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ABSTRACT 

Taphonomy is the study of the fate of information in the 

fossil record. Information can be lost through the partial or 

complete destruction of fossils, or through the disruption of 

their original spatial relationships. Information can be 

"gained" if the alteration of fossils allows environmental 

information to be retrieved. 

In Bahia la Choya, northern Gulf of California, 

bioerosion, dissolution/maceration, and abrasion produce 

distinctive textures on the surfaces of shells in intertidal 

and shallow subtidal environments. Shells from different 

environments possess different surface textures, suggesting 

that textures on fossil shells could serve as 

paleoenvironmental indicators. Algal bioerosion is the chief 

mode of shell alteration and destruction in Bahia la Choya, 

though dissolution/maceration and abrasion are locally 

important. Algal bioerosion of shell surfaces is accelerated 

by the grazing activity of snails, and is most intense where 

snails are abundant. 

Microstratigraphic resolution is limited by vertical 

mixing of fossils and by the reworking of older fossils into 

younger deposits. Stratigraphic disorder is the departure 

from perfect chronological order of fossils in a stratigraphic 
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sequence. I simulated mixing and reworking of fossils by 

simple computer models, and measured stratigraphic disorder 

using rank correlation statistics. As modeled, mixing 

produces disorder slowly, and its effects can be minimized by 

increasing sample size at each horizon and by increasing the 

vertical spacing between sampled horizons (though this reduces 

vertical resolution). Reworking generates disorder more 

efficiently, and its effects are not reduced by increasing 

sample size or spacing. 

The generation of stratigraphic disorder in 

fossiliferous sediments can also be modeled using M (depth of 

vertical mixing), I (thickness of sedimentary increments), and 

L (taphonomic loss rate) as parameters. Increasing M 

increases the disorder generated, and increasing I and L 

decreases disorder. For a worst case -- high M and low I and 

L -- the vertical spacing between samples must at least 3 

times M to ensure a 5% temporal overlap between adjacent 

samples. A 1% temporal overlap requires a vertical spacing of 

4.6 times M. 
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CHAPTER 1 

INTRODUCTION 

Time i:he destroyer is time the preserver. 

T.S. Eliot 
"The Dry Salvages" 

Taphonomy is the study of the fate of information in the 

fossil record. Though occasionally couched in the jargon of 

communications theory (Tasch, 1965; Lawrence, 1968), most 

discussions of taphonomy define information only very loosely: 

information is lost when potential fossils are destroyed or 

moved from where they lived, information is preserved when 

they "fossilize" and stay put. 

until recently, taphonomists have focussed on information 

loss and its consequences: the incompleteness and biases of 

the fossil record. Estimates of the preservable fraction of 

species in marine communities have generally been low (e.g. 

30%, Lawrence, 1968; 40%, Schopf, 1978), and bias appears 

inescapable. Laboratory and field studies of the destruction 

of hardparts have shown that species and size classes within 

species vary widely in their resistance to abrasion (e. g. 

Chave, 1964) and dissolution (Flessa and Brown, 1982; Cummins 

et al., 1986). 
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Much of this "bad news" taphonomy of the past, however, 

has given way to the new, "good news II taphonomy of recent 

years. Flirsich and Flessa (1987), for example, found that 

biofacies patterns are faithfully preserved in intertidal 

death assemblages despite the "perils" of preservation. 

Valentine (1989) compared living Californian molluscs with the 

Pleistocene fossil record of the same region, and estimated 

that 85% or more of species with durable skeletons are 

preserved. The new view of the fossil record is that it may 

not be so bad after all (Kerr, 1991). 

This approach is exemplified by comparative taphonomy and 

taphofacies analysis, which address the information gain 

resul ting from taphonoIltic processes (Behrensmeyer and Kidwell, 

1985; Brett and Baird, 1986; Speyer and Brett, 1988; Wilson, 

1988) . This is not to say that more information is available 

from a fossil assemblage than from a living community, but 

rather that more environmental information will be retrievable 

from an altered shell than from a pristine shell. Abrasion 

and reorientation of shells add information about 

environmental energy; dissolution adds information about water 

or sediment chemistry; and so on. There can be a net gain of 

information when the information added outweighs the 

information destroyed. For example, an abraded shell that has 

lost the details of its surface ornament may still be readily 

identifiable. The biological information lost in this case is 
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negligible compared to the environmental information added. 

The analysis of taphofacies -- facies defined by taphonomic 

attributes can provide information unavailable from 

biofacies or lithofacies (Speyer and Brett, 1986, 1988; 

Meldahl, 1990). 

The themes of taphonomic information lost, preserved, and 

gained run through all the chapters of this dissertation. The 

research chapters (Chapters 3-6) are each organized as an 

independent contribution. Chapter 5 has already been 

published (Cutler and Flessa, 1990), and I intend to publish 

the other chapters separately with slight adaptation. To 

minimize repetition, I have put all background material on the 

geologic and ecologic aspects of my field area, Bahia la 

Choya, Sonora, in a single chapter, Chapter 2, with 

supplementary information in Appendix A .. 

Chapter 3 is a survey of the mechanisms of shell 

destruction in the various sedimentary environments of Bahia 

la Choya and the ways in which these mechanisms "encode" 

information on shell surfaces. Bioerosion dominates as a 

mechanism of shell loss, but dissolution and abrasion also 

occur and leave their distinctive marks on shells. 

Chapter 4 is a more detailed investigation of shell 

destruction in three environments of Bahia la Choya - the 

tidal channel, sandy outer flats, and rocky outer flats. 
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Bioerosion of shell material is accelerated by gastropod 

grazing and retarded by the churning of sediment by bottom

feeding rays. Shell preservation is best in the highly 

bioturbated sandy outer flats. 

Chapter 5 examines the microstratigraphic consequences of 

sediment mixing and reworking through computer simulations. 

"stratigraphic disorder" (Flessa et al., 1989) can result from 

either in situ mixing (e.g. by bioturbation) or from the input 

of older, reworked material. Disorder, as measured by rank 

correlation statistics, is generated more rapidly by the input 

of reworked material than by in situ mixing. 

Chapter 6 applies the concept of stratigraphic disorder 

to the problem of selecting an appropriate vertical sampling 

interval for disordered stratigraphic sections. In ancient 

analogues of the ray-churned sediments of Bahia la Choya, how 

far apart should samples be taken? The answer depends on the 

thickness of the "mixed layer" in the accumulating sediments, 

the thickness of the sedimentary increments added during 

sedimentation, and the rate of taphonomic loss of fossils. In 

this case, high rates of taphonomic loss act to preserve 

stratigraphic information, even as they destroy fossils. 

The issues addressed in my dissertation, then, fall into 

two groups: 1) shell alteration and destruction (Chapters 3 

and 4), and 2) stratigraphic disorder (Chapters 5 and 6). In 

both cases, the initial emphasis is on taphonomic loss -- the 
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destruction of shells, the destruction of stratigraphic order. 

But there is information gain as well: surface textures of 

shells promise to be important tools in paleoenvironmental 

analysis. 

Perhaps most interesting is the idea that the destruction 

and loss of one type of information can help promote the 

preservation of another: bioturbation of sediments degrades 

microstratigraphic information but promotes the preservation 

of the shells themselves (Chapter 4); high rates of taphonomic 

loss destroy fossils but preserve their stratigraphic context 

(Chapter 6). If Bahia la Choya is representative of the 

fossil record, the fates of hardparts are not simple, and 

taphonomic processes are at once destroyers and preservers of 

information. 
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CHAPTER 2 

BAHIA LA CHOYA, NORTHERN GULF OF CALIFORNIA: ENVIRONMENTAL 

SETTING 

INTRODUCTION 

Bahia la Choya is located on the Sonoran coast of the 

Gulf of California, 10 ]cm northwest of Puerto Penasco (Figure 

2.1). Reviews of its geology and intertidal ecology can be 

found in Flessa (1987), Meldahl (1990), and Flirsich and Flessa 

(1991) • Van Andel and Shor (1964), Thomson et al. (1969), 

Brusca (1980), and Maluf (1983) summarize of the regional 

geology and oceanography of the northern Gulf of California. 

Common intertidal invertebrates of the Gulf are treated in 

Brusca (1980). A comprehensive bibliography of research in 

the Gulf of California was compiled by Schwartz lose and 

Hendrickson (1983). 

These sources, plus additional literature cited below, 

form the basis of the following discussion. Additional 

information on the geology of the northern Gulf of California 

can be found in Appendix A. 
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Figure 2.1. Location of Bahia la Choya. 
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ENVIRONMENTAL SETTING 

The climate of the northern Gulf of California is hot and 

arid, typical of the Sonoran Desert region. Summer air 

temperatures average 30° C, often reaching 42°C, and average 

annual rainfall is only 74 mm (Thomson, 1989; Thomson et al., 

1969). Evaporation can exceed precipitation by as much as 250 

cm/year. 

water temperatures and salinities of this part of the 

Gulf are also high, especially inshore: summer surface water 

temperatures at Puerto Penasco range between 30°-32° C; 

onshore salinities range from 36 to 39 parts per thousand 

(Brusca, 1980). In the shallow waters of small inlets 

(esteros), conditions can be even more extreme, with summer 

temperatures exceeding 40° C and salinities reaching 70 parts 

per thousand during slack water (Brusca, 1980). winter water 

temperatures generally range from 13°- 14°C, occasionally 

dropping to 8° or less during cold snaps. 

The northern Gulf has the third highest tidal range in 

North America. The tides are mixed semi-diurnal, meaning that 

two unequal high and two unequal low tides occur each day. 

During spring tides displacement can reach 8 meters at Bahia 

la Choya. Waves are generally less than 1 meter in height, 

but can reach 3 meters during summer storms. 
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RECENT SEDIMENTARY ENVIROm~ENTS 

Bahia La Choya comprises approximately 10 km2 of 

intertidal environments. The tidal flats slope very gently 

seaward (at approximately .1 0
; Meldahl and Cutler, unpublished 

data) and show very little relief. I recognize the following 

environments in Bahia la Choya (modified from Flessa and 

Ekdale, 1987, and Meldahl, 1990; see Figure 2.2): 

1. Inner flats: Mid- to upper intertidal zone, with 

ripple-marked surface and firmgrounds formed by algal 

binding of the upper 1-2 cm of sediment. Sediment is 

fine sand with minor silt. Shells are rare on the 

surface, but an extensive shell layer exists 1-40 cm 

below the surface. Ghost shrimp (Callianassa and 

Upogebia) are very abundant in some areas in the inner 

flats and their "conveyor belt" feeding is at least 

partially responsible for generating the subsurface shell 

horizon (Meldahl, 1987). pits formed by the feeding 

activities of rays are common. 

2. Middle Flats: Transitional zone between the Inner and 

Outer Flats. Algal firmgrounds are absent and sediment 
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is coarser than in the inner flats. Shells are fairly 

common on the sediment surface. 

3. Sandy Outer Flats: Low intertidal zone, exposed only 

during spring tides. The dominant features of the sandy 

outer flats are large flood-oriented sand waves, with 

amplitudes of approximately 50 cm and wavelengths of 

approximately 50 m. Sediment consists of medium- to 

coarse-grained sand. Shell material is 

especially in the troughs of the sand waves. 

abundant, 

Ray pits 

occur in large numbers, and frequently have "spoil piles" 

of exhumed shells associated with them. 

4. Rocky Flats: Mid- to lower intertidal zone. Rocky 

exposures of Pleistocene sandstone and coquina occur 

throughout the northern part of Bahia la Choya and in the 

lower reaches of the intertidal zone in the south. The 

surface is extensively bored and encrusted, and supports 

a diverse hard-substrate fauna. Thin patches of shelly 

sand occur sporadically in depressions in the rock 

surface. 

5. Subtidal: Zone beneath mean low water. Contiguous 

with rocky flats and consisting of a similar rocky 

substrate and occasional patches of sand. 



27 

6. Tidal Channel: Ebb-dominated channel flowing across 

flats in southern portion of bay. Channel is floored by 

a coarse, shell-rich gravel. 

exceed 1 m/sec. 

Current velocities can 

7. Estero Channel: Upper reaches of tidal channel 

draining estero and dissecting salt marsh. Banks of the 

estero channel are extensively burrowed by fiddler crabs 

(Uca). Estero channel sedimen'cs are rich in shells, many 

of which are reworked from the spit and from shell beds 

in the channel banks. 

8. Beach and spit: Upper intertidal zone. A nearly 

linear beach borders the eastern edge of the tidal flats. 

Beach sediments consist of medium-grained sand and shell 

debris. 

To the south, littoral drift has extended the beach into 

a southward-prograding spit, which is capped by dunes and 

halophytic vegetation. 

9. SaltMarsh: Upper intertidal zone, vegetated by marsh 

grasses (Salicornia) and spike grass (Disticlis). 

Sediments consist of organic-rich mud, silt, and sand. 

Fiddler crab (Uca) and salt marsh crab (Eurytium) 

burrows are abundant. The most extensive areas of salt 
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marsh lie behind the spit, but two small salt marshes lie 

seaward of the spit, and another area lies at the 

southern extreme of the bay. 

The extensive sabkhas and barren mud flats that are well

developed elsewhere in the northern Gulf (Thompson, 1968; 

Davis et al., 1990) do not occur in Bahia la Choya, although 

barren mud flats occur in nearby Estero Cerro Prieto. 

McKee (1957) described a series of small lagoons in Bahia 

la Choya landward of the spit, in the location of the present

day salt marsh. According to McKee, these lagoons were 

permanent, unvegetated bodies of standing water in which 

sticky black silts and clays accumulated. No trace of these 

lagoons remains today. The stream bed entering the estero 

from the east (McKee, 1957) has also disappeared, presumably 

covered by eolian sands. 

Other reports of environmental change in Bahia la Choya 

during historic time are more difficult to sUbstantiate. 

Lumholtz (1912, reprinted 1971) mapped Punta Pelicano as an 

island, which would have made the bay open to the south at 

that time. While this is consistent with the usual 

explanation of the bay's origin (Punta Pelicano is considered 

to be a tombolo; Rose, 1975), it is not clear from his 

descriptions whether or not Lumholtz was ever close enough to 

conf irm his observations. Even today, Punta Pelicano can 
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appear to be separated from the mainland when seen from 

several kilometers up the coast. 

MOLLUSCAN FAUNA OF BAHIA LA CHOYA 

The shelly macro invertebrate fauna of Bahia la Choya is 

dominated by molluscs: more than 220 species have been 

identified and many are abundant (Flessa and Ekdale, 1987). 

Parker (1964) found that one third to one half of all 

molluscan species occurring in the Gulf can be found as shelly 

remains in the sandy intertidal zone, attesting to the biotic 

diversity of this habitat and to transport from adjacent 

habitats (rocky intertidal, inner shelf). Keen (1971), 

Brusca (1980), and Beckvar et al. (1987) provide descriptions 

of the species occurring in Bahia la Choya. The species lists 

of Meldahl (1990) and Fiirsich et al. (1991) are the most 

complete. 

Most molluscan species in Bahia la Choya belong to the 

Panamic Province, and have affinities with tropical faunas to 

"the south, rather than with faunas on the Pacific side of the 

Baja Peninsula. Because of their warm-"t'later origin, many 

species are limited by winter temperatures, and mass 

mortalities may occur during winter cold snaps (Brusca, 1980). 
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The bivalve Chione undatella commonly stops all shell growth 

between November and March in Bahia la Choya, whereas in Bahia 

concepcion (5° farther south, with winter water temperatures 

8° warmer) growth stops only briefly, if at all (Berry and 

Barker, 1975). 

The intertidal environments of Bahia la Choya show a 

distinct zonation in molluscan species. This zonation has 

been well-documented by Flessa and Ekdale (1987), FUrsich and 

Flessa (1987), Meldahl (1990), and FUrsich and Sch6dlbauer 

(1990), and is recognizable in both life and death assemblages 

(FUrsich and Flessa, 1987). Species richness increases 

steadily seaward, reaching a peak in the rocky subtidal 

(Meldahl, 1990). Species distributions are closely tied to 

substrate characteristics -- sandy substrates are dominated by 

infaunal bivalves, rocky substrates and shell gravels by 

algae-grazing gastropods (Meldahl, 1990). 



CHAPTER 3 

TAPHONOMIC IMPLICATIONS OF SHELL SURFACE TEXTURES 

IN BAHIA LA CHOYA, NORTHERN GULF OF CALIFORNIA 

INTRODUCTION 
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A central concern in taphonomic studies is the degree and 

nature of post-mortem information loss in fossil communities. 

Though some of this loss occurs through the transportation, 

reorientation, and mixing of fossil remains, "taphonomic loss" 

usually refers to the actual destruction of potential fossil 

material (e.g. Lawrence, 1968). This destruction may occur 

before burial as a result of biological, chemical, and 

physical processes operating in the environment of deposition, 

or it may occur after burial as a resul t of diagenesis, 

metamorphism, or erosion. 

Most previous studies on taphonomic loss have addressed 

pre-burial loss, and each has. focused on a single mechanism of 

breakdown (e.g. Driscoll, 1967; Alexandersson, 1978; and 

Aller, 1982; cummins et al., 1986; but see Alexandersson, 

1972; Driscoll, 1970 for exceptions). Perhaps as a 

consequence, opinions diverge widely concerning which 

mechanism dominates in modern seas. The contention of Davies 
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et ale (1989), for example, that chemical dissolu·tion of shell 

material is intense and of primary importance in most shallow 

marine habitats, contradicts the findings of Schafer (1972), 

Farrow et ale (1984), and others that bioerosion dominates. 

What really does happen to shell material after death? 

In this paper I examine the effects of bioerosion, 

dissolution/maceration, and abrasion on bivalve shell 

surfaces, with two goals in mind: 

1. To establish the relative importance of these 

processes in shell destruction in the sedimentary environments 

of one locality Bahia la Choya, northern Gulf of 

California. 

2. To assess the utility of taphonomic surface textures 

and features as possible indicators of paleoenvironments and 

post-mortem history of shell material. 

PREVIOUS l'lORK 

Hardparts are altered and destroyed by a variety of 

biological, chemical, and physical processes in shallow marine 

environments. These processes, which may be opposed by 

constructive processes such as encrustation and chemical 

precipitation on skeletal material, have been investigated by 

many previous authors. In his encyclopedic work on marine 

ecology and paleoecology, Shafer (1973) made hardpart 
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"disintegration" an important focus, reflecting a long 

tradi tion of taphonomic research among German paleontologists. 

Interest in taphonomy has grown rapidly in recent years, 

with a particular emphasis on the ways in which taphonomic 

processes add information to the fossil record. Speyer and 

Brett (1986) introduced the concept of "taphofacies" as a 

means of applying taphonomic data to paleoenvironmental 

analysis. This approach has been used with success by a 

number of authors (e.g. Speyer and Brett, 1986, 1988; Flirsich 

and Flessa, 1987; Meldahl and Flessa, 1990, Meldahl, 1990; 

Powell et al., 1989). Meldahl (1990), working in Bahia la 

Choya and Provincetown Harbor, Massachusetts, found that 

taphofacies and biofacies respond to different variables and 

therefore provide different types of environmental 

information. 

The idea of using hardpart surface textures in taphonomic 

analysis is not new -- virtually all taphonomic studies have 

included at least a qualitative description of the condition 

of surfaces. Often, however, these descriptions are 

imprecise (e.g. 

Davies et ale 

"worn") or based on inadequate information. 

(1990) set up a standardized scheme for 

classifying shell material, yet restricted their examination 

of surfaces to magnifications of 12x or less. This is too low 

to identify the effects of algal or fungal microboring, and, 
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as a result, Davies et al. attribute all su.rface deterioration 

to either chemical dissolution or physical abrasion. Though 

both of these are important in altering shell material, they 

are often subordinate to bioerosion (see below), and a 

complete scheme of classifying surfaces requires the 

recogni tion of all three processes. The following is a 

summary of previous work on the effects of bioerosion, 

dissolution/maceration, and abrasion on skeletal material. 

Bioerosion 

Shell material and other carbonate substrates are subject 

to attack by a variety of endolithic organisms in shallow 

marine environments. Fungi, algae (including blue-green 

algae), foraminifera, sponges, bryozoa, polychaetes, and 

molluscs are all known to bore into shell substrates (Warme, 

1975). Many of these organisms are sensitive to differences 

in temperature, light intensity, and salinity, and their 

borings have great utility as paleoenvironmental indicators 

(Boekschoten, 1966; Golubic et al., 1975; Warme, 1975; Budd 

and Perkins, 1980; and others). 

Among bioeroding organisms, microboring algae and clionid 

sponges are by far the most potent agents of carbonate 

destruction, and have therefore received the most attention 

from geologists and biologists (Golubic et al., 1975; Warme, 
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1975; Kobluk and Kahle, 1977; Golubic and Schneider, 1979). 

Most of this work has been done in reef environments (but see 

Scoffin et al., 1980 and Young and Nelson, 1985) where 

estimated bioerosion rates can reach 8 kg/m2/yr on hard 

substrates (Acker and Risk, 1985) and 350 g/m2jyr in lagoonal 

sands (Tudhope and Risk, 1983). This is a sUbstantial loss 

when compared to production rates in these environments: the 

bioerosion rate reported by Acker and Risk is twice the 

typical calcification rate for reefs, and Tudhope and Risk 

estimate that 18-30% of incoming lagoonal sediment is 

destroyed each year by microborers. 

Microboring algae include green, red, and blue-green 

forms. Borings range in size from less than 1 micron to about 

100 microns in diameter (Golubic et al., 1975), and can 

penetrate vertically into the substrate to a depth of 300 

microns or more (Lukas, 1979). Boring morphologies range from 

blunt bag-shaped boreholes to intricate networks of branched 

tunnels (Golubic et al., 1975). Individual borings are often 

difficult to assign to particular species because single 

species can produce a variety of boring morphologies, and 

unrelated species can produce similar borings (Golubic et al. , 

1975). Fungal borings, though generally smaller (diameters 

range from 1 to 4 microns) and less abundant, overlap in size 

with algal borings, and cannot be reliably distinguished from 
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them unless bulbous reproductive bodies (sporangea) are 

present (Warme, 1975; Golubic et al., 1975). 

Most boring sponges belong to the family Clionidae. 

Clionids occur abundantly worldwide in tropical, temperate and 

boreal seas (Warme, 1975). Borings consist of a series of 

interconnected chambers up to several millimeters in diameter 

(Acker and Risk, 1985), which may be connected to the 

substrate surface by thin tubes (Warme, 1975). Unlike algae, 

which must photosynthesize, sponges are not light-limited and 

can penetrate as much as 10 centimeters into rocky substrates 

(Neumann, 1966). As with endolithic algae, borings can vary 

considerably within species (Warme, 1975). 

Algal and sponge borings in shell material from Bahia la 

choya have been reported by Cutler (1987a,b), Fiirsich and 

Flessa (1987), Meldahl (1990), and Feige and Fiirsich (1991). 

Feige and Fiirsich (1991) report the occurrence of sponge 

borings conforming to the ichnotaxa Entobia laquaea, 1h. 

meqastoma, and ~. paradoxa in shell material from Bahia la 

Choya, and Stearley and Ekdale (1989) identified 1h. 

geometrica, 1h. cateniformis, and 1h. paradoxa in shells from 

nearby station Beach. No taxonomic work has been done on 

algal or fungal endoliths of the northern Gulf. 

In addition to attack by algae, sponges and other 

endoliths, etching by the roots of macrophytes (Cottrell, 

1974), and rasping by grazing organisms {Warme, 1975; voigt, 
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1977; Farrow and Clokie, 1977) can degrade shell surfaces and 

leave their distinctive marks behind. These will be 

described in a later section. 

Dissolution and Maceration 

Dissolution of calcium carbonate skeletons occurs when 

surrounding waters are undersaturated with respect to the 

carbonate phase (aragonite, high-magnesium calcite, low

magnesium calcite) making up the skeletons. water at oceanic 

depths tends to be undersaturated as a result of high 

pressures and low water temperatures (both of which increase 

carbonate solubility). Marine water at shallower depths is 

generally oversaturated, and therefore more conducive to 

carbonate precipi tation than dissolution. Only at high 

latitudes where water is sufficiently cold for undersaturated 

conditions to develop or in coastal waters with high 

freshwater input does dissolution of exposed shell material 

occur (e.g. Alexandersson, 1972). 

Dissolution is more common within sediments in shallow 

water, where microbial decay of organic material in the 

uppermost few centimeters of sediment can depress the pH of 

pore waters to the point of carbonate undersaturation. This 

has been documented in estuarine sediments (Aller, 1982), 

salt-marsh sediments (Wiedmann, 1972; Reaves, 1986), and even 
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in carbonate platform sediments (Walter and Burton, 1990). 

Indeed, Davies et ale (1989) have argued that most shallow 

water sediments have an excess capacity to dissolve locally-

produced carbonate. Post-depositional dissolution can also 

occur under subaerial conditions by exposure to meteoric water 

(Alexandersson, 1972; Walker, 1979). 

Dissolution imparts a general chalkiness to shell 

surfaces. This is true of shells dissolved in laboratory acid 

baths (Flessa and Brown, 1982) , cold marine waters 

(Alexandersson, 1976) , terrigenous marine sediments (Wiedmann, 

1972; Aller, 1982; Reaves, 1986), and subaerial raised beaches 

(Walker, 1979). Highly altered shells can have a "pasty" 

consistency (Wiedmann, 1972). 

Alexandersson (1972, 1975, 1976, 1978, 1979) described 

the microscopic etch patterns on the surfaces of mollusc 

shells collected from the Baltic and North Seas. The primary 

effect of dissolution is an enhancement of microrelief on the 

surface and the development of porosity, reflecting variation 

in solubility among shell components. Individual lamellae or 

crystallites may stand out in relief, or even become dislodged 

from the surface. The dissolution zone may be several hundred 

microns thick. Subaerial dissolution produces identical 

features (Alexandersson, 1972; Walker, 1979). 

Dissolution rate may affect surface features at an 

ultrastructural scale. Berner and Morse (1974) found that 



39 

rapid, diffusion-controlled dissolution of iceland spar grains 

resulted in a rounding of grain surfaces, whereas slm<1, 

reaction-controlled dissolution increased grain angularity. 

Aller (1982) cited rounding of shell surfaces at both a 

microscopic and macroscopic scale as evidence of intense 

dissolution in Long Island Sound sediments. 

Shell mineralogy, ultrastructure, size, shape, surface 

area, and density can all affect dissolution rate (Flessa and 

Brown, 1982; Walter and Morse, 1984; Henreich and Wefer, 

1986) . Organic coatings on shell material can inhibit 

dissolution, even under highly undersaturated conditions 

(Henreich and Wefer, 1986). Dissolution is accelerated by 

irrigation of sediment by burrowing organisms (Aller, 1982), 

and by episodicity of microbial decay in surrounding sediments 

(Reaves, 1986). 

Shell maceration is the disintegration of shell material 

through the loss of its organic matrix. This may occur as a 

result of microbial decay or hydrolysis of the matrix (Lewy, 

1981). organic matrix also dissolves readily along with shell 

mineral phases (Alexandersson, 1976, 1979; Walker, 1979) and 

breakdown of shell organics can promote dissolution by 

creating conduits for fluids and (possibly) producing local 

undersaturation (Walker, 1979; Lewy, 1981). For these 

reasons, maceration and dissolution generally occur 
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simultaneously. They are, in fact, often treated as different 

aspects of the same process (e.g. Alexandersson, 1979). 

Abrasion 

Shell surfaces are abraded by repeated impacts with sand 

grains, pebbles, or other shells as they are agitated by wave 

or current traction. Abrasion of shells and other hardparts 

has been investigated experimentally by Klahn (1932), Chave 

(1964), Hallam (1967), Driscoll (1967), Force (1969), Molina 

(1969), Driscoll (1970), Driscoll and Weltin (1973), Mitchell

Tapping (1980), Belyea and Carter (1980), and Cottey and 

Hallock (1988). 

Abrasion rate is affected by the nature of the abrading 

grains. Quartz or chert grains abrade shell material faster 

than carbonate grains (Mitchell-Tapping, 1980, Cottey and 

Hallock, 1988); angular grains abrade faster than rounded 

grains (Klahn, 1932); and poorly-sorted grains abrade faster 

than well-sorted grains (Driscoll and Weltin, 1973). Coarse 

grains abrade most rapidly, but fine-grained sand is more 

effective than medium-grained sand (Driscoll and Weltin, 

1973). 

Skeletal architecture is also important. In his tumbling 

experiments, Chave (1964) found that dense, fine-grained 

skeletons were the most durable, regardless of mineralogy. 
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Resistance to abrasion is also enhanced by a low surface to 

mass ratio (Driscoll and Weltin, 1973). 

Different types of shell microstructure respond 

differently to different modes of abrasion -- exterior shell 

layers (crossed lamellar and composite prismatic structures) 

are more resistant to impact-type abrasion than are interior 

layers (homogeneous, nacreous, and simple prismatic 

structures), whereas the reverse is true for grinding-type 

abrasion (Belyea and Carter, 1980). 

Previous taphonomic history is also a factor: shells 

impregnated by iron sulfides during early diagenesis may be 

hardened and thus more resistant to abrasion when reworked 

(Schafer, 1972). Chemical dissolution and boring by organisms 

can weaken shell surfaces, making them more vulnerable to wear 

(Schafer, 1972; and others). Encrustation, on the other hand, 

may armor and reinforce shells, thus protecting them from 

wear. 

Abrasion may cause faceting of shell surfaces, either by 

the sand-blasting of partially buried shells by tidal currents 

(Schafer, 1972), or by the shell-to-shell grinding of 

articulated valves during transport (Boyer, 1969). More 

commonly, however, abrasion results in the rounding of edges, 

reduction of shell ornament, and the frosting or polishing of 

surfaces (e.g. Driscoll, 1967; Schafer, 1972; Scoffin et al., 

1980). The posterior margins and the beaks on bivalve shells 
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generally show the most severe wear (Driscoll, 1967; Molina, 

1969). Abraded foraminifera tests under the scanning electron 

microscope show chipping, impact craters, and the development 

of a "gritty" surface texture (Cottey and Hallock, 1988). 

Abrasion occurs most rapidly in the surf zone -- Driscoll 

(1970) estimated that it is 150 to 1000 times more rapid in 

the surf than in sublittoral environments -- but abrasion can 

also be effective in current-swept tidal flats 

1972), offshore banks (Scoffin et al., 1980), 

dominated shelves (Farrow et al., 1984). 

14ETHODS 

(Schafer, 

and tide-

Whole shells of the bivalves Chione fluctifraga and 

Chione californiensis were collected from various sedimentary 

environments in Bahia la Choya (Figure 3.1) and their surfaces 

examined under the binocular microscope and scanning electron 

microscope (SEM) for evidence of taphonomic alteration. Live 

specimens of both species were also collected to serve as 

controls for recognizing post-mortem surface textures. 

These two species were selected because their shells are 

abundant throughout Bahia la Choya. They are also ideal for 

taphonomic study because their shell shape, robust dentition, 

and distinctive ornament allow even severely degraded 

specimens to be identified to the species level. Finally, the 
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stations. 
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genus Chione is well-known, geographically widespread, and has 

been used in other taphonomic studies (Mitchell-Tapping, 1980; 

Cummins et al., 1986; Flirsich and Flessa, 1987; Flessa et al., 

1990; Meldahl, 1990; Feige and Flirsich, 1991), thus enhancing 

the comparability of this work with other studies. 

Both species are shallow infaunal filter feeders. Chione 

fluctifraga lives in the fine sands of the inner flats and 

sal t marsh. Chione californiensis lives in the sandy mid- to 

outer flats, the outer tidal channel, and the subtidal. 

Sample collection 

Bulk samples from shell-rich environments (sandy outer 

flats, rocky outer flats, tidal channel, estero channel, 

beach, and spit) were collected from the surface and sieved in 

the field with a 6 mm mesh screen. Sandy outer flat samples 

were taken from the shell-rich troughs of sand waves. Tidal 

channel and estero channel samples were taken from shell 

concentrations at or near the channel thalweg. The beach 

samples were taken from the high water shell strand. spit 

samples were taken from an exposure cut by a tidal stream 

draining a gravel pit. 

Shell specimens from shell-poor environments (inner/mid 

flat and salt marsh) were picked up individually from the 

surface. All shells encountered within an approximate 25 
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meter radius of the sample station were collected. Both salt 

marsh localities are located seaward of the spit. I attempted 

to sample the more extensive salt marsh within the estero, but 

no shells were found on vegetated surfaces. subt ida I 

samples were collected by Keith H. Meldahl from depths of 1 to 

5 m depth. These samples correspond to the subtidal samples 

described in Meldahl (1990). 

Pleistocene material was collected from exposures on 

Pelican Point and a terrace along the northeastern flank of 

the bay. Holocene subfossils of Chione fluctifraqa were 

collected from a shell bed exposed on the west bank of the 

estero channel. A valve of an articulated shell from this bed 

yielded a conventional radiocarbon date of 1055 years b.p. 

Chione shells were separated in the laboratory from 

Chione fragments and non-Chione material. This latter 

material and sediment samples were retained as reference 

materials. 

In all, over 1100 Chione shells were collected. The 

numerical breakdown among environments is as follows: tidal 

channel, 392; estero channel, 91; sandy outer flat, 313; rocky 

outer flat, 118; subtidal, 55; inner/mid flats, 12; salt 

marsh, 77; beach, 90; and spit, 48. 
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Experiments 

Fresh shells of Chione fluctifraga obtained at the market 

in Puerto Penasco were anchored to cinderblocks in the tidal 

channel, sandy outer flats, inner/mid flats, salt marsh, and 

estero channel environments to monitor in situ development of 

textures. Fresh shells were also subjected to dissolution and 

abrasion in the laboratory to provide standards for comparison 

with the surface textures of field-collected shells. 

Field experiments 

Six shells were fixed to each of five cinderblocks for 

the field experiments. Shells were fixed concave up to expose 

the shells' fresh inner surface (Figure 3.2). Duco cement and 

marine epoxy were both used, with about equal success. In 

addition to the fixed shells, 8 shells for each block were 

drilled in the center and tied to the block with a loop of 

monofilament 1 m long. These "mobile" shells ".,ere able to 

shift with currents and sediments to some degree. 

Before being attached to the blocks, shells were measured 

(height and length), weighed, and distinctive features (color 

patterns, luster, pre-existing marks or borings) were noted. 

Locations of experimental blocks are shown in Figure 

3.1. Blocks were set out in the fall of 1988 (9-25-88: 
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Figure 3.2. Photo of experimental block in inner/middle 
flats. This block was not recovered. See text and Table 3.1 
for discussion. 
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inner /mid flat, sandy outer flat, tidal channel; 11-5-88, 

saltmarsh and estero channel). The dates shells were 

recovered from experimental blocks are given in Table 3.1. 

Dates of retrieval were determined by logistical 

considerations. Sediment mobility is so high in Bahia la 

Choya that blocks were frequently buried and could not be 

found. The inner/mid flat block, for example, was never 

recovered at all, despite repeated searches over a period of 

two years. 

Dissolution experiments 

Shell fragments were etched in a 1 liter bath of acetic 

acid and removed after 30 minutes, 1 hr and 2 hrs. Shell 

fragments (1 cm x 1 cm) rather than entire shells were used in 

the baths so that pH (2.5) would remain relatively constant 

over the course of the experiment. 

Abrasion experiments 

Abrasion experiments were conducted using a hexagonal 

tumbling barrel with an interior circumference of 36 cm. 

During the experiments, the barrel rotated at a rate of 2448 

revolutions per hour. Shells within the barrel experienced 

the equivalent of 881 m of "transport" per hour. 



TABLE 3.1 

EXPERIMENTAL BLOCK DATES RECOVERED 

Tidal channel 10-9-88 
(put out 9-25-88) (15 days) 

Sandy outer flats 
(put out 9-25-88) 

Inner/mid flats 
(transition zone) 
(put out 9-25-88) 

Estero Channel 
(put out 11-5-88) 

6-20-89 
(268 days) 

10-9-88 
(15 days) 

5-6-89 

(223 days) 

not recovered 

11-19-88 
(14 days) 

1-15-89 
(71 days) 

4-7-89 
(153 days) 

5-5-89 
(181 days) 

3-20-90 
(500 days) 

10-20-90 
(714 days) 

SHELLS RECOVERED 

2 fixed, 2 mobile 
(15 days) 

1 fixed, 3 mobile 

2 fixed, 2 mobile 

2 fixed, 2 mobile 

2 fixed, 2 mobile 

2 fixed, 2 mobile 

1 fixed, 1 mobile 

2 mobile 

1 mobile 

1 fixed 

49 
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TABLE 3.1 (continued) 

EXPERIMENTAL BLOCK DATES RECOVERED SHELLS RECOVERED 

Salt marsh 11-20-88 2 fixed, 2 mobile 
(put out 11-5-88) (14 days) 

1-15-89 2 fixed, 2 mobile 
(71 days) 

4-7-89 field obs. only 
(153 days) 

6-19-89 1 fixed, 1 mobile 
(226 days) 

10-14-89 1 fixed 
(343 days) 
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Shells were tumbled with carbonate-rich sand collected 

from the spit (mean grain size 1 ~, 50% carbonate content; 

sumpter, 1987) for some runs; other runs used only the shells 

themselves as the abrasives. In the runs using spit sand, two 

shells were placed in the barrel with 600 ml of sand and 700 

ml of water. In separate runs, shells were removed after 24 

hrs, 168 hrs, and 696 hrs. In the shell versus shell runs, 

eight shells of approximately equal mass (15 grams) were 

placed in the barrel with 300 ml of water. Shells were 

removed after 24 hrs, 143 hrs, and 696 hrs. 

specimen preparation 

For Binocular Microscope 

Field-collected and experimental shells were washed in fresh 

water and air dried for 48 hours or more. Macroalgae and 

epizooans on shells were noted and (if possible) removed. 

only shells from each sample selected for SEM analysis (see 

below) were treated with Chlorox (sodium hypochlorite), and 

these were treated only after they had been examined under the 

binocular microscope. All experimental and field-collected 

shells were examined under the binocular microscope at 10 and 

40 power, and bioerosion, dissolution, and abrasion features 

recorded. 
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For Electron l-iicroscope 

Representati ve specimens for SEM analysis were mounted on 

aluminum stubs and sputter-coated with gold-palladium for 2 

minutes. coating thickness was approximately 300 angstroms. 

Two electron microscopes were used over the course of this 

study: a Super III-A lSI and a Cambridge Instruments 

Stereos can 120. 

For both the binocular and SEM work, interior surfaces of 

valves were given primary emphasis. Interior surfaces were 

chosen to ensure that the features observed were truly post

mortem, because these surfaces are not exposed during life. 

They have the added advantage of being relatively smooth and 

uncomplicated, serving as an easily interpretable "blank 

slate" for borings, impact scars, etc. 

SURFACE TEXTURES 

Distribution of surface textures in the sedimentary 

environments of Bahia la Choya is shown in Table 3.2 (see also 

Appendix B). The nature of these textures, and their 

taphonomic implications are discussed below and summarized in 

Table 3.3. 
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TABLE 3.2 

Environment 

Texture TC EC SM IF/MF SP BE SOF ROF ST 

Micro- 5 5 5 4 5 3 5 5 5 
borings 

Radula 2 1 2 0 1 0 2 4 5 
marks 

Root 1 1 0 0 4 0 0 0 0 
etchings 

Abrasion 1 1 0 1 4 5 1 1 1 

Dissolu- 1 2 4 3 2 2 0 0 0 
tion 

KEY: 

Chione shells with texture: 0 = absent, 1 = <10% , 2 = 10-
30%, 
3 = 31-70%, 4 = 71-90%, 5 = >90% 

Environments: TC = Tidal Channel, EC = Estero Channel, SM = 
Salt Marsh, IF/MF = Inner-Mid Flats, SP = Spit, BE = Beach, 
SOF = Sandy outer Flats, ROF = Rocky outer Flats. 
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TABLE 3.3 

SEM-SCALE SHELL SURFACE FEATURES 

I. BIOGENIC FEATURES 

A. MICROBORINGS: 

predominantly horizontal borings: 

Horizontal Sinuous A (HSA): Shallow, branched borings 4-
10~ across. Borings may radiate from a central point to 
form "rosettes" 100 - 200~ in diameter. HSA borings are 
often short with abrupt "kinks". Regularly-spaced 
constrictions (corresponding to filament cross-walls?) 
may give borings a "beaded" appearance. An early 
colonist on shell surfaces. FIGURE 3.4. 

Horizontal Sinuous B (HSB): Shallow, branched borings 3-
5~ across. May occur with HSA, but borings are longer, 
narrower, and straighter. FIGURE 3.5. 

Horizontal Linear A (HLA): Linear or gently arched 
borings 8 - 12~ across, often swelling at branch points. 
Surface expression of borings is usually discontinuous, 
and variable in width. Branching is usually at right 
angles, though some colonies have Y-shaped branches. The 
two forms intergrade. HLA is an early colonist on shell 
surfaces. FIGURE 3.6. 

Horizontal Linear B (HLB): Linear or curved unbranched 
borings 1 -2~ across. Sets of filaments, usually pairs 
or triads, parallel one another. May form dense networks 
of borings. FIGURE 3.7. 

Predominantly vertical borings: 

vertical A (VAl: Isolated vertical borings usually 4 -
10~ in diameter, but can be as large as 100~ or as small 
as 1~ in diameter. Randomly distributed on surfaces or 
in loose clusters. VA's are often the sole surface 
expression of dense subsurface networks of borings (see 
HCA, HCB). FIGURE 3.5. 



TABLE 3.3 (continued) 55 

vertical B (VBl: Shallow dish-shaped borings usually 15 -
30~ in diameter, but can be as large as 100~ in diameter. 
Interior surface of boring very smooth. May occur 
singly, in linear arrays, or in clusters. FIGURE 3.8. 

vertical C (VC): Shallow irregular crater, 13 - 40~ in 
diameter. Some clearly formed by tight clusters of 
vertical borings, others intergrade in morphology with 
abrasion scars (see below). 

Patchmaker A (PMAl: Discrete patches of dense vertical, 
horizontal and oblique borings 10 - 20~ in diameter. 
Patches are usually 100 to 500~ in diameter initially, 
but may expand as patches are excavated to create a 
cratered or pock-marked topography on shell surfaces. PMA 
is an early colonist on shell surfaces. FIGURE 3.9. 

Patchmaker B (PMBl: Similar t;.:> PMA except that borings 
are consistently smaller (5 - 6~ in diameter). 

Honeycomb A (HCAl: Dense "honeycomb" of vertical, 
horizontal and oblique borings 8 - 12~ in diameter, 
separated by walls as little as 2 ~ thick. HCA may 
undermine shell surfaces and be visible only as sparse 
VA's until unroofed by gastropod grazing or abrasion. 
similar to PM, except borings are not confined to 
discrete patches. Heavily-bored, late stage shell 
surfaces are usually dominated by HCA. FIGURE 3.10. 

Honeycomb B (HCB): Similar to HCA except borings are 
smaller (2-5~ in diameter). HCB and HCA borings are 
sometimes intimately associated wi th one another on 
heavily-bored surfaces, forming a honeycomb with two 
distinct size classes of borings. FIGURE 3.13. 

Nannoborings (NB): Sub-micron sized borings, 300nm to 1~ 
in diameter. FIGURE 3.11. 

B. RADULA 1·IARKS: 

Sets of parallel grooves on algae-infested surfaces. 
Variable in size; often visible under binicular 
microscope. Best observed on moderately-grazed surfaces 
-- densely bored and grazed surfaces make individual 
features difficult to distinguish. FIGURE 3.15. 
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C. ROOT ETCHINGS: 

Chalky lines, surfaces grainy under SEM, usually 500~ or 
less across. May be branched. Etchings made by root 
hairs measure approximately 15~ across. FIGURE 3.17. 

D. ALGAL-INDUCED PRECIPITATION: 

Calcium carbonate crusts 200~ or more thick, often 
binding diatoms and sand grains to shell surface. May 
fill in or "plaster over" microborings and other surface 
irregularities. Algal filaments may leave linear films 
of calcium carbonate behind. FIGURE 3.27a,b. 

II. DISSOLUTION FEATURES 

A. CHALKY SURFACES: 

Surfaces made up of irregular grains lOlL or less in 
diameter. Chalky surfaces of live-collected shells, 
Pleistocene shells, saltmarsh shells, and laboratory
etched shells are all similar. FIGURES 3.18 - 3.21. 

B. MICRO-TERRACING: 

Selective dissolution of shell layers, producing a 
terraced or exfoliated surface. FIGURE 3.22. 

III. ABRASION FEATURES 

A. ABRASION SCARS: 

Irregular scratches and craters 1 - 100IL across. Scars 
can be circular, V-shaped, crescent-shaped or linear. 
May coalesce to create a rough, undulating surface with 
a "wavelength" roughly equal to the size of the scars. 
FIGURES 3.17 and 3.24. 

B. REDUCTION OF lUCRORELIEF: 

Microoored shells may show a reduction of surface relief 
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by crushing of microbored areas and planing-off of edges 
and sharp divides between bored areas. 

c. PATINA: 

Smooth surfaces, best developed on exposed areas and 
prominences. Appear dark under SEM. FIGURE 3.25. 
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Bioerosion textures 

Algal/fungal borings 

Microboring of shell surfaces by algae and fungi is by far 

the dominant process of alteration in Bahia la Choya. Over 

90% of the shells examined from all but two of the 

environments (Inner/Mid Flats and Beach) showed at least minor 

infestation (Table 3.2). Microboring is ubiquitous in the 

tidal channel, estero channel, sandy outer flats, rocky outer 

flats, subtidal and saltmarsh. Among these five environments, 

boring was most intense in the tidal channel and least intense 

in the sandy outer flats. The reasons for this will be 

explored in Chapter 4. 

The microbored textures observed on beach and spit shells 

are "inherited" textures. That is, they are inherited from an 

earlier episode of the shells' post-mortem history. No living 

algal filaments were observed in the microbored surfaces of 

any of these shells. Algal growth would not be expected 

within unexposed spit sediments (though fungal growth would be 

possible), and microboring is generally inhibited by the 

agitation and abrasion of beach environments (Alexandersson, 

1972) . In the environments where microboring is active, 

colonization of exposed shell surfaces occurs rapidly. 

Experimental shells in all environments were infested within 
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fifteen days. On the shells fixed to the tidal channel block, 

where infestation was greatest, many colonies of endoliths had 

filaments over 100~ long. The implied growth rate of 7~/day 

(surely an underestimate) is within the published range of 

growth rates for microboring algae (Lukas, 1979). Rapid 

infestation of carbonate substrates has also been reported by 

Perkins and Tsentas (1976; 9 days) and Kobluk and Risk (1977; 

4-7 days). 

Shell destruction rates are more difficult to estimate. 

The thickness of the microbored rind of shells is seldom more 

than 200-300~ (Golubic et al., 1975). Only on the tidal 

channel block was there appreciable loss of mass over the 

period of the experiments: 5.6 grams (40% of shell mass) over 

9 months (268 days) for a fixed shell. Because only a single 

shell showed this extreme weight loss, and because the shell 

was fixed to a cinderblock -- a highly unnatural condition 

this cannot be used as a direct measure of the loss rate in 

the tidal channel. Indeed, mobile shells from the same block 

showed abundant borings but negligible mass loss. still, the 

tidal channel loss rate contrasts sharply with that of other 

environments (fixed shells in the estero channel for example, 

showed no appreciable mass loss over nearly two years, as a 

result of abundant encrusters), and demonstrates that loss 

rates are potentially very high. 
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On a macroscopic scale, microbored shells in Bahia la 

Choya show a number of recurring patterns on their surfaces. 

On most shells, borings are more or less evenly distributed 

over the surfaces, but many shells show a concentric pattern 

of boring. That is, shells are preferentially bored in the 

centers, away from the margins, or, alternatively, the margins 

are preferentially bored. This concentric pattern is so 

distinctive that one would hope that it could serve as an 

unambiguous environmental indicator. Unfortunately, it was 

common in all environments and may owe its origin to more than 

one cause. 

Other shells show a concentration of borings on their 

posterior portions. This is presumably a result of the spread 

of boring networks from the shell exteriors (the posterior 

portions of which are exposed above the sediment during life 

and are frequently bored) to the interiors. Borings may also 

be concentrated in the muscle scars, producing an effect 

similar to the some of the dissolution patterns observed in 

laboratory by Flessa and Brown (1983). Highly bored shells, 

especially those from the tidal channel, may be reduced to 

thin remnants with delicate, scalloped margins, and gaping 

holes where shell material has been completely destroyed by 

microboring (Figure 3.3). 

The twelve most common boring morphologies at a 

microscopic scale are defined and described in Table 3.3 (see 
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Figure 3.3. Heavily-microbored Chione valves from tidal 
channel. Valves are very thin and delicate. Green tint 
indicates presence of living algae. 
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also Figures 3.4-3.13). Most of these are at the limit of 

visibility with the binocular microscope (40x), and are best 

viewed with the SEM, though forms Horizontal Linear A (HLA) 

and Horizontal Linear B (HLB) could often be identified at 40x 

or less. "Honeycomb" borings impart a dull, grainy appearance 

to shell surfaces that are easily confused with 

dissolution/maceration textures when viewed at low 

magnification. 

The taxonomic affinities of all these boring types are 

uncertain. The size ranges of most borings given in Table 3.3 

overlap those of fungi, blue-green algae, green algae and red 

algae (Golubic et al., 1975; Budd and Perkins, 1980; Hoffman, 

1980). The sub-micron diameters of the Nannoborings (Table 

3.3, Figure 3.11) point to a fungal origin, although no 

sporangea were observed. The green or blue-green color of 

many shells when collected, along with the reported dominance 

of algal over fungal borings in shallow marine settings (e.g. 

Perkins and Tsentas, 1976; Hoffman, 1985) suggests that the 

other borings are predominantly algal. 

The morphology of HLA borings matches that of published 

descriptions and photographs of the green alga Phaeophila 

(Perkins and Tsentas, 1976; Kobluk and Risk, 1977; see also 

Lukas, 1979), although without resin-casts of the borings this 

identification must remain tentative. Honeycomb borings, 

which are the resul t of dense networks of intertwined 
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filaments within the substrate, are probably produced by blue

green algae, which show this growth form more commonly than do 

green and red algae (figures in Golubic et al., 1975; Hoffman, 

1985). 

The first microboring forms to colonize shell surfaces 

are the Horizontal sinuous A (HSA) borings (Table 3.3, Figure 

3.4). These were already well established on tidal channel 

and sandy outer flat experimental shells within fifteen days. 

Horizontal Linear A and Patchmaker A are also rapid 

colonizers; they are abundant, along with HSA, on articulated 

shells and other relatively fresh surfaces (Figure 3.12). A 

similar dominance of horizontal borings (as opposed to those 

that penetrate vertically into the substrate) in the early 

stages of algal infestation has been noted elsewhere (Perkins 

and Tsentas, 1976; Kobluk and Risk,1977). 

Heavily bored surfaces are usually dominated by 

Honeycomb-type borings (Table 3.3), though Patchmaker borings 

(Table 3.3) may also be abundant and impart a cratered or 

pock-marked topography to shell surfaces (Figures 3.13,3.14). 

Together, these two types are volumetrically the most 

significant microborings in destroying shell material. 



64 

Figure 3.4. Horizontal Sinuous A (HSA) microborings on inner 
surface of chione californiensis valve from tidal channel. 
Note large "rosette" in top center of photo. This boring 
morphology is very abundant on shells throughout Bahia la 
Choya and often dominates early-stage surfaces. See text 
and Table 3.3. 
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Figure 3.5. Horizontal Sinuous B (HSB) microboring on inner 
surface of Chione californiensis valve from sandy outer flats. 
Note also numerous isolated vertical A (VA) borings. See text 
and Table 3.3. 
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Figure 3.6. Horizontal Linear A (HLA) microborings on inner 
surface of Chione californiensis valve from tidal channels. 
These borings are identifiable under the binocular microscope 
and are abundant on early-stage shell surfaces. See text and 
Table 3.3. 
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Figure 3.7. Horizontal Linear B (HLB) borings on the inner 
surface of a Chione californiensis valve from the sandy outer 
flats. Note parallelism of borings. See text and Table 3.3. 
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Figure 3.8. Vertical B (VB) borings on interior surface of 
Chione californiensis valve from the sandy outer flats. Note 
"dish" shape and smooth interior. See text and Table 3.3. 
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Figure 3.9. Patchmaker A (PMA) borings on inner surface of 
Chione californiensis valve from the sandy outer flats. These 
borings can excavate depressions in shell surfaces, creating 
a pock-marked topography discernable macroscopically. See 
text and Table 3.3. 
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Fiqure 3.10. Honeycomb A (HCA) borings on inner surface of 
Chione californiensis valve from the tidal channel. HCA 
borings may cover entire surfaces of heavily-bored shells. 
See Text and Table 3.3. See also Figure 3.13. 
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Figure 3.11. Nannoborings (NB) on inner surface of Chione 
fluctifraga from the estero channel. See text and Table 3.3. 



72 

Fiqure 3.12.. Partially-bored surface of Chione californiensis 
valve from the tidal channel. Note "plateaus" of unbored or 
lightly bored surfaces. Note also the abundance of horizontal 
borings (HSA and HLA). See text. 
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Figure 3.13. Heavily-bored surface of Chione californiensis 
valve from tidal channel. Note total coverage of surface by 
honeycomb borings (HCA and HCB) and the rough topography. See 
text. 
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Figure 3.14. Pock-marked inner surface of Chione 
californiensis valve from tidal channel. Green tint of shell 
indicates presence of living algae. Note concentration of 
shell destruction in center of valve. See text. 
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Radular Traces 

Parallel sets of grooves produced by the rasping of 

molluscan radulae occur on algal-bored shell surfaces in Bahia 

la Choya (Tables 3.2, 3.3). Radula traces vary greatly in 

size, but ones shown in Figure 3.15 are typical (see also 

Plate 5, Figure 4 in Feige and Ftirsich, 1991). 

usually visible under the binocular microscope. 

They are 

Depending on the distribution of algae on a shell, grazing 

can either enhance or reduce surface roughness. On patchily 

infested shells, grazers concentrate on the patches, gouging 

out shell material and increasing the depth of pock-marks. On 

other shells, where boring distribution is more even, grazing 

can plane off relief. 

Sets of radular marks are often oriented obliquely to one 

another, giving densely grazed surfaces a "herringbone" 

appearance. Repeated waves of attack, however, can obliterate 

previous traces and create an ambiguous surface without any 

distinct grooves. In the tidal channel, where the population 

density of grazing gastropods is by far the highest (Ftirsich 

and Flessa, 1977; Meldahl, 1990) and where grazing is 

presumably most intense, radular traces are not especially 

common. In fact, they occur in about the same frequency in 

the tidal channel as in the sandy outer flats, where grazing 

gastropods are largely absent. Obli teration of traces by 
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Figure 3.15. Radula marks (RM) on algal-bored (HLA) surface. 
See text and Table 3.3. 
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intense grazing in the channel, and shell transport from 

adjacent rocky flats to the sandy flats may account for this 

apparent anomaly. 

Root etchings 

Many specimens from the spit samples are etched by the 

roots of vegetation growing on the spit (Figures 3.16 and 

3.17, Table 3.3). Root etchings by marine grasses have been 

reported by Cottrell (1974) and Taylor (1971). The etchings 

described here are similar, and consist of chalky white lines 

of varying width on shell surfaces. They are often branched, 

and under the SEM etchings made by root hairs may be visible 

(Figure 3.17). 

Root etchings are usually strictly surface features, but 

occasionally the etchings incise tens of microns, or even as 

much as a millimeter, into the shell. Abundant root etchings 

can completely cover a shell surface , giving ita chalky 

appearance similar to macerated shells. 

Dissolution textures 

Chalky textures on shell surfaces are often used as 

evidence of chemical dissolution or leaching of shells 

(Reaves, 1986; Davies et al., 1989b), but this must be done 
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Figure 3.16. Root etchings (white lines) on inner surface of 
Chione fluctifraga valve from spit deposit. Dark lines are 
fragments of roots still adhering to shell surface. See text 
and Table 3.3 
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Figure 3.17. Root etching (RE) on interior surface of Chione 
californiensis from spit deposit. Note etchings of root hairs 
(RH) emanating from main root trace. Note also numerous 
abrasion scars (AS). See text and Table 3.3. 
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with care, since, as mentioned above, a chalky luster can have 

other causes. This study, with its emphasis on shell 

interiors, faces another complication: shell interiors often 

acquire a chalky luster during life due to shell dissolution 

by metabolic acids during periods of shell closure (Wilkes and 

Crenshaw, 1979; Crenshaw, 1979). These chalky surfaces are 

usually confined to the area within the pallial line. 

Figure 3.lSa shows the chalky interior surface of a 

Chione fluctifraga collected live magnified approximately 500 

times. The grainy surface seen in the photograph is typical 

of dissolution surfaces and contrasts sharply with the 

relatively smooth surface on the same shell outside the 

pallial line (Figure 3.lSb). All discussion below refers to 

dissolution surfaces observed on experimental and field

collected shells outside the pallial line. 

Figures 3.19a,b and 3.20a,b show the surfaces of a shell 

dissolved in acetic acid in the laboratory and of a shell 

collected from the salt marsh, respectively. Shells tied 

with monofilament to the salt marsh experimental block and 

collected buried showed an identical grainy surface. 

Pleistocene shells collected in outcrop and reworked 

Pleistocene shells had similar surfaces, though many showed 

evidence of recrystallization (Figure 3.21). 

The similarity of the surface textures seen on these 

shells suggests a common underlying process that is, 
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dissolution -- despite the widely varying conditions of their 

formation. The shells in the salt marsh, for example, 

certainly did not experience anything like the low pH (2.5) 

of the laboratory experiments). Grainy surfaces such as 

those seen here are apparently reliable indicators of the 

process of dissolution, but insensitive as to the conditions 

or rate of dissolution. 

Dissolved shells show a terracing or exfoliation of the 

shell surface on a microscopic and macroscopic scale (Figure 

3.22). A similar flaking of the surface can be produced by 

undermining of the surface by microborers or by impacts during 

abrasion (see below), but these are usually less pronounced. 

Holocene shells showing dissolution textures are locally 

cornmon in Bahia la Choya, and are absent only from the outer 

flats (rocky and sandy) and the subtidal. with the exception 

of the salt marsh (where shells collected live and 

experimental shells showed dissolution) and the inner fmid 

flats (where shells collected live showed dissolution), these 

are all inherited textures. Dissolution textures on spit and 

beach shells are overprinted by abrasion (see below). No 

dissolution was observed on shells on the experimental blocks 

in the estero channel or tidal channel. Chalky shells in the 

estero channel are derived from chalky shell beds in the 

estero bank -- they occur in the channel adj acent to and 

downstream of the beds and many still have silty salt marsh 
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A. 

B. 

Figure 3.18. Interior surface of Chione fluctifraga collected 
live. A) Chalky dissolution surface inside pallial line. B) 
Undissolved surface outside pallial line. See text. 
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A. 

B. 

Figure 3.19. Interior surface of live-collected ch:i.onq 
fluctifraga after dissolution in acetic acid (pH=2.5) for 30 
minutes. outside of pallial line. A) Photo of grainy 
dissolution surface at approximately 500X. B) The same surface 
at approximately 5000X. See text. 
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A. 

B. 

Figure 3.20. Interior surface of Chione fluctifraga 
collected from saltmarsh. outside of pallial line. A) Photo 
of grainy dissolution surface at approximately 500X. B) The 
same surface at approximately 5000X. See text. 
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Figure 3.21. Interior surface of Pleistocene Chione 
californiensis showing grainy dissolution surface with some 
larger recrystallized grains (RE). See text. 
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Figure 3.22. Interior surface of Pleistocene Chione 
californiensis showing grainy dissolution surface ~'lith 
"terracing" due to selective dissolution of shell layers. See 
text. 
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Fiqure 3.23. Exterior of Chione fluctifraga shell collected 
live from saltmarsh. Chalky white band on posterior 
corresponds to position of sediment-water interface during 
life. See text. 
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sediment clinging to them. These beds and the shells from the 

surface of the salt-marsh are probably the source of dissolved 

shells in the tidal channel as well. 

Dissolution bands on living shells in the salt marsh and 

inner/mid flats occur on the shell posterior (the portion of 

the shell upward during life) and are generally 1-2 cm wide 

(Figure 3.23). Partially-buried shells also show dissolution 

bands - the parts of the shells within the upper 2 cm of 

sediment are dissolved, while parts deeper than that remain 

relatively fresh, while the parts shallower than that may be 

dissolved. This suggests that dissolution is concentrated in 

the upper 2 cm of sediment, and that it must be relatively 

rapid in order to create such bands on unstable dead shells. 

The development of chalky surfaces on salt marsh experimental 

shell occurred only after burial and took less than (probably 

much less than) 5 months. 

Abrasion te:u:tures 

Field-collected and laboratory-tumbled shells showed a 

number of features attributable to abrasion: frosting and 

pitting of surfaces, fracturing and flaking of shell layers, 

chipping or rounding of margins, and a general reduction of 

shell ornament. Abrasion was generally concentrated at the 
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shell margins (especially the anterior and posterior margins) 

and the shell umbo. 

Not all of these features are unambiguous indicators of 

abrasion, however. Frosting and pitting of surfaces on field

collected shells in many cases turned out to be the work of 

microborers rather than abrasion when viewed under the SEM. 

Bioerosion can round surfaces and obliterate ornament; 

dissolution can cause shell layers to flake off. 

The difficulty in recognizing "pure" abrasion surfaces no 

doubt accounts to some degree for its relatively low frequency 

in Table 3.2. The exposure of shells in the tidal channel, 

outer flats, and subtidal to waves and tidal currents would 

suggest that the values for these environments in Table 3.2 

«10%) are underestimates of abrasion's true importance. The 

presence of microborings, which are unambiguous and ubiquitous 

in these environments, can easily mask the effects of previous 

or even concurrent abrasion. Only when abrasion rates are 

high enough to inhibit microboring are "pure" abrasion 

textures likely to be observed. It is not surprising that the 

beach and spit show the highest frequencies of abrasion 

textures (Table 3.2). 

SEM-scale abrasion features are less likely to be 

confused with those of different origin. Algal borings and 

dissolution surfaces are unlike the gouges and scars produced 

by abrasion. Impact scars are shown in Figures 3.24 and 3.17. 
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Figure 3.24. Abrasion-produced impact scars on Chione 
californiensis from spit. See Table 3.3 and text. 
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These scars can be roughly circular, crescent-shaped, v

shaped, or linear, and range in size from 1 to 100 microns. 

Larger scars occur on more exposed areas, such as near the 

shell margins. On highly worn surfaces, impact scars coalesce 

to form a roughened, undulating surface with a "wavelength" 

roughly equivalent to the size of the scars. Micro

irregularities produced by algal boring or by dissolution may 

be planed off by abrasion, and a fine-grained patina may 

develop on surfaces (Figure 3.25) 

In the tumbling experiments sand abrasion and shell vs. 

shell abrasion produced similar impact scars, though the scars 

tended to be slightly larger in the shell vs. shell 

experiments. Surfaces on the shell-abraded shells were also 

more prone to show exfoliation and flaking off of layers, 

presumably due to fatigue and preferential fracturing along 

shell layers due to forceful impact. 

The two experiments also differed in the rate of 

abrasion. Crenulations on the interior ventral margin of 

shells were totally obliterated within 24 hours of shell vs. 

shell abrasion, yet they persisted after 29 days of sand 

abrasion. Exterior ornament was barely reduced in the sand 

abrasion experiments; it was completely obliterated and the 

shell surface polished to a glossy sheen in the shell vs. 

shell experiments. 
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Figure 3.25. Overprinted textures on inner surface of Chione 
californiensis valve collected from spit. Microborings (MB) 
have been subjected to dissolution. Grainy dissolution 
surface (DS) has been abraded to produce a smooth, dark patina 
(P) on ridges. The implied sequence of events is 1) 
microboring 2) dissolution and 3) abrasion. 
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An implication of this is that in shelly or other poorly

sorted sediment it is the impact of shells or other tools, 

rather than the grinding or sand-blasting of the finer matrix, 

that does most of the work in abrading shells. This is 

partially sUbstantiated by the chipped and exfoliated nature 

of many of the abraded shells from the beach and spit samples. 

These shells resembled the shell-abraded experimental shells 

more than they resembled the sand-abraded ones. The surfaces 

of the field-collected shells were, in fact, much rougher and 

more terraced than those of experimental shell-abraded shells, 

suggesting that impacts in the surf are more forceful than 

those occurring in the tumbler. It should be cautioned, 

however, that most of these field samples had also undergone 

microboring, dissolution or both (Table 3.2, Appendix 1), and 

therefore were probably weakened to begin with. 

Because abrasion occurs on the beach at Bahia la Choya 

for only a fetv hours a day (during high tides), overall rates 

of abrasion are probably not very high. Meldahl (1987) found 

that beach shells were almost uniformly in excellent 

condition. Though most shells from the beach and spit samples 

showed some evidence of abrasion, most were less abraded than 

shell-abraded shells tumbled for only 24 hours. No field

collected shells showed the high polish 
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produced on experimental shells, and the only shells that 

suffered advanced loss of ornamp.nt were those that were 

weakened by boring or dissolution. 

constructive textures 

In addition to the destructive processes of bioerosion, 

dissolution, and abrasion, constructive processes of 

precipitation and encrustation by epibionts can alter shell 

surfaces and, to an extent, offset shell destruction. In the 

experiments of Tudhope and Risk (1985) carbonate sand in a 

tropical lagoon showed an ini tial weight gain from 

encrustation, before eventually decreasing due to algal 

microboring. Driscoll (1970) saw a similar effect on tethered 

bivalve shells in Buzzards Bay, Massachusetts. 

Constructive textures in Bahia la Choya consist of either 

1) the skeletons of the encrusting organisms themselves, or 2) 

calcium carbonate precipitated in association with algal 

photosynthesis. 

An example of a "s]{eletal" constructive texture is shown 

in Figure 3.26. This shell was tied to the experimental block 

in the estero channel and was recovered after 500 days. Its 

surface is completely covered by many generations of 

epibionts, and there has been no net weight loss despite its 
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Figure 3.26. Interior surface of Chione californiensis 
valve from estero channel showing skeletal constructive 
surface made up primarily of Spirorbis. Green tint of shell 
indicates presence of living algae in shell. See text. 
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long exposure to microboring. Such shells are common in the 

estero channel. 

Seawater is generally slightly oversaturated with respect 

to calcium carbonate, thus it takes only a small change in the 

partial pressure of carbon dioxide to induce carbonate 

precipitation. This can occur adjacent to actively 

photosynthesizing algal 

epilithic algae often 

filaments, and in Bahia la Choya 

leave behind films or crusts of 

carbonate on shell surfaces (Figure 3.27a,b). On the fixed 

shells recovered from the sandy outer flat block after 223 

days, such deposits produced by multiple generations of algal 

filaments were 200J,£ thick in places and bound diatoms and sand 

grains to the shell surface. Thick deposits were also 

observed on salt-marsh shells. On these shells, and other 

upper intertidal shells (such as those from the wetted parts 

of the gravel pit), a thick mass of algal filaments often 

imparts a black color to the shells (Figure 3.28). 

composit.e Textures and overprinting 

Most shells have more than one of the above textures on 

their surfaces. The combination of textures on a surface can 

create a new texture, and, as might be expected, these 

textures can be very complex and difficult to interpret. I 

distinguish two general types of "combined" textures: 
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A. 

B. 

Figure 3.27. A) Interior surface of Chione fluctifraga valve 
collected from salt marsh. Microbored surface is "plastered 
over" by calcium carbonate deposits associated with algal 
filaments. B) Sediment grains bound to shell surface by 
carbonate precipitation. See text. 
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Figure 3.28. "Zoned" valves of Chione fluctifraga collected 
articulated from saltmarsh. Boundary between green and white 
corresponds to position of sediment-water interface when 
collected. White portion of shell (beneath the sediment 
surface) shows dissolution. Light green portion of shell 
(exposed) shows microboring. Black portion of shell at top 
shows evidence of microboring and algal-induced precipitation. 
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composite textures, in which two or more textures are produced 

more or less contemporaneously, and overprinted textures, in 

which the textures record a sequence of processes. 

An example of a composite texture is the surface produced 

by algal boring and gastropod grazing. As mentioned above, 

the tendency of intense grazing to obliterate individual 

radular traces can make this texture difficult to recognize. 

It is important, however, in that the interaction it reflects 

(between boring and grazing) is the most potent mechanism of 

shell breakdown in Bahia la Choya (see Chapter 4). 

Constructive textures are almost always actually 

composite textures, because the skeletons of encrusters and 

the carbonate deposits left by epiphytes are subject to boring 

even as they form. Borings are then encrusted or filled in by 

precipitation, and so on. On heavily microbored and encrusted 

shells it may be difficult to tell where the accreted surface 

begins and the original shell surface (what is left of it) 

ends. 

Shells from the salt marsh can have several processes 

operating their surfaces at once. Partially buried shells 

"Till be "zoned," with the exposed portion undergoing algal 

boring and (perhaps) algal deposition, and the buried portion 

undergoing dissolution (Figure 3.28). If the shell is large 

enough to protrude below the dissolution layer (1-2 cm thic]c) 

that portion of the shell will remain fresh. 
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Reorientation of shells by ~laves or bioturbation shifts the 

zones on the shell surface, causing bored areas to be 

dissolved and vice versa. Most salt marsh shells showed at 

least some evidence of this process, and the short time scale 

involved (weeks?) is indicated by the dissolution of bored 

surfaces still harboring living algae on many shells. 

Overprinted textures are most easily recognized in the 

beach and spit samples, for two reasons: 1) all shells in 

these samples are derived from other environments (tidal 

flats, salt marsh), where most acquired an initial surface 

texture (boring, dissolution, or both), and 2) the dominant 

process affecting surfaces is abrasion, which alters, but does 

not destroy, pre-existing textures. Abrasion preferentially 

affects topographic highs on surfaces, allowing earlier 

textures to persist in hollows (Figure 3.25). Thus, 

dissolution textures on salt-marsh or Pleistocene shells can 

persist "beneath" abrasion textures, despite the softness of 

the chalky surfaces. Microboring textures also easily survive 

abrasion, and can sometimes be recognized macroscopically. 

Heavily bored, pock-marked shells will have polished surfaces, 

but will retain an uneven topography. A pock-marked shell 

converted into a "dimpled" shell by abrasion is shown in 

Figure 3.29. 

In the spit, shells with up to three generations of 

textures were not uncommon {microboring, dissolution, 
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2 em 

Figure 3.29. Interior surface of Chione californiensis valve 
collected from spit showing "dimpled" surface. Pock-marked 
microbored surface was polished, producing smooth, rounded 
divides between depressions. 



102 

abrasion, Figures 3.25; microboring, abrasion, root etching, 

3.30), and spit-derived shells can be found in the estero 

channel and tidal channel, where they acquire a fourth

generation texture: microboring. The rapidity with which 

microboring alters shell surfaces, however, suggests that the 

preservation potential of the previous textures on these 

shells is IO~l. 

Preservation potential of surface textures 

A potential limitation of surface textures as 

paleoenvironmental indicators lies in their preservation 

potential. Can these textures be recognized on fossils? 

Obviously, fossil material must be reasonably well preserved 

in order to retain the small-scale features described here, 

though casts of microborings may be preserved even if the host 

shell is destroyed (Golubic et al., 1975). Vogel, Golubic, 

and Brett (1987) found well-preserved microborings in Devonian 

brachiopods, and I have observed pristine microborings on 

Eocene bivalves. Radular traces have been reported from the 

cretaceous (Akpan, Farrow, and Morris, 1982). Cottrell 

(1974) found fossil root etchings on shells from the Eocene of 

the Paris Basin and the Miocene of Maryland. 

Reports of rounded and abraded shell material are common 

in the literature (e.g. Norris, 1986), but I know of no 
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Figure 3.30. Overprinted textures on inner surface of Chione 
californiensis valve collected from spit. Extensive 
microborings (MB) have been subjected to abrasion, as 
evidenced by the dark patina (P) developed on top of the bored 
surface. This in turn is overprinted by a root etching (RE). 
The implied sequence of events is 1) microboring 2) abrasion 
and 3) root etching. 
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reports of SEM-scale abrasion features on fossils. It stands 

to reason, however, that if microborings and radular traces 

are recognizable on fossils, impact scars and scratches will 

be as well. 

Dissolution textures present a different sort of problem: 

chalky textures are very common on fossils, and pre-burial 

dissolution features may be very difficult to distinguish from 

later dissolution. As mentioned above, dissolution surfaces 

on the Pleistocene shells and the salt marsh shells can be 

very similar. Alexandersson (1972) and Walker (1979) both 

noted the similarities between early and diagenetic 

dissolution textures. It may be that these need to be 

distinguished on grounds other than surface textures. 

CONCLUSIONS 

Processes of skeletal breakdown 

Bioerosion is by far the dominant process of shell 

breakdown in Bahia la Choya. Dissolution and abrasion show 

their effects locally, but affect a comparatively small number 

of shells. Significant dissolution is confined to a thin «2 

cm) layer within the salt marsh sediments. Abrasion of shell 

material is evident mainly on the beach and in the beach-
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derived sediments of the spit, though abrasion elsewhere may 

be masked by microboring. 

Microboring, primarily by endolithic algae, attacks shell 

material in all environments within two weeks, and is 

especially effective in the tidal channel where intense 

grazing by gastropods accelerates shell destruction (see 

Chapter 4). Sponge boring, not specifically addressed in this 

study, also contributes to breakdown, but this is common only 

in the subtidal (Meldahl, 1990; personal observation). 

Environmental reconstruction 

Shell surface textures are potentially useful as 

paleoenvironmental indicators. The presence of abundant root 

etchings, for example, distinguishes the spit shells from 

those of all other environments in Bahia la Choya. The 

ubiquity of microboring in all environments makes its mere 

presence on shells a poor environmental indicator, but there 

is potential here as well. Tidal channel shells are much more 

intensely bored than those of other environments (see Chapter 

4), and delicate, highly thinned shells occur only there. 

Although the microboring forms described here all occur 

throughout the tidal range, more detailed study of the 

microborings will likely reveal zonation such as that 

described by Hoffman (1985) in the rocky intertidal of 
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Bermuda. Because an individual shell may have thousands of 

individual borings on its surface, there is great potential 

for the collection of quantitative data. 

Though shells and their textures can be transported, thus 

blurring the distinctions between environments, overprinting 

relationships should in many cases allow transported shells to 

be recognized as such. Nearly all of the bioeroded and 

dissolved shells in the beach and spit samples showed a 

distinct overprint of abrasion. In such a case, both the 

environment of origin and the environment of deposition are 

recorded. 
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CHAPTER 4 

GASTROPOD GRAZING AND RAY BIOTURBATION: CONSEQUENCES FOR SHELL 

PRESERVATION IN THREE INTERTIDAL ENVIRONMENTS, 

BAHIA LA CHOYA 

INTRODUCTION 

The formation of shell beds and other fossil-rich 

deposits requires that net hardpart accumulation exceeds net 

hardpart destruction. Analysis of "hardpart budgets" is 

complicated, however, because the two rates are not 

necessarily independent and taphonomic agents may interact in 

a synergistic or inhibi tory fashion. In this chapter I 

examine algal microboring in three shell-rich environments, 

the tidal channel, sandy outer flats, and rocky outer flats in 

Bahia la Choya. I discuss the roles of herbivore grazing and 

ray bioturbation in accelerating or retarding shell 

destruction. 

The synergistic interaction of algal boring and herbivore 

grazing in bioerosion of limestone surfaces in the rocky 

intertidal has been described by Schneider (1976) and Golubic 

and Schneider (1979). Grazing, primarily by gastropods, 

accelerates algal bioerosion in bolO ways. First, grazing 

sweeps rock surfaces clear of epilithic algae which would 
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otherwise outcompete endolithic forms. In experiments 

performed by LeCampion-Alsumard (1975, additional data cited 

in Golubic and Schneider, 1979) in the Mediterranean epilithic 

cyanophytes accounted for 95-98% of ini tial colonists on 

carbonate surfaces, with endoliths making up the remaining 2-

5%. Surfaces grazed by snails were stripped of epilithic 

algae, but endoliths were unaffected and accumulated with 

time. Areas frequented by snails showed a higher density of 

endoliths than other areas, and on most surfaces endoliths 

accounted for over 90% of the algal flora -- the result of 

repeated cycles of colonization and grazing. 

Second, grazing allows endolithic filaments to penetrate 

deeper into the rock (Golubic and Schneider, 1979). Algal 

filaments require light to photosynthesize, and thus can 

penetrate only so far into the surface before reaching a depth 

where the light is too dim for further boring. By scraping 

off the surface film of algae, and with it a thin layer of the 

roc]{ itself, gastropod grazing displaces the light limit 

inward. Boring proceeds to this nevI limit, where it stays 

until the next cycle of grazing. In this way, surfaces are 

progressively denuded. without grazing, microboring would 

remain a surface phenomenon, and bioerosion would occur 

slowly, if at all (Golubic and Schneider 1979). 

On mobile substrates, such as shells or carbonate sand 

grains, other factors come into play in determining the rate 
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of algal bioerosion. Wave-agitated carbo~·.ate grains in 

shallow water show a reduced infestation by microboring algae 

compared to grains from quieter waters (Alexandersson, 1972). 

Alexandersson attributed this inhibition not to mechanical 

wear on the grain surfaces, but to the limited opportunity for 

organisms to settle on constantly moving grains. 

Tudhope and Scoff in (1984) found that bioturbation of 

sediments can also inhibit microboring on some grains. 

Lagoonal sediments of Davies Reef, Australia, are intensively 

bioturbated by the conveyor belt feeding activity of 

callianassid shrimp. Fine-grained sediment is constantly 

recycled by the shrimp, but mollusk shells and other coarse 

grains are buried rapidly and remain at depth. Fine grains, 

because they are periodically exposed at the surface, show 

extensive microboring. Shells, which spend less time on the 

surface and make only a "one way" trip, escape significant 

attack. 

In Bahia la Choya, the tidal channel and the troughs of 

sand waves in the sandy outer flats are floored by a shell 

gravel with abundant shells of the bivalve Chione, among other 

genera. Shell lags also occur on the rocky outer flats, 

adjacent to the sandy outer flats. Chione californiensis can 

be found alive in all three environments. Algal borings are 

nearly ubiquitous on shells in these environments, and 

infestation occurs within two weeks (Chapter 3). All three 
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environments lie within the lower intertidal to upper subtidal 

(parts of each never drain even at lowest tide), and all are 

high energy environments. Tidal currents in the channel have 

been clocked at 1 m/second (FUrsich and Flessa, 1987) and the 

sandy and rocky outer flats are exposed to waves which are 

usually less than 1 meter in height, but can reach 3 meters 

during summer storms (Maluf, 1983). 

The environments differ in the abundance of grazing 

herbivores and the intensity of bioturbation of the shelly 

sediments. In the tidal channel and rocky outer flats, the 

snails Cerithium stercusmuscarum and Theodoxus luteofasciatus 

occur in great abundance (Flirsich and Flessa [1987] collected 

over 1200 live individuals of Cerithium from a 9 liter 

sediment sample), and graze on algae-infested shells. These 

two species do not occur in the sandy outer flats, and, apart 

from the occasional chiton or limpet, grazing herbivores are 

largely absent from this environment. 

Bioturbation in the tidal channel and sandy outer flats 

is primarily due to bottom-feeding rays, which hydraulically 

excavate shells and sediment from a depth of up to 30 cm 

(Howard et al., 1977). Surface shells are buried by this 

activity either directly by exhumed material or through infill 

of the excavated pits. In the outer flats, density of ray 

pits can exceed 120/ 100 square meters (personal observation) , 

and in some places, such as sand wave troughs, bioturbation 
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can be so intense that pits merge and lose their individual 

identity. In contrast, the highest ray pit density I have 

observed in the tidal channel is 10 pits/50 m2. Ray pits do 

not occur on the thin sediment veneer in the rocky outer 

flats. 

The observations cited above suggest that algal 

bioerosion should proceed more rapidly on the snail-grazed 

shells of the tidal channel and rocky outer flats than on the 

ungrazed and more extensively bioturbated shells of the sandy 

outer flats. Recall, for instance, the relatively rapid 

destruction of an experimental shell (40% of shell mass lost 

in 9 months) in the tidal channel (Chapter 3). 

Here I examine differences in the intensity of 

microboring textures on shells from the two environments, the 

results of snail-exclusion experiments in the tidal channel, 

and the estimated mass loss of shells collected from both 

environments. The questions addressed are: 1) Is microboring 

significantly more intense in the tidal channel and rocky 

outer flats than in the sandy outer flats? 2) Does grazing 

promote the development of microboring textures on shells? and 

3) Are tidal channel and rocky outer flat shells destroyed 

more rapidly than sandy outer flat shells? 
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SHELL SURFACE TEXTURES 

Shells from the tidal channel and sandy outer flats were 

collected as described in Chapter 3. Collection sites are 

shown in Figure 3.1. Shells of Chione californiensis were 

selected from these bulk samples. ~ cailforniensis was 

chosen for this comparative study because it occurs alive in 

both environments and dead shells are abundant. To eliminate 

possible size bias, only shells between 30 and 50 rom in 

antero-posterior length were used. Final sample sizes were 97 

shells from the tidal channel, 44 shells from the rocky outer 

flats, and 125 shells from the sandy outer flats. See 

Appendix C for data and for a discussion of mass loss on these 

shells. 

Intensity of boring 

Shells were examined for evidence of microboring at 40X 

under the binocular microscope and grouped into four classes 

corresponding to the microboring stages described by Cutler 

(1987a). 

Stage 0 shells show no evidence of infestation by algal 

microboring. 
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stage 1 shells show limited evidence of boring -- borings 

are isolated with large intervening areas and cover less 

than 50% of the shell surface. 

stage 2 shells show abundant borings covering over 50% of 

the shell surface, but isolated "plateaus" of unbored 

surface remain. 

stage 3 shells show complete infestation with no 

remaining unbored surface. 

Inner shell surfaces were examined so that only post

mortem boring could be recognized. 

Table 4.1 and Figures 4.1 to 4.3 show the distribution of 

shells in each class from the tidal channel, sandy outer 

flats, and rocky outer flats. Note first that very few shells 

in any of the environments have escaped microboring. This is 

a reflection of the very rapid infestation rates described in 

Chapter 3. 

While the environments do not differ in the presence of 

microboring, they do differ significantly in the intensity of 

microboring. Shells from the tidal channel are more heavily 

bored than those from the sandy outer flats. Most shells from 

the tidal channel show stage 3 surfaces (100% bored), whereas 

most shells from the sandy outer flats show stage 1 surfaces 

«50% bored). The two distributions differ significantly at 



Environment 

Tidal 
channel 

Sandy 
outer 
flats 

Rocky 
outer 
flats 

Q 

1 

(1%) 

3 

(2.5%) 

2 

(4.5%) 

TABLE 4.1 

Boring 

1. 

17 

(17.5%) 

66 

(53%) 

3 

(7%) 
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stage 

~ d 

18 61 

(18.5%) (63%) 

17 39 

(13.5%) (31%) 

8 31 

(18%) (70.5%) 
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Figure 4.1. Histogram of shells of Chione californiensis from 
tidal channel in boring stages 0 (no microboring), 1 (limited 
microboring), 2 (extensive microboring), and 3 (total 
microboring) . Black indicates shells with living algae; 
diagonal ruled pattern indicates shells without living algae. 
See text for further details and discussion. 
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Figure 4.2. Histogram of shells of Chiong californiensis from 
sandy outer flats in boring stages 0 (no microboring), 1 
(limited microboring), 2 (extensive microboring), and 3 (total 
microboring) . Black indicates shells with living algae; 
diagonal ruled pattern indicates shells without living algae. 
See text for further details and discussion. 
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Figure 4.3. Histogram of shells of Chione californiensis from 
rocky outer flats in boring stages 0 (no microboring), 1 
( limited microboring), 2 ( extensive microboring), and 3 (total 
microboring) . Black indicates shells with living algae; 
diagonal ruled pattern indicates shells without living algae. 
See text for further details and discussion. 
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Figure 4.4.: Ray pits in sandy outer flats. Note shell spoil 
piles. 
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TABLE 4.2 

Boring stage 

0 1 2 3 Total 

Tidal 
channel 

live algae 0 4 9 44 57 

no 
live algae 1 13 9 17 40 

Sandy: 
outer flats 

live algae 0 16 8 15 31 

no 
live algae 3 50 9 24 96 

Rocky: 
outer flats 

live algae 0 2 7 28 37 

no 
live algae 2 1 1 3 7 
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P<.001 (G test, similar results were obtained with a chi 

square test). Rocky outer flat shells resemble tidal channel 

shells in their distribution of surface textures -- the two 

distributions cannot be distinguished statistically (P>.05, G 

and chi square tests). 

Presence of living algae 

The greater boring activity in the tidal channel and 

rocky flats is also reflected in the proportion of shells with 

borings occupied by living algae (Table 4.2, Figures 4.1 to 

4.3). Such shells are recognizable by the greenish tint of 

bored areas when examined under the binocular microscope or 

even macroscopically. 

Most shells from the sandy outer flats lack living algae 

in their borings; this is true even of stage 3 shells, despite 

the complete boring of their surfaces. Tidal channel and 

rocky outer flat shells, especially stage 3 shells, are more 

abundantly infested with living algal colonies. 

The apparent inhibition of algal growth in sandy flat 

shells cannot be due to inhibition of growth by physical 

agitation in the manner described by Alexandersson (1972). 

Shells in the tidal channel and rocky outer flats are at least 

as mobile as shells in the sandy outer flats. Rather, it is 

probably due to ray bioturbation. White, uninfested shells 
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represent material recently exhumed by rays (shell spoil piles 

are a conspicuous feature of the outer flats, Figure 4.4), and 

their abundance in the sandy outer flats reflects the high 

rate and depth of sediment overturn there. A possible 

explanation for the rarity of grazing gastropods in the sandy 

outer flats is that shells infested by living algae never 

attain a sufficient density to support significant numbers of 

grazers. 

origin of stage 3 shells in the sandy outer flats 

Interestingly, at least half of the stage 3 shells from 

the sandy outer flats show evidence of gastropod grazing (19 

out of 33 have identifiable radula marks, only one definitely 

lacks radula marks) despi te the scarcity of shell grazers 

there. These textures almost certainly did not develop in 

situ. One possibility is that these shells were derived from 

the adjacent rocky flats, where snails are abundant and shells 

commonly bear radula marks (Table 3.2). 

Alternatively, these shells may be relicts from an 

earlier time when the sediment veneer atop the underlying 

Pleistocene coquina was thinner or nonexistent. In this 

interpretation, these shells resemble rocky flat shells 

because they date from a ·time tolhen this part of the bay was 

rocky flats. Meldahl (1990) called upon this habitat change 
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to explain the high abundance of reworked Pleistocene shells 

in the sandy outer flats, and the deep mixing of sediments by 

the ever-present rays provides a mechanism for bringing these 

shells up from depth. 

SNAIL EXCLUSION EXPERIMENT 

In experiments described in Chapter 3, shells attached to 

a cinderblock in the tidal channel became densely bored 

(Figure 4.5a), whereas shells put in the sandy outer flats 

developed a composite texture of algal boring and algal

induced precipitation (Figure 4.5b). 

To test the importance of snail grazing in the 

development of microboring textures, I set out four additional 

experimental blocks in the tidal channel site (Figure 3.1, 

Figure 4.6). On each cinderblock I put 5 loose shells in a 

covered plastic basket with openings approxmately 2mm across. 

This mesh excluded all but the smallest snails from the 

baskets. I put five other shells in a second basket with 

larger openings (minimum dimension about 1.5 cm) so that 

snails could enter readily, but the shells could not be washed 

out. Both baskets were bound to the cinderblock with wire. 

I glued five shells concave up to the cinderblock with marine 

epoxy. 
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A. 

B. 

Figure 4.5. A} Surface of shell exposed on cinder block in 
tidal channel for 268 days. Note dense "honeycomb"borings 
covering entire surface. B} Surface of shell exposed on cinder 
block in sandy outer flats for 223 days. Note plateaus of 
unbored surface (PL) I filament traces (FT) I and calcified 
filaments (CF). 
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Figure 4.6. Photograph of snail-exclusion experimental blocks 
in tidal channel. See text for description of snail exclusion 
baskets. 
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The shells used for this experiment were freshly-emptied 

valves of Chione fluctifraga. All shells were weighed on a 

triple beam balance to the nearest 0.1 gram and marked before 

the experiment, so that weight loss could be monitored. 

The blocks were put in the channel May 24, 1990, and 

shells were retrieved after one month (June 23, 1990) and five 

months (October 20, 1990). As with earlier experiments, shell 

recovery was low. Out of sixty shells put out, only thirteen 

identifiable shells were recovered (Table 4.3). Four baskets 

were broken and some or all of the shells lost; one bloc]c 

disappeared entirely. 

Nevertheless, the material recovered does indicate that 

grazing does promote microboring. Ungrazed shells show some 

microboring after one month, but more conspicuous is the 

development of a surf ical crust, presumably the result of 

epilithic algae (Figure 4.7a). Grazed shells also show some 

algal-induced precipitation after one month, but microboring 

dominates (Figure 4.7b). 

After 5 months the differences are visible under the 

binocular microscope and macroscopically: grazed shells show 

a thinning of their margins and measureable mass loss (10-

15%), and ungrazed shells do not (Table 4.3). Grazed shells 

are also "greener", owing to their more extensive infestation 

by algae (Figure 4.8 a, b). 
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A. 

B. 

Figure 4.7. Surface of shells after 1 month in tidal channel. 
A) Large grazing snails excluded by plastic mesh. Some 
microborings are present, but surface is dominated by a crust 
of secondary calcium carbonate. B) Surface exposed to 
gastropod grazing. Microborings are much more abundant than in 
A) and crust is less extensive. 
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A. 

B. 

Figure 4.8. Shells from snail exclusion experiment after 5 
months. A) Ungrazed shell retains much original surface and 
color. Some algal boring (green tint), but most of surface 
covered by epilithic slime. B) Grazed shell densely bored and 
infested by algae (dark green). 
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TABLE 4.3 

ONE MONTH 

grazed 

shell mass before mass after change %change 

5* 10.0 10.1 .1 +1% 

17 12.0 11.7 .3 -2.5 % 

33 10.5 10.6 .1 +1% 

34* 11.3 . 11.00 .3 -2.6% 

62 11.8 11.9 .1 +.8% 

ungrazed 

27 17.4 17.1 .3 -1.7% 

40 13.0 12.9 .1 -.8% 

53 14.9 15.1 .2 +1.3% 

65 11.5 11.7 .2 +1.7 

5 MONTHS 

grazed 

25* 11. 7 10.5 1.2 -10.3% 

51* 12.3 10.5 1.8 -14.6% 

ungrazed 

42 11.5 11.8 .3 +2.6% 

75 12.1 12.7 .6 +5% 

* Refers to shells glued to block, all others in baskets. 
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CONCLUSIONS 

From the data presented above, it is clear that algal 

microboring is more intense in the tidal channel 

than in the sandy outer flats. Most tidal channel shells are 

densely bored and harbor living algae, whereas most sandy 

outer flat fihells are only lightly bored and lack living 

algae. The scarcity of algae and grazers on sandy outer flat 

shells is due to the bioturbational overturn of sediments by 

rays. 

Grazing by snails promotes the development of microboring 

textures, and on experimental shells it accelerated mass loss. 

The extent of mass loss on shells collected in the field could 

not be determined conclusively, however, due to difficulties 

in estimating the original masses of time-averaged shells 

(Appendix C). 

The overall picture that emerges here is consistent with 

what has been observed by other workers. Grazing plays the 

same role in the destruction of mobile substrates in shell 

gravels as it does on the stable rocky substrates (e. g . 

Golubic and Schneider, 1979). Ray bioturbation has the same 

effect on the preservation of shells as does callinassid 

bioturbation, although in a different way. Shells escape 

bioerosion not through immediate burial, as was observed by 

Tudhope and Scoff in (1984) and can be observed on the inner 
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flats of Bahia la Choya (Meldahl 1987), but through a constant 

overturn of the upper 30 cm of sediment, which keeps the 

density of algae, and therefore algal grazers, below a 

critical level. 

These resul ts have two general implcations for the 

preservation of shells in shell gravels. First, the rate of 

bioerosion by algal boring and grazing appears to be density

dependant -- the highest rates of destruction will occur where 

shells are most abundant, all else being equal. This 

contrasts with the buffering effect of high shell density 

observed in environments where chemical dissolution, rather 

bioerosion, dominates shell destruction (e.g, Aller, 1982). 

Dense shell accumulations create a local microenvironment in 

which porewater pH is elevated, limiting the potential for 

shell destruction by dissolution. For shells subjected to 

algal/gastropod bioerosion, there is no such safety in 

numbers. 

Finally, the importance of bioturbational churning in the 

preservation of shells in the sandy outer flats suggests that 

there may be a trade-off in the preservation of shell beds: 

the process that preserves individual shells destroys their 

microstratigrapic relationships. Old shells are dumped on top 

of younger ones by feeding rays, in time homogenizing ·the 

upper layers of sediment. stratigraphic disorder may be the 

price of abundant and well-preserved shells. 



CHAPTER 5 

FOSSILS OUT OF SEQUENCE: COMPUTER SIUULATIONS AND 

STRATEGIES FOR DEALING WITH STRATIGRAPHIC DISORDER 

INTRODUCTION 
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A fundamental concept in geology is Steno's Law of 

Superposition: beds of sediment are laid down in accordance 

with their relative ages -- oldest at the bottom and youngest 

at the top. This law makes such intuitive sense that it is 

routinely applied not only to strata, but also to the fossils 

contained within them. Except in cases of obvious reworking, 

stratigraphic position is taken as an indicator of the 

relative ages of fossils. 

On a gross scale this assumption must be valid 

otherwise biostratigraphy would be impossible. There must, 

however, be limits at fine stratigraphic scales. As 

paleobiologists and stratigraphers tackle problems that 

require greater and greater microstratigraphic resolution 

(modes of evolution, Malmgren and Kennett, 1981; paleoecology, 

e.g. Fursich and Kirkland, 1986; extinction, e.g. Keller, 

1989; high resolution stratigraphy, e.g. Kauffman, 1985), it 

is important that these limits be knmvn. The limits of 

paleontologic resolution imposed by the rate and constancy of 
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sedimentation have been discussed by other workers (Anders et 

al., 1987; Behrensmeyer, 1982; 

1983; Sadler, 1981; Schindel, 

Behrensmeyer and Schindel, 

1980, 1982). To obtain 

sufficient resolution to address biological problems such as 

speciation, sampling intervals within a section must in many 

cases be on the order of centimeters or even millimeters 

(Schindel,1980). In many sedimentary environments, however, 

the zone of physical and biogenic mixing may be tens of 

centimeters thick (Carney, 1981). Though such a section may 

be sufficiently complete from a sedimentologic standpoint, the 

degree to which a sequence of fossils within it represents an 

ordered chronological sequence is a separate issue. 

We define stratigraphic disorder as the departure from 

perfect chronological order of fossils in a stratigraphic 

sequence. Any sequence in which an older fossil occurs above 

a younger one is stratigraphically disordered. Scales of 

stratigraphic disorder may be from millimeters to many meters. 

stratigraphic disorder is produced by the physical or biogenic 

mixing of fossiliferous sediments, and the reworking of older, 

previously deposited hard parts into younger sediments. Since 

these processes occur to an extent in virtually all 

sedimentary systems, stratigraphic disorder at some scale is 

probably a common feature of the fossil record. It has, for 

example, been recognized in cores from the Texas bays (Powell 

et al., 1986), in late Quaternary sediments of the west 
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African shelf (Einsele et al., 1977), and in carbonate sands 

of the Great Barrier Reef (Walbran et al., 1989). In the 

northern Gulf of California, the radiometric ages of shells 

do not correspond with their depth of burial in tidal flats 

(Meldahl, 1987, dated shells are not from a single core, 

however) or with their positions in shell cheniers (Thompson, 

1968). Although such age anomalies must always be interpreted 

in the light of possible contamination or other dating 

artifacts, they are sufficiently common and of a scale (1000's 

of years, 10's of cms) to warrant serious attention. 

We examine here the effects of mixing and reworking on 

fossil sequences through the use of simple computer models. 

Given the widespread occurrence of both sedimentary mixing and 

reworking, a natural question to ask is, how efficient are 

these agents of disorder? A complete answer to this question 

awaits the collection of more data on the age distributions of 

fossils wi thin sedimentary sections and on the processes 

acting on skeletal remains in sedimentary environments. We 

can approach this problem most intelligently, however, if we 

are armed with an understanding of the mathematical ground 

rules underlying disordering processes. 
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MECHANISMS OF DISORDER 

Mixing 

vertical mixing of sediments, primarily through 

bioturbation, has been modeled as both a diffusion and a 

convection process (see discussion in Carney, 1981). The 

thickness of the mixing zone can reach 75 cm in shallow water 

(Warme, 1971) and 40 cm in abyssal sediments (Guinasso and 

Schink, 1975; Kim and Burnett, 1988), though rapid mixing 

generally involves a layer 6 to 18 cm thick (Carney, 1981) 

Random displacement of sediment grains by organisms burrowing 

through the sediment is modeled as a diffusion process. 

Overturning of sediment by sedentary "conveyor belt" feeders 

more closely approximates convection. 

Berger and Heath (1968) assume that randomization within 

the mixing zone occurs instantly, and as sediments accumulate 

the mixing zone is displaced upward carrying "old" sediments 

with it. The Berger and Heath box model (later modified by 

Guinasso and Schink, 1975) has been used with success in 

pelagic sediments, where diffusion processes dominate. In one 

instance, this model has even been used to "unmix" the 

sedimentary record in deep sea cores (Berger et al., 1977). 

We are interested here in the effect of sedimentary 

mixing on the relative positions of macrofossils within the 
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mixing zone, not in the diffusive or convective churning of 

the sedimentary matrix itself or of fossils whose size 

approaches that of the sedimentary particles. Macrofossils 

may be piped downward wi thin burrows or pushed upward by 

burrowing organisms (McCave, 1989). Downward settling of 

coarse skeletal material through the action of conveyor-belt 

bioturbators (Rhoads and Stanley, 1965; Meldahl, 1987) or wave 

traction (Powers and Kinsman, 1953) may alter relative 

positions of fossils if settling rates are not uniform. 

Differences in shell size or shape, or sediment 

inhomogeneities may cause younger fossils to "overtake" older 

fossils and thus occur stratigraphically lower wi thin the 

mixing zone. 

Re~10rJdng 

Fossils may be buried and exhumed several times prior to 

final burial. Indeed, in some instances final burial is only 

"final" in the sense that it is the burial episode immediately 

preceding collection of the fossil by a paleontologist. 

Reworking of fossils, while widely acknowledged (e.g. Eaton et 

al., 1989), has received no attention by modelers. Geomorphic 

models of erosion and redeposition of shallow marine sediments 

emphasize volumetric transfer of sediments rather than age 

relationships (e.g. Fox, 1985). Geomorphic considerations, 
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along with tectonic and eustatic fluctuations likely put 

constraints on the scale and occurrence of reworking, but 

these are beyond the scope of our discussion here. 

MODELING DISORDER 

Sedimentary mixing and reworking were modeled using 

computer programs written in GWBASIC (Appendix D). In each a 

hypothetical sequence of 20 fossils was progressively 

disordered as described below. 

Mixing 

In the sedimentary mixing program (MIXR) a fossil at a 

given level was selected at random and "swapped" with the 

fossil immediately above or below it (Figure 5.1). The level 

and direction (up or down) of mixing in each step was 

determined with a random number function. The process was 

repeated for a specified number of steps (up to 5000). In 

effect, each fossil embarks on a random walk within the mixing 

zone over the course of the simUlation. The degree of 

disorder of the resultant sequence was measured using two rank 

correlation coefficients described be lot." • Each run represents 

a time series of the progressive disordering of the initial 

sequence, although there is no actual time scale associated 
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MIXING MODEL 

ORIGINAL 1 STEP 2 STEPS 3 STEPS 

2 3 :3 4 

2><4><:3 
422 4 

5 5 5 5 

Figure 5.1. Mixing Model. Columns represent stratigraphic 
sequences and numbers represent fossil "ages." An initial 
ordered sequence of fossils is progressively mixed by the 
"swapping" of adjacent fossils. 
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wi th the process. In fact, the steps need not represent equal 

amounts of time. This model of mixing was chosen because it 

is the simplest geologically reasonable model for 

progressively randomizing a sequence (see Aldous, 1983 and 

Aldous and Diaconis, 1986 for mathematical treatments of 

other mixing models). 

Reworking 

In the reworking program (RECY) an initial sequence of 20 

shells is progressively diluted by the admixture of older, 

reworked shells. The number of reworked shells added ranges 

from 2 to 40. All rew'orked shells are older than the oldest 

shell in the initial sequence, i.e. the age range of the in 

si tu shell sequence and the reworked shell source do not 

overlap. The positions of reworked shells in the sequence are 

assigned randomly by the computer program. Unlike the mixing 

model, the reworking model does not represent a time series. 

Rather, it represents a gradient of relative hardpart 

production vs reworking rates (e.g. a proximity gradient from 

the source of reworked shells). 

Three versions of this model were run to encompass a 

range of possible reworking scenarios. 1) Random-age Model. 

Ages of reworked shells were assigned randomly, corresponding 

to a shell source that is well mixed (Figure 5.2a). 
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A 

RANDOM-AGE MODEL 

O~ 2(J~ 40 ~ 60~ 

2 2 2 2 

3 20 20 20 

4 3 3 10 

5 4 4 3 

5 IS 4 

5 15 

5 

B C 

CONS T ANT - AGE MODEL UNROOFING MODEL 

O~ 2(J~ 40 r. 60~ O~ 20? 40 ~ 50~ 

2 2 2 2 2 2 2 2 

3 ~~ 20 20 25 2S 2S "" 
4 3 20 4 28 

5 ..j 4 3 5 .) .) 3 

5 20 4 5 10 4 

5 20 5 10 

5 5 

Figure 5.2. Reworking Model. Columns represent 
stratigraphic sequences and numbers represent fossil "ages." 
An ordered sequence of fossils is diluted by reworked fossils. 
Ages of reworked fossils do not overlap with those of in situ 
fossils. A) Random-age model. Ages of reworked fossils are 
randomly assigned. B) Constant-Age Model. Ages of reworked 
fossils are undifferentiated. C) Unroofing Model. Reworked 
fossils are in reverse chronological order. 
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2) Constant-age Model. All reworked shells are assigned the 

same age, corresponding to a situation in which ages of the 

reworked shells cannot be resolved (Figure 5.2b). 3) 

Unroofing Model. Reworked shells are assigned ages so that 

they are in reverse stratigraphic order, corresponding with an 

"unroofing" of the shell source, i.e. youngest shells are 

eroded and redeposited first, then older shells. (Figure 

5.2c) • 

In real sedimentary systems it is likely that both mixing 

and reworking contribute to disorder. Also, key assumptions 

of the models do not necessarily hold in the real world -

during mixing fossils are probably not constrained to move one 

stratigraphic level per mixing event, and reworked fossils may 

in fact overlap in age with in situ fossils. If these 

assumptions are relaxed, the two models become less distinct. 

They are best seen as end members of a spectrum of disordering 

schemes. 

The present models also do not consider either 

accumulation or taphonomic loss of fossils. Both would act 

against the generation of disorder. Accumulation of sediments 

and fossils concurrently with mixing would reduce the 

residence time of fossils within the mixing zone by shifting 

the zone upward. The time available for disordering to occur 

is much less in a rapidly aggrading system than in one of zero 
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or low net accumulation. Taphonomic loss of shells acts 

against stratigraphic disorder by destroying old fossils that 

might potentially be recycled into younger sediments. These 

factors are excluded from the present analysis for the sake of 

simplicity. As will be shown below, the two simple models 

considered have unexpected properties 

that need to grasped before more complex models can be 

attempted. 

MEASURING DISORDER 

How can we characterize the overall disorder of a 

sequence? Stratigraphic disorder can arise at many scales. In 

some cases the discrepancy between age and stratigraphic 

position may be great, but involves a small proportion of 

fossils in the assemblage. 

may be slight, but all 

affected. 

In other cases the discrepancy 

or nearly all fossils will be 

A simple approach to measuring disorder in a sequence is 

to use rank correlation statistics, in which the age rank of 

a fossil (youngest, second youngest, and so on) is compared 

with its stratigraphic position relative to other fossils. 

Two widely used rank correlation measures are the Spearman 

era) and Kendall (tau) coefficients. Both range in value from 
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A random or 

intermediate sequence will have value of O. The Spearman 

coefficient for a sequence of fossils is simply the product

moment correlation coefficient (r) for the age and 

stratigraphic rank values. Kendall's coefficient is 

computationally more elaborate and is based on the probability 

that any randomly selected pair of fossils will be in correct 

stratigraphic order. A correction term adjusts the values so 

that Kendall's Tau falls between 1 and -1, rather than 1 and 

O. 

The two measures give similar but not identical results. 

The Spearman coefficient gives more weight to fossils that are 

far out of position and is less sensitive to "small scale" 

disorder. The Kendall coefficient weights all discrepancies 

equally (Sokal and Rohlf, 1981, page 607). Both values are 

reported here. 

I will not address the question of what constitutes an 

unacceptable level of disorder; this will vary with the 

paleontological or stratigraphic problem at hand. I use the 

conventional measures of statistical significance (99% and 95% 

levels) as our benchmarks. 
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RESULTS 

l-Ibdng 

The results of 50 runs of MIXR are summarized in Table 

5.1. Mean Spearman values are shown in Figure 5.3. Kendall 

and Spearman values are shown in Figure 5.4. Both measures of 

disorder tell the same story: decay of stratigraphic order 

occurs most rapidly early in the simulations, slowing down as 

rs or Tau approaches zero. This is because initially each 

exchange of adjacent shells has a high probability of 

reversing stratigraphic order and a low probability of 

restoring order. As the overall order of the sequence 

declines these probabilities become more nearly equal. As a 

consequence, the drop in stratigraphic order per step 

decreases as the simulation progresses. 

A remarkable feature of this curve is the long 

persistence of order in the simulations. Even after 200 

steps, the equivalent of moving each shell through the entire 

sequence (two shells are moved each step) 100% of the 

sequences remain significantly ordered at the 99% level (Table 

5.1). On average, sequences still retain significant order at 

the 99% level (Tau) or 95% (rs) after as many as 500 mixing 

steps. This means that although on average each shell has 
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TABLE 5.1 

Mixing Model 

Program steps 

JQ ~ ~ 100 200 500 1000 5000 

Spearman 

Mean .986 .972 .924 .870 .778 .506 .302 .014 

Max. .997 .991 .961 .956 .922 .779 .693 .447 

Min. .971 .932 .814 .714 .617 -.098 -.108 -.510 

% sig. 100 100 100 100 100 36 6 0 
@99% 

% sig. 100 100 100 100 100 64 20 2 
@95% 

Kendall 

Mean .927 .882 .801 .712 .591 .371 .207 .011 

Max. .958 .937 .926 .842 .768 .621 .463 .337 

Min. .895 .832 .705 .568 .316 .105 -.084 -.347 

% sig. 100 100 100 100 92 44 12 0 
@99% 

% sig. 100 100 100 100 98 66 22 2 
@95% 
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Figure 5.3. Results of mixing simulations. Sequences were 20 
fossils "thick". Mean Spearman coefficients for 50 runs. 
Dashed lines indicate 99 and 95% significance levels. 



c:: 
0 

-.:; 
~ 
~ 
8 
~ 

~ 
a: 

0.9 

0.7 

0.5 

0.3 

0.1 

Mixing Model ~ Spearman and Kendall 

Spearman 

Kendall 

99% Spearman 
99% Kendall 

O.O+---~--~--~--~--~---r--~--~--~--~ 
o 1000 2000 3000 4000 5000 

Program steps 

146 

Figure 5.4. Results of mixing simulations. Mean Spearman and 
Kendall coefficients for 50 runs. Dashed lines indicate 99% 
significance levels for each measure. 
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moved 50 times -- enough to traverse the entire sequence 2 1/2 

times -- the sequence is still highly ordered. After 5000 

steps order is no longer signif icant, but has yet to be 

obliterated; mean rank correlation values never reach zero in 

our simulations. Complete randomization by this scheme would 

take 24,000 mixing steps (Diaconis, personal communication). 

This is not a unique property of our model. It is hard 

to mix things up. The 1970 draft lottery, in which 365 dated 

capsules were drawn from a box and matched with draft numbers, 

was significantly nonrandom (mean Spearman =.226, significant 

at 99.9%) despite intense bioturbation of the box beforehand 

by Selective Service officials (Fienberg, 1971). Many 

ostensibly randomized systems retain "hidden" order, a fact 

that has long been exploited by card cheats and stage 

magicians (Aldous and Diaconis, 1986; Gardner, 1977). 

The nature of our model is such that disorder is 

generated at a small scale (shells can move only one horizon 

at a time) and large displacements result from the cumulative 

effects of many small displacements. This is reflected in the 

relative values of the Spearman and Kendall coefficients 

Spearman values are consistently higher, due to their relative 

insensitivity to small-scale disorder. Our model is 

conservative. Models allowing shells to move more than one 

level per step or more than one shell per step (e.g. all 

shells above a selected horizon are displaced) will disrupt 
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stratigraphic order more rapidly. Our simulation is therefore 

a best case estimate of the preservation of order. 

Rel'10rking 

Results of the reworking simulations are summarized in 

Table 5.2. Mean correlation scores are shown in Figures 5.5 

and 5. 6 . As with the mixing model, the decay curve is concave 

upward, though the concavity is not as pronounced. 

Deterioration of order occurs rapidly as the percentage of 

reworked shells increases. Where the mixing model is 

surprisingly forgiving, the reworking model is surprisingly 

unforgiving, especially considering that the total number of 

shells increases as reworked shells are added (thus lowering 

the threshold values for significance). The Spearman values 

drop below the 99% significance level at about 35%, implying 

that sequences may be dominated by undisturbed, autochthonous 

shells, and yet be appreciably disordered. The degree of 

"pre-mixing" of reworked shells does not have a large effect 

on the deterioration of stratigraphic order (Figure 5.4a). 

The decay curves of the three models (R,C and U) remain close 

as long as the sequences retain significant order. Model U 

("unroofing") diverges from the other two, but this is most 

marked after order has been mostly lost. For practical 

purposes then, the models are nearly equivalent. 
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TABLE 5.2 

Random-age Model 

Percent reworked fossils 

9% 20% 33% 43% 50% 60% 66% 

Spearman 

Mean .798 .652 .433 .310 .227 .162 .105 

Maximum .999 .942 .781 .635 .583 .471 .363 

Minimum .502 .364 .051 -.053 -.006 -.180 -.118 

9.:-
0 sig. 100 92 56 26 16 16 6 
@ 99% 

% sig. 100 100 78 58 32 24 12 
@ 99% 

Kendall 

Mean .808 .649 .438 .316 .232 .162 .107 

Maximum .991 .867 .683 .546 .474 .383 .383 

Minimum .645 .440 .205 .096 .064 -.047 -.052 

% sig. 100 100 82 60 32 26 8 
@ 95% 

% sig. 100 100 96 82 52 38 16 
@ 99% 
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TABLE 5.2 (continued) 

constant-age Model 

Percent reworked fossils 

9% 20% 33!1t 43% 50% 60% 66% 
Spearman 

Mean .800 .656 .441 .317 .235 .185 .134 

Maximum 1.00 .985 .806 .581 .600 .471 .481 

Minimum .503 .369 .035 -.063 -.136 -.123 -.200 

% sig. 100 96 60 36 20 24 8 
@ 95% 

% sig. 100 100 80 60 42 40 22 
@ 95% 

Kendall 

Mean .801 .658 .462 .344 .262 .202 .146 

J.laximum .998 .868 .743 .541 .522 .411 .412 

Minimum .651 .454 .214 .078 .018 -.016 -.153 

% sig. 100 100 86 64 44 42 14 
@ 95% 

% sig. 100 100 96 84 62 44 28 
@95% 
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TABLE 5.2 (continued) 

Unroof ing r'Iodel 

Percent reworked fossils 

9% 20% 33% 43% 50% 60% 66% 

Spearman 

Mean .794 .617 .327 .124 -.024 -.192 -.327 

Maximum .999 .920 .706 .393 .358 .108 -.001 

Minimum <502 .351 -.072 -.215 -.371 -.489 -.650 

.9.:-0 sig . 100 80 28 2 0 0 0 
@ 95% 

% sig. 100 100 58 8 0 0 0 
@ 95% 

Kendall 

Mean .804 .614 .334 .136 -.015 -.193 -.329 

Maximum .991 .820 .600 .314 .210 -.025 -.132 

Minimum .645 .413 .099 -.106 -.228 -.368 -.555 

% sig. 100 100 50 2 0 0 0 
@ 95% 

% sig. 100 100 78 16 0 0 0 
@ 95% 
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Reworking Models 
1.0 

--a-- Random 
0.8 0 Constant 

a- Unrooling ... 
c 

0.6 Q) ..... _ .... 99%sig. ;g ------ 95% slg. 
Q; 
0 0.4 0 
c: 
ro 
E 0.2 --, ... 
ro 
Q) 
a. 

0.0 en 

-0.2 

-0.4 
0 10 20 30 40 50 60 70 

Percent reworked fossils 

Figure 5.5. Results of reworking simulations. Mean Spearman 
coefficients of 50 runs of Random-age, Constant-age, and 
Unroofing Models. Dashed lines indicate 99 and 95% 
significance levels. Slope of dashed lines is due to the 
increased sample size as reworked shells are added. 
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Figure 5.6. Mean Spearman and Kendall coefficients for 50 
runs of Random-age model. Dashed lines indicate 99% 
significance levels for each measure. 
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IMPLICATIONS FOR THE FOSSIL RECORD 

Two general conclusions emerge from this analysis: 1) it 

is relatively diff icul t to disorder a sequence by mixing 

fossils in place, and 2) it is relatively easy to disorder a 

sequence by introducing reworked fossils. 

Because our simulations lack spatial and temporal scales, 

they must be interpreted with caution. It is difficult to 

assess how the results compare with actual rates of 

disordering. Many studies exist on the mixing rates of fine 

grained sediments, mostly in the deep sea (Guinasso and 

Schink, 1975; Carney, 1981; Kim and Burnett, 1988), but data 

on the mobility of macrofossil-sized particles within the 

mixing zone are scarce. That large particles can be displaced 

significantly has been demonstrated in a few cases, with rates 

of vertical movement varying from less than 1 cm/year (McCave, 

1989) to nearly 30 cm/year (Meldahl, 1987; personal 

communication) • 

Mixing probably does account for some disordering of 

fossils within the mixing zone, especially in areas of low net 

sedimentation, where much time is available for mixing to 

occur. For example, in parts of Bahia la Choya, northern Gulf 

of california, the entire Holocene stratigraphic record 

consists of a meter or less of shell-rich sands intensively 

bioturbated by abundant rays and callianassid shrimp. Present 
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sedimentation rates are extremely low. A stack of twenty 

shells within these sediments would stand a good chance of 

becoming disordered through mixing, and this may account for 

some of the age anomalies reported by Meldahl (1987; but 

reworking is also a likely factor, see below). In areas of 

active aggradation or less intense bioturba-tion, complete 

mixing is less likely, though it is not possible to say at 

this point what the critical values might be. 

The importance of reworking in sedimentary environments 

is easier to address than that of mixing; erosion of marine 

terraces, barrier islands, or other sources can be observed 

and their contributions estimated. Our results show that only 

a small proportion of reworked shells is required to 

significantly degrade stratigraphic order. This suggests that 

reworking may seriously affect the quality of the 

stratigraphic record. In Bahia la Choya reworked Holocene 

shell material 1000-4000 years old derived from spit deposits 

is abundant and can account for up to 85% of surface shells in 

adjacent tidal channels (Meldahl, personal communication). 

Elsewhere in the northern Gulf shell cheniers may be 

cannibalized and their material, much of it well preserved, 

redeposited (personal observation; Thompson, 1968) Though 

this may be an extreme example -- it is an area of low 

sedimentation rate and high tectonic acti vi ty -- workers 
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else't-There have reported similarly high proportions of reworked 

material (e.g. Davies et al., 1989). 

The age-distribution of reworked shells is apparently not 

important in the production of disorder; the random-age, 

constant-age, and unroofing models produced similar rates of 

disordering. That is, the nature of the fossil source 

whether it is already well-mixed or even if there are multiple 

sources --makes little difference, as does the way in which it 

is tapped (oldest to youngest or youngest to oldest). What is 

important is that the reworked fossils are all older than the 

endogenous fossils, and that the reworked fossils be 

interspersed throughout the sequence. That is, the source 

must persist and supply fossils for a geologically significant 

span of time. 

Unlike mixing, where ichnofabric and bedding 

characteristics may provide clues to the extent of disorder, 

instances of reworking will best be recognized by the 

characteristics of the fossils themselves. A neatly layered 

sequence with undisturbed laminations may in fact be highly 

disordered if it contains a significant fraction of reworked 

material. Disorder would only be recognizable if during the 

reworked material's residence in the source body it acquired 

some identifiable "mark". A familiar example is the remnants 

of matrix frequently found on reworked fossils. But in cases 

where the source sediment is unconsolidated and the fossil 
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material is relatively unaltered, recognition of reworked 

material may be difficult. Subtle differences, perhaps at a 

microscopic scale, may be the only available indicators 

(Cutler, 1987). 

DEALING WITH DISORDER 

Increasing Sample size 

The effects of mixing can be avoided to some degree by 

increasing the sample size at each horizon. Walbran et ale 

(1989) noted that the correlation between radiocarbon age and 

depth of burial in Great Barrier Reef sediments is much better 

for bulk samples than it is for individual skeletal elements. 

Similarly, in our MIXR simulations stratigraphic order is 

improved when the results of all the runs are pooled before 

the rank correlation coefficient is calculated, in effect 

simulating a bulk sample (Table 5.3). For example, after 1000 

steps the sequences taken individually have a mean Spearman 

coefficient of .301, well below the 95% significance level. 

However, when treated as a single bulk sample (i.e the mean 

age at each horizon for all 50 runs is used) the results are 

highly significant (Spearman = .910, Kendall =.747). Order is 

thus retrievable from disorder under some circumstances, 
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TABLE 5.3 

Mixing Model 

Program steps 

500 1000 5000 
Individual 
sample 

Spearman .506 .302 .014 

Kendall .371 .207 .011 

Bulk 
sample 

Spearman .979 .910 .093 

Kendall .902 .747 .074 

Spaced 
samples 

Spearman .533 .247 .025 

Kendall .396 .174 -.012 

Consecutive 
samples 

Spearman .218 .096 -.011 

Kendall .166 .072 -.020 
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TABLE 5.3 (continued) 

Reworking Model (Random-age) 

Percent reworked shells 

20% 33% 43% 
Individual 
sample 

Spearman .652 .433 .310 

Kendall .649 .438 .316 

Bulk 
sample 

Spearman .407 .189 .166 

Kendall .280 .145 .109 

Spaced 
samples 

Spearman .671 .380 .310 

Kendall .663 .402 .312 

Consecutive 
samples 

Spearman .652 .384 .260 

Kendall .653 .395 .288 
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although there is apparently a limit: after 5000 steps, the 

"bulk" treatment yields a Spearman coefficient of .093, hardly 

better than the .014 obtained by considering the sequences 

individually. Disorder resulting from reworked shells is less 

amenable to bulk sampling. Spearman values for the Random-age 

Model are actually worse when pooled ages are used. In the 

sequences wi th 15 reworked shells, for example, Spearman 

values calculated individually yield a mean value of .31, but 

when the ages are pooled the value declines to .166. 

Evidently the disorder of the reworked shells, which are all 

significantly older than the in situ shells, completely swamps 

any trace of relict order. 

Increasing sample spacing 

Another logical approach to minimizing the effects of 

disorder is to increase sample spacing. The sequences 

simulated by MIXR do indeed yield higher mean Spearman values 

if every second shell is considered (e.g., mean Spearman =.533 

after 500 steps) than if 10 consecutive shells are considered 

(mean Spearman=.218). There are tradeoffs, however. 

Increasing the sample spacing requires that the number of 

samples be reduced or the entire stratigraphic interval 

sampled be expanded. Either way, something is lost: 

statistical significance or stratigraphic resolution. For 
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example, a researcher interested in collecting from a given 

one meter interval might wish to minimize disorder by taking 

10 samples 10 centimeters apart rather than 20 samples 5 

centimeters apart. Unfortunately, the advantage of greater 

sample spacing may not be enough to offset the disadvantages 

of reduced sample size. In the simulation cited above, the 

value obtained by sampling every second shell of the twenty

shell sequence (mean rs=.533) is in fact somewhat higher than 

that of all twenty shells (rs=·506) , but since the sample size 

has been reduced to 10, the result is not significant. 

Not surprisingly, increasing sample spacing is of no 

advantage in the reworked sequences (Table 5.3). The nature 

of reworking as modeled here is such that shells can be just 

as easily 20 spaces out of order as two. 

sample spacing is unimportant. 

CONCLUSIONS 

Because of this, 

stratigraphic disorder can result from mixing of 

sediments by physical and biological processes, and from the 

introduction of older, reworked hardparts into younger 

sediments. The extent of disorder in modern and ancient 



sequences is 

occurrence of 

not well 

anomalies 

documented, 

in dated 

162 

but the widespread 

sections suggest that 

disorder should be taken seriously by paleobiologists and 

stratigraphers working at fine stratigraphic scales. 

Our computer simulations suggest that between mixing and 

reworking, reworking is the more worrisome problem. 

Disordering through mixing is a relatively sluggish process: 

even well-churned sequences in which shells on the average 

have been displaced the equivalent of 2 1/2 times the 

thickness of the mixed zone tend to retain significant order. 

Order can be retrieved from disordered sequences by increasing 

sample size at each horizon, though there is a limit at high 

levels of disorder. 

Stratigraphic order is lost rapidly through reworking and 

drops below the 99% level even while the sequence remains 

dominated by unreworked shells. This is true for all three 

reworking models considered. Increasing sample size at each 

horizon is no help in reconstructing stratigraphic order -

the reworked shells effectively swamp the sequence. 

Fortunately, reworJeed fossils are often recognizable by 

preservational characteristics such as remnant matrix, though 

more subtle criteria need to be developed for cases where 

these indicators are absent. 

surprisingly, increasing sample spacing does not 

significantly restore order in these simulations. When 
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spacing is increased, the number of samples taken over a given 

interval is necessarily reduced. The statistical consequences 

of this negate the apparent advantages of minimizing sample 

overlap. 



CHAPTER 6 

STRATIGRAPHIC DISORDER AND PALEONTOLOGICAL 

SAMPLING STRATEGIES 

INTRODUCTION 
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Any stratigraphic study must begin with a decision 

regarding the appropriate interval of vertical sampling. To 

a large extent this choice will depend on the scale of the 

phenomenon under investigation. For paleontological studies, 

the analysis of biotic changes occurring over ecologic time 

(1000's of years) will require much closer sample spacing than 

will changes occurring over evolutionary time (millions of 

year). Schindel's (1980) study of sedimentation rates and 

stratigraphic completeness provides estimates of 

microstratigraphic sampling scales required to achieve 

different degrees of time resolution (from tens of years to 

tens of thousands of years) in various sedimentary 

environments. 

The issue of stratigraphic sampling of fossils, however, 

is further complicated by reworking and vertical mixing of 

skeletal material. Some degree of "stratigraphic disorder" 

(Flessa et al., 1989) is probably common in fossiliferous 

sequences, though just how common has yet to be established. 
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Erosion and redeposition of shelly sediments occurs in many 

marine environments, and well-preserved fossil material 

reworked into younger sediments may be exceedingly difficult 

to recognize. Bioturbational mixing is probably a less 

potent agent of stratigraphic disorder (Cutler and Flessa, 

1990), but in at least one case a significant stratigraphic 

displacement of fossils (2.5 meters) has been attributed to 

this cause (Sarnthein, 1971). While some workers have 

attempted to accommodate this problem by taking burro .. ."ing 

depth into consideration in their sampling strategy (e.g. 

Savarese et al., 1986), broadly applicable guidelines have 

been lacking. 

In this paper I present a simple model of sedimentary 

mixing that can be used to generate guidelines for sample 

spacing. Estimating model parameters from field evidence or 

through analogy with comparable Recent sedimentary 

environments will allow geologists to design a sampling 

strategy to minimize temporal overlap of vertically separated 

samples. 

THE lolODEL 

stratigraphic disorder results when final burial of 

fossil remains is delayed by exhumation and reworking of 

skeletal material or by bioturbational churning of sediment. 
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Only when enough sediment has accumulated on top of a shell or 

skeletal part to put it out of reach of erosional scour, wave 

or current traction, and bioturbation is it safely 

incorporated into the stratigraphic record. In a sense, 

burial is never final because later uplift and deep erosion 

can exhume and redeposit even very old fossils. F'or this 

model, however, only penecontemporaneous reworking -- that is, 

reworking of unlithified material within the same depositional 

setting -- will be considered. Larger scale reworking is more 

difficult to model and probably not worth the effort, since 

the resulting anomalies (e.g. Paleozoic brachiopods in 

Tertiary stream gravels) can generally be recognized for what 

they are. 

Thickness of Mixed Layer 

The thickness of surficial sediment subject to mixing and 

reworking during accumulation is here designated as M (see 

Figure 6.1). This is more or less comparable to the 

"taphonomically active zone" (TAZ) of Powell et al. (1989) and 

to the "homogeneous layer" and "mixed layer" of the various 

bioturbational mixing models applied to pelagic sediments 

(Berger and Heath, 1968; Guinasso and Schink, 1975; 

Wheatcroft, 1990; and others). The effective value of M 

necessarily incorporates lateral and vertical variations of 



167 

~ ~: ~ ~t· ~ ~:i~~~ ~~~~~;. j: ~ ~+.: ~ ~ · .................... . · ,:' . . . . . . . . . . . . . . . . ~ . . · ................... . · .................... . - - . '1-------------1 
Sedimentation · .................... . 

· .................... . 

x · .................... . 

: :~) ~i~:d ~~yet .t: +T 
· , ·1··············." · . . . . . . . . . . . . . . . . .. .. 

· .................... . 
· .................... . 

· .................... . 
- - . 01--' ..;,' ...;,._ . ..,; ..... :-;,.,. ,;..' .,;,,' ";"...;,' _ • ..,; ............. ,;..' .,;,,' ..;,' ..;,' "';""';"-"i' 

· .................... . 

· .................... . · .................... . 
· .................... . 

Figure 6 .1. Model for mlxlng of sediments and fossils. 
Sediments are mixed and homogenized wi thin top layer of 
thickness M. Mixed layer is displaced upward in steps equal 
to the thickness (I) of the sedimentary increments added. X 
is the total upward displacement of the mixed layer after 
several sedimentary increments. See text. 
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burrowing activity within the sediment, amount of local relief 

and depth of erosional scour, and limited lateral transport of 

hardparts, and so therefore is something of an abstraction. 

Nevertheless, realistic, or at least conservative, estimates 

of M are probably obtainable in most cases (see discussion 

below). 

Skeletal material originating at any given horizon can be 

displaced vertically (both upward and downward) a distance 

equal to M as a result of penecontemporaneous reworking and 

bioturbation. The addition of sediment to the system can 

increase the potential dislocation of hardparts to distances 

greater than M because the surficial mixed layer will shift 

upward a distance equal to the thicJmess of the added 

sediment, carrying some of the "old" hardparts with it (see 

Figure 6.1). Bioturbational mixing models developed for deep 

sea sediments (e.g. Berger and Heath, 1968) make the 

assumption that sedimentation is continuous and individual 

sedimentary increments are infinitely fine. This simplifies 

the mathematics somewhat and works well for pelagic 

environments, but in nearshore environments, where events such 

as storms play an important role, episodicity of sedimentation 

and the thickness of sedimentary increments need to be taken 

into consideration. 
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sedimentary Increment 

The fraction of the original material retained within the 

mixed layer depends on the thickness of the sedimentary 

increment. The rapid addition of a sedimentary increment will 

abruptly shift the mixed layer upward, leaving behind the 

contents of the lowermost portion of the layer. The portion 

left behind will be equal in thickness to the added increment. 

If the mixed layer is ten centimeters thick and 5 centimeters 

of new sediment are added (as a result, say, of a storm), only 

the top half of the original mixed layer (and its fossil 

contents) will be retained in the new, reestablished mixed 

layer. Thinner increments will allow more of the original 

material to remain within the mixed layer, thicker increments 

will entomb more of the original material. sedimentary 

increments as thick or thicker than the mixed layer will 

prevent any material from being shifted upward with the mixed 

layer. In Figure 6.1 the thickness of the sedimentary 

increment is designated as I. 

Rate of Taphonomic Destruction 

A final factor determining the vertical mobility of 

skeletal parts in a thickness of accumulating sediment, is the 

rate of taphonomic destruction of the skeletal parts. 
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Clearly, skeletal parts too fragile to withstand the physical 

processes of mixing and reworking, 

chemical or biological destruction 

or too vulnerable to 

during the intervals 

between sedimentation events, will not survive long enough to 

contaminate younger horizons. The potential for stratigraphic 

disorder should therefore vary among types of hardparts 

showing a range of durability within a given environment, and 

among environments with different intensities of taphonomic 

processes. For the purposes of the discussion here, the rate 

of loss of a given type of hardpart in a given environment is 

termed L. 

A mathematical model incorporating these three parameters 

to predict the total stratigraphic displacement of a quantity 

(Q) of skeletal material is derived as follows: 

The quant.ity of original material remaining in the mixing 

zone a distance of x above the base of the original mixed 

layer (disregarding for the moment taphonomic loss) is given 

by 

(1) 

vThere Qo is the original quantity and Qx is the quantity 

remaining at horizon x. The variables I and M are the 
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thicknesses of the sedimentary increment and mixed layer, 

respectively, as defined above. The fraction of material 

subtracted from the mixed layer at each sedimentation event 

(and upward shift of the mixed layer) is given by liM. The 

exponent xiI is simply the number of sedimentation events 

represented by the stratigraphic distance x. Note that 

because x is measured from the base of mixed layer, all values 

of x smaller than M represent positions below the original 

sediment-water interface; i.e., net downward displacement. 

Values of x greater than M represent positions above the 

original sediment-water 

displacement. 

interface; i. e. , net upward 

Taphonomic loss of skeletal material within the mixed 

layer over the time period required to accumulate a sediment 

thickness of x is given by 

(2) 

't'lhere Qo is again the initial quantity of material, is the 

taphonomic loss rate as described above, t is the elapsed 

time, and Qt is the quantity remaining at time t. Equation (2) 

is simply an exponential decay formula, analogous to 

radioactive decay or any other decay process. 
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Equations (i) and (2) can be combined to give the total 

quantity of skeletal material persisting in the surficial 

mixed layer up to horizon x. 

Q(x,t) = Qo (i-lIM) xiI e-Lt (3) 

This is the general model for calculating the expected 

stratigraphic displacement of skeletal material from any given 

horizon. No actual quantities or units of measurement are 

implicit in the model, so it is convenient to make the 

following simplifications: 

1. The taphonomic loss rate (L) can be defined as the 

quantity of material lost during the time interval between 

sedimentation events. The value of t in the decay term, then, 

can be expressed as the number of time intervals; that is, the 

number of sedimentation events (xII). 

2. Qo can be set to 1; Qx is therefore expressed as a 

fraction or percentage of the original quantity. 

3. The thickness of the mixed layer (M) can be set to 1, 

and other distance measurements be expressed in multiples or 

fractions of M. 
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The simplified version of the model can be written as 

(4) 

where Qx is the fraction of original material remaining in the 

mixed layer at horizon x, I and x are both expressed in "Mil 

units, and L is taphonomic loss per "I-equivalent" time unit. 

Qx can be seen as the amount of material available to 

"contaminate" upper horizons. So, to calculate the distance 

x one would need to separate stratigraphic samples for an 

expected level (Qx) of temporal overlap between samples, one 

would rewrite equation (4) as follows: 

x = I [lnQx/ (In(l-I) - L) ] (5) 

The acceptable level of overlap between samples will 

necessarily vary with the nature of the paleobiologic or 

stratigraphic problem at hand, but for the present discussion 

the values 5% and 1% will be used. The choice of these 

numbers is admittedly arbitrary, but they are appropriate 

given the statistical convention of using 95% and 99% as 

critical values for statistical significance. 
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Implications of the model 

The general implications of the model are that a thick 

mixed layer, thin sedimentary increments, and low taphonomic 

loss tend to promote stratigraphic disorder, whereas a thin 

mixed layer, thick sedimentary increments, and high taphonomic 

loss tend to minimize it. 

Increasing the value of M increases the potential 

vertical dislocation of hardparts, for obvious reasons. More 

interesting, perhaps, are the effects of varying I and L 

(Figures 6.2 and 6.3). Both decrease the permissible sampling 

interval as they increase. Increasing I decreases upward 

smear by increasing the fraction of hardparts removed from the 

mixed layer after each sedimentation event -- hardparts drop 

out of the layer before they can be mixed very far upward. 

Increasing L causes hardparts to be destroyed before they can 

be mixed very far upward. This makes sense: hardparts that do 

not last long in the face of taphonomic destruction are 

unlikely candidates for stratigraphic disorder. 

For a worst case, relatively thin sedimentary increments 

(I < .1) and no taphonomic loss (L = 0) the required sampling 

interval for a temporal overlap of 5% is 3 times the thickness 

of the mixed layer, and for an overlap of 1% it is 4.6 times 

the thickness of the mixed layer (see Figures 6.2 and 6.3). 
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Figure 6.2. Effect of varying sedimentary increment (I) on 
required sampling interval (in units of M) for 1% and 5% 
overlap (L=O). If I is very small then sampling interval must 
be 3 M for 5% overlap and 4.6 M for 1% overlap. Thickness of 
sedimentary increment must be 80% of mixed layer thickness in 
order to reduce the necessary sampling interval by half. 
Compare with Figure 6.3. 
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Figure 6.3. Effect of varying taphonomic loss (L) on 
required sampling interval (in units of M) for 1% and 5% 
overlap. Note that the required interval drops rapidly w'ith 
increasing L and can be less than 1 M even at relatively low 
values of L. 
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The required interval decreases rapidly as I and L are 

increased. This is especially true for L. In fact, at 

relatively moderate values of L the required sampling interval 

can actually be less than the thickness of the mixed layer 

(Figure 6.3). Taphonomic loss, then, serves to preserve 

stratigraphic information, even as individual hardparts are 

destroyed. 

Increasing the thickness of the sedimentary increment 

also decreases the required sample spacing, but not as 

dramatically as does taphonomic loss. Increments would need 

to be 80% as thick as the mixed layer in order to cut the 

sampling interval in half (Figure 6.2). Thick sedimentary 

increments, while reducing mixing between layers, might still 

yield an unacceptably coarse record for many purposes, 

because, all else being equal, disorder and time-averaging 

within the beds would be tend to be relatively high. 

Interestingly, despite the potential for hardparts to be 

displaced upward a significant distance (several times M), one 

implication of Equation (4) is that most material undergoes 

net downward displacement. with no taphonomic loss and thin 

increments (I=.Ol), Q1 = .366; that is, approximately 63% of 

the hardparts are deposited in horizons below the position of 

the original sedimentary interface. 
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DISCUSSION 

An important assumption of the model as formulated is 

that hardparts within the mixed layer are thoroughly mixed. 

That is, all hardparts within the layer have an equal 

probability of becoming incorporated in the sedimentary record 

(or, al ternati vely , remaining in the mixed layer) after a 

sedimentation event. This assumption will not always hold in 

the real world. Thin layers of surficial sediment can be 

homogenized rather quickly breaking waves can homogenize 

the top few centimeters of beach sand within hours (Krause, 

1985) and bioturbation can homogenize up to 10 ern of carbonate 

lagoonal sediments within a year (Clifton and Hunter, 1973). 

However, for thicker mixed layers, such as the 2.5 meter thick 

zone bioturbated by the thallasinid "supershrimp" Axius 

serratus (Pemberton et al., 1976), the time required for 

complete homogenization could be very long (Cutler and Flessa, 

1990). Therefore, in many cases mixing in the mixed layer 

will be incomplete; there will remain some degree of 

stratigraphic order. Incomplete mixing can be modeled using 

diffusion equations (see Guinasso and Schink, 1975; Wheatcroft 

et al., 1990) or computer simulations (Cutler and Flessa, 

1990). Both are beyond the scope of this effort. Suffice it 

to say that the assumption of complete mixing is, for present 

purposes, a conservative assumption stratigraphic 
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resolution might be better in some cases than the estimates 

presented here, but it will not be worse. 

Naturally, a model such as this is applicable only 

insofar as its parameters can be accurately measured or 

estimated. Of the three model parameters -- N, I, and L -- M 

is the most critical in this regard, because workers may 

choose to assume "worst case" values for I and L as a routine 

precaution. The value of I could be constrained to some 

degree by the thickness of beds in outcrop, but if mixing is 

significant these would generally be obliterated. Another 

complication is that even if thick beds are apparent, the 

processes that deliver thick packages of sediment (e. g. a 

storm surge) are also capable of delivering reworked hard 

parts as well. That is, although the model assumes that mixing 

and sedimentation are distinct processes, in reality they may 

often be linked. 

There is also evidence that mixing processes and 

taphonomic destruction are linked, though a consistent pattern 

has yet to emerge. Mixing may accelerate taphonomic 

destruction of hardparts: Aller (1982) found that bioturbation 

accelerated dissolution of carbonate shell material in Long 

Island Sound by "irrigating"sediments. It may also inhibit 

taphonomic destruction: in the same study, Aller found that 

wave-agitated shelly sediments showed enhanced carbonate 

preservation because the irrigating organisms were excluded 
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from these sediments. cutler (1989) has suggested that the 

deep mixing (approximately 30 centimeters) of shell material 

by rays in Bahia la Choya, Gulf of California, acts to inhibit 

algal microboring that in less disturbed environments can 

rapidly destroy shells. The possible dependence of L on the 

degree of mixing, especially if mixing inhibits destruction, 

makes it difficult to know how to apply the high loss rates 

reported by Cummins et al (1986) and Peterson (1976) to the 

current model. Because the model is so sensitive to the value 

of lambda, however, it may be sufficient to characterize 

individual cases as "low loss" (assume the worst case value of 

L = 0) or "high loss" (assume L = .1 or more). In a high loss 

case samples could be closely spaced. 

The range of possible values of M (up to 5 meters, Hudson 

and Roy, 1988) and its importance in the model require that it 

be more precisely estimated. This can be done in one of two 

ways: by analogy with Recent environments or by field 

evidence. 

The depth of bioturbation varies among Recent 

environments. In abyssal environments, the mixed layer is 

generally on the order of ten centimeters, but may extend to 

as much as 40 centimeters (Guinasso and Schink, 1975; Berger 

et ale , 1977) • Shallow "later organisms, especially 

thallasinid and callianassid shrimp, can burrow much deeper, 

achieving depths of 75 centimeters (Warme, 1971) or even 2.5 
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Feeding and burrowing by 

various fish species can disrupt the uppermost layers of 

sediment (Clifton and Hunter, 1973). Rays, in particular, are 

well-known for their ability to excavate coarse shell material 

and other sediment from depths of up to 30 centimeters (Howard 

et al., 1973; Grant, 1983; Cutler, personal observation). 

In environments above wave base, especially on exposed 

coasts, mixing of sediment by wave traction can be 

significant. Krause (1985) determined empirically that 

breaking waves effectively mix sediment to a depth equivalent 

to 3% of breaking wave height. On storm-dominated shelves, or 

coastlines subject to hurricanes or tsunamis, the depth of 

wave-produced mixing could be tens of centimeters or more. 

Repeated cycles of scour and redeposition could have even 

greater effects. In a siting study for a submarine cable off 

the coast and inner continental shelf near Sydney, Australia, 

Hudson and Roy (1988) report that the "mobile zone" of 

actively reworked sediment was as much as 5 meters thick at 

the beach face, thinning to 2-3 meters in middle of Botany 

Bay (a water depth of about 10 meters), decreasing to the 

still considerable 30 centimeters in water greater than 20 

meters The thickness of the reworked zone also varies along 

the coast, presumably reflecting vulnerability to storms 

(Hudson and Roy, 1988). 
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Farrow et al. (1984) similarly found great thicknesses of 

shell gravel and sand on the orkneys shelf to be highly 

mobile. strong tidal currents (up to 300 cm/sec) and storm 

waves (up to 30 meters high) create and destroy large scale 

bedforms 20 - 30 meters in amplitude and locally scour and 

redeposit shell gravels. The average thickness of the shell 

sands and gravels is 2 - 5 meters, most of which is probably 

subject to mixing. 

One could then expect values of M to vary from 10 

centimeters (abyssal sediments) to several meters (shoreface 

and high energy shelves). In the outcrop estimates of 

bioturbation depth could be refined on the basis of the scale 

(length and diameter) of burrows that occur in the facies, or 

by the thicknesses of reworked zones on top of thick event 

beds such as turbidites, should they occur. Reworking depth 

could be estimated from the scale of sedimentary structures 

such as hummocky cross strata and scour and fill features. 

Naturally, all such estimates wiuld need to take compaction 

effects into account. 

sampling intervals and stratigraphic disorder 

in Bahia la Chova 

As a test of its validity in a real sedimentary 

environment, I applied the above model to the radiometric ages 
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of shells collected from Bahia la Choya, Sonora. Karl Flessa, 

Keith Meldahl and I obtained radiocarbon dates for 8 shells of 

Chione fluctifraga collected from two adjacent shallow cores 

(52 cm) taken in the tidal flats of Bahia la Choya. sixteen 

shells from the sediment surface were also dated. Radiocarbon 

ages for the shells and the depths from which they were 

collected are given in Table 6.1 and Figure 6.4. 

Because only whole shells of a mass greater than 10 grams 

could be economically dated, our core samples were not 

regularly spaced -- we took shells where we found them. 

Sample spacing ranged between 1 and 15 cm, with a mean spacing 

of about 5 cm. 

The tidal flats of Bahia la Choya are extensively 

bioturbated by rays, which, as mentioned above, can disturb 

sediment to a depth of about 30 cm. About 2% of the sediment 

surface where the cores were taken, the inner/middle flats, is 

occupied by ray pits at anyone time (estimated from field 

counts and photographs). Though this density may seem low, 

given the depth of ray bioturbation (30 cm) and the low 

sedimentation rate in Bahia la Choya (probably measurable in 

millimeters per year or less), rays could easily homogenize 

the upper 10-30 cm within a few years. 

If we assume a mixed layer thickness of 30 cm and we 

assume worst case (i. e. 10\\1) values for I and L, then the 

appropriate 5% sampling interval in the tidal flat sediments 
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TABLE 6.1 

RADIOCARBON AGES OF CHIONE FLUCTIFRAGA SHELLS 

FROM BAHIA LA CHOYA 

SHELLS FROM INNER FLAT CORES 

AGE 
CORE DEPTH (CM) (RADIOCARBON YEARS) 

I 16 1890 +/- 45 

I 21 3720 +/- 50 

I 26 2170 +/- 40 

I 31 2510 +/- 50 

I 34 2410 +/- 45 

III 35 2415 +/- 60 

I 37 2550 +/- 65 

I 52 2750 +/- 60 

SHELLS FROM SURFACE 

Live shell Modern 

S-3 2650 +/- 60 

S-6 1300 +/- 50 

S-9 1085 +/- 45 

S-34 1160 +/- 55 
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TABLE 6.1 (continued) 

AGE 
8PECIMEN (RADIOCARBON YEAR8) 

8-20 970 +/- 40 

8-29 955 +/- 65 

8-36 1560 +/- 65 

8-14 1110 +/- 50 

8-37 1250 +/- 60 

8-26 4030 +/- 80 

8-45 1330 +/- 60 

8-18 1000 +/- 40 

8-24 1310 +/- 40 

8-2 Modern 

8-19 1220 +/- 60 
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Figure 6.4. Plot of depth-in-core vs radiometric age for B 
Chione fluctifraga shells from inner flats. Spearman rank 
correlation coefficient is .429 (not significant at P=.05). 
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would be 90 cm, greater than the length of the entire core. 

Even at a mixed layer thickness of 15cm, half the maximum 

depth of ray mixing, the sampling interval would need to be 45 

cm, far greater than the actual spacing of the samples. 

One would expect, then, that the Bahia la Choya shells 

would be stratigraphically disordered, and that is indeed the 

case. The Spearman rank correlation coefficient for shell age 

and depth-in-core is only .429, not significantly different 

from zero at a 5% confidence level. The range of the 16 shell 

ages from the surface actually exceeds the range from the 

core. 

To confirm that mixing as modeled could have generated 

the observed degree of disorder, I used a computer program, 

CBMIX (Appendix E), to generate simulated cores with sample 

spacing identical to the real cores. Simulated fossils were 

mixed according to the model and one fossil was selected at 

random from each sampled horizon. Two sets of 500 

simulations were run, assuming mixed layer thicknesses of 30 

and 15 cm, respectively. 

No data are available on sedimentary increment thickness 

or shell loss rates in Bahia la Choya. For the sake of 

simplicity, both were assumed to be low (I < .1, L=O). This 

is probably not unreasonable, given the low sedimentation rate 

on the flats and the good condition of most of the shells from 

the core. 
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The mean Spearman rank coefficients of the simulations 

are given in Table 6.2. The coefficients were not normally 

distributed (nor were their z-transformed values) so at-test 

could not be performed, but it seems clear anyway that the 

processes as modeled could easily have generated a Spearman 

value of .429, the value from the real data. Where the mixed 

layer was assumed to be 30 cm the mean coefficient was .422, 

slightly less than the real value. The mean value where the 

mixed layer was 15 cm thick was higher (.637) and was 

significantly different from zero at P=.05. still, 95 out of 

the 500 simulations yielded Spearman values less than or equal 

to .429, suggesting that even a mixing thickness of 15 cm (a 

conservative estimate) could easily generate the observed 

disorder. 

That ray bioturbation could have generated the observed 

disorder does not, of course, mean that it did. Reworking of 

shells from older deposits can rapidly degrade stratigraphic 

order (Chapter 5), and this is a real possibility in Bahia la 

Choya. A shell-rich spit adjacent to the flats is a potential 

source of shells. Nearly all spit shells, hmV'ever, show 

evidence of abrasion on their surfaces, whereas the dated 

shells showed only the algal boring and dissolution surfaces 

characteristic of the inner/middle flats (Chapter 3). That 

is, the shells lack the taphonomic signature of reworking from 

the spit. 
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TABLE 6.2 

RESULTS OF l-IIXING SIMULATIONS 

Mean Spearman 

Standard deviation 

Maximum 

Minimum 

# </= .429 

0' 

Number of horizons = 8 

Number of runs = 500 

value of lambda= 0 

value of I= 1 

Thickness of mixed layer 

30 CM 15 CM 

.422 

.326 

1.00 

-.714 

229 

.637 

.251 

1. 00 

-.240 

95 
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SUMMARY AND CONCLUSIONS 

1. The generation of stratigraphic disorder can be 

mathematically modeled using the parameters M (mixed layer 

thickness), I (thickness of sedimentary increments), and L 

(taphonomic loss rate). 

2. High values of M and low values of I and L increase the 

likelihood that fossils will be out of sequence. Low values 

of M and high values of I and L will produce more ordered 

sequences. 

3. Closely-spaced stratigraphic samples of a fossiliferous 

sequence will show some temporal overlap of fossils. This 

overlap can be minimized by increasing sample spacing. A 

worst case (thin sedimentary increments and zero taphonomic 

loss) would require a spacing of 3 times M to 1imi t the 

overlap to 5%, and 4.6 times M to limit the overlap to 1%. 

4. Taphonomic loss here acts to preserve information. Even 

moderate values of L allow sampling spacing to be equal to or 

less than M, thus enhancing temporal and stratigraphic 

resolution. 
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5. Successful application of this model requires realistic 

estimates of M, I, and L. Estimates can be obtained from 

field evidence in the rock record or from Recent analogues. 

6. stratigraphic disorder in the intertidal sediments of Bahia 

la Choya is of a magnitude comparable to that predicted by the 

model, assuming ray bioturbation to a depth of 15-30 cm. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

The research presented in the preceding chapters 

addresses two topics in taphonomy: 1) the mechanisms of 

hardpart destruction and alteration as reflected by shell 

surface features (Chapters 3 and 4), and 2) stratigraphic 

disorder, i.e., the departure of from perfect chronological 

order in a vertical sequence of fossils (Chapters 5 and 6). 

Though these two issues are largely separate, there are links 

between them, such as the apparent reciprocal relationship 

between taphonomic destruction of hardparts and preservation 

of stratigraphic order. They are thus complimentary 

approaches to the general problem of the fate of information 

in the fossil record. The following is a summary of the main 

points of this dissertation. 

SURFACE TEXTURES AND HARDPART DESTRUCTION 

In Bahia la Choya, algal-microbored surfaces are by far 

the most abundant surface texture observed, suggesting that 

algal bioerosion is the chief mechanism of shell destruction. 

Experimental shells in all environments were infested by 

microborers within two weeks of exposure, and an experimental 
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shell recovered from the tidal channel after nine months 

showed a 40% mass loss. Shell destruction appears to be 

especially rapid in the tidal channel and rocky outer flats, 

where intense grazing by herbivorous snails enhances the 

effects of microboring. In the outer flats, bioerosive shell 

destruction is inhibited by the intense bioturbational 

overturn of shelly sediments by rays. 

Dissolution/maceration and abrasion textures were also 

observed on shell surfaces, though in far less abundance than 

bioerosion textures. Only in the fine-grained salt marsh 

sediments was extensive dissolution observed, and this was 

mostly conf ined to the upper two centimeters of sediment. 

Abrasion textures were dominant only on the beach and in the 

beach-derived sediments of the spit. 

The analysis of shell surface textures has obvious 

potential as a tool for paleoenvironmental reconstruction and 

for delimiting taphofacies. Dissolution and abrasion textures 

supply information on geochemical conditions and environmental 

energy, respectively. The presence of algal (as opposed to 

fungal) microborings has paleobathymetric implications, 

because algae can grow only within the photic zone. On a 

finer scale, microboring types may show environmental 

zonation, such as the intertidal zonation described by Hoffman 

(1985). The microboring forms described in Chapter 3 also 

occur on shells from Cape cod, Massachusetts, (unpublished 
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observations), and from the North Sea (Flessa and Cutler, 

unpublished observations), suggesting that the classification 

scheme presented here can be applied elsewhere. 

The overwhelming importance of algal bioerosion in shell 

destruction in the shallow waters of Bahia la Choya and the 

influence of other biotic factors (i.e., herbivore grazing, 

bioturbation) in determining the rate of destruction are 

relevant to the issue of shell bed formation and time

averaging. Though the potential rate of bioerosional 

destruction is high, in cases where algal boring is inhibited 

shells may survive for thousands of years at or near the 

surface. Shells over a thousand years in age are abundant on 

the flats of Bahia la Choya (Meldahl, 1987; Flessa, Meldahl, 

and Cutler, unpublished data), and relict Pleistocene shells 

are con~on on the continental shelves in the Gulf of 

California and elsewhere (Van Andel, 1964). This is in stark 

contrast to the rapid destruction of shells predicted by 

Davies et al. (1989*) on geochemical grounds. The analysis of 

"hardpart budgets" is a potentially fruitful area for further 

research. 

Finally, the distinctiveness of the various surface 

textures at an SEM scale, contrasted with their ambiguity at 

lower magnifications, suggests that SEM observations of 

hardpart surfaces should be standard procedure in taphonomic 

analysis. SEMs are available in nearly all research and 
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academic institutions, and, though SEM work can be expensive 

and time-consuming, the analysis of several "Tell-selected 

specimens can take much of the guesswork out of taphonomic 

interpretation. 

It should be mentioned, however, that fossil material 

may not always lend itself to surface texture analysis, 

particularly in cases where the matrix is indurated and 

difficult or impossible to separate from the fossil without 

damaging the fossil's surfaces. Such fossils can, however, be 

thin-sectioned, and a logical extension of the present study 

would be a comparison of bioerosion, dissolution/maceration, 

and abrasion textures both on shell surfaces and in thin 

section. Such a study would allow surface texture analysis to 

be applied to difficult-to-prepare fossil material. 

STRATIGRAPHIC DISORDER 

Stratigraphic disorder arises through in situ 

vertical mixing of fossils and reworking of older fossils into 

younger deposits. In the simulations performed in Chapter 5, 

in situ mixing was a relatively inefficient mechanism of 

producing disorder: after 500 mixing steps stratigraphic order 

can still be significant at the 99% level. On the other hand, 

stratigraphic order disappears rapidly with the introduction 
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Sequences containing 35% 

reworked fossils tend to be disordered a the 99% level. 

The effects of mixing-produced disorder can be minimized 

by increasing sample size at each horizon. Increasing sample 

spacing decreases stratigraphic disorder between samples, but 

the number of samples within a given interval is necessarily 

reduced, and resolution suffers as a consequence. 

The problem of estimating the minimum vertical sample 

spacing required to keep disorder within acceptable limits was 

addressed in Chapter 6. The generation of stratigraphic 

disorder was modeled using the parameters M (the vertical 

thickness of biogenic mixing or physical reworking), I (the 

thickness of sedimentary increments), and L (taphonomic loss 

rate). Stratigraphic disorder is promoted high values of M (a 

thick mixing and reworking zone) and low values of I (thin 

sedimentary increments). Taphonomic loss (L), while 

eliminating other types of paleontological information, 

reduces stratigraphic disorder, and thus acts to preserve the 

temporal relationships of fossils. 

In order to ensure that vertically adjacent have a 

temporal overlap of 5% or less, samples must be separated by 

a vertical distance equal to three times M. For an expected 

overlap of 1% or less, the distance between samples must be 

4.6 times M. 
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Much remains to be done in the study of the nature of 

stratigraphic disorder and its implications for the retrieval 

of information in the fossil record. More and better field 

measurements of the model parameters and of the actual extent 

of disorder in Recent sedimentary environments. On the 

theoretical end, the models in Chapters 5 and 6 could be 

combined to explore the consequences of varying the degree of 

mixing during sediment accumulation. The programs could 

easily be modified to generate simulated ichnofabrics (sensu 

Droser and Bottjer, 1986). These could then be used to 

determine the correspondence between ichnofabrics and degree 

and scale of stratigraphic disorder. Finally, these models 

can be used to develop confidence limits for measuring rates 

of sedimentation (especially when these are based on 

radiocarbon dates of shell material) and rates of biotic 

change. 
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APPENDIX A 

GEOLOGY OF THE NORTHERN GULF OF CALIFORNIA 

TECTONIC SETTING 

The Gulf of California, also known as the Sea of Cortez, 

is an elongate body of water separated from the Pacific Ocean 

by the slender and mountainous peninsula of Baja California. 

It is approximately 1300 kilometers long, extending roughly 

north~'lest-southeast from 32 degrees N latitude at the Colorado 

River delta to 23 degrees N, slightly south of the Tropic of 

Cancer, where it merges with the open Pacific. 

The Gulf is extremely narrow -- its average width is 

about 140 kilometers -- but it nonetheless reaches near-

oceanic depths in its axial basins. The deepest of these 

basins, the Pescadero Basin, occurs at the mouth of the Gulf 

and reaches a depth of 4,060 meters (Brusca, 1980). The 

basins to the north are progressively shallower, but may still 

reach considerable depth. The Guyamas Basin in the central 

Gulf is 2,180 meters deep (Brusca, 1980). In the northern 

Gulf, the Delfin and Wagner Basins are relatively shallow (850 

and 180 meters respectively; Henyey and Bischoff, 1973), and 

are isolated from the deeper southern waters. 
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The Gulf and its northern extension, the Salton Trough, 

owe their origin to the rifting and northwestward migration of 

Baja California beginning about 3.5 - 4.5 million years ago 

(Larsen et al., 1968; Moore and Curray, 1982). The resulting 

trough is dominated by a series of en echelon transform 

faults, showing a right-lateral displacement. Pull-apart 

basins, corresponding to the bathymetric basins described 

above, are the sites of seafloor spreading and high heat flow 

(Larsen et al., 1968). 

This system of faults and spreading centers in the Gulf 

connects the East Pacific Rise in the south to the San Andreas 

fault system in the north, and thus forms a portion of the 

transtensional boundary between the Pacific and North American 

plates (Moore and Curray, 1982). It intersects the Sonoran 

mainland northwest of Bahia de Adair in the form of the Cerro 

Prieto and associated faults, an extension of the San Jacinto 

fault in the Imperial Valley (Colleta and ortleib, 1984). 

spreading rates near the mouth of the Gulf are greater 

than in the north, with the discrepancy made up by extension 

on normal faults on the Sonoran mainland (Sumner, 1972). Most 

of the Sonoran coast falls in the Basin and Range province 

(Allison, 1964) and major embayments such as Bahia de Adair 

and Bahia San Jorge correspond \\lith the location of graben 

structures (sumner, 1972). Punta Pelicano, a rocky prominence 

sheltering Bahia la Choya, sits on the upthrown side of a 
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normal fault with a kilometer of vertical displacement 

(Sumner, 1972). Sierra Blanca, Sierra La Pinta, and other 

ranges along the coast similarly represent the exposed tips of 

horsts, as do the Islas San Jorge offshore. Other bedrock 

highs underlying the coastal plain (and presumably offshore as 

well) are completely buried by alluvium and/or marine 

sediments and are not expressed at the surface (Sumner, 1972). 

Based on the elevations of Pleistocene marine terraces, 

Ortleib (1987) has argued that most of the Sonoran coast has 

experienced no significant tectonic uplift since the Late 

Pleistocene. The terraces occur at a consistent elevation of 

approximately 8 meters above present sea level, equivalent to 

the maximum sea level rise during the sangamonian interglacial 

(isotopic sub-stage 5e). Only northwest of Bahia de Adair, 

adjacent to the Cerro Prieto Fault, has there been significant 

vertical movement. This uplifted area, the Sonoran Mesa, has 

been uplifted up to 30 meters since the late Pleistocene 

(Colletta and Ortleib, 1984). 

Minor warping of the region during the Holocene is 

suggested by the apparent arching of a Late Pleistocene(?) 

shell bed exposed at Estero La Pinta (personal observation), 

and the discordant distribution of Pleistocene beachrock and 

reworked fossils in Bahia La Choya (Meldahl, 1990). Rose 

(1975) also called on uplift in Bahia la Choya to explain the 

occurrence of tidal current-deposited sediments above high-
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tide level. Based on the radiocarbon age of a shell collected 

from these deposits, Rose estimated that the uplift took place 

approximately 1300 years B.P. 

Seismic activity in the northern Gulf is concentrated 

along the Cerro Prieto Fault and within the Wagner Basin 

(Biehler et al., 1964; Thatcher and Brume, 1971; Colleta and 

ortleib, 1984). Indeed, the head of the Gulf and the adjacent 

Salton Trough have been among the most seismically active 

regions in North America during historic times (Biehler et 

al., 1964). Some earthquakes, however, are not associated 

with these features and appear to represent movement along 

Basin and Range faults (compare Figures 1 and 3 in Sumner, 

1972) . 

SEDIMENTATION 

Sedimentation in the northern Gulf of California is 

dominated by the Rio Colorado, which debouches into the Gulf 

at its northern extreme. The Rio Colorado basin makes up 68% 

of the total drainage area of the Gulf, and in the past 

supplied 161 million tons of sediment to the northern Gulf 

each year 43% of total sediment load entering the entire 

Gulf (Van Andel, 1964). Discharge of the Rio Colorado has 

been reduced dramatically in recent years by dam building and 

irrigation of farmlands upstream; the estimated sediment load 
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was down to 15 million tons per year in the. 1950' s (Van Andel, 

1964) and is now 68 thousand tons per year (Davis et al., 

1990) . The Rio Concepcion, which enters the Gulf 112 km 

southeast of Bahia la Choya, is second in total drainage area 

(7% of Gulf drainage), and supplies 7.5 million tons of 

sediment to the Gulf per year (Van Andel, 1964). 

The shallowness of the northern Gulf compared to the 

south is attributed to sediment infill by the Rio Colorado. 

Sediment thickness reaches 5 km at the Colorado delta and 1 km 

in the region of Bahia la Choya (Sumner 1972). 

Van Andel (1964) recognizes 5 shallow water sediment 

facies in the northern Gulf (Figure 2.2): 1) a bottomset 

facies occurring off the Rio Colorado and Rio Concepcion 

deltas, 2) a silty shelf facies in water deeper than about 50 

meters 3) a shell-rich calcarenite facies in areas of low 

terrigenous input, 4) a basal transgressive facies consisting 

of relict sands deposited during the post-Pleistocene 

transgression, and 5) a littoral facies comprising the bars, 

spits, beaches, and tidal flats that line the Sonoran and Baja 

coasts. The basal transgressive facies is the most laterally 

extensive of the five, and a broad belt of these sands lies 

offshore of Bahia la Choya. Bahia la Choya is mapped by Van 

Andel as falling into the littoral facies belt, although local 

accumulations of skeletal debris in Bahia la Choya could 

justifiably be classified as calcarenite facies. 
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Figure A.1. Shallow water sedimentary facies of the northern 
Gulf of California (from van Andel, 1964). 
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Arkosic sand with some minor silt and clay make up the 

bulk of the sediment in Bahia la Choya. The shelly carbonate 

fraction of these sediments can exceed 50%. Noncarbonate 

grains are dominantly quartz and feldspar, wi th smaller 

amounts of rock fragments, biotite, epidote, hornblende, and 

other heavy minerals (Sumpter, 1987). Igneous rock fragments 

are most abundant adjacent to Punta Pelicano (a granodiorite 

promontory) and Cerro Prieto (a basalt hill). Pumice pebbles, 

derived from volcanic sources elsewhere in the Gulf, are 

locally abundant in strandline deposits. Reworked clasts from 

Pleistocene coquinas can make up 30% of the shell fraction in 

tidal flat sediments (Meldahl, 1990) 

Bahia la Choya lies in Rio concepcion heavy mineral 

province (Rose, 1975), indicating that sediment transport is 

dominantly southeast to northwest along this portion of the 

Sonoran coast. This is consistent with the overall 

counterclockwise pattern of littoral circulation and sediment 

transport proposed by Thompson (1968). 
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APPENDIX B 

SAMPLE DATA FOR CHAPTER 3 

Surface texture codes: MB=microborings, RAD=radular 
marks, RE=root etchings, ABR=abrasion, and 
D/M=dissolution/maceration. 

TIDAL CHANNEL 

Total 
sample MB RAD RE ABR D/'I!'l. shells 

CB-1 29 4 0 0 0 32 
CB-2 9 3 0 0 0 9 
CB-8 21 7 0 0 0 21 
CB-9A 24 6 0 0 0 24 
CB-9B 35 3 0 0 0 35 
CB-11 20 9 0 0 0 22 
CB-15 40 6 0 0 0 40 
CB-25 69 4 0 3 2 69 
CB-26 81 1 1 1 8 81 
CB-40 15 5 0 0 2 15 
CB-61 43 0 0 0 1 44 

TOTAL 386 48 1 4 13 392 
98% 12% .2% 1% 3% 

ESTERO CHANNEL 

Total 
sample l-m RAD RE ABR DIM shells 

CB-13 30 1 1 3 11 30 
CB-45 17 0 0 0 0 17 
CB-56 17 0 0 0 9 17 
CB-64 27 0 0 0 3 27 

TO'l'AL 91 1 1 3 23 91 
100% 1% 1% 3% 25% 
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SALT MARSH 

Total 
Sample I.fB RAD RE ABR DIM shells 

CB-6 14 8 0 0 15 16 
CB-29 4 0 0 0 4 4 
CB-36 8 3 0 0 8 8 
CB-54 18 0 0 0 10 18 
CB-55A 14 0 0 0 8 14 
CB-60 12 1 0 0 10 12 
CB-71 5 0 0 0 5 5 

TOTAL 75 12 0 0 60 77 
97% 16% 0% 0% 78% 

INNER/MID FLATS 

Total 
sample MB RAD RE ABR DOll. shells 

CB-3 3 0 0 0 2 3 
CB-14 2 0 0 1 1 3 
CB-74 4 0 0 0 2 6 

TOTAL 9 0 0 1 5 12 
75% 0% 0% 8% 42% 

SPIT 

Total 
sample MB RAD RE ABR Dnl shells 

CB-22A 9 0 9 7 1 9 
CB-22D 7 0 6 6 0 7 
CB-186 31 1 28 29 11 32 

TOTAL 47 1 43 42 12 48 
98% 2% 90% 88% 25% 
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BEACH 

Total 
sample MB RAD RE ABR D/l1J. shells 

CB-23A 11 0 0 16 4 16 
CB-23B 18 0 0 69 18 74 

TOTAL 29 0 0 85 22 90 
32% 0% 0% 94% 24% 

SANDY OUTER FLATS 

Total 
Sample MB RAD RE ABR DIM shells 

CB-4 36 5 0 0 0 36 
CB-5 94 8 0 0 0 100 
CB-28 22 6 0 0 0 22 
CB-67 31 17 0 0 0 33 
CB-68 50 1 0 1 0 50 
CB-73 16 5 0 3 0 16 
CB-86 9 1 0 0 0 9 
CB-100 28 4 0 2 0 28 
CB-101 15 3 0 0 0 19 

TOTAL 301 50 0 6 0 313 
96% 16% 0% 2% 0% 

ROCKY OUTER FLATS 

Total 
Sample :lom RAD RE ABR DOli. shells 

CB-52 29 14 0 2 0 29 
CB-65 45 29 0 1 0 48 
CB-66 41 35 0 0 0 41 



TOTAL 

SUBTIDAL 

Sample 

ST-2 
ST-3 
ST-4 

TOTAL 

115 
97% 

MB 

19 
12 
23 

54 
98% 

78 
66% 

RAD 

18 
12 
23 

53 
96% 

o 
0% 

RE 

0 
0 
0 

0 
0% 

3 
3% 

ABR 

2 
1 
0 

3 
5% 

o 
0% 

D[1/I. 

0 
0 
0 

0 
0% 
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118 

Total 
shells 

20 
12 
23 

55 
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APPENDIX C 

ESTIMATED MASS LOSS ON NATURAL SHELLS 

In order to estimate the degree of post-mortem mass loss 

on shells collected from the tidal channel, sandy outer flats 

and rocky outer flats, it was first necessary to estimate the 

original masses of the shells. To do this, I constructed a 

growth curve for Chione californiensis using the linear 

dimensions (length and height) and masses of 86 shells 

collected 1i ve from the sandy outer flats. I used the 

Multivariate General Linear Hypothesis (MGLH) program in 

SYSTAT to construct the curve, and obtained the best fit (r2 

= .998) with the model ln Mass = .032 Length + .044 Height -

.512 Ratio, where Ratio = Length/Height. 

Mass change was estimated by calculating the expected 

original mas~ as above and subtracting the shell's actual 

mass. As in the surface texture analysis, only whole ,Q. 

californiensis valves between 30 and 50 rom long were used. 

Table C.1 shows the mean estimated mass changes for 97 

tidal flat shells, 45 rocky outer flat shells and 125 sandy 

outer flat shells. Percentage values are calculated as 

percent of "original" mass (see Tables C.2 - C.5 for raw 

data) . 
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The first point to be made regarding these results is 

that there does appear to be a relationship between the degree 

of microboring and estimated mass loss of shells. stage 3 

shells in the tidal channel and sandy outer flats show a 

substantially higher loss than do stage 1 or 2 shells (the 

rocky outer flat sample has too few stage 1 and 2 shells to be 

conclusive; stages 2 and 3 do not differ significantly at 

P=.05 [t-test]). This is presumably the direct effect of 

algal bioerosion, although other factors may have contributed. 

Shells exposed long enough to develop stage 3 microboring 

surfaces would also have been exposed to abrasion and attack 

by other shell-borers (chiefly sponges). A second, and 

more surprising, result is that while rocky outer flat shells 

show the expected high loss, tidal channel shells do not seem 

to have lost more mass than sandy outer flat shells: mean 

losses in the two environments 13.5% in the tidal channel and 

15.2% in the sandy flats) are statistically indistinguishable. 

This result can be interpreted in two ways: 

1) Shell loss rates are indeed as high in the sandy 

outer flats as they are in the tidal channel, despite the 

difference in microboring intensity. This difference is 

offset by other factors, such as higher abrasion and sponge 

boring. 

2) The result is at least partially an artifact. The 

growth curve constructed from the living population cannot be 
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safely applied to highly time-averaged dead shells. Shells in 

Bahia la Choya are time averaged over a span of approximately 

4000 years (Meldahl, 1987; Flessa et al., 1990) and many of 

the shells in the sample may have grown under conditions 

different from today. These old shells may have initially had 

thinner shells and thus been lighter for a given size than 

modern ones. Mass discrepancies are more a reflection of time 

averaging than of taphonomic loss. 

Both 1) and 2) probably have some validity. outer flat 

shells do, in fact, show a higher frequency of sponge boring 

than do tidal channel shells (34% vs.18%), and this would 

offset some of the difference in microboring rate. It cannot 

be the whole story, however. stage 1 shells from the sandy 

flats show a high mean "loss" (10%) despite the superfical 

nature of their microborings, and a low frequency of sponge 

borings (9%, compared to 85% on stage 3 shells). It is hard 

to believe that these shells, many of which look relatively 

fresh, have suffered much post-mortem mass loss. 

Unfortunately, it is not possible at this time to confirm 

that there has indeed been an overall change in shell growth 

patterns over the last few thousand years, so these results 

are inconclusive. 



Tidal channel shells 

Mass 

difference: 

Mean 

(grams) 

(%) 

S.D: 

(grams) 

(%) 

N 

o 

+.839 

+11.0 

n.a. 

n.a. 

1 
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TABLE e.l 

Boring stage 

1 ~ 

-.422 -.426 -1. 39 -1.02 

-5.2 -5.8 -18.4 -13.5 

.582 1.1 1.9 1.68 

7 14 22 20 

17 18 61 97 



sandy outer flats 

Mass 

difference: 

mean 

(grams) 

(%) 

S.D: 

(grams) 

(%) 

N 

Q 

+.122 

+1.6 

.449 

5.3 

3 
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Boring stage 

-.510 -.617 -2.07 -.997 

-10.1 -8.3 -28.1 -15.2 

1.89 1.40 1.93 1.95 

16 14 16 18 

66 17 39 125 



Rocky outer flats 

Mass 

difference: 

mean 

(grams) 

(%) 

S.D: 

(grams) 

(%) 

N 

Q 

+1.2 

+7.3 

.92 

6.3 

2 

214 

Borinq staqe 

-.97 -2.1 -2.5 -2.1 

-17.8 -28.7 -24.7 -23.5 

.62 1.2 2.0 1.9 

15.2 15.1 15.7 16.5 

3 8 32 45 
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TABLE C.2 
Chione californiensis valves collected live 

Length Height Mass Est. Differ- Differ-
(mm) (mm) (g) Mass (g) ence (g) ence (%) 

60.000 57.000 53.700 48.865 -4.835 -0.099 

61. 000 56.000 43.600 47.384 3.784 0.080 

57.000 52.000 31. 300 34.840 3.540 0.102 

55.000 58.000 35.300 45.901 10.601 0.231 

57.000 52.000 33.700 34.840 1.140 0.033 

49.000 49.000 28.500 24.829 -3.671 -0.148 

49.000 48.000 26.200 23.508 -2.692 -0.115 

51.000 46.000 20.700 21. 941 1.241 0.057 

46.000 40.000 16.800 14.058 -2.742 -0.195 

45.000 42.000 17.700 15.478 -2.222 -0.144 

56.000 57.000 40.200 44.567 4.367 0.098 

64.000 57.000 41. 000 53.577 12.577 0.235 

60.000 57.000 36.800 48.865 12.065 0.247 

56.000 51.000 29.500 32./.59 2.759 0.086 

53.000 52.000 37.900 31. 886 -6.014 -0.189 

52.000 50.000 29.500 27.981 -1.519 -0.054 

49.000 44.000 21. 900 18.799 -3.101 -0.165 

49.000 46.000 22.700 21. 044 -1.656 -0.079 

47.000 48.000 17.300 22.526 5.226 0.232 

45.000 41. 000 14.000 14.615 0.615 0.042 

36.000 35.000 10.300 8.718 -1. 582 -0.181 

34.000 29.000 4.700 5.834 1.134 0.194 
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30.000 25.000 2.700 4.244 1.544 0.364 

61.000 57.000 44.700 50.002 5.302 0.106 

60.000 61.000 56.500 60.364 3.864 0.064 

56.000 53.000 34.500 35.982 1.482 0.041 

59.500 52.000 39.000 36.824 -2.176 -0.059 

61. 000 58.500 46.300 54.170 7.870 0.145 

58.000 54.500 39.700 40.818 1.118 0.027 

60.500 54.000 37.500 42.029 4.529 0.108 

41. 000 36.000 9.400 10.104 0.704 0.070 

45.000 38.000 12.800 12.252 -0.548 -0.045 

55.000 54.000 30.000 37.133 7.133 0.192 

60.000 54.500 41.500 42.706 1.206 0.028 

61. 000 55.500 43.400 46.121 2.721 0.059 

30.000 26.000 3.700 4.541 0.841 0.185 

39.500 37.000 11. 800 10.438 -1. 362 -0.131 

53.500 48.000 31. 600 25.876 -5.724 -0.221 

23.500 19.000 1.200 2.598 1.398 0.538 

60.500 54.500 42.100 43.191 1.091 0.025 

62.000 59.000 50.100 56.938 6.838 0.120 

63.000 60.000 51. 700 61. 461 9.761 0.159 

75.000 66.000 84.400 112.413 28.013 0.249 

62.000 61.000 60.900 63.282 2.382 0.038 

62.000 62.000 51. 000 66.686 15.686 0.235 

61.000 59.000 46.000 55.626 9.626 0.173 
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65.000 59.000 46.300 61.065 14.765 0.242 

64.000 59.000 55.300 59.657 4.357 0.073 

65.000 60.000 52.600 64.414 11. 814 0.183 

60.000 59.500 54.700 55.796 1.096 0.020 

61. 000 57.000 54.500 50.002 -4.498 -0.090 

66.000 59.000 48.500 62.505 14.005 0.224 

62.000 59.000 48.500 56.938 8.438 0.148 

63.000 56.000 48.200 49.600 1.400 0.028 

61.000 56.000 43.900 47.384 3.484 0.074 

60.000 55.000 47.300 43.880 -3.420 -0.078 

61.000 57.000 45.500 50.002 4.502 0.090 

59.000 54.000 36.500 40.633 4.133 0.102 

56.000 54.000 35.800 37.979 2.179 0.057 

60.000 54.000 38.200 41. 559 3.359 0.081 

61.000 58.000 51. 600 52.748 1.148 0.022 

61. 000 55.000 43.400 44.887 1.487 0.033 

57.000 51.500 35.600 33.897 -1.703 -0.050 

58.000 51.000 30.600 33.708 3.108 0.092 

58.000 53.500 40.700 38.665 -2.035 -0.053 

55.000 49.000 27.300 28.256 0.956 0.034 

54.000 48.000 29.000 26.154 -2.846 -0.109 

55.000 50.000 27.900 29.868 1.968 0.066 

55.000 48.000 26.800 26.718 -0.082 -0.003 

51.000 49.000 30.600 25.922 -4.678 -0.180 
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50.000 49.000 29.600 25.370 -4.230 -0.167 

52.000 47.500 30.800 24.373 -6.427 -0.264 

49.000 46.000 23.100 21. 044 -2.056 -0.098 

48.000 44.000 17.700 18.420 0.720 0.039 

50.000 48.000 24.900 24.015 -0.885 -0.037 

48.000 43.000 17.200 17.400 0.200 0.011 

44.000 39.000 15.100 12.761 -2.339 -0.183 

42.500 36.000 11.200 10.377 -0.823 -0.079 

50.000 45.000 21.000 20.310 -0.690 -0.034 

47.000 45.000 21.400 19.092 -2.308 -0.121 

47.000 44.000 25.000 18.049 -6.951 -0.385 

46.000 42.000 19.900 15.788 -4.112 -0.260 

55.000 51. 000 33.900 31. 559 -2.341 -0.074 

49.000 42.000 23.200 16.754 -6.446 -0.385 

49.000 46.000 22.800 21. 044 -1.756 -0.083 

39.000 32.000 7.600 7.629 0.029 0.004 
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TABLE C.3 

TiDAL CHANNEL 

Surface texture codes: 

MB = Microboring; 0 - absent, 1 - covers <50% of surface, 
2 - covers 50-99% of surface, 3 - covers 100% of surface. 

LA = Living algae in shell; 0 - absent, 1 - present. 

RAD = Radular marks; 0 - absent, 1 - cover <50% of surface, 
2 - cover 50-90% of surface, 3 - cover 100% of surface, 
4 - ambiguous surface, distinct marks obliterated. 

Note: Estimated mass differences are negative except where 
noted by "+". 

SAMPLE CB-1 

Length Height Mass Est. Differ- Differ-
(mm) (mm) 1.9.l Mass ence ence (%) MB LA RAD 

41.0 38.0 11.8 11. 38 +0.423 +0.037 2 0 0 
39.0 34.0 7.7 8.64 0.943 0.109 1 0 0 
34.0 30.0 5.2 6.22 1. 020 0.164 1 0 0 
39.0 34.0 7.7 8.64 0.943 0.109 1 1 0 
42.0 38.0 10.4 11.59 1.190 0.103 1 0 1 
31.0 26.0 4.1 4.60 0.498 0.108 1 0 0 
26.0 24.0 2.0 3.80 1. 794 0.473 2 0 2 
26.0 24.0 2.5 3.80 1.294 0.341 1 0 0 
26.0 24.0 1.7 3.80 2.094 0.552 3 0 4 
18.0 15.0 0.4 1.86 1.462 0.785 0 0 0 
16.0 14.0 0.6 1. 72 1.121 0.651 3 1 4 
14.0 13.0 0.15 1.598 1.448 0.906 2 0 4 
15.0 15.0 0.55 1.874 1.324 0.706 3 0 3 
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SAMPLE CB-8 

Length Height Mass Est. Differ- Differ-
(mm) (mm) l.9.l. Mass ence ence (%) MB LA RAD 

45.0 42.0 17.9 15.478 +2.422 +0.156 3 0 1 
43.0 37.0 11.0 11.123 0.123 0.011 1 0 1 
41.0 37.0 13.1 10.726 +2.374 +0.221 3 1 1 
39.0 33.0 8.4 8.125 +0.275 +0.034 2 0 1 
36.0 31. 0 4.2 6.831 2.631 0.385 3 1 4 
33.0 29.0 4.3 5.751 1.451 0.252 3 1 4 
32.0 29.0 5.5 5.669 0.169 0.030 2 0 2 
35.0 32.0 5.7 7.156 1.456 0.204 3 1 4 
31.0 29.0 3.6 5.588 1.988 0.356 3 1 4 
30.0 30.0 2.9 5.859 2.959 0.505 3 0 4 
29.0 26.0 3.0 4.486 1.486 0.331 3 1 4 
27.0 23.0 2.2 3.579 1.379 0.385 3 1 3 
21.0 17.0 0.8 2.198 1.398 0.636 3 1 3 
19.0 17.0 1.2 2.190 0.990 0.452 3 1 0 
19.0 16.0 0.4 2.022 1.622 0.802 3 0 4 

SAMPLE CB-9 

Length Height Mass Est. Differ- Differ-
(mm) (mm) l.9.l. Mass ence ence (%) MB LA RAD 

47.0 44.0 11.8 18.049 6.249 0.346 3 1 4 
48.0 44.0 18.5 18.420 +0.080 +0.004 1 0 0 
44.0 41. 0 15.3 14.333 +0.967 +0.067 3 0 3 
46.0 43.0 14.6 16.715 2.115 0.127 2 1 2 
46.0 42.0 15.6 15.788 0.188 0.012 2 1 0 
48.0 44.0 14.8 18.420 3.620 0.197 3 0 3 
43.0 39.0 11. 7 12.522 0.822 0.066 1 1 1 
40.0 39.0 11.4 11. 833 0.433 0.037 2 1 2 
42.0 38.0 9.7 11. 590 1.890 0.163 2 1 0 
40.0 39.0 11.1 11. 833 0.733 0.062 2 0 2 
39.0 35.0 8.5 9.184 0.684 0.074 1 0 0 
39.0 37.0 12.1 10.343 +1. 757 +0.170 3 1 4 
40.0 37.0 6.8 10.533 3.733 0.354 3 0 4 
41. 0 38.0 8.9 11. 377 2.477 0.218 3 0 4 
36.0 34.0 7.9 8.214 0.314 0.038 1 0 0 
36.0 32.0 6.2 7.272 1.072 0.147 2 0 4 
35.0 33.0 3.4 7.606 4.206 0.553 3 1 4 
34.0 30.0 3.4 6.220 2.820 0.453 3 1 4 
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32.0 29.0 3.4 5.669 2.269 0.4 3 0 4 
28.0 26.0 2.9 4.431 1.531 0.346 2 1 0 
32.0 30.0 2.8 6.037 3.237 0.536 3 1 4 
28.0 26.0 2.1 4.431 2.331 0.526 2 1 4 
20.0 18.0 0.8 2.371 1.571 0.663 3 1 4 
26.0 25.0 3.3 4.053 0.753 0.186 3 1 4 

SAMPLE CB-11 

Length Height Mass Est. Differ- Differ-
(mm) (mm) 1.gl Mass ence ence (%l MB LA RAD 

41.0 34.0 8.9 8.940 0.040 0.005 2 0 0 
38.0 33.0 8.7 7.992 +0.708 +0.089 1 0 1 
37.0 33.0 8.7 7.861 +0.839 +0.107 0 0 0 
43.0 37.0 11.7 11.123 +0.577 +0.052 3 0 4 
37.0 35.0 8.4 8.871 0.471 0.053 1 0 0 
35.0 35.0 8.6 8.568 +0.032 +0.004 3 1 4 
33.0 31.0 4.7 6.521 1.821 0.279 3 0 4 
34.0 32.0 5.9 7.043 1.143 0.162 2 0 1 
30.0 26.0 2.8 4.541 1. 741 0.383 2 1 1 
20.0 17.0 0.7 2.194 1.494 0.681 0 0 0 
31.0 33.0 2.8 7.121 4.321 0.607 3 1 4 
34.0 29.0 3.5 5.834 2.334 0.4 3 1 4 
29.0 26.0 4.5 4.486 +0.014 +0.003 3 1 3 
28.0 23.5 2.2 3.743 1.543 0.412 3 1 4 

SAMPLE CB-15 

Length Height Mass Est. Differ- Differ-
(mm) (mm) 1.gl Mass ence ence (%) MB LA RAD 

26.5 24.0 2.0 3.814 1.814 0.476 1 1 1 
30.5 27.5 3.2 5.044 1.844 0.366 3 1 4. 
23.5 23.5 1.3 3.575 2.275 0.636 2 1 0 
22.0 20.0 1.3 2.775 1.475 0.532 3 1 4 
26.0 24.5 1.7 3.922 2.222 0.567 3 1 4 
22.0 19.0 0.9 2.578 1.678 0.651 3 1 4 
22.0 20.5 0.8 2.876 2.076 0.722 3 1 4 
18.0 17.5 0.7 2.269 1.569 0.692 3 1 4 
20.0 17.0 1.0 2.194 1.194 0.544 3 1 4 
18.0 16.5 0.5 2.103 1.603 0.762 3 0 4 
14.0 11.5 0.3 1.392 1. 092 0.784 1 1 0 
14.0 13.0 0.3 1.598 1.298 0.812 3 0 4 
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10.0 9.0 0.2 1.158 0.958 0.827 3 o 4 

SAMPLE CB-25 

Length Height Mass Est. Differ- Differ-
(rom) (rom) lID. Mass ence ence (%) MB LA RAD 

43.0 41.0 15.8 14.056 +1. 744 +0.124 3 0 4 
46.5 40.5 15.1 14.616 +0.484 +0.033 3 0 4 
33.0 31.0 6.6 6.521 +0.079 +0.012 1 0 4 
44.0 41.0 8.5 14.333 5.833 0.407 3 0 0 
33.0 31. 0 5.3 6.521 1.221 0.187 3 1 4 
40.0 38.0 10.8 11.168 0.368 0.033 3 1 4 
37.0 35.5 5.5 9.137 3.637 0.398 3 1 4 
32.0 32.0 6.9 6.821 +0.079 +0.012 1 1 1 
28.0 24.0 2.5 3.875 1.375 0.355 1 1 0 
31. 0 28.0 3.0 5.244 2.244 0.428 3 1 4 
32.0 27.0 3.5 4.979 1.479 0.297 2 1 0 
30.5 27.5 3.8 5.044 1.244 0.247 3 1 4 
29.0 28.0 3.2 5.102 1.902 0.373 3 1 4 
31.0 29.0 3.1 5.588 2.488 0.445 3 1 4 
25.0 22.0 2.3 3.275 0.975 0.298 3 1 4 
28.0 24.0 2.5 3.875 1.375 0.355 1 1 0 
25.0 23.0 1.4 3.510 2.110 0.601 3 1 4 
21.0 19.0 1.6 2.565 0.965 0.376 3 1 1 
26.0 25.0 1.7 4.053 2.353 0.581 3 1 4 
20.5 21.5 1.5 3.046 1.546 0.508 3 1 4 
21.0 20.0 1.0 2.758 1. 758 0.637 3 0 4 
21.0 18.0 1.0 2.379 1.379 0.580 3 0 4 
16.0 14.0 0.5 1. 721 1.221 0.709 3 1 4 
23.0 24.0 1.4 3.674 2.274 0.619 3 1 4 
20.0 17.0 0.8 2.194 1.394 0.635 3 1 4 
21.0 20.0 0.9 2.758 1.858 0.674 3 1 4 
20.0 18.0 0.7 2.371 1.671 0.705 3 1 4 
17.0 15.5 0.5 1.943 1.443 0.743 3 1 4 
16.0 14.0 0.5 1. 721 1.221 0.709 3 1 4 
14.0 13.0 0.5 1.598 1.098 0.687 2 0 0 
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SAMPLE CB-26 

Length Height Mass Est. Differ- Differ-
(mm) (mm) 19l Mass ence ence (%) MB LA RAD 

31.0 27.0 4.4 4.914 0.514 0.105 3 1 0 
33.0 34.0 6.1 7.807 1.707 0.219 3 1 4 
31. 0 27.0 5.8 4.914 +0.886 +0.180 3 1 4 
35.0 33.0 4.6 7.606 3.006 0.395 3 1 4 
30.0 30.0 5.3 5.859 0.559 0.095 3 1 4 
40.0 38.0 7.5 11.168 3.668 0.328 3 1 4 
33.0 31.0 11.3 6.521 +4.779 +0.733 3 1 4 
45.0 39.0 11. 7 13.004 1.304 0.1 3 1 3 
30.0 27.0 3.4 4.851 1.451 0.299 3 1 4 
28.0 25.0 3.7 4.148 0.448 0.108 3 1 4 
35.0 33.0 8.4 7.606 +0.794 +0.104 3 1 4 
34.0 33.0 9.1 7.482 +1. 618 +0.216 3 1 4 
34.0 32.0 7.9 7.043 +0.857 +0.122 3 1 4 
28.0 25.0 3.0 4.148 1.148 0.277 3 1 4 
27.0 25.0 3.1 4.1 1.0 0.244 3 1 4 
23.0 20.0 1.5 2.793 1.293 0.463 3 1 4 
25.0 22.0 2.4 3.275 0.875 0.267 3 1 4 
21. 0 19.0 1.8 2.565 0.765 0.298 3 1 4 
27.0 25.0 2.6 4.1 1.5 0.366 3 1 4 
29.0 26.0 3.5 4.486 0.986 0.220 3 1 4 
21.0 19.0 1.6 2.565 0.965 0.376 3 1 4 
19.0 17.0 0.4 2.190 1. 790 0.817 3 1 4 
27.0 24.0 2.1 3.834 1.734 0.452 3 1 4 
22.0 20.0 1.6 2.775 1.175 0.424 3 1 4 
24.0 22.0 1.5 3.246 1. 746 0.538 3 1 4 
26.0 21. 0 1.8 3.071 1.271 0.414 3 1 4 
23.0 19.0 1.4 2.591 1.191 0.460 3 1 4 
18.0 16.0 0.7 2.022 1.322 0.654 3 1 4 
30.0 26.0 3.8 4.541 0.741 0.163 3 1 4 
22.0 21.0 1.8 2.979 1.179 0.396 3 1 4 
27.0 23.0 2.9 3.579 0.679 0.190 3 1 4 
25.0 21. 0 2.2 3.048 0.848 0.278 3 1 4 
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SAMPLE CB-27 

Length Height Mass Est. Differ- Differ-
(rom) (rom) 1.9.l. Mass ence ence (%) MB LA RAD 

51.0 45.0 16.5 20.733 4.233 0.204 2 1 2 
36.0 32.0 6.7 7.272 0.572 0.079 3 1 4 
25.0 25.0 2.6 4.007 1.407 0.351 3 1 4 
30.0 25.0 3.0 4.244 1.244 0.293 3 1 4 
42.0 40.0 12.6 13.019 0.419 0.032 3 1 3 
25.0 22.0 1.5 3.275 1.775 0.542 3 1 4 
35.0 32.0 7.4 7.156 +0.244 +0.034 3 1 4 
21. 0 17.0 0.5 2.198 1.698 0.773 3 1 4 
43.0 40.0 9.1 13.271 4.171 0.314 3 1 3 
28.0 29.0 5.7 5.353 +0.347 +0.065 3 1 4 
32.0 28.0 5.3 5.317 0.017 0.003 3 1 4 
26.0 23.0 2.1 3.544 1.444 0.407 3 1 4 
30.0 25.0 3.0 4.244 1.244 0.293 3 1 4 
25.0 21.0 1.4 3.048 1.648 0.541 3 1 4 
19.0 15.0 0.4 1.858 1.458 0.785 3 0 4 
20.0 18.0 0.6 2.371 1.771 0.747 3 1 4 

SAMPLE CB-40 

Length Height Mass Est. Differ- Differ-
(mm) (mm) 1.9.l. Mass ence ence (%) MB LA RAD 

39.0 34.0 9.5 8.643 +0.857 +0.099 2 1 2 
29.0 32.0 3.5 6.501 3.001 0.462 3 1 4 
20.0 18.0 0.8 2.371 1.571 0.663 3 1 4 

SAMPLE CB-61 

Length Height Mass Est. Differ- Differ-
(mm) (mm) 1.9.l. Mass ence ence (%) MB LA RAD 

46.0 40.0 14.7 14.058 +0.642 +0.046 1 0 0 
43.3 40.5 13.0 13.739 0.739 0.054 3 1 4 
45.0 40.0 12.7 13.791 1.091 0.079 2 1 0 
41. 0 37.0 12.9 10.726 +2.174 +0.203 2 0 0 
38.0 36.0 9.1 9.579 0.479 0.050 3 0 4 
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42.0 40.0 11. 5 13.019 1.519 0.117 3 1 4 
35.0 31.0 5.5 6.726 1.226 0.182 3 0 4 
27.0 25.0 1.7 4.1 2.4 0.585 3 0 4 
32.0 29.0 3.6 5.669 2.069 0.365 3 0 4 
37.0 37.0 5.5 9.974 4.474 0.449 3 1 4 
40.0 37.0 10.5 10.533 0.033 0.003 2 0 0 
40.0 36.0 9.1 9.926 0.826 0.083 1 0 0 
35.0 31.5 6.0 6.939 0.939 0.135 1 1 0 
40.0 34.5 9.8 9.065 +0.735 +0.081 2 1 0 
32.0 29.0 4.4 5.669 1.269 0.224 3 1 4, 

33.5 30.5 6.0 6.370 0.370 0.058 3 0 4 
34.0 29.5 4.7 6.025 1.325 0.220 3 0 4 
28.0 24.5 2.5 4.010 1.510 0.377 3 0 4 
23.5 20.5 1.1 2.907 1.807 0.622 1 0 0 
22.0 19.5 1.3 2.676 1.376 0.514 2 0 0 
21.0 18.0 0.9 2.379 1.479 0.622 3 1 4 
24.5 22.0 1.7 3.260 1.560 0.479 3 1 4 
23.0 20.0 1.3 2.793 1.493 0.535 3 1 4 
21. 0 18.5 0.7 2.471 1.771 0.717 3 1 4 
15.0 12.5 0.2 1.515 1.315 0.868 3 0 4 

SAMPLE CB-72 

Length Height Mass Est. Differ- Differ-
(mm) (mm) 19l Mass ence ence (%) MB LA RAD 

30.0 22.0 4.3 3.421 +0.879 +0.257 3 1 1 
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TABLE C.4 

SANDY OUTER FLAT SHELLS 

Surface texture codes: 

MB = Microboring; 0 - absent, 1 - covers <50% of surface, 
2 - covers 50-99% of surface, 3 - covers 100% of surface. 

LA = Living algae in shell; 0 - absent, 1 - present. 

RAD = Radular marks; 0 - absent, 1 - cover <50% of surface, 
2 - cover 50-90% of surface, 3 - cover 100% of surface, 
4 - ambiguous surface, distinct marks obliterated. 

Note: Estimated mass differences are negative except where 
noted by "+". 

SAMPLE CB-4 

Length Height Mass Est. Differ- Differ-
(rom) (mm) ..(.gl Mass ence ence (%) MB LA RAD 

38 34 7.9 8.497 0.597 0.070 1 0 0 
47 48 13.5 22.526 9.026 0.401 3 0 4 
32 27 3.2 4.979 1. 779 0.357 3 0 2 
28 23 2.0 3.614 1.614 0.447 2 1 0 
29 27 3.3 4.788 1.488 0.311 3 0 4 
25 22 1.7 3.275 1.575 0.481 2 0 0 
25 22 1.8 3.275 1.475 0.450 1 0 0 
26 24 1.3 3.794 2.494 0.657 3 0 4 
25 22 1.8 3.275 1.475 0.450 1 0 0 
25 22 1.8 3.275 1.475 0.450 3 0 2 
24 23 0.8 3.476 2.676 0.770 3 0 1 
25 20 1.3 2.829 1.529 0.541 1 0 0 
23 20 1.4 2.793 1.393 0.499 2 0 0 
22 19 1.0 2.578 1.578 0.612 1 0 0 
23 18 1.0 2.396 1.396 0.583 1 0 0 
20 16 0.4 2.022 1. 622 0.802 1 0 0 
21 17 0.9 2.198 1.298 0.591 1 0 0 
21 17 0.5 2.198 1. 698 0.773 1 0 0 
19 15 0.5 1.858 1.358 0.731 1 0 0 
18 15 0.3 1.862 1.562 0.839 3 0 1 
20 17 0.5 2.194 1.694 0.772 J 0 4 
19 16 0.4 2.022 1. 622 0.802 1 0 0 
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20 16 0.6 2.022 1.422 0.703 2 0 0 
19 16 0.4 2.022 1.622 0.802 1 0 0 
19 16 0.7 2.022 1.322 0.654 2 0 0 
18 15 0.4 1.862 1.462 0.785 3 0 0 
18 14 0.4 1.705 1.305 0.765 2 0 0 
18 15 0.1 1.862 1.762 0.946 1 0 0 
17 15 0.4 1.866 1.466 0.786 1 0 0 
18 15 0.4 1.862 1.462 0.785 1 0 0 
18 15 0.5 1.862 1.362 0.731 2 0 0 
15 13 0.1 1.586 1.486 0.937 2 0 0 
15 13 0.2 1.586 1.386 0.874 2 0 0 
18 15 0.3 1.862 1.562 0.839 2 0 0 
16 13 0.1 1.574 1.474 0.936 1 0 0 
17 14 0.1 1.713 1.613 0.942 2 0 1 

SAMPLE CB-5 

Length Height Mass Est. Differ- Differ-
(mm) (mm) .Lgl Mass ence ence (%) MB LA RAD 

66 52 35.6 42.528 6.928 0.163 1 0 0 
60 53 33.5 39.345 5.845 0.149 1 1 1 
56 54 30.1 37.979 7.879 0.207 3 1 4 
53 49 25.6 27.064 1.464 0.054 0 0 0 
53 49 28.6 27.064 +1. 536 +0.057 0 0 0 
54 52 32.0 32.6 0.6 0.018 1 1 0 
58 53 34.2 37.626 3.426 0.091 1 0 0 
55 50 30.4 29.868 +0.532 +0.018 1 0 0 
52 49 24.0 26.487 2.487 0.094 1 0 0 
51 46 21.7 21. 941 0.241 0.011 1 1 0 
51 47 26.4 23.206 +3.194 +0.138 0 0 0 
50 45 20.0 20.310 0.310 0.015 1 0 0 
48 48 16.3 23.012 6.712 0.292 1 0 0 
46 40 13.8 14.058 0.258 0.018 1 1 0 
49 45 18.4 19.895 1.495 0.075 3 1 3 
46 40 12.2 14.058 1.858 0.132 1 0 0 
43 37 10.1 11.123 1.023 0.092 2 1 0 
42 36 10.1 10.285 0.185 0.018 1 0 0 
40 35 7.0 9.345 2.345 0.251 2 0 0 
39 33 7.7 8.125 0.425 0.052 1 0 0 
37 32 6.5 7.389 0.889 0.120 3 0 1 
22.2 22.2 7.0 3.239 +3.761 +1.161 0 0 0 
38 32 7.6 7.508 +0.092 +0.012 0 0 0 
40 37 9.6 10.533 0.933 0.089 1 1 0 
33 38 6.6 9.810 3.210 0.327 1 0 0 
39 35 9.6 9.184 +0.416 +0.045 1 1 0 
35 32 6.8 7.156 0.356 0.050 1 0 0 
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34 30 4.9 6.220 1.320 0.212 1 1 0 
35 30 5.9 6.313 0.413 0.065 1 0 0 
33 27 4.9 5.044 0.144 0.029 1 1 0 
33 30 5.5 6.128 0.628 0.102 1 0 0 
33 28 4.5 5.390 0.890 0.165 1 0 0 
33 28 4.6 5.390 0.790 0.147 1 0 0 
33 28 4.1 5.390 1.290 0.239 1 0 0 
31 27 4.4 4.914 0.514 0.105 1 1 0 
30 25 3.8 4.244 0.444 0.105 1 0 0 
29 24 3.2 3.917 0.717 0.183 1 0 0 
31 27 3.8 4.914 1.114 0.227 1 0 0 
32 26 3.7 4.655 0.955 0.205 1 0 0 
31 26 3.3 4.598 1.298 0.282 1 0 0 
30 24 3.3 3.959 0.659 0.166 1 1 0 
30 25 3.3 4.244 0.944 0.223 1 0 0 
29 24 2.3 3.917 1.617 0.413 2 1 1 
30 26 2.2 4.541 2.341 0.516 3 0 4 
31 26 3.2 4.598 1.398 0.304 1 0 0 
28 24 2.6 3.875 1.275 0.329 1 0 0 
29 26 3.0 4.486 1.486 0.331 2 1 1 
28 24 2.6 3.875 1.275 0.329 1 0 0 
29 25 3.4 4.196 0.796 0.190 1 1 0 
30 25 3.9 4.244 0.344 0.081 1 0 0 
31 27 3.9 4.914 1.014 0.206 1 0 0 
33 28 4.1 5.390 1.290 0.239 1 0 0 
31 28 4.4 5.244 0.844 0.161 3 0 4 
25 21 1.4 3.048 1.648 0.541 1 0 0 
29 26 3.8 4.486 0.686 0.153 1 0 0 
26 21 1.6 3.071 1.471 0.479 1 0 0 
29 24 2.0 3.917 1.917 0.489 1 0 1 
28 23 2.7 3.614 0.914 0.253 1 1 0 
28 23 2.5 3.614 1.114 0.308 1 0 0 
27 23 2.3 3.579 1.279 0.357 1 0 0 
24 20 1.1 2.811 1. 711 0.609 1 0 0 
28 23 2.4 3.614 1.214 0.336 1 0 0 
27 23 2.6 3.579 0.979 0.273 1 0 0 
28 25 3.6 4.148 0.548 0.132 1 0 0 
25 21 1.9 3.048 1.148 0.377 1 0 0 
27 23 2.2 3.579 1.379 0.385 1 0 0 
26 22 2.3 3.303 1.003 0.304 1 0 0 
27 23 1.8 3.579 1. 779 0.497 1 0 2 
26 23 2.5 3.544 1.044 0.295 1 0 0 
25 21 2.1 3.048 0.948 0.311 1 0 0 
29 26 3.4 4.486 1.086 0.242 3 0 4 
25 23 2.7 3.510 0.810 0.231 3 0 3 
23 19 1.1 2.591 1.491 0.576 1 0 0 
24 19 1.4 2.605 1.205 0.462 1 0 0 
27 23 2.6 3.579 0.979 0.273 1 0 0 
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28 23 2.5 3.614 1.114 0.308 1 0 0 
30 25 3.4 4.244 0.844 0.199 1 0 0 
28 24 2.8 3.875 1.075 0.278 1 0 0 
27 22 2.1 3.332 1.232 0.370 1 0 0 
24 21 1.4 3.025 1.625 0.537 1 0 0 
25 19 1.5 2.618 1.118 0.427 1 0 0 
26 22 1.9 3.303 1.403 0.425 1 0 0 
26 23 2.0 3.544 1.544 0.436 1 0 0 
25 21 1.7 3.048 1.348 0.442 1 0 0 
23 20 1.2 2.793 1.593 0.570 1 0 0 
24 21 0.5 3.025 2.525 0.835 3 0 4 
20 17 0.5 2.194 1.694 0.772 1 0 0 
20 17 0.6 2.194 1.594 0.727 2 0 0 
19 16 0.4 2.022 1. 622 0.802 1 0 0 
17 16 0.3 2.022 1.722 0.852 1 0 0 
17 14 0.1 1. 713 1.613 0.942 0 0 0 
17 14 0.2 1.. 713 1.513 0.883 1 0 0 
15 13 0.1 1.586 1.486 0.937 1 0 0 
18 15 0.5 1.862 1.362 0.731 1 0 0 
13 11 0.1 1.343 1.243 0.926 1 0 0 
17 15 0.5 1.866 1.366 0.732 1 0 0 
11 9 0.1 1.130 1.030 0.912 1 0 0 
17 14 0.1 1. 713 1.613 0.942 2 0 0 
16 18 0.1 2.337 2.237 0.957 3 0 4 
16 14 0.3 1. 721 1.421 0.826 2 0 0 

SAMPLE CB-28 

Length Height Mass Est. Differ- Differ-
(mm) (mm) l.9.l. Mass ence ence (%) MB LA RAD 

47 44 16.8 18.049 1.249 0.069 2 1 1 
45 39 11.5 13.004 1.504 0.116 1 0 0 
51 44 19.3 19.581 0.281 0.014 1 1 0 
58 51 32.0 33.708 1.708 0.051 1 1 0 
57 53 40.4 36.795 +3.605 +0.098 1 1 0 
40 34 4.1 8.790 4.690 0.534 3 0 4 
33 29 4.1 5.751 1.651 0.287 1 0 0 
35 29 4.8 5.918 1.118 0.189 3 0 4 
31 26 4.0 4.598 0.598 0.130 3 1 4 
37 32 5.4 7.389 1.989 0.269 3 1 4 
32 29 3.9 5.669 1. 769 0.312 3 1 4 
38 31 4.7 7.045 2.345 0.333 3 0 4 
37 32 4.2 7.389 3.189 0.432 3 1 3 
36 30 5.4 6.408 1.008 0.157 3 1 2 
32 28 4.2 5.317 1.117 0.210 2 0 1 
33 29 3.6 5.751 2.151 0.374 3 0 4 
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34 29 4.8 5.834 1.034 0.177 3 1 2 
33 30 3.0 6.128 3.128 0.510 3 1 4 
34 28.5 4.8 5.647 0.847 0.150 1 0 0 
33.5 27 3.9 5.077 1.177 0.232 3 1 3 
31 28 2.9 5.244 2.344 0.447 3 0 4 
31 31 2.4 6.322 3.922 0.620 1 0 0 

SAMPLE CB-67 

Length Height Mass Est. Differ- Differ-
(rom) (mm) 1.9l Mass ence ence (%) MB LA RAD 

52 46 20.0 22.404 2.404 0.107 2 0 2 
60 52 30.9 37.234 6.334 0.170 1 0 0 
58 55 36.2 41. 933 5.733 0.137 1 0 0 
56 54 32.9 37.979 5.079 0.134 1 0 0 
61 54 40.1 42.505 2.405 0.057 3 1 3 
49 44 17.6 18.799 1.199 0.064 2 1 2 
44 43 8.9 16.056 7.156 0.446 3 0 3 
39 40 11.3 12.290 0.990 0.081 3 0 2 
40 34 9.0 8.790 +0.210 +0.024 1 0 0 
42 36 8.3 10.285 1.985 0.193 1 0 0 
38 32 6.3 7.508 1.208 0.161 3 0 3 
38 30 5.8 6.603 0.803 0.122 1 1 0 
36 31 5.2 6.831 1.631 0.239 3 0 3 
35 28 4.1 5.540 1.440 0.260 3 1 3 
32 33 4.2 7.239 3.039 0.420 3 0 3 
33 29 4.6 5.751 1.151 0.2 3 1 3 
30 29 3.1 5.509 2.409 0.437 3 0 3 
32 27 3.5 4.979 1.479 0.297 3 0 4 
34 32 4.5 7.043 2.543 0.361 3 1 3 
30 29 3.3 5.509 2.209 0.401 2 0 1 

SAMPLE CB-68 

Length Height Mass Est. Differ- Differ-
(mm) (mm) 1.9l Mass ence ence (%) MB LA RAD 

33 28 2.2 5.390 3.190 0.592 3 0 2 
50 43 16.9 18.113 1.213 0.067 1 0 0 
57 56 31.5 43.244 11. 744 0.272 1 0 0 
44 37 10.3 11. 326 1.026 0.091 1 0 0 
34 29 4.7 5.834 1.134 0.194 1 0 0 
38 33 7.9 7.992 0.092 0.011 2 0 0 
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36 34 7.7 8.214 0.514 0.063 1 0 0 
32 38 5.2 9.630 4.430 0.460 1 0 0 
34 29 4.7 5.834 1.134 0.194 1 0 0 
37 32 5.8 7.389 1.589 0.215 1 0 0 
32 29 4 5.669 1.669 0.294 3 1 4 

SAMPLE CB-73 

Length Height Mass Est. Differ- Differ-
(mm) (mm) 1.9l Mass ence ence (%) MB LA RAD 

49 44 18.6 18.799 0.199 0.011 1 0 0 
39 37 9.4 10.343 0.943 0.091 3 0 2 
38 32 4.9 7.508 2.608 0.347 3 0 4 
33 29 5.5 5.751 0.251 0.044 3 0 2 
30 27 3.6 4.851 1.251 0.258 1 1 0 
28 23 2.7 3.614 0.914 0.253 3 0 1 
30 26 4.0 4.541 0.541 0.119 3 0 4 
27 23 2.7 3.579 0.879 0.246 2 0 1 
24 20 1.1 2.811 1. 711 0.609 3 0 1 
24 22 1.7 3.246 1.546 0.476 3 0 4 
22 20 1.2 2.775 1.575 0.568 3 0 4 
13 11 0.1 1.343 1.243 0.926 2 0 0 
9 7 0.1 0.940 0.840 0.894 2 0 0 
10 8 0.1 1. 033 0.933 0.903 2 0 0 
7 6 0.1 0.896 0.796 0.888 1 0 0 
6 5 0.1 0.817 0.717 0.878 1 0 0 

SAMPLE CB-86 

Length Height Mass Est. Differ- Differ-
(mm) (mm) 1.9l Mass ence ence (%) MB LA RAD 

54 50 28.6 29.225 .625 0.021 1 0 0 
38 32 7.7 7.508 +0.192 +0.026 1 0 1 
38 32 7.8 7.508 +0.292 +0.039 1 0 0 
35 32 5.7 7.156 1.456 0.204 3 0 4 
31 27 3.1 4.914 1.814 0.369 3 0 4 
26 23 1.6 3.544 1.944 0.549 3 0 4 
26 22 1.9 3.303 1.403 0.425 1 0 0 
24.5 21 1.1 3.036 1.936 0.638 1 0 0 
24 20 1.1 2.811 1. 711 0.609 1 0 0 
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SAMPLE CB-100 

Length Height Mass Est. Differ- Differ-
(mm) (mm) .!.gl Mass ence ence (%) I.fB LA RAD 

54 53 38.5 34.410 +4.090 +0.119 3 0 4 
57 54 32.1 38.844 6.744 0.174 3 1 2 
52.5 48 24.0 25.330 1.330 0.053 1 1 0 
51 44 16.1 19.581 3.481 0.178 3 1 2 
48 44 20.5 18.420 +2.080 +0.113 1 0 0 
50 45.4 18.5 20.8 2.274 0.109 2 0 0 
48 42 17.4 16.426 +0.974 +0.059 1 0 0 
45 44 17.6 17.329 +0.271 +0.016 1 0 0 
37 43 11.1 13.949 2.849 0.204 1 1 0 
41 39 12.9 12.058 +0.842 +0.070 1 0 0 
41 37 12.0 10.726 +1.274 +0.119 1 0 0 
45 40.5 14.6 14.198 +0.402 +0.028 2 1 0 
41 39 11.6 12.058 0.458 0.038 1 0 0 
40 35.5 8.1 9.632 1.532 0.159 2 0 0 
37 32 6.7 7.389 0.689 0.093 1 0 0 
36.5 31.5 8.2 7.105 +1. 095 +0.154 1 1 0 
39 35 9.4 9.184 +0.216 +0.023 1 0 0 
42 40 7.8 13.019 5.219 0.401 3 1 0 
34 31 6.6 6.622 0.022 0.003 2 0 0 
37 33 7.7 7.861 0.161 0.021 2 0 0 
35 32 5.6 7.156 1.556 0.217 1 0 0 
35 29 6.2 5.918 +0.282 +0.048 2 0 0 
32 29 5.1 5.669 0.569 0.1 1 0 0 
33 27.5 3.9 5.215 1.315 0.252 1 1 0 
29 27 2.5 4.788 2.288 0.478 3 0 4 
20 18 1.1 2.371 1.271 0.536 2 1 0 
20 18.5 1.6 2.461 0.861 0.350 1 0 0 
20 18 0.6 2.371 1. 771 0.747 1 1 0 

SAMPLE CB-101 

Length Height Mass Est. Differ- Differ-
(mm) (mm) .!.gl Mass ence ence (%) MB LA RAD 

52 49 32.6 26.487 +6.113 +0.231 0 0 0 
50 45 24.2 20.310 +3.890 +0.192 1 1 0 
50 46 25.0 21.488 +3.512 +0.163 2 1 1 
53 50 30.4 28.596 +1.804 +0.063 0 0 0 
50 44.5 22.6 19.741 +2.859 +0.145 3 1 4 
53.5 49.5 33.0 28.124 +4.876 +0.173 1 0 0 
54 50 30.5 29.225 +1. 275 +0.044 1 0 0 
46 47 26.4 20.882 +5.518 +0.264 1 1 0 
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54 54 38.3 36.307 +1.993 +0.055 1 1 0 
50 46 26.2 21.488 +4.712 +0.219 1 1 0 
41 40 12.2 12.771 0.571 0.045 2 1 2 
48 43 18.3 17.4 +0.9 +0.052 1 0 0 
50 46 26.7 21.488 +5.212 +0.243 1 1 0 
36 34 8.8 8.214 +0.586 +0.071 0 0 0 
33 29 6.1 5.751 +0.349 +0.061 2 1 2 
30 26 3.3 4.541 1.241 0.273 2 1 0 
26 22 2.4 3.303 0.903 0.273 1 0 0 
48 32 8.5 8.811 0.311 0.035 0 0 0 
20 17 0.6 2.194 1.594 0.727 1 1 0 
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TABLE C.S 

ROCKY OUTER FLATS 

Surface texture codes: 

MB = Microboring; 0 - absent, 1 - covers <50% of surface, 
2 - covers 50-99% of surface, 3 - covers 100% of surface. 

LA = Living algae in shell; 0 - absent, 1 - present. 

RAD = Radular marks; 0 - absent, 1 - cover <50% of surface, 
2 - cover 50-90% of surface, 3 - cover 100% of surface, 
4 - ambiguous surface, distinct marks obliterated. 

Note: Estimated mass differences are negative except where 
noted by "+". 

Length Height Mass 
(mm) (mm) 1..gl 

56.0 
60.0 
63.0 
47.0 
40.0 
46.0 
50.0 
56.0 
50.0 
50.0 
51. 0 
42.0 
34.0 
42.0 
37.0 
40.0 
40.0 
36.0 
42.0 
35.0 
37.0 
36.0 

49.0 
55.0 
57.0 
42.0 
37.0 
41.0 
45.0 
48.0 
45.0 
46.0 
43.0 
38.0 
39.0 
40.0 
35.0 
36.0 
33.0 
31.0 
36.0 
31. 0 
38.0 
37.0 

23.7 
30.0 
38.8 
18.0 
9.4 

14.4 
20.9 
20.0 
18.9 
17.0 
17.9 
7.6 
7.3 

11.7 
8.0 
5.9 
6.1 
5.7 
9.4 
4.2 
5.0 
4.0 

SAMPLE CB-65 

Est. 
Mass 

28.872 
43.880 
52.358 
16.104 
10.533 
14.903 
20.310 
27.294 
20.310 
21.488 
18.481 
11. 590 
10.566 
13.019 
8.871 
9.926 
8.260 
6.831 

10.285 
6.726 

10.564 
9.795 

Differ- Differ-
ence ence (%) MB LA RAD 

5.172 
13.880 
13.558 
+1. 896 

1.133 
0.503 

+0.590 
7.294 
1.410 
4.488 
0.581 
3.990 
3.266 
1.319 
0.871 
4.026 
2.160 
1.131 
0.885 
2.526 
5.564 
5.795 

0.179 
0.316 
0.259 

+0.118 
0.108 
0.034 

+0.029 
0.267 
0.069 
0.209 
0.031 
0.344 
0.309 
0.101 
0.098 
0.406 
0.261 
0.166 
0.086 
0.376 
0.527 
0.592 

3 
3 
3 
o 
3 
1 
o 
3 
3 
3 
3 
3 
2 
3 
3 
2 
2 
3 
3 
3 
3 
3 

1 
o 
1 
o 
1 
1 
o 
1 
1 
o 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
o 

4 
4 
3 
o 
3 
1 
o 
2 
2 
3 
3 
3 
o 
3 
3 
2 
2 
3 
3 
4 
4 
4 
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36.0 30.0 3.6 6.408 2.808 0.438 3 1 3 
31.0 27.0 2.2 4.914 2.714 0.552 2 1 2 
33.0 29.0 3.9 5.751 1.851 0.322 2 1 2 
32.0 28.0 3.0 5.317 2.317 0.436 3 1 3 
36.0 33.0 6.0 7.733 1.733 0.224 3 1 3 
29.0 26.0 4.2 4.486 0.286 0.064 3 1 3 
31.0 26.0 2.9 4.598 1.698 0.369 3 1 3 
24.5 20.0 1.4 2.820 1.420 0.504 3 1 3 
24.0 21. 0 0.6 3.025 2.425 0.802 3 1 3 

SAMPLE CB-66 

Length Height Mass Est. Differ- Differ-
(rom) (mm) 1.gl Mass ence ence (%) MB LA RAD 

47.0 44.0 16.9 18.049 1.149 0.064 3 1 1 
41. 0 42.0 13.3 14.299 0.999 0.070 3 1 1 
46.0 44.0 10.3 17.685 7.385 0.418 3 1 1. 
43.0 40.0 8.9 13.271 4.371 0.329 3 1 2 
48.0 44.0 11.4 18.420 7.020 0.381 3 1 1 
40.0 38.0 10.0 11.168 1.168 0.105 3 1 2 
46.0 42.0 11.8 15.788 3.988 0.253 3 1 1 
44.0 40.0 8.3 13.529 5.229 0.386 3 1 1 
39.0 33.0 7.9 8.125 0.225 0.028 3 1 1 
35.0 32.0 6.5 7.156 0.656 0.092 3 1 1 
37.0 32.0 7.0 7.389 0.389 0.053 3 1 1 
35.0 32.0 6.1 7.156 1.056 0.148 2 1 1 
36.0 30.0 6.0 6.408 0.408 0.064 2 1 1 
33.0 29.0 4.4 5.751 1.351 0.235 2 0 1 
34.0 30.0 4.4 6.220 1.820 0.293 3 1 1 
33.0 27.0 4.5 5.044 0.544 0.108 3 1 1 
35.0 31.0 5.6 6.726 1.126 0.167 3 1 1 
32.0 27.0 3.3 4.979 1. 679 0.337 1 0 1 
31.0 28.0 3.6 5.244 1. 644 0.314 3 0 1 
30.0 26.0 3.8 4.541 0.741 0.163 1 1 1 
32.0 27.0 3.4 4.979 1.579 0.317 3 1 1 
31.0 25.0 2.7 4.294 1.594 0.371 3 1 1 
29.0 26.0 2.5 4.486 1.986 0.443 3 1 1 
29.0 24.0 3.2 3.917 0.717 0.183 3 1 1 
27.0 24.0 2.2 3.834 1. 634 0.426 3 1 1 
29.0 26.0 2.3 4.486 2.186 0.487 3 0 1 
27.0 24.0 1.8 3.834 2.034 0.531 3 1 1 
27.0 25.0 2.2 4.1 1.9 0.463 3 1 1 
25.0 23.0 2.3 3.510 1.210 0.345 3 1 1 
27.0 22.0 1.9 3.332 1.432 0.430 3 1 1 
25.0 21.0 2.1 3.048 0.948 0.311 3 0 0 
24.0 22.0 1.3 3.246 1.946 0.6 3 1 1 
21.0 18.0 0.8 2.379 1.579 0.664 3 1 1 
21.0 17.0 0.5 2.198 1.698 0.773 3 1 0 
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21:0 17.0 0.6 2.198 1.598 0.727 3 0 0 
18.0 16.0 0.4 2.022 1.622 0.802 3 1 1 
18.0 16.0 0.5 2.022 1.522 0.753 3 0 1 
18.0 15.0 0.3 1.862 1.562 0.839 3 0 0 
17.0 13.0 0.1 1.563 1.463 0.936 3 0 0 
17.0 13.0 0.2 1.563 1.363 0.872 3 0 0 
16.0 14.0 0.2 1.721 1.521 0.884 3 1 1 
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APPENDIX D 

COMPUTER PROGRAMS USED IN CHAPTER 5 

MIXR 
50 REM mixr 
100 REM This program models in situ post-depositional m1x1ng 
110 REM positions of randomly selected fossils are "swapped" 
150 INPUT "number of beds"; BEDS 
200 INPUT "number of runs"; RUNS 
250 RANDOMIZE 
300 DIM SEQ (BEDS) 
400 FOR Z=l TO BEDS 
410 SEQ{Z)=Z 
420 NEXT Z 
500 REM 
510 FOR K= 1 TO RUNS 
520 PRINT K 
530 R1= INT{RND * BEDS)+l 
540 R2= RND*10 
550 GOSUB 2000 
800 NEXT K 
850 OPEN "b:outputr" FOR APPEND AS #1 
870 PRINT 
900 FOR K=l TO BEDS 
910 PRINT SEQ{K) 
915 WRITE #1, SEQ(K) 
920 NEXT K 
950 CLOSE 
1000 END 
1100 REM 
2000 REM this subroutine uses r2 to swap fossils 
2100 IF R2 <5 GOTO 2500 
2200 IF R1=1 GOTO 3000 
2300 W=SEQ{R1) 
2350 J= R1-1 
2400 SEQ(R1)=SEQ(J) 
2425 SEQ(J)=W 
2450 GOTO 3000 
2460 REM ********************************** 
2500 IF R1 = BEDS GOTO 3000 
2520 Y=SEQ(R1) 
2600 I= R1+1 
2700 SEQ(R1)=SEQ{I) 
2750 SEQ(I)=Y 
3000 RETURN 



RECY 

version 1: 

100 REM RECYr ---random sequence 
200 RANDOMIZE 
210 INPUT "Sequence thickness"; THICK 
220 INPUT "How many runs"; RUNS 
225 IF RUNS>THICK GOTO 210 
230 DIM BED (THICK) 
240 REM initialize bed values 
250 FOR K=l TO THICK 
260 BED(K)=K 
270 NEXT K 
300 REM Insert recycled shells 
310 FOR J= 1 TO RUNS 
320 PICK=INT(RND*THICK)+l 
325 IF BED(PICK»THICK GOTO 320 
330 BED(PICK)= INT(RND*1000)+THICK 
350 NEXT J 
360 OPEN "b:resultr" FOR APPEND AS #1 
400 FOR X=l TO THICK 
410 PRINT BED (X) 
415 WRITE #1, BED (X) 
420 NEXT X 
430 CLOSE 
450 END 

version 2: 

100 REM RECYc --constant age 
110 INPUT "Number of trials"; TRIALS 
200 RANDOMIZE 
210 INPUT "Sequence thickness"; THICK 
220 RUNS= THICK-20 
225 OPEN "b:resultc" FOR APPEND AS #1 
230 DIM BED (THICK) 
235 FOR G=l TO TRIALS 
240 REM initialize bed values 
250 FOR K=l TO THICK 
260 BED(K)=K 
270 NEXT K 
300 REM Insert recycled shells 
310 FOR J= 1 TO RUNS 
320 PICK=INT(RND*THICK)+l 
325 IF BED(PICK»THICK GOTO 320 
330 BED(PICK)= THICK +10 
340 REM dummy rnd to keep compatible with recyr 
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345 DUMMY=RND 
350 NEXT J 
400 FOR X=l TO THICK 
410 PRINT BED (X) 
415 WRITE #1, BED (X) 
420 NEXT X 
425 NEXT G 
430 CLOSE 
500 END 

version 3: 

100 REM RECYu --unroofing 
200 RANDOMIZE 
210 INPUT "Sequence thickness"; THICK 
220 INPUT "How many runs"; RUNS 
225 IF RUNS>THICK GOTO 210 
230 DIM BED (THICK) 
240 REM initialize bed values 
250 FOR K=l TO THICK 
260 BED(K)=K 
270 NEXT K 
300 REM Insert recycled shells 
310 FOR J= 1 TO RUNS 
320 PICK=INT(RND*THICK)+l 
325 IF BED(PICK»THICK GOTO 320 
330 BED(PICK)= (3*THICK)-BED(PICK) 
340 REM dummy rnd to keep compatible with recyr 
345 DUMMY=RND 
350 NEXT J 
360 OPEN "b:resultu" FOR APPEND AS #1 
400 FOR X=l TO THICK 
410 PRINT BED (X) 
415 WRITE #1, BED (X) 
420 NEXT X 
430 CLOSE 
500 END 
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APPENDIX E 

COMPUTER PROGRAM USED IN CHAPTER 6 

CBMIX 

5 REM This program CBMIX generates a sample of shell ages from 
6 REM any number of user-specified horizons. Output is 
written to 
7 REM disk by horizon (i. e all ages from horizon A, then 
horizon B, 8 REM etc.) 
10 INPUT "Number of horizons"; XRUN 
11 DIM HORIZ(XRUN) 
15 FOR V=l TO XRUN: INPUT "Horizon"; HORIZON(V}: NEXT V 
20 INPUT "total number of columns";TOT 
30 INPUT "LAMDA"; LAMDA 
40 INPUT "PACKAGE"; P 
50 INPUT "Mixing depth"; M 
90 OPEN "b:results" FOR APPEND AS #1 
100 RANDOMIZE TIMER 
120 FOR W= 1 TO XRUN 
130 FOR B= 1 TO TOT 
135 X=RND: SUM= 0 
240 FOR N=O TO 10000 
250 T=(N*P) 
260 C= (EXP(-l*LAMDA*T»*(l-(P/M»AN 
350 SUM= SUM + «P/M)*C) 
400 IF SUM > X THEN GOTO 510 
500 NEXT N 
510 K=N + HORIZON(W) 

WRITE #1, K 
NEXT B 

515 
520 
530 
550 
560 
570 
600 
700 

NEXT W 
PRINT "lambda=";LAMDA 
PRINT "p="; P 
PRINT "m=";M 
CLOSE 
END 
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