 4) runoff 

from Calleguas Creek, and 5) runoff from the Santa Monica 

Mountains. These processes have been assessed by Warme and 

others (in press). 

Modifying the sediment nomenclature of Folk's tri¬ 

angular diagram (Folk, 1974; see fig. 5) slightly, the 

surface sediments of Mugu Lagoon can be labeled as sand 

(more the 90% sand-size grains), muddy sand (50-90% sand), 

sandy mud (10-50% sand), and silt (fig. 6). A few samples 

fall within Folk's mud and clay categories (see fig. 5) 

but these are isolated samples that don't correspond to the 



Figure 6. Diagrammatic map of the distribution of 

surface sediments from all sedimentary 

environments in Mugu Lagoon (after Warme and 

others, in press). 
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larger patterns of sediment distribution. 

Clean sand exists along the present beach, on the 

ancient sand ridges, and on or near the tidal delta. All 

of these areas are being or have been subjected to strong 

tidal currents, waves, or in some cases, wind. Muddy 

sand can be found in the farther reaches of the lagoon where 

tidal currents are less intense. Sandy mud is found only 

in the higher areas of the lagoon, such as the marsh, or 

in areas far removed from strong current action, such as 

the distal ends of tidal creeks. Here the transporting 

currents have lost most of their competency and can carry 

sand only rarely. The silts of the salt pans and higher 

marsh are probably the result of sporadic runoff from the 

Santa Monica Mountains. 
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DEVELOPMENT AND HISTORY 

OF MUGU LAGOON 

Present-day estuaries, bays and lagoons are probably 

all products of processes acting over the last 3,000 years 

(Gorsline, 1967). Mugu Lagoon is no exception. Evidence 

presented by Warme (1971) suggests that the lagoon has 

developed over the last 3,000 years at the present stand of 

sea level. 

Mugu Lagoon has developed behind a series of subparallel, 

northwest-southeast trending sand barriers, four of which can 

presently be recognized in the eastern arm of the lagoon 

(Warme, 1971), (fig. 1). 

The sand ridges formed sequentially, with the innermost 

one being the oldest (Warme, 1971). The ridges have shapes 

similar to that of the present-day barrier beach, suggesting 

that each one acted as a barrier or spit at one time. They 

are narrower and lower in elevation then the present beach, 

however, suggesting that the older ridges acted as true 

barrier beaches for only short periods of time (Warme, 

1971). 

With the formation of each successive barrier the 

previous one became isolated, marking the location of the 

old shoreline, resulting in a series of sand ridges 
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separating lagoons in various stages of infilling (Warme, 

1971). Connection between the lagoons was maintained by 

tidal channels and creeks. These features have controlled, 

to a large extent, the morphological and sedimentological 

development of the present lagoon. 

Warme (1971) suggested that each newly formed barrier 

was attached to the coast closer to Point Mugu until the 

present barrier was attached to Point Mugu itself. Point 

Mugu is the most seaward extension of the Santa Monica 

Mountains. Because of this it is unlikely that any new 

barriers will form seaward of the present beach. 

It is possible that the ancient sand ridges formed 

behind the present barrier beach as large lagoonal bars. 

In this case the extent of the original lagoon would have 

been much greater and the inlet much wider. A wide inlet 

would have allowed large waves to enter the lagoon providing 

the energy necessary for the formation of this type of bar. 

A migrating inlet could account for the extent of the ancient 

sand ridges. The subsequent filling of the lagoon behind 

the sand bars would be the same as in the case of the 

sequential barriers, however. 

The sequential development of sand barriers on fore¬ 

shore sand created a foundation of sand throughout the entire 

lagoon complex. This sand foundation was then covered by a 
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variety of lagoonal sediments. 

The sequence of lagoonal filling at Mugu Lagoon has 

been related primarily to the elevation of the sedimen¬ 

tation surface. In the early stages of infilling this 

surface was well below the low-water level of the lagoon. 

As sedimentation continued the sediment surface was raised 

until it reached the intertidal zone. In the earliest 

stages of infilling sand was the major sediment deposited 

with mud deposited only in areas far removed from the inlet. 

Once the elevation of an area had been raised into the 

intertidal zone deposition of mud became more common. This 

slowly increased the elevation until the most salt- or water- 

tolerant marsh plants could colonize the area. At this point 

a major change in sedimentation took place. The plants 

created a baffle system that damped tidal currents and pro¬ 

hibited the transport of sand. Mud became the dominant 

sediment that was deposited and sedimentation became much 

slower. Eventually portions of the filled lagoon reached 

the elevations of the salt pans. Warme (1971) has given 

the elevations of the physiographic units and environments 

of deposition in relation to tidal levels at Mugu Lagoon, 

and estimations of sedimentation rates. This information 

is reproduced here as figures 7 and 8. 

Today the areas behind the ancient sand ridges have 



Figure 7. Vertical distributions of physiographic units 

and their relation to tidal levels. 
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Figure 8. Estimated rates of deposition for sedimentary 

environments in Mugu Lagoon. 
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been almost completely filled with sediment. At present 

rates of sedimentation all of Mugu Lagoon will be 

filled in the near geologic future. 
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METHODOLOGY 

Sample Location 

Sampling was carried out along predetermined traverse 

lines located in the eastern arm of the lagoon. These 

traverses were chosen so that all of the physiographic 

units previously identified in Mugu Lagoon were crossed. The 

locations of the traverses and the sampling sites along 

these traverses are shown in plate 1. The sampling sites 

themselves were selected purposefully along the traverse 

lines, care was taken to assure that all the obvious 

environments were sampled, isolated samples between tra¬ 

verses were also taken in certain areas (plate 1). 

Sampling Methods 

Three principle sampling methods were used to 

collect the physical and biogenic sedimentary structures 

that occur in Mugu Lagoon. These methods were coring, 

trenching and photographing, and construction of latex peels. 

A total of 73 can cores and 10 peels were taken. Numerous 

trenches were dug throughout the lagoon. A one-meter-long 

coring device was used to obtain samples with greater 

vertical penetration. Due to the sandy nature of most of 

the lagoonal sediments this method was only partially 

successful 
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The success of the different sampling methods was 

directly related to the nature of the sampling locality and 

the type of sediment found there, coring was difficult or 

inadequate in areas of coarse sand or in the deeper subtidal 

parts of the lagoon. Trenches could only be dug to the upper 

limit of water-saturated sediment before they collapsed 

under their own weight. Latex peels could not be made in 

areas with muddy sediment because of the impermeability of 

those sediments. A combination of the various sampling 

methods provided ample sample coverage of the lagoon, however. 

Field Techniques 

The simple and inexpensive can coring method was used 

to provide most of the samples for this study. The method 

used for taking these cores was that of Howard (1972; oral 

communication, 1975). The bottom was cut from a rectangular 

metal can (in this case both one gallon and two and one half 

gallon cans were used). The screw-cap was then removed to 

allow escape of air or water, and the can was pushed into 

the sediment. Once the top of the can was nearly flush with 

the sediment surface, the screw-cam was replaced. A hole 

was then dug around the can. A bottom plate, constructed 

of wood with a rubber gasket, was carefully placed under 

the can. This bottom plate was attached to the can with 
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elastic straps. The can and its load of sediment were then 

ready for transport. 

Two cores were taken at each sample locality. These 

cores were oriented, for future reference, with long axes 

running north-south. 

The sample pairs were split as soon as they were re¬ 

moved from the lagoon. Formalin was added to one core from 

each pair to stop biological activity. This core was set 

aside for transportation back to Houston where it would be 

further processed and then x-rayed. Resin peels were 

constructed from the other core of each pair by the method 

described under Laboratory Techniques. 

Trenching was also used extensively to sample the 

sedimentary structures of areas above the low tide line. 

The trenches were dug both parallel and perpendicular to 

the shoreline. Trenches were also dug in areas covered 

with obvious sedimentary bedforms. In these areas the 

trenching was done both parallel and perpendicular to the 

bedforra. Once the trench face was smoothed off, it was 

either photographed or drawn for future reference. 

In the sandier portions of the lagoon system, mainly 

the beach and tidal delta areas, latex peels were made of 

some trench walls. The trench wall was planed off and 

sprayed with the clear plastic spray, Krylon. Cheesecloth 
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was then tacked over the desired portions of the wall. 

Several coats of clear polyvinyl acetate sealer were then 

carefully applied to the cheesecloth. Once the sealer had 

dried, the cheesecloth was peeled from the trench wall, 

brushed off, rolled up, and taken back to the laboratory 

for analysis. 

In order to obtain undisturbed representations of 

animal burrows, polyester resin casts were made of selected 

burrows. The procedure used for making these casts was 

that of Shinn (1968). A catalyzed resin, styrene casting 

resin, was poured into one opening of the burrow system. 

Because the resin was heavier than water, penetration below 

the water-saturated level was achieved. When the resin had 

hardened the burrow cast was removed by hand. The resulting 

casts faithfully reproduced the details of the natural 

burrow. Single burrows were poured to obtain an idea of 

the burrow shape and size. Multiple burrows were poured 

to disclose the extent of burrowing in a given area. 

Laboratory Techniques 

Those cores that were processed in the field were 

allowed to drain and then opened. Slabs two centimeters in 

thickness were carefully cut from undisturbed parts of the 

cores. Epoxy peels (relief casts) were then made from these 
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slabs. Several methods for making sedimentary peels have 

been described by Bouma (1969). In this case a catalyzed 

resin, ZR-100, was applied evenly to a sheet of masonite. 

The piece of masonite was then placed on the smoothed surface 

of the sediment slab. Both the masonite and the sediment 

slab were carefully overturned, allowing the resin to 

penetrate upward into the sediment. After drying for 

about 24 hours the sediment not held by the resin was washed 

off, leaving a relief cast of the sedimentary structures. 

The technique of making resin sedimentary peels generally 

produced good results in the sediments from Mugu Lagoon, 

but there were disadvantages associated with it. In areas 

where the sediment was either very coarse sand or very 

clayey mud, the technique did not work. The very coarse 

sand did not have enough internal support to withstand the 

processing steps. The clayey muds were impermeable and did 

not allow the resin to penetrate the sediment. In these 

areas the other methods of sampling and prepration were used. 

The second set of cores was returned to Houston for 

processing and x-ray radiography. These cores were cooled 

to give them greater internal rigidity, making processing 

easier. The cores were then opened and sliced. A slab 

of sediment two cm in thickness was obtained and placed in 

a plexiglass tray. The upper surface of this slab was very 
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carefully smoothed to produce an even, flat surface. The 

slab was then x-rayed. 

The sediment that remained after the removal of the 

slices was sifted and any animal material found was collected 

and identified, if possible. Portions of the sediment were 

set aside for future reference. 

The x-ray radiography was done using a radiograph 

inspection system, the Radifluor 360, marketed by Philips 

Electronic Instruments. The film used was Kodak industrial 

x-ray film, type AA. 

The sediment slab was placed on a piece of film pro¬ 

tected by a light-tight envelope. In order to provide maximum 

resolution, the film and sediment slab were placed as far 

from the x-ray tube as possible. The Radifluor 360 has a 

maximum focal length of 1.0 m. Exposures were made using 

machine settings of 70 killivolts and 3 milliamps. Film 

exposure was controlled by varying the time of x-ray pro¬ 

duction, not x-ray intensity. 

Exposure times varied with the types of sediment being 

x-rayed. As the amount of clays in the sediment increased, 

so did the exposure time required to produce a quality 

negative. In general, about 2.5 minutes of exposure 

time were necessary for very sandy sediments and about 4 

minutes were required for very clayey material. 
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Once all the cores had been x-rayed, contact positive 

prints were made from the negatives. 

The radiographs, peels, photographs, and drawings 

were examined and their physical and biogenic sedimentary 

structures were recorded. From these data, coupled with 

grain size data (Warme and others, in press), a depositional 

environments map of Mugu Lagoon was constructed. 
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SEDIMENTARY STRUCTURES 

OF MUGU LAGOON 

Twelve types of physical sedimentary structures and 

six types of biogenic sedimentary structures were recognized 

in the sediments of Mugu Lagoon. The physical sedimentary 

structures are: parallel lamination, wavy lamination, 

lenticular bedding, cross stratification (both planar and 

trough types), graded bedding (both normal and reverse types), 

scour-and-fill, clay-mud inclusions, bubble cavities and 

layers, distorted laminations, convolute laminations, 

load casts, and slump structures. The biogenic sedimentary 

structures recognized are: discrete burrows and tubes, 

disturbed laminations, distinct and indistinct mottled 

bedding, accumulations of fecal pellets, biogenic graded 

bedding, and various degrees of bioturbation. 

Definitions of the sedimentary structures listed above 

and the terms adopted for this study may be found in the 

glossary at the end. 
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MAJOR SUBENVIRONMENTS OF MUGU LAGOON 

Associations of primary physical and biogenic sedi¬ 

mentary structures have allowed recognition of ten major 

subenvironments of the Mugu Lagoon system. These major 

subenvironments ares barrier beach, tidal delta, tidal 

channels, tidal creeks, subtidal ponds, barren zone or tidal 

flats, lower marsh, upper marsh, salt pans, and ancient 

sand ridges. The occurrences of sedimentary structures in 

these environments are summarized in Table 1. Each of the 

major subenvironments is described below. 

Barrier Beach 

The barrier beach (fig. 9) is a high-energy subenvironment 

of Mugu Lagoon. Waves impinge on the beach from several 

directions (see fig. 4), resulting in periods of erosion or 

aggradation. Coinciding high tides, large waves and onshore 

winds cause episodes of barrier washover that can rapidly 

change the configuration of the beach. Deflation be per¬ 

sistant westerly winds can alter the character of the 

surface sediments, leaving a surface lag deposit. The 

sediment of the barrier is almost 100 percent sand, containing 

small amounts of gravel-size material. 

The side of the berm that slopes toward the lagoon is 

frequently covered with large-scale wind-generated megaripples, 
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Figure 9. Overview of the barrier beach subenvironment, 

looking west. Notice the steep beach face 

and concentrations of heavy minerals (dark 

material). Beach crest is approximately 3 m 

above mean sea level. Photograph taken 

during August, 1975. 
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whose crests are composed of a gravel-size lag deposit. 

During periods of barrier washover the megaripples are 

destroyed and replaced by current lineations that are directed 

toward the lagoon. The ocean-facing side of the berm is 

normally smooth (fig. 9). Beach cusps can exist on this 

part of the barrier. Surface markings include swash marks, 

gas evasion marks, bird tracks, seal resting marks, and 

human footprints. 

The physical sedimentary structures of the barrier beach 

are characterized by low-angle planar cross stratification, 

accentuated by numerous laminae of dark-colored heavy minerals 

(fig. 10). The heavy mineral concentrations decrease both 

landward and seaward from the berm crest. The low-angle 

cross stratification dips landward away from the berm crest 

(fig. 10). High-angle truncation surfaces are present on the 

seaward-facing side of the berm and dip toward the open ocean. 

Reversely graded laminae are occasionally found in the sedi¬ 

ments of the berm. Local areas of convolute laminations and 

small scour-and-fill structures may be found near the berm 

crest. Laminations and very thin beds of gravel-size material 

occur on the shoreward side of the berm, increasing with 

distance from the berm crest. Steep shoreward dipping 

foresets are found where the barrier beach intersects the 

lagoon proper (see Plate 1 for location). 



Figure 10. Diagrammatic representation of a latex peel 

taken from the beach crest. Stipled pattern 

represents sand-size material, mainly quartz 

and feldspar; black - heavy-mineral-rich 

beds and laminae; stipled with large frag¬ 

ments - thin beds and lenses of gravel-size 

material. Particle labeled S is a large 

shell fragment. Beds and laminae dip gently 

away from the open ocean. Laminae and beds 

are roughly parallel and show low-angle 

cross stratification. Irregularity in the 

upper right corner is a small scour-and-fill 

structure, perhaps the result of waves 

cresting the berm and slapping the sediment 

surface, creating a small erosional depres¬ 

sion. 
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The subaerial portion of the barrier beach is sporad¬ 

ically bioturbated. Major burrowers are isopods and 

amphipods. Surf-zone burrowers include the sand crab 

Emerita and the bivalves Tivela stultorum and Donax gouldii 

(Warme, 1971). 

It has been suggested that little, if any, of a barrier 

beach could be preserved in the geologic record (Twenhofel, 

1939). Under the right conditions it would be possible to 

preserve the Mugu Lagoon barrier. If the barrier was not 

eroded by waves, wind, or tides, and sedimentation continued 

at a great enough rate, the upper part of the beach could be 

on lapped by lagoonal sediments and preserved. A similar 

sequence of events has resulted in the preservation of the 

ancient sand ridges (Warme, 1971). 

Tidal Delta 

Tidal deltas are developed on both sides of the inlet 

at Mugu Lagoon, indicating the ability of tidal currents to 

move sediment in and out of the lagoon. 

The energy expended by tidal currents in this part of 

the lagoon is large, with maximum current velocities being 

found here. The greatest rate of change of tides takes place 

near mean sea level (Warme, 1971). Current velocities are 

greatest at this time. 

As soon as tidal waters leave the inlet and enter the 
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lagoon, they spread out, rapidly reducing their velocity. 

This velocity reduction causes deposition just inside the 

inlet, resulting in a large shoal. Incoming currents flowing 

over the shoal deposit much of their sediment load at this 

location. Ebb current flow is confined to the tidal channels. 

On the tidal delta, the relative amount of available 

energy decreases rapidly with distance from the inlet. 

The sediment of the tidal delta subenvironment is nearly 

pure sand, a result of the prevailing high energy regime. 

Discontinuous thin beds and laminations of mud are found here, 

however, apparently the result of deposition during and after 

large storms (Warme, 1971). 

Complex associations of megaripples and ripples are the 

most striking features of the tidal delta (fig. 11). Numerous 

other physical bed forms also occur, including sand waves, 

microdeltas, and large scoured depressions. Tracks and 

trails of various animals are common, and a few burrow 

openings (primarily those of the ghost shrimp, Callianassa) 

can be found here. 

Complex associations of several types of cross stratifi¬ 

cation are the most distinctive features of the tidal delta 

area. Large-scale trough cross stratification is the most 

abundant bedding type (fig. 12a). Horizontal stratification 

and large-scale planar cross stratification are also common 



Figure 11. Overview of the tidal delta subenvironment. 

View is to the northwest looking across the 

tidal delta at low tide. Surface bed forms 

are flood-tide megaripples modified by ebb 

tidal currents and ornamented with small- 

scale ripples. 
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Figure 12. Prints of x-ray radiographs of cores taken 

on the tidal delta of Mugu Lagoon. A Large 

scale trough cross-stratification in coarse¬ 

grained sand. Dark layers are heavy mineral 

laminations. The right side of the core 

was disturbed during processing. B Hor¬ 

izontal and low-angle cross stratification. 

Dark intervals are heavy mineral laminations. 

Sediment is well-sorted medium-grained sand. 
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(fig. 12b). The laminae of different cross stratified sets 

dip in several directions. This divergence of dip directions 

is the result of reversing tidal currents and shifting and 

meandering tidal channels. 

The size of the cross stratified sets decreases with 

distance from the lagoon inlet. Near the outer edges of the 

tidal delta small-scale trough cross stratification becomes 

the dominant structure. 

Heavy mineral concentrations are found near the lagoon 

inlet, and decrease in abundance with distance from the inlet. 

"Vesicular" or "frothy" sediment is found on the higher 

parts of*the tidal delta. Convolute laminations have been 

reported from the Mugu Lagoon tidal delta (Stewart, 1956), 

but were not observed during this study. 

Thin beds of mud occur at irregular intervals in the 

sediments of the tidal delta. These mud beds are eroded 

by migrating megaripples and tidal channels. Once eroded 

the mud is redeposited as mud inclusions or balls. 

Almost no bioturbation occurs in the high energy envi¬ 

ronment near the tidal inlet. Minor biogenic structures, 

mostly burrows and tubes, may be found near the distal edges 

of the tidal delta. 
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Tidal Channel 

The filling, and subsequent draining, of the lagoon by 

tidal currents keeps a steady flow of water in the tidal 

channels. The energy regime here is high enough to create 

migrating megaripples with amplitudes of about 25 cm and 

wavelengths of approximately one m. The migrating megaripples 

actively transport sand to the distal edge of the main 

channel. Here, the sand is deposited, lengthening the tidal 

channel at the expense of the subtidal pond (see plate 1). 

The sediment of the large tidal channel in the eastern 

arm of the lagoon is pure sand. Gravel, cobbles, and large 

shell debris can be found in minor amounts or in large 

concentrations. 

The migrating lingoid and lunate megaripples make up the 

majority of the physical bedforms in the tidal channels. 

Small-scale ripples of various sorts may be found during 

periods of low current velocities. With each ebb tide the 

channel borders are ornamented with falling water marks 

(fig. 13). 

Callianassa mounds and tubular burrow openings of 

terebellid and maldanid polychaete worms are also common 

on the channel surface. 

Large-to-small-scale trough cross stratification, dis¬ 

rupted by varying degrees of bioturbation, is characteristic 



Figure 13. Overview of the seaward edge of the major 

tidal channel, eastern arm of Mugu Lagoon. 

Note the line of trash marking the high 

tide line and the falling water marks 

ornamenting the edge of the channel. 
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of the tidal channels. At the distal end of the main tidal 

channel (see fig. 1) large-scale steeply dipping planar 

forsets are the major physical sedimentary structure present. 

Horizontal stratification is also present in the tidal 

channels, but is rare when compared with trough cross 

stratification. 

The sediments of the tidal channels have been weakly 

to completely bioturbated (fig. 14a). In some areas no 

vestige of the original sedimentary structures can be 

found (fig. 14b). The most intensive sediment reworking is 

the result of the activities of the ghost shrimp Callianassa. 

Warme (1971) collected as many as 40 Callianassa per 1/4 sq.. m 

from the major tidal channel of Mugu Lagoon. It has been 

estimated that a colony of Callianassa could completely rework 

the upper 75 cm of sediment in eight months time (MacGinitie, 

1934). 

Many other active burrowers disrupt the sediment of the 

tidal channels. A few of these organisms are the clams 

Sanauinolaria nuttallii and Macoma secta and the gastropods 

Olivella biplicata. Lunatia lewisi. Polinices reclusianus. 

and Bulla crouldiana (Warme, 1971) . Numerous sand dollars, 

Dendraster excentricus. rework the upper centimeter or so in 

parts of the tidal channels. In these areas the sediment 

tends to be completely bioturbated. 



Figure 14. X-ray radiograph prints of cores from the 

tidal channel. A Vague horizontal strat¬ 

ification accented by gravel concentrations. 

Few physical sedimentary structures are 

found in the tidal channel; a result of 

biological activity. B Completely bio- 

turbed medium-grained sand. Vertical tubes 

on the left are the dwelling tubes of 

terebellid polychaete worms. 
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Tidal Creek 

Tidal creeks provide avenues for the flooding and 

draining of the marsh by tidal waters. In appearance they 

are similar to meandering rivers with low gradients. The 

deepest portion of the creeks is located near their lower 

ends (mouth) and is the result of scour by spring tides 

(Warme,1971) . 

The energy regime of the tidal creeks is extremely 

variable from one end to the other. Near the mouth, there 

is sufficient energy available to throw the sediment surface 

into a series of large-scale bed forms. In the distal 

ends of the creeks, currents are sluggish to almost non- 

existant, and no physical bed forms are present. 

The sediments of this subenvironment also show a great 

deal of variability. In general, sand predominates in the 

lower ends and mud in the upper ends of the creeks. Between 

these two points the sediments show a wide ratio of sand-to- 

mud ratios (Warme, 1971), dependent on the particular energy 

regime of that spot. 

The bed forms of the tidal creeks vary greatly. Lingoid 

ripples are common. Megaripples occur near tidal creek 

mouths. Point bars (fig. 15) are developed at bends in the 

tidal creeks and the opposing undercut banks can produce a 

variety of slump blocks. Abundant Callianassa mounds and 



Figure 15. Overview of a tidal creek showing point bars 

on the inside of bends and undercut banks 

on the outside. Sediment surface is littered 

with the snail Cerithidea californica 
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the burrow openings of several types of bivalves occur here. 

Trails of the gastropod CerithjLdea californica are common on 

muddy surfaces of the tidal creeks. 

Because of the variability of the energy regime and 

the physical bed forms of the tidal creeks, the sedimentary 

structures are also variable. This variability, coupled with 

the types of structures involved, is diagnostic of the tidal 

creek subenvironment. 

The meandering tidal creeks are similar in many ways 

to meandering rivers; they erode on one side of their banks 

and deposit on the opposite side (fig. 15). On the eroding 

side of the creek, slumped blocks of marsh sediment are 

common. These blocks are incorporated in the tidal creek 

deposits and supply an abundance of slump structures, varying 

from a few centimeters to several meters in size. 

Along the depositional side of the tidal creeks cross 

stratification and horizontal laminations are common. Both 

trough cross stratification and planar cross stratification 

occur with the former type being more abundant. The magnitude 

of the cross stratification decreases with distance from the 

mouth of the tidal creek. In the upper portions of the 

tidal creeks horizontal lamination becomes the major physical 

sedimentary structure (fig.16a). Scour-and-fill structures are 

abundant in the lower reaches of the tidal creeks. 



Figure 16. X-ray radiograph prints of sediment from 

the tidal creek subenvironraent. A Core 

was taken from the upper end of a tidal 

creek. Sediment is laminated mud with a few 

laminations of sand. Notice the increase 

in bioturbation downward resulting in the 

destruction of the laminations. Large 

open holes (white areas) are burrows of the 

ghost shrimp, Callianassa sp., and a few 

bivalve burrows. Thin, nearly vertical 

tubes in the upper half of the print are 

dwelling tubes of an unidentified polychaete 

worm. Snail shell at top is a Cerithidea 

california. B Completely bioturbated 

muddy sand. No physical sedimentary struc¬ 

tures are visible. Two thin bivalves near 

center are Macoma nasutas in life position. 

Vertically oriented bivalve is a dead 

Protothaca staminea. A small Callianassa 

sp. is visible in lower right. The network 

of small cracks was produced during proc¬ 

essing. Core is from a deep pond in a 

tidal creek near the creek mouth. 
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Channel lag deposits of pelecypod shells, similar to 

those described by Reineck (1967), were observed in the 

deeper parts of a few tidal creeks, but these lag deposits 

were not encountered by any of the sample cores. 

The sediment of the tidal creeks ranges from medium to 

completely bioturbated (fig. 16b). Dwelling burrows of 

several types of pelecypods are found in this subenvironment. 

The four pelecypods, Taaelus californianus. Macoma nasuta. M. 

secta. and Protothaca staminea. are an assemblage representative 

of the tidal creek environment (Warme, 1971). 

Subtidal Ponds 

The subtidal ponds (fig. 17) are the deepest part of 

Mugu Lagoon. Because of their depth, they act as sediment 

traps. Once sediment is moved into the ponds, it becomes 

very difficult to move it out again. Eelgrass, Zostera 

marina, grows in patches throughout the ponds, and acts as 

binding angent for the sediment, further hindering sediment 

transport in the ponds. 

The energy regime here is fairly low. As tidal currents 

enter the ponds they become unchannelized and lose much of 

their velocity. Because of this velocity loss, all but the 

suspended sediment is dropped at this point. 

The sediment of the ponds is muddy sand, varying 



Figure 17. Overview of the largest subtidal pond in 

the eastern arm of Mugu Lagoon. Tide was 

on the ebb at the time the photograph was 

taken. 
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from 52 to 89 percent sand-size material (Warme, 1971). 

Although, tidal currents bring in mainly mud, additional 

sand may be introduced by wind or periods of barrier washover. 

Observation of the sediment surface in the subtidal 

ponds was difficult due to turbid water when the ponds 

were under study. Observations made with a mask and snorkel 

revealed small-scale ripples in a few areas. Tracks, trails, 

and burrow openings of various animals are very common in this 

part of the lagoon. Pish, such as the guitarfish Rhinobatis 

productus. stir the sediment of the ponds in search of food 

creating pits and depressions of considerable size. 

Warme (1971, p. 40), stated that "Large-scale structures 

are not developed in the ponds owing to the fine-grained 

nature of the sediment and the low rate of sedimentation. 

The muds are deposited from suspension, being thinly laminated 

to thinly bedded." This statement is substantiated by this 

study (fig. 18). Only two physical sedimentary structures 

were catalogued from this subenvironment; laminations and 

lenticular bedding. Lenticular bedding, defined by isolated 

pods of sand can be found only near the end of the major 

tidal channel (see fig. 1; plate 1). 

Biogenic sedimentary structures are extremely abundant 

in this subenvironment (fig. 18). Mollusks, worms, 

arthropods and fishes live in the subtidal ponds in great 



Figure 18. Print of an x-ray radiograph of a core from 

the subtidal pond subenvironment. The sed- 

ment is sandy mud. The only physical sed- 

raentary structures visible are thin parallel 

laminations. Activity of the clam near 

center of the core has bent the laminations 

upward. Notice the decrease of laminations 

downward in the core. Black spheriod near 

center is a lead shotgun pellet. 
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numbers. Warme (1971) gives an account of the types and 

abundances of organisms occurring in the subtidal ponds. 

Mottled bedding and distinct burrows and tubes are 

common. The sediment ranges from medium to very strongly 

bioturbated. 

Barren Zone 

The barren zone, or tidal flat, is that area of the 

lagoon that is submerged enough of the time that halophytic 

plants cannot live there and exposed enough of the time 

that marine vegetation cannot become established (Warme, 

1971). These areas are called slikke, mud flats, or sand 

flats in other parts of the world and are common features of 

lagoons. 

The barren zone of Mugu Lagoon is a diverse sub¬ 

environment. The sediments vary from clean sand near the 

tidal delta to mud in the distal parts of the lagoon. The 

sediment variation is directly related to the amount of 

energy available on each part of the barren zone. In the 

higher energy locations the dominant sediment is sand. In 

the lower energy areas mud predominates. 

Physical bed forms of the barren zone include small-scale 

lingoid and straight-crested ripples. Large-scale ripples 

or megaripples are found, but are not common. Other surface 
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features include disiccation cracks and gas evasion marks. 

Callianassa burrow openings, worm tubes, pelecypod burrow 

openings, trails of gastropods, and bird tracks are all 

common on this part of the lagoon (fig. 19). 

On the muddier parts of the barren zone the biogenic 

surface features are more abundant than physical sedimentary 

bed forms. 

The physical sedimentary structures recognized in this 

subenvironment are characterized by large-to-small-scale 

trough cross stratification and discontinuous laminations 

and thin beds of mud and sand (fig. 20). Small-scale planar 

cross stratification is found in subordinate amounts. In 

the muddy sediments horizontal laminations become the most 

abundant physical sedimentary structure. In the sandier 

sediment near the tidal delta "frothy" or "vesicular" layers 

are present close to the sediment surface. These features 

are similar to the gas evasion marks described from this 

part of the lagoon by Warme (1971). 

Burrow networks produced by the ghost shrimp, Callianassa. 

are very abundant in the sandy sediments of the barren zone. 

The Callianassa accomplish the majority of biogenic reworking 

that takes place in this portion of the subenvironment. The 

activities of Callianassa also produce a type of biogenic 

graded bedding. This structure is found in the muddier 



Figure 19. Barren zone sediment surface at low tide. 

Surface is covered with Callianassa mounds 

The small black objects on the surface are 

shells of the snail Cerithidea californica 

Lower marsh is visible in the background. 
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Figure 20. X-ray radiograph print of a core from the 

barren zone. Sediment is sand and muddy 

sand. Parallel laminations and small-scale 

trough cross-stratification are the dominant 

physical structures of this core. Note the 

increasing degree of bioturbation downward. 

Spherical opening is the burrow of a 

Callianassa sp.. Slender burrows (upper 

center and lower right of print) are those 

of unidentified polychaete worms. Core 

taken on barren zone near the tidal delta. 
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surficial sediments of the barren zone (Warme, 1967). On 

the muddier parts of the barren zone the Callianassa are 

present, but less numerous than deposit-feeding worms 

(Warme, 1971). The actions of these worms contribute to 

the destruction of primary bedding features. Plant roots 

from the adjacent lower marsh penetrate the barren zone 

sediments in some areas. These roots also disrupt the 

primary structures of this subenvironment. 

The sediments of the barren zone range from weakly 

bioturbated to strongly bioturbated. 

Lower Marsh 

The marsh represents one of the last stages of sedimentary 

filling at Mugu Lagoon. Aggradation by sedimentation 

gradually increases the elevation of the lagoon substrate 

until colonization by salt marsh plants is possible. When 

this critical elevation is reached, a pronounced change 

takes place in the sedimentation process. Tidal currents, 

substantially damped by the plant cover, become quite 

sluggish. Under normal conditions only suspended sediment 

can be moved into the marsh areas. The normal sediment 

deposited becomes mud. Only during particularly vigorous 

spring tides or storm tides can sand be transported into 

the marsh. 
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As a result of the sedimentation processes operating in 

the marsh the sediment is primarily sandy muds, with lamin¬ 

ations of sand. 

Burrow openings of the shore crabs Pachygrapsus 

crassipes and Hemigraphsus oregonensis form the most prom¬ 

inent surface structures of the lower marsh (fig. 21). 

Desiccated algal mats and trails of gastropod Cerithidea 

californica can also be found here. 

The major bedding styles of the lower marsh are wavy 

laminations and thin beds of sandy mud, mud and sand. 

Desiccation cracks disrupt these laminations and thin beds in 

scattered areas. No other physical sedimentary structures 

were recognized in this subenvironment. 

Disruption of the laminations and thin beds by halophyte 

root penetration results in disturbed, discontinuous bedding. 

The roots also produce a network of thin vertical tubes 

(fig. 22). These two features are characteristic of all 

marsh sediments of Mugu Lagoon. 

The burrows of the two shore crabs, Pachygrapsus 

crassipes and Hemigrapsus oregonesis. riddle the sediments of 

the lower marsh. Warme (1971) estimated that dozens of H. 

oregonesis and fewer P.. crassipes live in one sq. m of some 

areas of the lower marsh. 

The burrows of these two animals form interconnetiting 



Figure 21. Close-up of lower marsh surface. The plant 

cover is composed of Salicornia pacifica. 

Holes in the sediment are burrows of the 

two shore crabs, pachygrapsus crassipes and 

Hemigrapaus oregonensis. 



67 



Figure 22. X-ray radiograph print of a core from the 

lower marsh. Sediment is sandy mud on the 

surface grading to sand at depth. Major 

physical structures are wavy parallel lam¬ 

inations disrupted by plant roots (thin 

vertical tubes). Holes in the upper five 

cm were made by the rhizomes of the halo¬ 

phyte, Salicornia pacifica. The two large 

burrows, the lower completely filled and the 

upper partially filled, are those of the 

shore crabs Hemigrapsus oregonensis and 

Pachygrapsus crassipes. Note the increase 

in bioturbation downward in the core. 
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networks that penetrate 0.1 to 0.2 ra into the sediment. The 

burrows are frequently filled with laminated sediment that 

exhibits angular relationships with the surrounding sediments, 

in some cases forming geopetal structures (fig. 22). 

The rhizomes of Salicornia pacifica form a dense mat in 

the upper five centimeters of sediment throughout most of the 

lower marsh (fig. 22), further disrupting the primary bedding 

of the lower marsh subenvironment. 

Upper Marsh 

The upper marsh is similar in many respects to the lower 

at Mugu Lagoon. The major difference is the plant types 

and densities (see fig. 3 for plant types and distribution). 

The sediment surface of the upper marsh is covered with a thick 

mat of plant growth (fig. 23). The plant cover is so dense 

that the sediment surface cannot be seen in most places. 

Transportation of sediment into the upper marsh area 

is even more difficult than into the lower marsh, because 

of the thick plant growth. Consequently, the sediments are 

muddier than those of the lower marsh. No surface features 

can be seen on the upper marsh substrate; again, a result of 

the vegetation. 

The physical sedimentary structures present are the 

same as those of the lower marsh. Wavy laminations and thin 



Figure 23. Overview of the upper marsh. Plants are 

Salicornia pacifica, Limonium commune, 

Triglochin maritima, and Monanthochloe 

littoralis. 
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beds are the main features of the upper marsh sediments. 

The bedding has been modified by drying,and desiccation 

cracks disturb the laminations. Only vestiges of these 

original structures can be found, however. The roots of the 

marsh plants have almost completely destroyed the primary 

sedimentary structures. Many of these roots penetrate as much 

as one meter of sediment (Warme, 1971). 

Burrows of worms, soil anthropods, and a few vertebrates 

are found in the upper portions of the sediment in this 

subenvironment. 

The major difference between this subenvironment and the 

lower marsh is the absence of crab burrows (fig. 24). It has 

been suggested that the distribution of shore crabs may be 

limited by the density of vegetation (Schwartz and Safir, 

1915). The profuse root system makes burrowing difficult and 

renders this subenvironment uninhabitable to the crabs. 

Salt Pan 

The salt pans represent the final stage of lagoonal 

sedimentation in Mugu Lagoon (Warme, 1971). They are the 

highest part of the lagoon, being about two m above mean 

low water. Only spring tides are capable of flooding the 

salt pans. 

The sediments of the salt pans are different from the 



Figure 24. X-ray radiograph print of a core from the 

upper marsh. Sediment is mud and sandy mud. 

Physical structures present are wavy lamin¬ 

ations disrupted by plant roots (thin vertical 

tubes). Compare with Figure 22 and note the 

absence of crab burrows and the increase in 

plant root tubes. 
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rest of the lagoon (see fig. 6). In this subenvironment, 

the sediment is primarily silt (Warme, 1971). 

Prolonged drying of the salt pan sediments has produced 

a network - of mudcracks (fig. 25), the most dominant surface 

feature of the area. Isolated, shallow depressions or 

drainage channels can be found on some of the salt pans. 

The openings of insect burrows also occur in this 

subenvironment. 

The sediments of the salt pans are well-bedded, but the 

development of pronounced desiccation cracks has distorted 

the original laminations. As a result of the formation of 

mud cracks, the laminae are broken and have upturned edges 

(fig. 26). 

Beds of "frothy" or "vesicular" sediment are also found 

in the salt pans (fig. 26). These beds are up to three 

centimeters thick with several beds occurring in the upper 

meter of sediment, Warme (1971) has suggested that they are 

the result of air entrapped by a rising water table. The 

individual holes in the sediment are semi-spherical and 

frequently elongate in the plane of bedding. 

Molds of halite crystals and rosettes and blades of 

gypsum are present in the sediments of the salt pans. 

Several different types of burrows are found here. 

Insect larvae spend part of their life in the salt pan 



Figure 25. Overview of a salt pan. Notice the pro¬ 

nounced network of polygonal mudcracks. 
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Figure 26. X-ray radiograph print of a core from the 

salt pan subenvironment. Sediment is silt 

and clayey silt. Notice the upward curving 

laminae (fossil mud cracks) in the upper 

third of the core. A well-defined "frothy" 

bed can be seen in the center of the core. 

Vertical tubes are the burrows of various 

insects. Top and right side of the core 

were disturbed during processing. 
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sediments, leaving vertical escape burrows several centimeters 

in length. On one visit to the salt pans "wasp-like" insects 

were observed burrowing into the sediment. Bioturbation of 

the salt pan sediments is minor, however, 

Ancient Sand Ridge 

The ancient sand ridges have been on lapped by marsh 

sediments. Presently/only the upper parts of the ridges 

protrude above the marsh surface (fig. 27). The sand ridges 

are relicts of earlier lagoon history, with no appreciable 

sedimentation taking place on them today. 

Few surface structures may be seen on the ancient sand 

ridges. The most common features are the openings of rodent 

burrows and various animal tracks. 

The sediment of this subenvironment is nearly pure 

sand, with a few percent silt-and clay-size material mixed in. 

A thin soil horizon is present on the ridge surfaces. 

No trace of primary sedimentary structures was found in 

this subenvironment. The sediment has been reworked or 

completely bioturbated. Numerous plant roots and animal 

burrows penetrate the upper part of the ridges (fig. 28). 

Abundant arthropods, lizards, and vertebrates (mice and shrews) 

live on and burrow into the sediment here, adding to the 

biological disruption of the original features. 



Figure 27. Overview of Mugu Lagoon looking west across 

the tidal delta. The raised ridges in the 

marsh are ancient sand ridges (lower part 

of the photograph). The barrier beach, 

tidal delta, tidal channel, tidal creeks, and 

subtidal ponds are also visible. 
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Figure 28. X-ray radiograph print of a core from an 

ancient sand ridge. Sediment is fine- to 

medium-grained sand. No traces of physical 

sedimentary structures can be seen. Vert¬ 

ical root tubes are present throughout the 

core. Snail shell near center is that of a 

Cerithidea californica. Horizontal cracks 

were produced during processing. 
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MINOR SUBENVIRONMENTS OF MUGU LAGOON 

Three minor subenvironments were recognized at Mugu 

Lagoon? silt pellet dunes, tidal creek banks, and mussel 

beds. 

Silt Pellet Dunes 

Continued desiccation of the salt pan sediments creates 

chips of mud with upturned edges. These chips (silt pellets) 

are easily eroded by wind and transported across the salt 

pans. Vegetation at the edge of the salt pans collects the 

wind-blown silt and low dunes are formed (fig. 29). 

When wetted by flooding spring tides the silt pellet 

dunes tend to slump out onto the salt pans (Warme, 1971). 

Drying of the dunes produces internal crystals of halite and 

gypsum. 

No sedimentary structures were observed in the silt 

pellet dunes. The large accumulations of structureless silt 

at the edge of the salt pans is worth mention, however. 

Tidal Creek Banks 

A few of the tidal creeks at Mugu Lagoon have pronounced 

tidal creek bank or levee deposits, characterized by the 

following features. They are well-bedded, and thinly 

laminated to laminated (fig. 30). The laminations dip at a 



Figure 29. Silt pellet dunes formed at the edge of the 

salt pans. Upturned edges of mudcracks are 

eroded by wind producing chips or pellets of 

silt, which are blown toward the marsh. The 

plants at the edge of the marsh trap the 

pellets producing low dunes (photo by J. E. 

Warme) . 
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Figure 30. X-ray radiograph print of a core from a tidal 

creek bank. Note the wavy discontinous lam¬ 

inations dipping at a low angle to the right 

(toward the center of the tidal creek). 

Sediment is muddy sand, sandy mud, and mud. 

Open burrows (irregular white patches) in 

the upper half of the core are crab burrows. 

Vertical tubes are roots from the neighbor¬ 

ing marsh. Large filled burrow in the lower 

right was made by an unknown organism. 
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low angle (up to 10 degrees) toward the center of the 

tidal creek. The laminations are wavy to irregular and in 

some cases are discontinuous. 

The sediment is medium to strongly bioturbated. The 

surface of the tidal creek banks are honeycombed with 

burrows of the two shore crabs, Pachygrapsus crassipes and 

Hemigrapsus oregonesis. The majority of these burrows are 

still open and not filled with sediment. A few root tubes 

from the neighboring marsh penetrate the sediments of the 

tidal creek banks. 

Mussel Beds 

A large bed of the mussel, Mytilus edulis, exists in 

one of the tidal creeks at Mugu Lagoon (see plate 1). The 

mussels originally attached themselves to water-soaked 

pieces of wood and now completely pave the creek bottom 

(Warme, 1971). 

The life activities of these mussels now controls 

most of the sedimentation in the area that they occupy. 

The mussels filter suspended material from the water and 

add fecal sediment to the substrate. This has produced a 

structureless fluid mass of extremely muddy sediment mixed 

with abundant mussel shells. No physical sedimentary 

structures were recognized, but the association of 
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structureless mud and mussel shells is distinctive. 

Other minor subenvironments with distinctive associations 

of sedimentary structures and sediments might be present 

in Mugu Lagoon. Examples might be Spartina stands or beds 

of the gaper clam, Tresus nuttallii. These areas were not 

crossed during sampling and were not investigated. 

All of the minor subenvironments are developed only 

locally in Mugu Lagoon and are not of major importance. 
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RELATIONSHIPS BETWEEN SURFACE FEATURES AND 

PRESERVED SEDIMENTARY STRUCTURES 

Surficial markings and migrating bedforms produce most 

primary physical sedimentary structures. The relationships 

between different bedforms and resulting sedimentary struc¬ 

tures have been well documented by many workers (e.g. Harms 

and Fahnestock, 1965? Reineck and Singh, 1975). Many inves¬ 

tigators have conducted flume studies in efforts to provide 

hydrodynamic interpretations of physical sedimentary struc¬ 

tures (e.g., Simons and Richardson, 1961? Guy and others, 

1966? Southard and Harms, 1972? Costello, 1974). 

In this study efforts were made to relate the 

observed physical sedimentary structures to the bed forms 

that created those structures and, in turn, relate the 

bed forms to corresponding hydrodynamic regimes. At Mugu 

Lagoon this effort was singuarly unsuccessful. 

Several factors made it difficult or impossible to 

relate the observed structures to hydrodynamic regimes. 

Ideal interpretations are hindered because: 1) knowledge 

of the basic relationships between bed forms and flow is 

incomplete? 2) the relationships that are known are difficult 

to apply because in natural systems the bed configuration 

is frequently out of equilibrium with the flow? and 3) the 
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sedimentary structures are usually partly destroyed by the 

flow itself (Southard, 1975). 

It was noted that the physical sedimentary structures 

found beneath the sediment surface at Mugu Lagoon were 

usually unrelated to the bed forms active on the surface. 

This indicates that "normal" bed forms leave only an 

ephemeral record. It is the "unusual" event that is recorded 

and preserved. 

In this case, the word "unusual" is used to mean something 

that happens for only a small amount of the time during which 

the various sedimentary processes were acting. For example, 

spring tides could be called unusual events. Even though 

they occur every two weeks and are quite predictable, they 

only represent a small amount of the total time span of 

tidal conditions. Storm tides and periods of high waves 

could also be considered unusual events. 

The unusual events affect the sediment to a greater 

depth than is normally possible, resulting in the destruction 

of sedimentary structures produced during periods of more 

"normal" conditions. The sedimentary structures created by 

the "unusual" events are preserved. Subsequent periods of 

"normal" conditions lack the strength to rework the record 

produced by the unusual events. The preserved record, there¬ 

fore, is truly a record of unusual events or conditions. 
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Examples of structures formed by these unusual events 

can be found throughout the lagoon. The large trough cross 

stratification produced by vigorous spring tides in the 

sediments of the tidal delta is one example. Sandy 

laminations found in the sediments of the higher areas of 

the lower marsh can be used as another example. Sand 

deposition can take place in these areas only when current 

energy can overcome the natural baffle system of the marsh, 

allowing transport of sand into the marsh subenvironment. 

Conditions proper for transporting sand into the marsh might 

be produced only during storm tides. 

In order to observe the physical sedimentary 

structures of Mugu Lagoon in the process of formation, one 

would need to be present during the unusual events; a 

constraint that could not be met during this study because 

of time limitations. 
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THE FINAL RECORD 

Physical Versus Biogenic Sedimentary Structures 

Biogenic sedimentary structures are produced at the 

expense of physical sedimentary structures. If the envi¬ 

ronment is suitable for habitation, a fundamental relationship 

exists between the rate of sedimentation and the rate of 

biologic reworking. In areas where the rate of sedimentation 

is high, or there is sufficient current energy to continually 

rework the sediment, a large percentage of the primary physical 

sedimentary structures will be preserved. If sedimentation 

rates are low and there is not sufficient current energy 

available to constantly rework the sediment the amount of 

bioturbation will be high. 

Warme (1971, p. 84) has stated that "Although the 

general sedimentation rate in Mugu Lagoon (on the order of 

1 m per 100 years) is high compared with measurements from 

some other lagoonal environments organisms have ample 

time to produce major alterations in the structure of the 

sediments." This is true for all the subenvironments of 

Mugu Lagoon except the high-energy part of the tidal delta 

and the barrier beach. 

If, for some reason, sedimentation rates in Mugu Lagoon 

should decrease it is possible that biologic activity could 
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conceivably destroy all traces of primary physical sedimentary 

structures. This would, of course, change the associations 

of sedimentary structures presented in this thesis. Physical 

sedimentary structures would no longer be useful in defining 

subenvironments of the lagoon. Other criteria would have 

to be found. 

Diagenesis 

Diagenesis has been defined as the processes involving 

physical and chemical changes in sediment after deposition 

that converts it (the sediment) to consolidated rock 

(AGI, 1962). These processes include compaction, cementation, 

and recrystallization, among others. All of these processes 

could effect the sedimentary structures described in this 

study. 

Compaction of the sediment would produce several 

changes in the sedimentary structures of Mugu Lagoon. The 

packing and fabric of the sand would become tighter. The 

dips of cross stratification would be modified and probably 

be decreased and flattened. Burrows and tubes would be 

compressed, and those that were unfilled would be nearly 

destroyed. 

Diagenetic changes could greatly change the character 

of the mud. compaction would reduce thicknesses of beds 
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and perhaps change the character of laminations and other 

structures. Biogenic structures again could be severely 

compressed. Recrystallization of clays might also change 

some of the aspects of the sedimentary structures. 

As a result of diagenetic changes a one-to-one 

correspondence between the modern environment and ancient 

analogs probably never exists. When comparing ancient 

rocks with modern sediments this must be taken into account. 
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COMPARISON WITH OTHER IAGOONAL SYSTEMS 

On the basis of sedimentary structures Katuna (1974) 

was able to divide a lagoon in North Carolina into a series 

of depositional environments. The lagoon Katuna studied is 

Pamlico Sound, a system quite different from Mugu Lagoon. 

Pamlico Sound is a lagoon-estuary complex much larger than 

Mugu Lagoon. The hydrodynamics of Pamlico Sound differ 

significantly from those of Mugu Lagoon (see Katuna, 1974, 

for details) . 

Using suites of sedimentary structures Katuna divided the 

lagoon environment into 12 subenvironmentsî shoreface, 

finger shoal, cross lagoon shoal, grassy shoal, tidal slope, 

shelf, basin slope, central basin, mainland embayment, 

channel, inlet shoreface, and inlet channel. 

Although the sedimentary structures used in defining 

the subenvironments of Pamlico Sound are basically the same 

as those used in this study, the resulting subenvironments 

are quite different. These differences are the result of the 

basic differences between the two lagoonal systems. 

Sanchez-Barreda (1976) has studied a lagoon along the 

western coast of Mexico; Laguna Potosi. The lagoon is 

located about 250 km north of Acapulco in a semi-tropical 

climate. Although very little work was done with sedimentary 
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structures, it is obvious that Laguna Potosi will produce 

a sedimentary record different from that of Mugu Lagoon. 

A major difference between the two lagoons is the 

addition of mangroves to the salt marsh at Laguna Potosi. 

The different vegetation is the result of the different 

climate and should effect sedimentary structures of parts 

of the lagoon. 

When comparing modern sediments with suspected ancient 

analogs it is necessary to consider the scale of both the 

modern and ancient environments. Differences in scale may 

produce pronounced differences in the physical processes 

operating in the two environments. Differences in physical 

processes would, in all likelihood, produce differences in 

subenvironments. This is apparent in the different sub¬ 

environments recognized for Mugu Lagoon and Pamlico Sound. 

Climate, too, seems to effect the structures of a lagoon 

system, as shown by Laguna Potosi. All of these factors must 

be taken into account when studying ancient lagoonal rocks. 
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CONCLUSIONS 

Ten major subenvironments have been recognized 

at Mugu Lagoon, based on physical and biogenic sedimentary 

structures. The associations of structures, coupled 

with the degree of bioturbation, of each subenvironment 

are sufficiently characteristic to allow division of the 

lagoonal system into subunits. 

The aim of most studies of Recent sediments is to 

equate distinctive sedimentary deposits with a unique 

depositional environment. As stated in the Introduction, 

knowledge of the sedimentary structures of a deposit alone 

would not provide sufficient information to assign that 

deposit to a depositional environment. Additional data 

must be gathered. 

With this in mind, data on sediment types and grain 

size were added to sedimentary structure information, 

allowing the delineation of depositional environments of 

Mugu Lagoon (plate 1). The depositional environments 

defined in this way were then compared with those found 

in Mugu Lagoon by other methods (Warme 1966, 1971). The 

two correspond very well. This correspondence shows that 

the subenvironments defined by sedimentary structures 

are truly depositional environments. 
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The depositional environments of this study also 

correspond with the physiographic features of Mugu Lagoon 

(i.e., barrier beach, salt pans, etc.), showing that these 

divisions are the direct result of sedimentary processes 

and can be useful in interpreting similar modern analogs or 

ancient lagoonal sequences. 
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GLOSSARY OF SEDIMENTARY STRUCTURES AND TERMS 

PHYSICAL SEDIMENTARY STRUCTURES 

Bedding 

Bed - A sedimentation unit which has been deposited 

under essentially constant physical conditions 

(Otto, 1938). 

Bed and Lamination Shapes - A variety of bed and 

lamination shapes occur. The most common are: 

tabular, lenticular, wedge-shaped, irregular, 

and curved-tabular forms (Reineck and Singh, 

1975, p. 84). Figure 31 shows the different 

shapes beds and laminae can acquire and the 

corresponding descriptive terms. 

Bedding Thickness - The following terms were used to 

describe thicknesses of beds and laminae (after 

Dunbar and Rodgers, 1957). 

Terminology Thickness (in cm) 

Very thick bedded 100 
30-100 Thick bedded 

Medium bedded 
Thin bedded 

10-30 
3-10 
1-3 Very thin bedded 

Laminated 0.3-1 
0.3 Thinly laminated 

Bubble Cavities and Layers - Cavities, more or less oval in 

shape, produced by trapped air or gases. In some 



Figure 31. Diagram showing the major shapes exhibited 

by beds and laminae, and the corresponding 

descriptive terms. 
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instances these cavities are confined to discrete 

layers or beds. 

Convolute Lamination - A structure that shows pronounced 

crumpling or folding of the laminae of a usually well- 

defined sedimentation unit (Kuenen, 1953). Many explan¬ 

ations have been put forth to explain convolute lamina¬ 

tions; none of these explanations is wholly adequate. 

Sanders (1965) suggested that the convolutions were the 

result of shearing action of a current over the sediment 

surface. Reineck and Singh (1975) believe liquefaction 

of sediment is the most important factor in the genesis 

of convolute laminations. Stewart (1965) produced 

convolute laminations in soft, porous, laminated sand 

by trapping air between water rising through the sediment 

and the water resting on the sediment surface. He 

suggested that this is analogous to rising tidal waters 

trapping air in porous beach and tidal delta sediments. 

Distorted Stratification - This term is used in a purely 

descriptive sense to denote all distorted stratification 

produced by physical processes. This excludes dis¬ 

tortions created by biogenic activity. 
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Inclusions - Particles larger than the general grain size of 

the bed in which they occur. Inclusions usually consist 

of material dissimilar to the matrix sediment (Coleman 

and Gagliano, 1965). 

Graded Bedding - Two types of grading are defined here, 

normal and reverse grading (also see biogenic sedimentary 

structures). Normal grading is characterized by a 

succession of increments, each of which contains 

material finer than the preceding increment (Pettijohn, 

1957). Reverse grading is the opposite; coarser 

grained increments succeeding finer grained ones 

(figure 32). Graded bedding can be the result of 

deposition of suspension clouds, and many other causes 

(Reineck and Singh, 1975). Kuenen (1953) defined 

several other types of graded bedding not applicable 

to this study. 

Lenticular Bedding - Discontinuous or isolated sand lenses 

(in both horizontal and vertical directions) in a 

muddy matrix (Reineck and Singh, 1975, p. 100). This 

structure is the result of incomplete sand ripples formed 

on a muddy substrate. The next layer of mud deposited 

then preserved the ripple or lenticular sand body 

(Reineck and Singh, 1975, p. 98). Figure 33 illustrates 



Figure 32. Two basic types of graded bedding. 

A Normal graded bedding, an upward succ¬ 

ession of increaingly finer increments. 

B Reverse graded bedding, an upward 

succession of increasingly coarser increments. 
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B 



Figure 33. Lenticular bedding. A Lenticular bedding 

with thick connected lenses of sand (stipled) 

separated by beds of mud (black). 

B Lenticular bedding with isolated lenses 

of sand (stipled) in a mud matrix (black) . 
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offer ReineckS Singh (1975) 
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several types of lenticular bedding. 

Load Structures - Load structures are bulbous, mammallary, 

or papilliform downward projections of sand or silt 

into underlying mud, resulting from unequal loading on 

a hydroplastic surface (Pettijohn and others, 1973). 

Scour-and-Fill - Depressions produced by erosion and filled 

during periods of decreased current velocities 

(Coleman and Gagliano, 1965). 

Slump Structure - A general term used to describe penecon- 

temporaneous deformation structures resulting from 

movement of already deposited sediment, generally under 

action of gravity (Reineck and Singh, 1975, p. 79). 

Stratification 

Horizontal Stratification - Defined as a tabular set of 

horizontal or nearly horizontal laminae in silt, 

sand and granule size material (figure 34a). 

Horizontal stratification is interpreted as the 

result of deposition on a flat or plane bed 

(Harms, 1975). 

Cross Stratification - Two definitions of cross strati¬ 

fication were used in this study. The basis for 

division of these two types of cross stratification 



Figure 34. Stratification types. A Horizontal strat¬ 

ification produced by plane bed flow. Note 

current lineation on surface. B Planar 

cross stratification produced by migrating 

sand waves. C Trough cross stratification 

produced by migrating megaripples and ripples. 

No scale intended in diagram. 
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after Harms (1975) 
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was the character of the bounding surfaces of the 

cross stratified unit. 

Planar Cross Stratification - Cross stratification 

characterized by bounding surfaces that are 

more or less planar (Reineck and Singh, 1975, 

p. 85). The laminations within each sedimentation 

unit generally show a lack of conformity with the 

lower boundary of the unit (Harms, 1975). This 

type of cross stratification is formed by 

migrating straight-crested ripples or sand waves 

similar to those shown in figure 34b. 

Trough Cross Stratification - Cross stratification is 

defined as cross stratified units whose bounding 

surfaces are curved, trough-shaped surfaces 

(Reineck and Singh, 1975, p. 85). The laminae of 

the cross stratified set are commonly curved and 

tangential to the underlying erosional surface. 

The long axes of the trough or elliptical scours 

are parallel to local frow directions (Harms, 

1975). Trough cross stratification is believed 

to be formed by migrating ripples and megaripples 

(Harms, 1975). Typical trough cross stratification 

is shown in figure 34c. 
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Scale of Cross Stratification - Large-scale cross 

stratification is defined as cross stratification 

with sets of laminae greater than four centimeters 

in thickness. Small-scale cross stratification 

is defined as cross stratification with sets of 

laminae less than four centimeters in thickness 

(Reineck and Singh, 1975). 

BIOGENIC SEDIMENTARY STRUCTURES 

Accumulations of Fecal Pellets - In some parts of Mugu Lagoon 

accumulations of fecal pellets may be found where sand 

is the normal sediment deposited. The fecal pellets 

are columnar in shape, composed of mud, and produced 

by the ghost shrimp Callianassa sp. Frey (1975) has 

described fecal pellets of Callianassa major from the 

eastern Gulf of Mexico coast. He stated that these 

fecal pellets were hydrodynamically equivalent to medium¬ 

grained sand and that the pellets were deposited along 

with the sand. This type of deposition can lead to 

accumulation of mud fecal pellets in areas where mud 

deposition is unusual. Mud accumulations deposited in 

this manner are neither completely physical or biogenic 

sedimentary structurés. Because biological activity 
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was necessary to produce the original fecal pellets 

these accumulations were classified as biogenic 

structures. 

Biogenic Graded Bedding - This type of graded bedding is 

produced by the activities of organisms. Biogenic 

graded bedding has been described by several authors 

(van Straaten, 1952; Rhoads and Stanley, 1965). Warme 

(1967) has described this type of graded bedding in the 

sediments of Mugu Lagoon. He believes the graded bedding 

exhibited by some of the sediments in Mugu Lagoon 

results from the activity of burrowing organisms, 

primarily Callianassa. Sand is brought to the surface 

by the animals and sinks into the water-saturated 

surface mud in réponse to gravity and further biogenic 

reworking. Eventually this process will produce a 

gradual vertical change from the underlying sand to the 

overlying surface muds. 

Biogenically Disturbed Laminations - A minor type of 

bioturbation and is the result of sedimentation between 

marsh plants (biogenically passive) and penetration of 

the sediment by plant roots (biogenically active). 
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Bioturbation - A general term referring to structures pro¬ 

duced by the activity of plants and animals within the 

sediment or on the sediment surface. The degree of 

bioturbation was estimated and classified using the 

terminology of Reineck and Singh (1975). 

Degree of Bioturbation Classification of Bioturbation 
in % 

0 No bioturbation 
1-5 Sporadic bioturbation 
5-30 Weak bioturbation 

30-60 Medium bioturbation 
60-90 Strong bioturbation 
90-99 Very strong bioturbation 

(inorganic bedding still 
recognizable) 

99-100 Complete bioturbation 
(homogenous) 

Burrows and Tubes - These are isolated feeding, dwelling, 

and locomotion traces of many types of animals 

(pelecypods, polychaetes, crustaceans, amphipods, etc.), 

and are of many different scales. They may either be 

open or filled with sediment. The tubes produced by 

plant roots are included here. This group of structures 

corresponds to Schafers (1972) fossitextura-figurativa 

group. 

Mottled Bedding - Two types of mottled bedding were recog¬ 

nized, distinct and indistinct. Mottles are irregular¬ 

shaped lumps, lenses, pockets, tubes, or pods of 
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sediment randomly enclosed in a matrix of contrasting 

texture (Moore and Scruton, 1957). If the boundaries 

of the mottles were indistinct the sediment texture 

was called indistinctly mottled. If the boundaries 

of the mottles were distinct the texture was referred 

to as distinct mottled bedding (figure 35). This type 

of bioturbation corresponds with Schafers (1972) 

fossitextura-deformativa structures. 



Figure 35. Types of mottled bedding. A Distinct 

mottling, mottles have sharp boundaries and 

are distinct from surrounding matrix. 

B Indistinct mottling, mottles have diffuse 

boundaries and are not sharply separated 

from surrounding matrix. 
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