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Preface

Scientific treatises are published for many reasons. This book is

essentially a collection of case histories by experts on work done

within the broad spectrum of subjects currently encompassed by the

term "paleoecology." In many cases original data are given in depth
rather than the customary summaries of literature characteristic of
textbooks. Thus it is designed for and appropriate to advanced uni-
versity seminars. It may also be used as a reference handbook for
professional geologists.

This book is the result of a symposium on the principles of
paleoecology, which we conceived and organized for the annual meet-
ing of the Paleontological Society at Cincinnati, Ohio, November 2,
1961. Authors' royalties that may derive from the sale of the book
will be turned over to the Society's publication fund.

During the past few years, there has been a conspicuous burgeon-
ing of interest and activity in interpreting the history of sedimentary
rocks and fossils as deduced from the stratigraphic record. Geolo-
gists have nccessarily turned to the study of recent marine sediments
and organisms for uniformitarian clues about geological history. In-
creasingly, attempts are being made to coordinate overlapping dis-
ciplines in the search for knowledge of the past: paleontology,
stratigraphy, sedimentology, petrology, and geochemistry. It is the
synthesis of these fields, together with the materials of ecology, that
permits paleoecologic interpretations. Hence, paleoecology is an in-
terdisciplinary subject, not a separate field with its own set of methods
and principles. Nevertheless, the great petroleum companies and cer-
tain universities are adding "paleoecologists" to their stafis, and semi-
nars on the subject are now popular in the universities.

The present book is a natural outgrowth of a need for a progress re-
port on this rapidly evolving area of historical geology. It provides
source material on diagenesis, relations between sediment type and



organism distribution, and on the historical continuity of community
organization.

The treatment necessarily is uneven and there are certain outstand-
ing omissions. For example, paleobotany and signiffcant aspects of
organic geochemistr/, isotope chemistry, and work on trace e]lements
are either omitted or not sufficiently covered because papers on these
topics were not available to us. rn spite of this, we berieve that the
book illuminates well some of the modern trends and complexities
of modern paleoecology. It is evident that much more is involved
than the ecology of ancient organisms.

we rvish to acknowledge financial aid from the National science
Foundation _(Grant NSF-G19250), which permitted us to invite
such outstanding overseas authorities as B. K^urt6n, A. seilacher, and
E. R. Trueman to travel to Cincinnati from Europe in order to par_

:i"jp"_t_11" 
our- symposium. Also, we wish to thank our pubhsler,

John Wiley and Sons, for editorial counsel and aid.
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Introduction:

The Viewpoint of Paleoecology

b2 John Irnbrie and JVorman D. JVeuell
Columbia Unioersity and Thc Anrcrican Museum of Natural
History, New York

Definitions and Viewpoints

Ecology is a branch of biology devoted to the understanding
of relationships betrveen living organisms and their environments.
Paleoecology is a branch of geology devoted to the urrderstanding
of relationships between ancient organisms and their environments.
Although the two disciplines have parallel aims and invoke many of
the same principles, they are characterized by substantial di$erences
in points of view and lvorking methods. These difierences result from
tliree simple facts of paleoecology:

The living organisms now preserved as fossils cannot be observed.
Physical and chemical attributes of ancient ecosystems cannot be
studied d i rect ly .
The fossil record is strongly influenced by post-mortem and post-
clepositional processes.

One conclusion lve may drarv from these facts is that the level of
precision and amount
lower than in ecology.
in more detail, should
which can l:e obtained
relatively gross character.

of detail obtainable in paleoecology are far
These limitations. which will be discussed

not discourage effort in this field. Results
are both valid and useful in spite of their

The second conclusion following from the special character of
paleoecology is that the subject is necessarily riore inclusi'e than
ecology. This point is emphasized in Figures 1 through 6, in which
the-uiewpoints of paleoecology and related disciplines ire iilustrated.
ln Figtrre 1 the basic observational data of geology are represented
in terms of the facies concept. organic utia irr6tgonic Jspects of

_.,o"^kt y"ty from specimen to specimenl and the aim oigeology may be
clefined as an .nderstanding of these variations, Threi sets"of causal
influences may be identified:
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1. Biological materials and processes present and acting at the time
the sediment was formed.

2. Inorganic materials and processes of the primary depositional en-
vironment.

3. Post-depositional (diagenetic) changes.

The interrelationships between factors ( 1) and (2) are the con-
cern of the ecologist, who dignifies them by the name ecosystem
(Figure 2). The action and interaction of the three sets of materials
and processes to produce the ffnal fossiliferous rock record is the
paleoecosgrtem, the study of which is the main task of paleoecology
(Figure 3) .

Biogeography

Causal  inf luence

paleoecology, have as their primary objective the understanding of
iedimentary rocks considered as products of primary and secondary
physical and chemical processes (Figure 5). Paleontology is con-

ffi,'o'r".'
ffii eutuo..ory.t.t

Fig. 1 Causal relationships in biology and geology pertinent to ecolngy and,
paleoecolo gy.

Biogeographic and evolutionary Processes, although pertinent to
paleoecologf , are here considered to be outside of its main concern
(Figure 4). Petrologic and geochemical studies, also pertinent to

Bioia Physical environment-
Fig. 2 Ecosqstem point of aiew in
ecology. Symbols as in Figure 7,

'
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cerned with explaining the fossil record in terms of evolutionary,

biogeographic, and ecologic processes and is only secondarily con-

cerned with diagenesis and the influence of organisms on the physical

environment (Figure 6).

Paleoecology deals with fossil organisms. Consequently, sound tax-

onomy and an appreciation of evolutionary processes are required for

documentation and for thorough analysis (see papers by Hedgpeth

and Whittington, in this book, pp. tl and 19). Taxonomy, in turn,

must be based on meticulous studies of morphology. This is not

only tme of population d1'namics or functional anatomy of a specific
animal or plant which must be accurately identiffed, but it applies
equally well to community studies. The various interactions between
organisms and their environment are stronger at the level of sub-
splcies and species than at the levels of higher categories. Useful
descriptive work may be done at the taxonomic level of genera, fami-
lies, orders, etc., in which adaptation is more generalized than it is
at the species level. For example, we may recognize ecological zones
that include most of the niches of antelopes, starfish, or oak trees,
but these do not as closely define or limit habitats as do communities
of species. Furthermore, it is ecologically more meaningful to analyze
communities by species rather than from the artificial point of view
of their quantitative significance as sedimentary constituents.

The geographical distribution of living organsms is determined
mainly by availability of habitat, in which such factors as climate,
food, and substrate play leading roles. Consequently, it has long been
known that maps showing the distribution of habitats and organism
communities show close similarities in pattern. Likewise maps rep-

Biogeography

\
Diagenesis

--> Causal influence of primary concern

Fig. 3 PaLeoecological point of oieu.

Evolution

__-> Physical
<-- environment

I
\ l

\ l
\ I

\ l
\ Y ,

Biofacies

\ k
Biota
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Biogeography

Intlocluction: The Viewpoint of Paleoecology

history. The sedimentary processes by which organic remains be-
come buded are termed biostratinonry by many European geologists,
and the entire post-mortern history, including burial and diagenesis,
is known astaplrcnomrl (lvliiller, 1957).

As with living organisms, paleoecological studies may be devoted
to single species, usually stressing the mode of life, functional nor-
phology, population structure, and adaptation to environment. This
dominantly biological mode of approach, pioneered by W. O. Kowa-
lervsky (1874) in his classic studies of fossil horses may be termed
paleoautecology. To many of the German paleontologists, following
O. Abel, this line of inquiry is paleobiology, but paleobiology is
rnore generally used for the biological aspects of paleontology.

The study of communities of fossil organisms, their interrelations,
and ecological distributions is paleosynecrilogg. Here, there may be
greater emphasis on physical factors of the environment. Conse-
quently, studies of fossil cornmunities commonly are geologically ori-
ented. Edward Forbes (1843, 1844) was one of the earliest investi-
gators to advocate paleoecological studies of marine communities.

Paleoecology has received great impetus under the infuence of

Johannes Walther (1860-1937), Rudolph Richter (18B1-f957),
T. Wayland Vaughan (1870-1952), W. H. Twenhofel (1875-1957),
F. E. Clements (L874-L945), R. W. Chaney (1890- ), O. Abel
(1875-1946), Edgar Dacqu6 (fB7B-1945), Louis Dollo (1857-1911),
J. Weigelt (1890-f948), and many others too numerous to cite here.

The most important recent development is the long-delayed general
recognition and acceptance of Gressly's (1838) theory that lithologic
and paleontologic facies were influenced by many of the same en-
vironmental controls; hence, they tend to vary together. Stratigraphic
facies provicle valuable clues about the nature and distributions of
past environments and virtually all geologists who would understand
the genesis of fossiliferous rocks now give attention to the ecological
implications of their evidence. Fossils and rock matrix are now stud-
ied together in the context of a common environmental framework.

Biota PhYsical
<---- environment

I---o .l
Rock facies

Fig. 5 Point of u^ieo of scdimentary petrologg and geochetnistry. Symbols as
in Figure 3.

\ - /
\ y ' t - .

eioti 
= 

_ Physical--- 
environment

\ / -.-'
\  i  - - ' -

\  i  n- 'u '
Fossil record

Diagenesis

Fig. 4 Point of aieu in historical biogeography. Symbols as in Figure 3.

resenting lithologic facies in the stratigraphic record are essentially
habitat maps of distinctive communities of organisms. This is the
area of overlap betrveen paleoecology and paleobiogeography (see
Durham's paper, pp. 28-31).

Approaches to Paleoecology

From the delinition of paleoecology just put forth, it is clear that
methodological approaches to the subject are necessarily varied. It is
this theme rvhich has been stressed in organizing this volume. Par-
ticular attention has been given ( 1) to biologic approaches, ranging
from interpretations of the morphology of individual specimens
(Bandy, Trueman) to broader studies of entire faunas (Shotrvell);
and (2) to diagenetic approaches. Trvo papers slrrvey inorganic and
biogenic sedimentarl' stmctures as an approach to paleoecological
problems. Stratigraphic ancl statistical approaches are covered by
one paper each. Geochemical approaches to paleoecology have not
been treated, although Bathurst's survey paper provides an excellent
review of pertinent literature.

History of Paleoecological Investigation

Because of the r'vide scope of paleoecology, it has meant different
things to different investigators. The uniformitarian interpretation
of fossils as indicators of ancient environments goes back as far as
Xenophanes and Herodotus, rvho inferred the former existence of
vanished seas from fossils found far inland. In Europe, it has long
been customary to exclude from paleoecology the post-mortem history
of fossils and their enclosing sediments, but the view is prevalent in
America that paleoccological interpretations must take into account
the entire history of fossils and rock matrix, not simply their early

h : ^ - ^ - ^ -  i ^
u rdB, t l  r t5 l5
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Biogeography Evolution

t
brola ____>

Fossil

Physical
environment Diagenesis

,/
record 2--

Fig.6 Point of oieu of paleontology. Symbols as in Figure S.

This kind of -study has beer variously designated as biofacies analysis,
biostratigraphy, stratigraphy, and sedimeitology, but it falls wiihin
the scope of paleoecology.

Increasing interest in envi'onmental interpretations of fossils and
rocks has given rise to the great Treatise in Marine Ecology and,
P,aleoec_ology, published by the Geological Society of Amertia and
edited by Ladd and Hedgpeth (19s7). Excellent textbooks on pale-
g::9l"gy have been published recently by Hecker (1960) and Ager
( 1e63 ).

Limitations of Paleoecology

Many important elements of environment do not leave an unequiv-
ocal record in the rocks. Temperature, humidity, topography, dlpth
of water, and many other factors of physical environtie"t 

"r" 
difficurt

to reconstruct, and the forrner existence of soft-bodied elements in an
ancient biota usually may only be guessed at. sediments teach us
something about chemical factors of the environment, past climates,
and the general nature of transporting agents, but fosiils are much
more revealing. Even the simple distinction between marine rocks
and those formed in lakes and streams may be very difficult in the ab-
sence of ecologically distinctive fossils.

In general, organisms are excellent indicators of environments, but
adaptations are much more generalized in some than in others, and
it may not be at all clear just what environment characterized a par-
ticular fossil .biota. Tlie fossil record is strongly biased by selective
and uneven preservation, and it is clear that many important habitats
are poorly if at all represented by fossils ( Nervell, 1g5g ). It has
been estimated that not more than one per cent of the species of
some diversiffed communities are Iikely to be preserved in the fossil
record. Hence, a fossil assemblage is not in itself a community or
biocoenose; it is a strongly biaseJ sample from which some ol the

lntroduction: The Viewpoint of Paleoecology

characters of former communities may be inferred. All fossil assem-

blages are death assemblages; that is, thanatocoenoses. The use of

the term biocoenose for an assemblage of fossils is not justified.
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Evoltrtion of Comtnunity Structure

fu Joel W. Hedgpeth

The origin of the interrelationships of living matter, like that of life

itself, is a subject in which opinion takes precedence over authority.
The current fashionable thinking is that life originated in some sort
of open inorganic system of colloids, co-acervates of complex mole-
cules, and the like in an interface or boundary situation. J. D. Berrral
(1961) suggests that things began in the surface-active foam on estu-
ary muCs, that "life, like Aphrodite, was born of the sea foam."
Darwin long before had suggested that conditions in small rocky
pools rvould be most favorable for the beginning of things, although
our present knowledge indicates that such a system rvould be too
small and impermanent. In any event, we cannot easily conceive of
a situation favorable to the origin of life which does not involve some
sort of precursory system (for example, see Bernal, 1960). It looks
as if life had an ecology before it had an individuality.

Conditions must have become establislied that stirnulated the de-
velopment of life with rapidity after a critical stage. While there
m-ay have been a single point of origin, this may have had the effect
oi one more grain added to a supersaturated mixture. As Teilhard
de Chardin put it, "Life no sooner began than it swarmed," for in
these eally stages the "earth was in a state of biological superten-
sion." In other words, there may have been niches before orqanisms,
and the appearance of organisrns in turn brought about new- niches.
The procesi has been sunimarized by Hutchins6n as follows:

Early during evolution, the main process from the standpoint of com-
munity _structure was the filling of all niche space potentially available
tor p-roducer and decomposer organisms and for^her.biiyorous animals. As
Ihc iatter', and sti l l  more as carnivorous animals begcn to appear, the
persistence of more stable communities would imply splitting of niches
previously occupied by single species as the communities became more
qrverse (1959,  p.  I55) .

I t



12 Apploaclies to PnleoecologY

Logically, this would call for an original community_ of perhap.s one

orgun'irrn br type of organism. lVe have not found and probably

ne"ver will find, a record of a -onorpecific system (and because of the

limitations of the fossil record, we would never be certain anyhow)'

Nor does it seem likely that a monospeciffc system could have been

more than a transitory state of afiairs, Figuratively speaking, it lvas

probably but a moment of time before complexities set jn and we had

ih" b"gltr.rings of an ecosystem, an interrelated complex of the abi-

otic environ-"ttt *itlt the organic community: essentially a complex

of trvo interrelated systems transferring energy and processing mat-

ter. The earliest fossils rve knorv of appear to be some sort of algae,

but we cannot be sure, given plants of this level of complexity, that

there rvere not also herbil'orei of some sort to eat them. Possibly

the first herbivores were little more than protoenzymes, breaking up

the plant matter. Thus the earliest communities may have been

morJ of an interrelated system of the living and the nonliving than

those of the present time; and, as Pirie (1960) remarks, "even with

existing orguttittttt and systems, a rigid division into the living and

nonliving is not possible." In these early systerns, there ryay 
of

course herve been very small consumer organisms, possibly of some

complexity, that have left rto record or rvhose remains are yet to be

discovered, as Axelrod (1958) has suggested.

The oldest commuDity sample we now have that includes metazoan

consumers is that of the allegedly pre-Cambrian Ediacara beds of

South Ar,rstralia (see Glaessner, t96l; Glaessner and Daily, 1959)'

Tlie fossil material from this site represents a fairly rvell-developed

community, certainly of abundant planktonic forms and possibly of

macroscopic plants, producing edible detritus (although, sandy bot-

toms are nof too favorable for such plant growth, so this material

may have come from neighboring regions, as it does in analogous

modern situations), and a variety of filter, detritus, and deposit feed-

ing invertebrates. No large, specialized predatory organisms are rec-

og"nized, and the only har:d pirts seem to have been the spicules of

some of the colonial coelenteroicls.
It seems unlikely that macropredators were absent from such a

conrmunitv as that represented by the Ediacara beds, or that preda-

tion as such is clependent on the development of grasping and tear-

ing organs, such as arthropod appendag-es and molluscan radula'

fh"." 
"-uy 

r,veil have been fatworms ancl large ncmerteans, whose

modern representatives are efficient and voracious predators,- which

rvoulcl llavJ left no trace in the recorcl. Nor can one assume that ap-

parent microfeeclers were incapable of predatory habits; stalked bar-

Evolution of Community Structure

nacles, for example, can and do capture fairly large, active animals on
occasion (Howard and Scott, 1959). Some evidence of predation by
larger animals may indeed be present in the form of lesions or excised
parts of soft-bodied animals, and paleontologists should examine their
haterial critically for such signs. One would not expect such orgtrn-
isms as flatworms and nemerteans to be preserved at all, since they
disintegrate easily, perhaps because of their loosely organized mesen-
ch;.me, whereas the comparatively stifi-jellied body of a coelenterate
can obviously persist long enough to form a mold in sediments.

There are certain superficial similarities betrveen the fauna of the
Ecliacara beds ancl the modern deep sea benthos: colonial and soli-
tary coelenterates, some large oval-shaped detritus or cleposit-feeding
organisms (Dickinsonia in the Ediacara, holothurians in the deep seaT
ancl worm-like organisms. In the modern deep sea, we have arthro-
pods and apparently some fish. These fish are morpliological and
possibly ecological types not represented in the Precambrian.

Glaessner's description of the upside-dou.n manner of fossilization
of some of the medusoids suggests that they may have been similar in
hribit to the sedentary rhizostome Cassiopea. One of the most com-
nron fossils is Dickinsonia, an oval form with transverse structures.
Could this perhaps be an example of a stock representing the an-
cc'stor of both annelids and mollusksP If so, its presence, along u'ith
apparent polychaetes but not rvell-defined mollusks, suggests that
molltrsks may indeed be a later ofshoot of this great invertebrate
stock. Perhaps the enigmatic Psaancorina represents some sort of
limpetJike protomollusk which had in.stead of a .shell a thick tunic-
like mantle similar to that of the modern Onchidiella or Tglodina.

The occurrence in the Ediacara beds of apparent representatives of
such quasi-individual but colonial organisms as sea pens indicates that
this alternative approach to the efficiency of hanclling small particles
or organisms is as equally old as the development of a large complex

3rganism. Both types are responses to an ecological problem, and
both types still prevail in the present environment. It seems unlikely
that the complex metazoan could have evo ved from anything like sea
peus, and indeed tire modern compound ascidian appears to be a new
--_and srrccessful attempt at filte;-feeding specialiiition.

Neither 'pre-Cambrian" 
nor deep-sea community is a simple, un-

complicated svstem, and it is probable that the early commutrity wat
also depenclent on the procluJtion from another community, ,rr"h 

",the deep-sea and sandy^shallou,-bottom communities are today. The
original communities involving complete organisms in a syitem of
transfer of matter from inorganic matrix were probably composed of

13



14 Approaches to PaleoecologY

very small creatures living in interface habitats o{ "perhaps- somewhat

variable salinity" (Hutchinson, 1961). Not only are such en-viron-

ments chemicaily and physically active, but the possible small size

of early organisms *onid'have made them much more susceptible to

the genetic"efiects of radiation than later, larger organisms (see Fol-

son, 1958). Unfortunately, most of the organisms represented as

microfossils are already too large and well-protected by armor to pro-

vide material to test this hypothesis: perhaps early shells and tests, at

le:rst those of microorgattit-t, were protective devices that slowed

down radiation efiects. Modern microorganisms are also poor mate-

rial for study; algae, protozoa, and bacteria are capable of withstand-

ing massive' doses of radiation under experimental conditions (see

D;naldson and Foster, 1957). Evidently, resistance to radiation was

acquired or selected for fairly early in the history of these organisms.

Pe.haps, as our knowledge of this zubject increases, comparative radio-

sensitivity may provid" ro-" further clue to the relative ages of

organisms.
It s""ms likely that, under such conditions of living in active inter-

face conditions and possible vulnerability to radiation, early ecosys-

tems were comparatively unstable or rapidly responsive to environ-

mental changes. Occurrence of organisms in fossil beds suggests

abundance li the community repr:esented-a well-diversiffed and

probably stable community-although the circumstances that led to

it, d"atir and preservation may have been marked by environmental

instability.
Uniformitarian conditions can be as catastrophic as Krakatoa, and

Cloucl's (f959) neo-Cuvierian copper may not be as wild as it sounds

at first. However, our problem is to consider how communities de-

veloped, not how they died.
It has been suggesied that abundance of individuals combined with

a paucity of rpecies is an indication of a comparatively-youthful com-

munity (Hutchinson, 1955, 1959; Dunbar, 1960), or of a community

limited or restricted by environmental stress (see Odum et al', 1960,

for the most recent siatement). Both suggestions of course imply

that this extreme ratio of individuals-to-species abundance is a sign

of a comparatively uncomplicated community, whatever the reasons

for such lack of complication may be. A simple community structure

does not necessarily mean that the community is primitive or at an

early stage of evolution, however.

Some of the simpler communities or systems now in existence may

be very old, and tileir members have developed resistant stages and

resting eggs to insure perpetuation of the community against en-

Evolution of Community Structure

vironmental vicissitudes. Perhaps the best example of this is the

community of salterns or brine springs, which consists of flagellates

(the producers), Artemia (the consumer), and probably bacteria

ias decomposers). This appears to be a stable community, especially

at certain salinities, with little opportunity for new niches to be de-

veloped or exploited. A fer.v insects may invade this system at cer-

tain stages as predators, but this community is not to be confused

with a somewhat similar one of saline lagoons (see Hedgpeth, 1959).

Other such communities are vernal ponds and hot springs. The

latter (see Vouk, 1950) are similar in composition to the shallow flats

of bays where the system in hot shallow water is reduced to a culture

of blue-green algae and microbes thriving in an anaerobic condition.

Such circumstances may produce, under favorable conditions, struc-

tures resembling stromatolites (Logan, 1961 ). In these shallor,v flats

there is produced a considerable quantity of organic matter that is

not recycled. Although such algal mat communities may be a phe-
nomenon of restricted, h4lersaline areas, the conditions favoring their
development appear to have occurred from the beginning of the fossil
record.

N{acArthur (1955) has suggested that the stability of a community
increases as the number of links in its food web increases. There are
obvious limits to this, as Hutchinson ( 1959 ) pointed out, since if sizes
were to increase in proportion up the food chain, a series of fffty
would require more space than exists in the oceans. Instead, we
have the increase of kinds of smaller animals and a "blurring" of food
chains. The tendency of natural systems toward stability through in-
creased complexity has been discussed in some detaii by D"unbar
(f960); the'subject was almost simultaneously reviewed by Bates
(1960) for a similar occasion. Dunbar t.,gg"itr that selection acts
in favor of stability, producing mature, diversified communities that
resist wide oscillations of the producers and primary predators or
consumers. Under environmental stress, however, the younger, oscil-
lating communities would be more adaptable according to 

-Dunbar's

thesis, and he cites high Iatitude or Arclic communities as immature
but adaptable communities that have developed since the ice age.
According to this criterion of increased complexity, Antarctic com-
munities must be older than Arctic communities (if we restrict the
comparison to marine communities). Certainly there are remarkable
difierences in speciation of similar invertebrate groups in the two
regions.

It appears that some communities which are part of larger ecosys-
tems go against the trend of multiplication of links in the food chain

r5
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by developing extremely large primary consumers or predators re-
lying directly on cornparatively smrlll consumers. Such systems are
represented in the sea by baleen whales. One wonders how vulner-
able such "short circuited" cornmunities are, rvith the rvithdrawal of
mass from the system represented by large populations of enormous
individuals. Perhaps this is why tlie life span of whales appears to
be relatively short for anin'rals of such size. Perhaps for theoretical
purposes, we ought not to consider man-the most rapacious predator
in the history of the earth-in this context, but nevertheless rve can
upset populations of whales without much difficulty. Such appar-
ently simple systems may be easily enclangered by changes in the
larger system or by invasion of unexpected predators. It rvould be
useful if we had data on the life span of the larger dinosaurs; they
may have been victims of community instability.

The idea of stability as a process in evolution is of course not a new
one (see Holmes, 1948), and its application to ecology appears to
have been first made by Lotka (1925), as pointed out by Odum and
Pinkerton (1955). According to these ideas, natural systems tend to
exploit their energy resources to the maximum. Thus, what we in-
terpret as stability may siniply be the mechanism for maintaining
the optimum rate of environmental utilization by the living matrix.
As Bates (1960) rernarks: "The over-all impression one gets in look-
ing back over much of the geological record is of the stability of the
system, even though the parts of the system are frequently changed.
It is impossible to be sure, because of the nature of the fossil record,
but it looks as though the total biornass and the total number of or-
ganisms have remained about the same for a very long time, possibly
from the beginning of the Mesozoic and quite probably through the

Cenozoic."
While obviously not a simple system, since the variety of fossils

suggests a fair range of niches, the system represented by the Ediacara
fossils lacks apparent predators and organisms rvith heavy shells.

Hutchinson ( 1959, 1961) has suggested that the development of

heavy shells in Cambrian times was a response to the appearance of

predators. While this explanation is debatable, the appearance of

possibly massive numbers of organisms vrith hard parts is one of the

central problems of paleoecology. Hutchinson calls attention to the

change of carbon content of Paleozoic as compared u'ith N'Iesozoic

and Tertiary rocks as suggesting that the Paleozoic period was more

productive: "rnore organic carbon per gram of argillaceous matter was

deposited in the Paleozoic than at a later datd'(Hutchinson, 1918).

It is also possible that this represents not so much a more productive

period as one in which carbon was not recycled by the ecosystems in-
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volved as actively as in later periods. This could be the case where
conslrlTler levels had not developed or wl-rere consumers did not have
ready access, as in shallow, hypersaline algal flats.

we do not, of course, have a'y unequi'ocal data about such matters
as the efficiency and stability of extinct communities. one of the few
paileoecological studies that bears on the problem of community stabil-
it1' utru evolution is that of olson (1952). The eviclence presentcrl by
Olson suggests that, once established, a community may maintain itseif
for long periods of time under moderate changes of tire environment,
and that effective occupation of the niches may inhibit evolutionary
changes. On the other 

-hand, a change affecting one or two species
may upset the intemal balance of the community and set in motion
rnajor evolutionary and ecological changes. Although these inferences
are based on vertebrates in a delta reqion, they 

-are 
in substantial

agreement rvith the theoretical discussiois reviewecl above.
while it is obvio's that Herbert spencer, writing a hundred years

ago, rvould have felt quite at home with current thinking about eco-
svstems, the paleontologists and many biologists of his day lagged
sornewhat behind. we have, however, become more aware oiih"
sigriffcance of the interrelationships of the organic and inorganic
ervironment_ as a geological as well as ecological process, and whire
the origin of conmu.ity complexity may be lost iri the record of the
rocks, this awareness should lead to a fuller understanding of the past.
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fossil species to these environments. It is evident in many cases that
knowledge of the fossils is too inadequate to attempt any such ex-
amination. A similar lack of taxonomic r,vork, despite the "abundant,

diverse, and exceptionally well preserved" fauna (p. 650), detracts
from the value of Imbrie's (1955) study of the Florena shale.
Paleontologists know that it is all too easy to make such criticism
and how diffcult identification of species may be. Many groups
of fossils are receiving scarcely any attention today, supposed "com-

mon" and abundant fossils are in reality poorly known, and the
relevant literature is vast and scattered. Authors contributing to the
Treatise on Inaertebrate Paleontology know that we are far from
having a "sound systematic groundrvork" for all the kinds of fossils so
far discovered. Paleontologists are striving to cope with this task, as
well as deal with the constant flood of new material. The recent
estimate that ten millions of fossil species of animals and plants are
awaiting discovery (Teichert, 1956; see, also, Simpson's comments,
1960, pp. 13,5-136) shows the magnitude and complexity of the work
that lies ahead.

Taxonomy cannot be avoided because it is too difficult, nor ignored
as "out-of-date" in the flush of enthusiasm for the present fashion for
paleoecology. Here, the term "taxonomy" means a classification of
fossils resulting from detailed morphological studies of carefully col-
lected material that has been prepared rvith the utmost care and
thoror,rghness-we cannot afford to neglect any information that new
or old techniques may derive from fossils. The aim of systematic
paleontology is a classification of fossils embodying knowledge of
morphology, ecology, geographical distribution, and evolution. Thus
systematic and paleoecological work are not separate disciplines; they
must go hand-in-hand, and one cannot be done effectively without the
other. To some extent the present enthusiasm for paleoecology is a
reaction against a type of descriptive paleontology that treats a fossil
more or less as an inorganic object, unrelated to other fossils and the
rocks that contained it. Such a reaction is as ill-conceived as its
cause.

In the passage quoted earlier, Elton refers to the "beginner in

ecology." Can there be a beginner in paleoecology in the sense of a

graduate student beginning his research on some problem in this field?

Granted that sound taxonomy is necessary to progress in paleoecology,
it means that such a student must identify the fossils himself or seek

the aid of experts, that is, adopt a somewhat parasitic habit that may

not prove practical for a beginner. If he is to identify the fossils

himself, he can, in the present state of knowledge, make a beginning
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on the systematics of only one class of organisms in the fauna. To
become competent requires experience, and as three recently pub-
lished doctoral dissertations show (Yochelson, 1956; Batten, 1958;
Finks, 1960 ), the taxonomic work on such faunas is more than suf-
ficient for a beginning problem in research. All three comment briefy
and valuably on paleoecology, but emphasize the tentative nature of
their conclusions. In the present state of our knowledge of fossil
faunas, with a few notable exceptions from Mesozoic and Tertiary
rocks, lve contend that the "systematic route" is the sound way for a
beginner to approach paleoecology. This route leads to an expertness
in taxonomy, which gives the basis for worthwhile observations on rela-
tions to environment. Paleoecological work on an entire fauna clearly
demands teamwork, of the kind exemplified by Coope, Shotton, and
Strachan ( 1961 ) on a Pleistocene deoosit.

If we turn to consider what is kirown of the ecology of particular
fossil species, it is abundantly clear that the information has come from
detailed studies of carefullv collected. well-nreserved fossils. Such
stuclies have commonly been undertaken rviti clescription and classi-
cation as the main aims, and paleoecological observations as by-prod-
ucts. Fossils are the remains of dead animals, and their daily habits
cannot be observed. Further, they may or may not be presen'ed in or
near their original habitat. Ferv clues to this habitat and the food
they ate ale preserved in the surrounding rock. But some parts,
usually the hard parts, of the animal are preserved, and it is primarily
on these findings that paleoecological speculation is based.

The habits, relation to environment, and distribution of many living
animals are poorly known. Where information is available, it may
be used in the interpretation of the paleoecology of Cenozoic fossil
species that appear identical with living ones. As this knor,vledge is
extrapolated to interpret extinct species of living genera, inferences
from it become more tenuous, but still appear valuable (see the ex-
ample by W. Walton, p. 151, and the work of Bandy and Arnal, 1960).
As rve go back in time to the Mesozoic era the difficulties in interpre-
tation intensify as we attempt to deal with extinct genera and higher
categories of living groups. The different forms of the irregular
echinoid lVicraster, and their distribution in the Upper Cretaceous of
Britain have attracted attention since the work of Rowe (1899). A
biometrical study by Kermack (1954) showed that Rowe's interpre-
tations could be upheld in the main. Recently Nichols ( 195ga, b )
investigated living spatangoid sea urchins and showed the relation be-
trveen mode of life and various characters of the test. Using these
ffndings he was able to functionally interpret test characters ised in
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the taxonomy of. Micraster and to shed a flood of new light on the

paleoecology, evolution, and taxonomy of the Cretaceous fossils'

Nichols' synthesis of zoology and paleontology is exemplary.
Interpretations of form and function in Paleozoic fossils are

notoriously difficult, since we are dealing almost entirely with merely

the hard parts of extinct categories of animals distantly related to

living forms. Here everything depends on thoroughness in collecting

and technique in preparing the fossils, combined rvith an alertness,
almost an intuition, that discovers and exploits a previously unknown
wealth. Among examples one may cite Holm on Eurypterus (lB9B),

Walcott's discovery and exploitation of the Burgess shale, work by

many authors on pyritized fossils of the Hunsriick shale, and more

recently Kozlorvsl<i's monograph ( 1949 ) on Polish graptolites, and

Wills' work (1959, 1960) on Carboniferous "scoryions." All these
men have shown, by ingenious preparation and illustration of the
highest quality, what the animals were like, and thus given the basic
information for paleoecological speculation. Dr. G. Arthur Cooper's

leadership in the discovery and study of silicified fossils has opened up
entirely new possibilities for understanding the mode of life and
mutual relations of Permian marine invertebrates, as descriptive work
on gastropods and sponges (Yochelson, 1956, 1960; Batten 1958; Finks,

1960) is beginning to show. When such rvork on the abundant

brachiopods, pelecypods, bryozoa, echinoderms, and other groups is

completed, it rvill, in combination with environmental studies (Newell

et al., 1953; Newell, 1957), make possible paleoecological interpreta-

tions of a far more advanced character than is nor'v possible in any

Paleozoic deposit. An exceptional example of deductions on life

habits of fossils deriving frorn a detailed and well-illustrated sys-

tematic study is Muir-Wood and Cooper's (1960, pp. a0a7) discussion

of Productoidea. The relevance of taxonomic study to paleoecology
can hardly be better exemplified than here.

If such taxonomic work is not undertaken, misunderstandings arise'

An illustration of such difficulties is afforded by a paragraph from

Lowenstam's discussion (1957) of the paleoecology of the Niagaran
( Silurian) reefs of the Great Lakes area:

An outstanding feature of the trilobites is the progression in population
size of the bumistids from quiet- to rough-water conditions. They out-
stripped all other trilobites by a u'ide mlrgin in this environment, and
u rl iron for their success may be found in-the shape of their carapace'
Chitonlike, compalatively lo'fu llng, and above ill well streamlined,
the bumasiid, *Lr" ideaily suited t; withstand wave impact in a rough-
water niche. They were ihus morphologically pre-adapted to expand in a
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habitat where other trilobites were unable to persist. (Lowenstam, 1957,
p.  2a5.)

This is an intriguing suggestion regarding the habits of certain

species of trilobites, for it is implied from the context that they were

preadapted to the rough-water niche by the ability to cling to rock

iurfaces. It also appears that species of the genus Buma,sfas, of the

Iamily Illaenidae, are being referred to, since this genus is listed in

the faunal assemblages and reference is made to local accumulations

of glabellas and pygidia o[. Bumastw in faunas of the rough-water

stage (Lorvenstam, 1957, pp. 232,233,235). The suggestion of this

particular habit is novel, and illaenid trilobites are abundant not only
in these reef rocks but in other reef rocks such as the Upper Ordo-
vician Boda and Kullsberg limestones of Dalarna, in Sweden. Many
species of illaenids have a form like that of Bumastus barriensis ( Figure
Ia, b) from the Middle Silurian of Britain. In this species the depth
of the cephalon was much greater than that of the thorax and
pygidium, so that the trilobite could not cling to a rock surface with
the edge of the exoskeleton everyr'vhere in contact with this surface.
B. ioxus and B. decipiens from the dolomites at Racine and Wau-
watosa, Wisconsin, respectively, are like B. barriensis in form, and
though streamlined, these species are not "chiton-like." Fenton and
Fenton ( l95B,p.230, f igure)  showaspecies of  Bumastus of  th is type
crar,vling on the sea bottom, and suggest that it may have ploughed
into the sediments when feeding. In the dolomites at Wauwatosa
occurs a second species, Bumo.rtus niagarensis (Figure \c-e), which
has a chiton-like form. The margin of the exoskeleton is everywhere
at about the same level so that it could be brought simultaneously
close to a rock surface. Anteriorly on the cephalJn the doublure is
broad and gently convex, elsewhere the edgJ of the exoskeleton is
flexed up 

"rrd 
th" margin nauow and roundid (Figure lcl). Is this

the species, or one like it such as B. cuniculus or E. dayl (both said
by Ra1'mond, 1916, to be common at Wauwatosa), thai Lowenstam
had in mind? Yet a similar-appearing illaenid species has been por-

layed by Seilacher (1959, p. 393, fig. 5f) as having a tunneling habit.
These observations have been on collections frJm the Siluiian of
Wisconsin, described by Rayrnond (1916), made more than eighty
years ago, poorly localized, and bearing no stratigraphical information.
As Lorvenstam (1957, pp. 216-217 ) points out,-suih material is dif-
hcult to relate to modern studies, and I have no idea whether or not
B. ioxus and B. niagarensis occur together in the same facies at Wau-
watosa, or whether or not this facies may be that interpreted by
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paleoecological problem the fossils have been studied with great care,
but there remains a sharp division of opinion as to whether these
animals inhabited fresh or salt water. In seeking to shed new liqht
on the problem it u' i l l  bc necessaly to investigate"more preciscly Ihe
rvay in rvhich the fossils occur and to make more intensive studies of
the enclosing sediments.

The taronomic basis is not the sole basis upon wlrich paleoecological
inferences may rest, but its importance stems from the fact that paleo-
ecology is concerned lvith fossils. We need to knolv the specific
identity of the fossils we are dealing with and, as far as possible, what
each species was like in life, if interpretations of value are to be made
and expressed in a manner intelligible to others. It is poor practice to
ignore Elton's rvords.
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The Biogeographic Basis of Paleoecology

fu J. Wyatt Durham TJnioersity of California, Berkeley

Biogeography may be defined as the scientific study of the dis-
tribution of organisms on a world-wide basis. Paleoecology has been
defined as "ecology which deals with fossil organisms" (Webstef s Nens
International Dictionary). In turn ecology has been deffned (idem)
as "the branch of biology which deals with the mutual relations among
organisms and between them and their environment." In paleoecol-
ogy horr".'"r it is usually necessary to detour from the iirect ob-
servational methods of ecology and attempt to infel past environments
by the study of the fossil content and the physical characters of sedi-
mentary rocks. The organic aspect of paGo'ecology is dependent on
the principle of uniformitarianism and our knowledge of organisms.
Within the "organic realm" one of the basic pillars on which paleo-
ecologl' rests is geographic distribution and the factors which control
it, or biogeography. Without data from biogeography it is impossible
to evaluate the significance of the presence or absence of particular or-
ganisms in fossil biotas. Paleoecologic interpretations based on spe-
cific organisms, either directly or indirectly, can be made only if bio-
geography indicates that it was possible for thcse organisms to have
been present in the region being studied.

The broad geographic distribution of organisms is controlled by
numerous factors, many of them closely interrelated. However, these
may be reduced to two basic types: first, those factors concerned with
the dispersional ability of organisms; and second, the factors related
to the distribution of barriers and suitable habitats.

The dispersal of organisms is effected by various means and may
be either active or passive. Active dispersal is almost entirely limited
to the animal kingdom and usually occurs during the adult stages.
Typical examples of actively dispersed animals are highly mobile
terrestrial mammals, such as the horse and cougar; powerful swim-
mers, such as fish and squid in the sea; and fying animals, such as
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birds and insects in the air. Some birds have remarkable powers of

fliglrt and may rapidly cover great distances. For instance the Arctic

terln breeds in the Arctic and "winters" in the Antarctic.

Less striking, but much more important because it involves by far

the greater number of organisms, is passive dispersal. Here the in-

dividual does not move from one region to another under its own

power, but is transported (see Allee and Schmidt, 1951, pp. 68-88;

ballington, 1957, pp. 14-20) at some stage in its life history by an

external agent. These external agents not only include such things as

currents in the oceans and winds in the atmosphere, but other or-

ganisms and rafts of various types (see Guppy, 1917). Passive trans-

port by currents regularly afiects tlie plankton (including not only

larval stages and various smaller organisms but occasional large ani-

mals) in the sea. Occasionally larger organisms are transported

across water bodies by the various typcs of rafting, and in the air winds

may lift and cany numerous small animals and plants as well as seeds

and spores over varying distances.
The effectiveness of these various means of passive dispersal is

lirnited by the distribution of suitable habitats, food, dispersal routes,
and barriers. The larva of stenotopic marine organisms may be
carried long distances by currents (Thorson, 1961), but unless the
proper substrate, appropriate food, and necessary physical conditions
are present at the end of the voyage, they cannot survive and establish
thcmselves. Difierent combinations of factors affect the dispersal of
stenotopic terrestrial organisms but the net result is the same.

Barriers to dispersal are of many t4res. Such land bodies as Central
America bar modern marine thermophilic organisms from moving
from one ocean to another, but the same body of land serves as a dis-
persal route for actively vagile terrestrial animals. However a knowl-
edge of the geologic history of such areas is necessary in order to fully
evaluate their significance. For instance geological evidence demon-
strates that the Central American land area r,vas largely submerged
during the middle and late Mesozoic and that, although it was much
more emergent during the Cenozoic, it was only during the earliest
I ertiary and in the Pliocene to Recent epochs that it rvas continuous
enough to make a pathway between North and South America for
terrestrial mammals. In contrast, during the Jurassic and Early
Cretaceous the broad seaway through the area peimitted the develop-
ment of numerous tropicopolitan marine organisms.

. The Bering land bridge is another highly significant feature that
llas acted both as a barrier and a dispersal route. Evidence now
available (Hopkins, 1959; Durham and Allison, 1960, pp. 68-69) in-
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dt:1,r"r, that during. the latest N,Iesozoic and throughout the Tertiary
until about the end of the pliocene it was in exiience, and during
much if not all of this time it served as a miqration route between
Eurasia and North America for terrestrial vertibrates. At tlie same
time it acted as a barrier betrveen the marine faunas of the North
Atlantic-Arctic region and the North pacific. with the development
of Bering straits at the end of the priocene, numerous marine organ-
isms previously endemic to the North pacific migrated into Arctic and
North-Atlantic regions (Durham ancl All ison, lgOO, pp. 68_6g, 79),
and a few moved in the opposite direction.

Barriers of other types may be less apparent but are no less sig-
nificant to- biogeography. A wide 

"*pui*" 
of the ofishore Eastern

Pacific is characterizetlby cleep r,vater ind a lack of islands. Because
of these ch:rracters it acts as a barrier (East pacific Barrier, Ekman,
1953, pp. 21,72-74; Durham ancl Allison, 1960, p. OS) ana feiv species
of shallorv water stenotopic organisms are able t6 cross it.

Temperature exercises much control over distribution. There is
much more biotic diversity in the tropics than in polar regions (Fischer,
1960; Thorson in Ladd, IgS7, pp. +Of-SS+). The ireil"d marine
molluscan fauna of the tropical panamic region has been estimated to
number over 2500 species r,vhereas the fiuna of the frigid region
around Point Barrow, Alaska, includes less than 200 spZcies. An
analysis (unpublished) of the distribution of g64 marin6 gastropod
genera (based on nearly 12,000 records) showed that only 16g e"nera
were recorded from regions where the surface temperatrue, wJe be-
low 5oc, whereas 671 genera were known from arlas where the sur-
face temperat're *'as abo'e 20". In contr.ast, indivicluals of a given
species may be exceedingly abu'dant in the colder zones and rare in
the tropics.

The effects of temperat're liker.vise may control the usefulness of or-
ganisms for other ecologic inferences. Most hermatypic corals are
pl?r:"t,in a region only if the minimum water. temperature is above
18oc. within the region tlieir local distribution is primarilv controlled
by the depth of 'water, salinity, and the pr"r"n""'of a ,.rit"ble s.b-
strate. Thus unless the regional tempera[ure is above the necessarv
minirnum, this highly sensitive group of organisms is not a'ailabre for
use in determining other facets of the ecology.

The preceding examples illustrate some o{ tlie rarnificatio's of
biogeography that control the significance of any pareoecologic in-
ferences that rnay be attempted. They likewise empfrasize the irutual
interdependence of the two ffelds. For instance, the pec.liar solitary
coral, Dasmla, has long been recorded only from the 

-earry 
Eocene of
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England. It is now known (Durham and Allison, 1960, p. 74) from

the late Eocene of Oregon. It rvould appear, therefore, that this coral

can now be expected in the Eocene of any part of the world tvhere the

appropriate ecologic environment existed.
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Stratigraphic Basis of Paleoecology

b1 Alfred G. Fischer Princcton tJnioersitg

Earth History

At any one moment the earth is a complex three-dimensional mass
of matter and energy. In the fourth dimension time-the pattems
of mass and energy distribution are being continually rearranged and
modified. The kinds of rearrangements rvhich take nlace are termed.
processes, and the finite steps in"which they occur Jre called e1)ents.
Earth history may thus be thought of as dealing with a four-dimen-
sional fabric of events and their causative processes in the space-time
matrix in which the earth has developed, and in which we exist.

The Stratofabric

Earth history is concerned with all parts of our planet, but not with
equal success: We have learned rnuch more about the history of the
surface of the lithosphere than about any other parts of the earth, and
thus our classification of earth history into periods, eras, etc., is based
on the history of this surface. This is due mainly to two causes: (1)
We are more familiar with the lithospheric surface than with other
parts of our planet. (2) This surface is essentially two-dimensional.
Many events which happen on it are recorded in successively super-
imposed layers of sediment rvhich come to form a concrete, three-
dimensional stratofabric, in which the spatial dimension normal to
bedding is essentially representative of th6 time-dimension in the con-
ceptual space-time fabric of history. Thus the sequence of surffcial
events is comparatively simple to unravel.

The term stratofabric, here proposed, is designed to apply to the
nature and arrangement of the sedimentary layers, prior to tectonic
deformation. It is akin to Sander's (1930) term Anlagerungsgefiige
(translated by E. B. Knopf, Sander, 1951, as depositionalfabric),bfi
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is more restricted. Anlagerungsgefiige deals vvith the full range of

fabrics from crystals, grains, and pores to beds and larger stratigraphic

trnits, wlrereas stratofabrfc refers only to strata and larger stratigraphic

units and excludes consideration of the fabric within a given stratum.

It can be applied at various scales; for example, the laminations

in a single bed constitute its stratofabric; formations of flysch type

shor,v a striking stratofabric of alternating shales and graded planar

sandstones; the stratofabrics of the Mid-Continent Pennsylvanian are

characterized by cyclic repetition of larger sedimentary units, hold-

ing the stratigraphic rank of members and formations. One may

even speak of the stratofabric of an entire sedimentary basin or

a geosl'ncline. The study of stratofabrics-their physical description,

corrclirtion, dating, etc.,-is the realm of stratigraphg.

Paleoecology

Thc stratofabric records a vast number of events-erosion and
deposition of particles and particle aggregates (sediments), or the
life and death of individual organisms and the appearance and dis-
appearance of organic assemblages (biotas). At any given place in
the stratofabric these events reflect processes which operated at some
pinpoint in the space-time matrix of earth history. So long as we
focus only on the sedimentary or the organic events and processes
we are practicing sedimentology or paleontology. But when we
attempt to view this local setting in a more comprehensive way, as a
Iandscape r,vith certain physical and chemical attributes, populated
by organisms living in a delicate balance with the physical environ-
ment with each other, then we are practicin g paleoecology in a widely
used (though not comprehensive ) sense of the term.

In actual practice, most investigators begin by asking paleoecologi-
cal questions from the very start. The first question upon stepping
trp to an outcrop, or examining a hand specimen, may be: What kind
ot rock is this, and what kind of fossils does it containP But the
second one is: I{orv did this rock form? What kind of a setting in the
earth's past does it represent? What was the landscape-physically,
ctlemically. and organically? The answers to these questions are de-
rived nrainly from the events recorded locally, that is, from intrinsic
cftrcs. derived dilectly from the realm of sedimentology or of paleon-
tology. The thin section, the hand specimen, and the outcrop are
replete with such clues. The limitations of this first opproach to
paleoecology lie in our ability to decipher them, to inteipret them
rn terms of processes, and to understand their relationships.
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Fig. 1 Relations of paleoecologJ, paleogeographg, and earth lfistory,

P ale o e c olo gic S y nth e sis int o p ale o ge o g. aplry and, H ist or y

, 
The local landscapes of-the past, rvhich emerge from paleoecologic

studies at the local level, may be combined into rar:ger pictures.
Their "lateral" extension, paralier to time planes in the"straiofabric,
yields regional landscapes, or puleoge igraphy. Their ..vertical,,

extension through the stratofabric, parallel to ihe time dimension,
yields history-local or regional. Tliese rerationships are shown in
Figure 1.

. 
The purpose of the investigators may difier widely: Some are chiefy

interested 
_in 

the 
-physical history ol the globe, and they may use

organic criteria of past conditions only as a means toward this end.
others are-primarily concerned rvith tiie history and development of
life on earth, and view the physical side only as a stage or. o,rii"h thi,
has occurred. These viervpoints are shown on difieient sides of the
cube (Figure t). But no matter rvhat the ultimate aim, the tools
and methods of paleoecological rvork are essentially the same.

leoecologg

Stratigraphic Basis of paleoecology

LI icro-, M eso-, and It[ e ga-stratigraphy

J J

Stratigraphy is thus basic to all paleoecological, paleogeographical,
and geohistorical work. However, many strat-igraph"rr h"^"Jt ol b""n
aware of the scope of demands which are macle i,pon their subject.

Since the days of D'Orbigny stratigrapher, 
^ha'u 

been clncernecl
with the recognition and tracing of rathbr large units-periocls and
stages-over the face of tlre globe, thus dealinq rvith rither coarse
aspects of the historical fabric, with tools which'are amenable to farr
flung application but have a resolving power measured in millions of
vear. To schindewolf (1957, 1960) this is the sum total of stratig-
raphy._ At the other extreme, the paleoecologist may be corrcer.rdt
rvith the environmental setting, growth, and demise oi a small oyster
bar which existed for a few hundred years, or with a sequence re-
flecti'g se.sonal climatic changes (varves). He is called upon to
reconstruct a local but extremely ffne-textured historical fabric with
tools rvhich will resolve time to an accllracy of years or seasons. we
may accorclingly speak of a microstratigraphg applied mainly to local
paleoecologic studies, of a mesostrotigraphy appried on the scale of a
sedimentary basin, and of a megartrailgraplry applied on the regional
a'd intercontinental scale. At all theie levels, the tracing oi ti-e
planes through the stratofabric is important, but the toors"of micro-
stratigraphy are not those of megastratigraphy, and vice versa. Fig-

:tt", 
2 

ir 
an_attempt to assess the terrporal iesolving power of various

tools in relation to distance of corielation on a" liog-log scale. It

9:T"ir,ri,"s 
the dependence of the microstratigrapher onihe tracing

of beddi'g planes or of disti'ctive beds, ancl tle 
-depe.rdence 

of the
megastratigrapher on biotic zones

The Feedback to paleoecologg

- when local bits of ecologic information or interpretation are com-

_Ort::d.,*nn 
paleogeographiei and hisrories, the whoie b""o-", t."at",

li-1i.ah"^ 
sum of its parts. Each ecologic bit may norv be .e_e*a"mined

:::^: !t 
i1the.larger setting, and acquires new meaning and sig_

1',,1"1n:u. The deciphering of primary intrinsic clues will r"emain th1cnlet element of paleoecologic work, but the feedback of information

l,L*"Yul"ogeograplrical, 
historical, and tectonic considerations (Fig_

:j,:.o) 
is an inrportant supplement and may be decisive in somesettings.
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SPACE

Fig. 3 The feedback of irformation to paleoecology.

The literature contains manv examples in which the vertical se-
quence of beds has been used to supplement the intrinsic clues of
each bccl in providing an ecologic interpretation. Sequence of beds
has plrryed an important role in the interpretation of cyclic sediments,
such as those of the N{id-Continent Pennsylvanian (Wanless, 1955;
Weller, 1956, 1957), and has been emphasized by the writer (Fischer,
i961) 

_ in an attempt to interpret the Illinois-type and the Cherokee
t 'yc ' lo thems (Figures 4 and 5) .

One of the best examples of an intcgratecl approach to paleoecology
is the picture of the Pennian Capitanieef complex in Texas and New
\lerico (Figure 6), u,hich has clevclopecl from the rvork of King
{1948), Adams and Frer:rzel (1950), Nervell et al. (1951), and others.
Through these papers ancl summaries (Newcll, 1957) this facies com-
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Fig. 4 Lower part of Cherokee group (Pennsylaanian) in southeastern Kansas.
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plex has become so well knorvn that its review here seems superfuous.
Each facies-the Capitan reef rock proper, the backreef (earkbad)
tacies, the foreslope or talus facies (included in the Capitan forma-
tion), and the basin facies (Bell Canyon formation-cont;ins intrinsic
clues to the environment, yet its ecoiogy becomes very much clearer
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when it is seen as .- pilrt of the whore stratofabric of the reef complex.
A fj- ex-amp_les will strffice to illustrate this point.

consider first the massive "reef core" piop", (which remains the
Ieast-well k'o*'n pl.t .of . 

the complex urrd ,i,hi"h contains a variety
of undescribed subfacies). Its faLric, its cliversity of biota, and its
abundance of algae show rnuch of it to have been organic'reef cle-
veloped in shallow rvater of nor.mal salinity. Its Iateral relationships
-the observations that it forms, at any one time-horizon, a narrow
band passing (in the Guadalupe N{ountains) northw"rtward i,rto
bedded rocks with very poor fainas and southeastward into steepry
dipping talus-shows thafit was a barrier reef.

Tlie poverty 
9f the lago_onal (Carlsbad) faunas is not immediately

explicable on the basis of internal clues, but the stratofabric shorvs
northrvestward interfingering of lagoonar Iimestones and sandstone.s
with evaporite-bearing redbeds, sug[esting that the ragoon was largery
hypersaline' To the southeast the"ieef rick grades into sedimentary

lr"::1ut, 
-which_ suggest reef talus. These briccias shorv dips of up

to 35o-dips which we'e once consicrered to be tectonic, but rvhich
are shown to be largely primary by,trre observation that the overlying
uil thg underlying beds are nearly flatJying. The reef talus interpre_
tation is thus conffrmed.

Torvard the southeast this reef talus interffngers rvith the sandstones
and ffne-grained argillaceous, bituminous rimestones of the Bell canyon
formation. The fine bituminous lami.ation of these rimestones,
coupled with tlie abundance of pelagic fossils (ammonites) in some
of the treds, s'ggests deposition-belJw wave base, i' posribly d"ep
water, but our understanding of the intrinsic ecologic clires is itill far
removed from a more precise depth assignment. S"uch an assignment
can, however, be made by considering th"e stratofabric geometri of the
complex as a whole. The youngest parts of the reef n"o* tower some
550 to 600 meters above the equivalent basin beds (the Lamar lime-
stone, youngest membe_r of the Bell Canyon formation), to rl,hich they
are linked by steeply dipping reef talus. King (19a8) conservatively
assumed that part of the talus dip and part of tlris difierence in eleva-
tion are the result of subsequent def&mation, and estimated water
depth in front of the reef at g0o meters. Adams and Frenzel (19b0)
saw no need for such a correction, and consider-ed the ancieni relief
to have been about the same as the present elev.tion difference.
Nervell et al. concluded that the area had bee' asected by a slight
eastward tilt and that relief at the reef front, in Lamar timL, r.vas on
the order of 500 meters.

Stratigraphic Basis of Paleoecology

Conclusion

Stratigraphy, the study of stratofabrics, builds local ecologic ob-
servations into geologically meaningful paleogeographies and histories,
and feecls information back from these to the local setting. In order
to accomplish this task it must work at all levels of the st"ratofabric-
from the local (microstratigraphic) unraveling of the finest strato-
fabric textures to the world-wide (megastratigraphic) corlelation of
systems, series, and stages.
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Adaptive Morphology in

Paleoecological Interpretation

b2 E. R. Trueman Uniaersity of HuIl, England

Introduction
'fhe 

principle that the structures of an animal are adapted to their
function emerged early in the study of comparative anatomf, for
instance, by John Ray in the seventeenth century ( Raven, fg42) .
It lias been long appreciated even in everyday speech. We commonly
think of adaptations as being those structural features of an organism
which seern peculiarly fitted to its mode of life or to the function
of its parts, for example, carrrassial dentition in a carnivore in contrast
to the grinding molars of a herbivorous mammal. Such anatomical
modifications may be assessed by a study of functional morphology.
Although less obviously apparent, there are also physiologicafadapia-
tions of organisms to their environment which appear more clearly
from a study of comparative physiology. In many-instances the two
fields overlap and an ,rnd"rrLndi,.g 6t lott functional morphology
and comparative physiology are essential before adaptive morpholofy
may be utilized as a tool in paleoecological intelpretation.

The process of adaptation of an animal to a particular environment
may involve its structure, form, behavior, metabolism, or any combina-
ti.n of these factors, so that the animal is better fitted for survival.
Evolutionary adaptation is an inevitable consequence of the process
ot natural selection on organisms exhibiting inherited variations.
(Natural selection takes place from a number-of possible forms, and
in cornpetitio'the vrrriety best adapted for the pariicular environment
nas tJre best chance of .survi 'al.) Accordingly an animal I iving in a
particular habitat us'ally exhibits functional adaptations whicli may
be related to successful life the.rein, as, for 

""o-iI", 
the adaptations

of the mammalian body for- an lquatic life in the betacea or for flight
in 

.the 
chiroptera. Animals 

_of widely different evolutionary origin
living in the same general habitat often show similarity of siructure.
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Thus the effect of the forces of environmental selection may give rise
to the phenomenon of convergence. This is exemplified both by the
strong superffcial resemblance between r,vhales and fossil ichthyosaurs
and by the similarity of the ciliary feeding mechanism in the Mollusks,
Polychaetes, Protochordates, and Brachiopods, while the greater part
of the structure of these animals is quite different.

Another important principle of comparative anatomy is the existence
of a limited number of patterns of architecture: the vertebrate, the
molluscan, the arthropodan, and so on. Not every sort of organiza-
tion is found that the mind could conceive. In recent physiological
and biochemical research much attention has been focused on the
structure and function of the cell. Data have been used from a wide
variety of organisms to interpret the functional anatomy of a living
cell (e.g., Brachet, 196I). The cell is the fundamental unit of which
all living organisms are made, and in comparison to the evolutionary
divergence of plants and animals there is remarkable similarity of
structure and biochemical operation in the living cell. It would
appear that the number of kinds of molecules available to organisms
for the construction of adaptive systems must be limited. This is ex-
emplified by the limitation of moiecules which are used for the de-
velopment of respiratory pigments. Hemoglobins are repeatedly and
independently developed by unrelated animals in rvhich there is a
functional need for increasing the polver of the blood to carry oxygen.
Most organisms already contain the iron porphyrin compound needed
for the construction of hemoglobin in the intracellular respiratory sys-
tem of cytochromes. The organism is limited in choice of molecule
(with which to construct an adaptive system ) to iron porphyrin and
copper protein compounds, because of their peculiar properties; both
are widely used as oxidizing catalysts.

Thus we are presented with a picture of aclaptation not as a graded
series but as a finite number of solutions of functional problems with
a kit of more or less standard parts. The methods of strengthening
long molecules of fibrous proteins shorvs the effect of this restriction.
In vertebrates this process of stabilizaiion of proteins is carried out

by the cross-linkage^of adjacent long chains by sulfur linkages similar
to the vulcanization of rubber. It gives rise to the keratin of the skin

and its derivatives, such as hair, nails, and feathers. In most in-

vertebrate groups, the echinoderms being a maior exception, the al-

ternative of aromatic tanning is utilized, most notably in the exoskele-

ton of insects and in the byssus and ligament of bivalves. All in-

vertebrate occurrences of this form of bondage are found in extra-

cellular proteins secreted by a glandular structure, whereas in the
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vertebrates the keratins are characteristically intracellular proteins

(Ilrown, 1950). The extracellular nature of aromatic tanning and its

dominance in the invertebrates implies an exoskeleton as an inverte-

brate characteristic. An exoskeleton in turn imposes on the in-

vertebrate problems of growth which do not occur with an intracellular

secretion, such as keratin. Grorvth takes place either by peripheral

enlargement, as in the coelenterates and mollusks, or by molting, as

in the arthropods. Thus the functional patterns at the disposal of

these groups are restricted by their molecular design,

Types of Adaptive Reactions

The adaptations of animals to environmental stress fall into trvo

broad categories. First are those responses in an individual which

occur within the limits of genetic lability. Generally, these are physio-
logical adaptations to a change in conditions of temperature, oxygei-r

concentration, salinity, etc., which place the animal in a state of stress.
Animals can either adjust themselves to correspond to the environment
or regulate themselves by means of protective mechanisms, thus main-
taining an internal constancy. For example, most animals (poikilo-
therms ) are at the temperature of the external environment but some
(homiotherms ) exhibit temperature regulation. In both cases, ad-
justment must be made to the metabolism when subjected to environ-
mental change. A morphological example of this type of response is
the shell shape of the limpet Patella aulgata. Those found on the
lower part of the beach have a more obtuse shell than those on the
upper shore, the latter being subjected to a greater amount of desic-
cation, which causes a more contracted posture and the secretion of
the shell into a more acute cone shape. Experimental movement of
limpets from the lower shore to a position higher on the beach causes
a change in the shell shape (Moore, 1934 ) .

The second type of adaptive reaction involves selection of genetic
mutations from a variable population, some of which, in different
environmental conditions, may confer "advantage." Such modifica-
tions may be morphological or physiological, or both. It is this type
of adaptation that is of interest to the paleoecologist.

Types of Paleoecological Inferences

-The paleoecological conclusions which may be drawn from a study
of adaptive or functional morphology fall into two broad categories:
first, general assumptions of habitat conditions based on physiological
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or general molphological grounds; and second, detailed interpretation

of a snecific fauna which requires det:riled knowledge of the nearest

livin g'representatives.
Any interpretation of fossils belonging to extinct groups must-almost

certainly be in the first category. The trilobites Presumably held as

prominent a position in the fauna of ancient seas as the Crustacea

do today, and they occupied many diverse ecological niches' Some

appear to be adaptively modified in comparison with such a general-

ized type as Triafthru.s and indeed bear resemblance in form to living

Crustacea whose liabits are l'easonably rvell known. For instance,

Cryptolithus appears to be blind and may have been associated with

ttrnrreling in a soft substratum, while others, for example, Cyclopyge

and young specimens of Triarthrus have large and laterally situated

eyes similar to many plankionic crustaceans. But these conclusions

must be tentative without direct recourse to living trilobites'

Similarly there has been much speculation regarding the mode of

life of ammonites and nautiloids. Few externally shelled forms of

cephalopods survive today and comparison between similar_ species

"otr 
hutdly be made. However, recent lvork on the cuttlebone of

Sepia (Denton, 1961; Denton and Gilpin-Brown, 1961) has shorvn that

its chambers contain liquid in addition to gas, and by variation of

these amounts the density may be changed' Fluid tends to pass in

by the hydrostatic pressrre of the sea and to be withdrawn by the

osmotic difierence between the cuttlebone liquid and the blood ( Fig-

ure 1). An osmotic difierence between cuttlebone liquid and cuttle-

fish blood holds water out of the cuttlebone. Animals caught in 73

m of water had a maximum pressure pushing water into the cuttle-

bone of 8.2 atm. The gas Pressure inside the cuttlebone was 0'B

atnr, leaving 7.4 atm to be balanced by the difference in osmotic

pressure. This requires the concentration of the cuttlebone fluid to

Le about 69% sea water, and determinations establish that this is

approximately so. The osmotic difference does not, however, balance

the crushing effect of the pressure of the sea on the cuttlebone, which

is very stroig, the plates being held apart by numerous pillars' The

shell is strong enough to withstand external hydrostatic Pressure,
which n Sepii may rJach 20 atm. The shells of Nautilus and Spirula

a." so closeiy relatld b Sepia both anatomically and histologrcally that

it seems liklly that they all work in t5e same rvay, but Spirula is

founcl at depilts clolim to 1750 m and here simple osmosis could not

possibly be ti" only force holding liquid out of the shell. A. M. Bidder

i 1SOZ;'t 
", 

recently discovered that ihe gas in the chambers of the shell
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Fig. 1 Diagramrnatic longitudinal section of Sepia shooing the liquid rcithin

thi t:uttlebone, markefl black. The oldert and posterior chambers are al'most

full of ticluid and tlrc replacement of this bg gas roould tend to tip the posterior

cnd of the Sepia uptoord. The nerest chambers, situated centrally, are fiIled.
ritlt gas and gite buoyancg rithout disttrbing the posture of the cuttlefish.
Thc hLldrostatic pressure (H. P.) of the sea is balanced by the osmotic pressure
(O. P.) between the cuttlebone liqu.id and, thc blood. The cuttlebone is hete
representcd uith a density of about 0.6, giaing a net lift of 4% of the animal's
ueiglt i.n air so baloncing the excess ueight of the remainder of the animal
(aftcr Dcnton and Cilpin-Brotn, 1961).

of Nautilus is not under pressure in specimens taken from a depth of

200 m, and she has been able to extract quantities of liquid from the

gas chambers (Joysey, 1961). It is possible that fossil cephalopods
resembled the moderrr Sepia, having both liquid and gas in their
chambered shells, and thus the assumption in calculations of buoyancy
and posture that these shells contained only gas is perhaps invalid.
From a consicleration of various straisht shelled nautiloids it would
appear extremely probable that the sliell was tilted up like a church
stecple by means of its buoyant early chambers so that its body
rvas directed more or less downward (Tr-ueman, 1941 ). With the
buoyancy of the early chambers possibly reduced, either by contained
n  . ' .  i  -fluid or by the precipitation of mineral material onto the apical shell
trotn such a fluid as Joysey (196f) suggests, the shells could extend
more or less horizontally-a view r,vhich agrees with that of Ruede-
mann (1921), based on the color markings of the shell. A detailed
examination of the living Nautilas would appear to be the last chance
of exploring this situation, and a knowledge of the functional
morphology of its shell could have interesting general applications to
the interpretation of fossil cephalopods.
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Physiological Factors in Adaptation

General and sometimes tentative paleoecological assumptions may
often be made from an examination of physiological features. The
validity of these assumptions depends largely on the closeness of the
relationship betrveen living and fossil faunas, and although the com-
parative physiology of animals may form a useful guide to the
paleoecologist, certainty is lacking even in the case of direct associa-
tion. Important physiological factors involve feeding habits, osmo-
regulation, respiration, breeding habits, and behavior. These factors
can be usefully strrveyed in the interpretation of any fossil assernblages
and accordingly are briefly reviewed.

Feeding Habits

The food of all animals in the sea is ultimately derived from marine
plants which may be eaten by animals, or their dead bodies may pro-
vide a source of organic material utilized by bacteria. The bacteria in
turn may form animal food, or the organic material may be trans-
formed into substances rvhich can be used as food (Zobell and
Peltham, 1938). The feeding mechanisms utilized bv animals exhibit
diverse adaptations, but in !"r,e.al there is a close relationship be-
tween the means of obtaining food, the food available, and the type
of habitat. Yonge (1928) has suggested a classification of feeding
mechanisms of invertebrates with three main categories, (1) mecha-
nisms for dealing with small particles, (2) mechanisms for dealing
rvith larger particles or masses, and (3) mechanisms for dealing wiih
fluid or soft tissues.

Mechanisms for dealing with small particles are usually only found
in aquatic animals and many of these are sessile or sluggish. A
viscous secretion of mucus is often produced in which the food may
be trapped, prior to ingestion. Yonge further divides this category
according to the structures used in feeding, namely, pseudopodia,
tentacles, setae, cilia, and muscles for the pumping of water. Of
these, the use of setae in the Crustacea and of ciliary mechanisms
commonly occurring in the Porifera, tubicolous Polychaeta, Bryozoa,
Brachiopoda, Bivalvia, some Gastropoda, and Protochordata are prob-
ably the most important. All filter feeders require an aquatic habit
and a s.tpply of minute zooplankton, phytoplankion, protozia, bacteria,
or organic detritus. The size of this food varies considerably, in
particle size, from several hundred microns in certain algal cells to the
(submicroscopic) colloidal dimensions of detrital matter. Selection
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of food is usually quantitative rather than qualitative, acceptance or

rejection being made on a basis of particle size or density, notably

in tlre bivalves (Yonge, l92B) and the polychaete, Sabelln (Nicol,

1930). It is noteworthy that while many bivalves using ciliary feed-

ing mechanisms are suspension feeders (e.g., Card.ium, Spinila,Vemn,

Ensis, and MAo), drawing particles suspended in water into their

mantle cavities, other bivalves (notably Tellina, Gari, or Donax) are

deposit feeders feeding on organic debris from the surface of the sand
(see Figure 4) .

Within the category of mechanisms for dealing with large particles
or masses (Yonge, 1928) are methods for dealing with inactive food,
seizing prey, scraping, and boring. There are many benthic animals
which swallow bottorn deposits with little selection, from rvhich they
extract organic rnaterial for nourishment. In these animals, organs of
mastication are absent. Many polychaetes fall into this group (e.g.,
Arenicola) as do the heart urchins. Animals that seize prey are
characteristically carnivorous, showing, for example, the development
of chelae in the decapod crustaceans or sucker-bearing arms, horny
jaws, and radulae in the cephalopods. Animals which scrape off en-
crusting organisms or bore through the hard skeleton of living prey
have well-developed rasping devices, such as the radula of gastropods
or the Aristotle's lantern of regular echinoicls.

Although it is not possible to make many generalizations regarding
the feeding mechanisms of specific groups of invertebrate animals,
each fossil assemblage should be examined in comparison with the
most similar present-day faunas. Reference should be made to the
sumrnaries of work in this field made by Yonge (1928 and 1937) or
Nicol (1960). In some groups certain nutritional trends may be
usefully observed. Almost all members of Coelenterata, for example,
are carnivores and, rvith the exception of some that make use of
ciliary currents, they usually capture their prey by means of tentacles
armed with penetrating or adhesive nematocysts. Experiments show
that the presence of suitable food evokes an orderly series of feeding
reactions. The most active chemical substances are proteins and
their derivatives, while carbohydrates evoke little if irry ,"rponr"
(Pantin, 1943). This selective sensitivity is obviously correlattd to
the purely camivorous habit of these animals. Irurtheri, Madreporaria
cannot digest starch (Yonge, 1930), so that one may deduce that
coral reef formation takes place only in conditions oi an abunclant
supply of zooplankton, and that these conditions may have prevailed
wherever these structures occnr. Yonge (1940) has also shown that
the presence of symbiotic zooxanthella! in madreporarian corals, as a
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sary stimulus for the development of a glomerular-type kidney.

Glomerular kidneys may well have existed in marine protovertebrates
and subsequently may have been a useful preadaptation for life in

fresh water.

Respiration

In the field of respiration some general assumptions may be made

regarding habitat on the basis of such physiological features as the

oxygen affinity of the blood pigment. For example, the modern
decapod cephalopods have blood pigments suitable for conditions of
plenty of oxygen and little carbon dioxide, rather comparable to that
of a mackerel, and usually live in conditions of well-oxygenated water
(Florkin, 1949). In contrast to this, the pigment of Limulus or
Busycon is suitable for life in conditions of oxygen deffciency and
higher concentrations of carbon dioxide.

Breeding Habits

A knowledge of breeding liabits and the behavior of lan'al and
immediately postlarval marine invertebrates may also contribute to the
paleoecological scene. In warm, shallorv waters the larval stage of
the bottom drveller is predominantly planktonic and this type becomes
progressively less abundant in colder seas. In colder water and also
in abyssal water, planktonic development rarely occurs, the parents
being either viviparous or oviparous, producing a ferv large yolky eggs.
Thorson ( 1950 ) associates the absence of planktonic Iarvae in shallow,
cold water with the shortness of the season during which there is an
insufficient production of phytoplankton to feed the larvae, and the
shortage of suspended food in the water is correlated with the absence
of abyssal, planktonic lan'ae. A necessary requirement of animals
with pelagic larval stages is clearly an abundant supply of plankton,
which in turn must depend on marine and climatic conditions. Lar-

vae with a pelagic stage clearly insure botli the u,ide distribution of

the species and the possibility of colonizing any space available to

them. Considerable r'vastage of larvae takes place tlrough predation
and because there is only a relatively small chance that a larva will

ffnd a suitable substratum upon rvhich to settle. N4any larvae have

been shorvn to be highly specific in their requirements, for example,

Bakrnus (Knight-Jones, 1954). Most larvae are, however, able to

postpone metamorphosis for a time if they do not ffnd suitable con-

ditions, and water currents may thus offer a chance of sampling a
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rnuch wider area than would be accessible with their own powers of

locomotion. Wilson (1952) considers that the ability to delay meta-

morphosis is possessed by larvae of animals belonging to a number of

phyla and may be fairly general, especially for those species restricted

io specialized environments as adults. However, apart from a few

polychaetes, for example, Ophelia (Wilson, 1954), I itt le rvork has becn

done on the settling behavior of larvae of species living on or in sandy

and muddy bottoms. Ilolme (1961), in discussing the bottom fauna

of the English Cl-rannel, suggests that shelter frorn excessive disturb-

ance is the survival factor for many forms. In an account of the

spatfall of Cardium edule, Baggerman (1953) remarks that it is not

known whether newly metamorphosed Cardium shows any preference
for certain places to settle. Young cockles certainly occur in large
numbers in certain localities and strong indications lvere obtained
that these animals, whose rate of fall through the water can be com-
pared with that of sand of the size 100 to 250 p., are deposited espe-
cially in places u'here currents are weak. Clea-r'ly a more extensive
knorvledge of the settling behavior of bottom fauna u'ould help to
clarify the interpletation of fossil assemblages where certain bottom-
Iiving sedentary species are abundant.

The adaptations just considered sr,rggest a few of the r.vays in which
a knos'ledge of the physiology and distribution of living animals may
be useful in paleoecological interpretation. Deductions from evidence
of this kind are largely general in application and point out the
environment only in wide terms. For the interpretation of the habi-
tat of a species or genus the investigator must examine the nearest
living representative. Since the fossil record is principally a record
of the hard parts of animals, most attention must be paid to these
in respect to their functional anatomy and to the deductions u'hich can
be made about the tissues from an examination of the skeleton. Apart
from the Porifera and the Echinoderrnata, the invertebrates charac-
teristically have an exoskeleton secreted by sorne part of the super-
ficial epithelium, This is principally formed of calcium carbonate,
chitin, and aromatically tanned protein in all metazoan invertebrates.
Once secreted as a hard outer coat an exoskeleton imposes a shaoe
ancl form upon an animal and raises a problem of ftirther g.orrti.
Ihis is solved in at least two ways: by peripheral enlargement, as in
the coelenterates and mollusks; or by molting, as in the arthropods.
In the mollusks increase in size of the shell is dependent on the secre-
tion of the mantle margin, t'ith consequent restrictions on the shape
of the shell. The main patterns observed are a hinged bivalved shelll
in the bivalves, or coiling, in the gastropods, r.vhere a helical spiral
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as in Helix is probably the most compact rvay of increasing in size.
The chitons, with the shell divided into plates, have obtained a
measure of freedom because the independent growth of each plate
gives the net effect of an all-over increase in size rather than enlarge-
ment at the margins.

Adaptive Morphology of Living Bivalve Mollusks

Examples of adaptive changes in shell forrn occur arnong the Bi-
valvia. In this molluscan group four main features may be con-
sideredl shell shape, muscle scars, hinge ligament, and hinge teeth.

Hinge Teeth

Hinge teeth are certainly not pivotal structures about which the
valves open and close. Tliey should be considered as a mechanism
for insuring the correct alignment of the valves when the shell is
closed and open. However, little is knorvn of their functional anat-
omy and until this is remecliecl evidence concerning liinge teeth is of
small value to the paleoecologist.

Shell Shape and Lfuscle Scars

Adaptive changes in the shape of the shell may be conveniently
observed in relation to the evolution of the monomyarian condition.
The bodies of bilaterally symmetrical animals have an anteroposterior
growth axis, and in the Mollusca a second growth axis has t""r, u"-
quired by the secretion of a shell, which increases peripherally by
marginal increment. The external form of the bivalves is the result
of the growth of the mantle and its secretion of the shell, but it is
important when discussing this group to also consider the body, with
its inherent, though often modified, anteroposterior axis. Yonge
(1955) suggests that the most convenient way to consider problems
of bivalve form is by reference to axes or projections from the curved
surface of the mantle/shell in the sagittal plane, namely, the antero-
posterior and median axes of the body and the demarcation line of
the mantle/sliell. The median axis (Figure 3A) is defined as a line
running from the mid-dorsal point of the body through the middle
of the base of the foot to the rnid-point below the foot or byssus
(Yonge f953a). The demarcation line represents a projection onto
the sagittal plane of the line of maximrrm inflation of each valve,
commencing from the umbones. Considering a symmetrical equi-

Adaptive Nf orphology in Paleoecological Interpretation

d

D I

tor
adductor

- h

Foot and byssus -----

ior adductor Posterior adductor

- - -

Fig,3 Relation of axes of bodg and of mantle/shell in (A) Arca, (B) lvlytilus,
and. (C) Ensis, shotoirtg anteroposterior (a) and median (m) axes (broken
Iines)- of_ 1!e bgdy together aith hinge (h) and. demnrcation (d) tines ol
mantle/shell. TIrc sgntmetry of bocly and mantle/shell, shoun as an erample
/r Arca, a by.:sally attached dimyarian, is altered in \{ytilus by reduction of the
anterior end of the body and seconclarilq reduction of mantle/shell. In Ensis
th,c posterior clongution of the mantle/shell has had maior effects on tlrc form
of the body. Adductor muscles stippled,, insertions of pedal retractor muscles
solid blsck, right aaloe and sectioned tissues slrcwn (after yonge, lgSS).

valve such as Glycymeris or Arca (Figure 3A), the hinge line ancl
anteroposterior axis are parallel, while at right angles to these the
median axis and demarcation line effectivelv coincide.

Yonge_ (1955) points out that the symmetry of both body and
mantle/shell may be altered either by changes in the form of mantle/
shell 

_ affecting the body or by changes in the body affecting the
mantle/shell. The former is exemplified in the Solenidae ( Figure
3c), where in Ensis the elongation posteriorly of t lre mantre/shell by
greater growth i' that region has major esects on the form of the
body. where attachment by the byssus to a substratum has taken
place, as in tulytilus or Modiofus, changes of form afect first the body
and only second the mantle/shell. Under these conditions the ventral
surface of the foot must be regarded as the ffxed point about which
the shell and body axes must move, because *hatever else may be
affected, the mid-ventral region of the body remains constant in rela-
tion to the environment (Yonge, lg53a). Thus, in Modioltts, the
anterior part of the body is reduced, both foot and byssus, ventrally,
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and the ligament, clorsally, appearing to have moved anteriorly' The

anteropost"erior ancl meclian *"r 
"nd 

the demarcation are affected as

,ho."rr'ir. Figure 38, the curvature of the demarcation line being due

to a tangeniiul 
"o-pottent 

of shell growth (Owen, L953a, b) ' At

the same- time, the anterior adductor is reduced, and the posterior

muscle together with the adjacent region is -enlarged' -Byssal 
attach-

ment doeinot necessarily bring aboutlhe reduction of the anterior ad-

cluctor, for example, in Arca (Figure 3A). This djmyarian g-enus is

normally attachei by a massive byssus to a hard substrate, and rvater

rvith suspended food particles is drawn in both in front of and behind

the byssus.
In ilre opinion of yonge (1953a), the strength of,attachment prob-

ably accou^nts for the ,.r""err of the genus, but the danger of blocking

the inhalent current prevents the individuals from growing in masses

together. In Modiolus and LIytihrs, the inhalent current enters pos-

teiiorly and these genera form beds rvith the animals living very

clo.e io each other. Reduction of the anterior end in such genera

obviously has survival value. Consequent- on byssal attachment in

the heteromyaria, there is a reduction of the region of the body

anterior to ihe median axis. This has a secondary effect on the

mantle/shell with the complete loss of the anterior adductor. Because

of continued reduction oflhe anterior part of the body, the influence

of the anteroposterior axis of the body on the form of the shell dis-

appears. Thi mantle/shell now tends to revert to a {undamental

,y-*"try describing the almost perfect circle of many Pectinidae.

From thl initial attachment with the sagittal plane at right angles to

the substratum, as in Mytilus, Yonge (1953{}) considers that the

monomyarian condition may have been attained in either of two ways'

First, tiiis may come about without change of symmetry, as in the

Limidae and Tridacnidae, or, second, the change to the monomvarian

condition is accompanied by the loss of bilateral symmetry with verti-

cal shell valves anci the substitution of an asymmetric shell with valves

situated horizontally. Yonge divides the rnonomyaria into grou_ps

accorcling to their tabit. thot" which are attached marginally by

byssus (2.g., Pi'nctada or Pteria) are thought of as primitive in habit

"J-p-"a 
i,ith thor" which have attained adutt freedom (e.g,., Pecten)

or hive become attached by cementation (e.g. Ostrea). The impor-

tance of byssal attachment to the anisomyarian condition cannot be

over stressed. The presence of heteromyarian genem in any fossil

assemblage would thus usualiy point to byssal attachment to some

t"irty fr^t? substrate, although-Prnna (_Y_onge, 19531r) is a notervorthy

"*""ptiorr. 
Monomyarian f6tms would indicate a wider range of
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habitats but the majority, apart from those which have gained adult
freedom, normally require suitable substrate conditions for attach-
ment (see Yonge, 1953c for a full discussion of form and habit in
the monomyarian bivalves ).

Dimyarian bivalves are characteristic of soft substrata. fn these,
the hinge and anteroposterior axes are approximately paratlel. The
ventral part of the body may have been considerably affected by
changes of the mantle/shell, for example, the anterior pedal opening in
Ensis (Figure 3C). Their fundamental characteristics, such as the
lateral flattening of the body and foot, enclosure between a hinged
bivalved shell, and the great development of the gills, make them
ideally suited for this environment. In burrowing forms some degree
of ventral mantle fusion commonly takes place, but perhaps the most
obvious adaptation to burrowing is the possession of siphons. The
process of ventral mantle fusion and of siphonal formation is fully
discussed by Yonge (1948, f957). The most signiffcant feature for
the paleoecologist is probably the extent of the so-called pallial sinus
or muscle scar of the pallial muscles which function as the retractor
muscles of the siphons, In general, the deeper the infolding of the
pallial muscle scar the deeper the animal lives below the surface of
the substrate. Thus a genus with short siphons lives near the surface
of the sand (e.g., Cardium) and has a much shallower "sinus" than
does Mya, for example.

Bivalves that burrorv may be divided into tu'o broad groups ac-
cording to the method of their food collection (Figure 4). Some
(e.g., Cardium or L[ya) are suspension feeders, while ot]rers are de-
posit feeders (e.9., Tellina or Suobicularia). In the latter category
tlie siphons are separate, the inhalent siphon being able to grope freely
for food, independent of the exhalent siphon, and the foofis Iarge
and active. Deposit-feeding lamellibranchs are admirably fitted for
rapid movement through sand, often having a very compressed,
smooth shell. This allows deep retreat beneath the sand in intertidal
forms and the possibility of horizontal movement to a new feeding
ground. By contrast, Cardium (Figure 4a), a suspension feeder living
near the surface of the sand, has a globular shell marked with con-
spicuous ribs which grip the sand. The foot is large and powerful,
which it needs to be to move such a cumbersome ihell beneath tlie
sand. Cardium is able to burrow but only deep enough to cover the
shell. Bivalves inhabiting exposed and therefore relatively unstable
sand must be able to buiroJ rapidly by the aid of their foot. The
most highly specialized in this respect are species of the soleniclae
(owen, 1959). suspension-feeding lamellibranchs living in relatively
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(o) (b)

I
\y

Fig.4 Positions in situ of (a) cardium edule, a shallou burrowing susTtension

feider, (b) Mya arenaria, a deep bunou;er Qith long fused siphons for xrs''pensio,n 
feeding, and (c) Tellina tenuis an actioelA butotoing deposit feeder.'The 

arrows inzicate the direction of the inhalent uatef cuffent in the deposit

feeder from the surface of the sand. Tl'te ertent of the foot uhen protruded is'shoun.' 
D-V ind.icates the dorsoaentral axis of the shell of Mya (partly after

Ionge, 1949).

more stable muddy substrata tend to remain permanently embedded

in one place after settlement. They burrow deeper with increasing

age, th; foot becoming of less importance as the siphons grow longer

(e.g., Mya, Panope, Lutrarirt). These examPles represent separate

families, namely the Myidae, Hiatellidae, and Mactridae, respec-

tively, and provide an interesting example of convergence in adapta-

tion to u 
"i**on 

habitat. In all three, the siphons are fused and

have a strong covering of periostracum.
Owing to their basically simple structure, the Bivalvia represent

excelleni material for the study of evolutionary change. Changes in

habitat have come about as a result of relatively simple variations in

the form of the mantle/shell and body. How this may have occurred

within a single group is well exemplified in a recent study of the

functional tio.piology of British Ve.r".a"ea ( Ansell, 1961) ' The

radiation of this group into a variety of habits such as shallow bur-

rowing (Venus), d"ep b.ttto*ing (Dosirw) , nestling in rock crevices

by byisal fixation (Vbnerupis), and rock boring (Petricob) is shown

in relation to the adaptive morphology.
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Hinge Ligament

To the paleoecologist a study of the functional anatomy of the

hinge ligament may also prove fruitful, for the ligament shows certain

ua#tiuJ features which-can be recognized in fossil forms' It has

beeir established for many years (see, e'g., Dall, 1889), that the

orincipal function of the ligament in the bivalves is to open the shell

i"hen^the adductor muscles relax. Unfortunately, in much of the

earlier literature the mode of operation and the comparative anatomy

of the ligament is confused. In addition to its principal function the

ligament serves to hold the dorsal margins of the valves together and

to" exclude the entry of particles from the exterior, notably in bur-

rowing forms. Before discussing the functioning of the ligament, its

q"rr"ril anatomy should be outlined. The ligament is an integral

iart of the shell, which consists of two valves and ligament, and

is secreted by the mantle tissues in the same manner as the valves.

The outer and inner layers of the valves and of the ligament repre-

sent local modification of the same two layers of the shell. Both

valves and ligament are covered by the periostracum and this together

with the outer and inner layers forms the primary ligament ( Figure

5a) (Owen, Ttueman, and Yonge, 1953)' Secondary extension may

take place at either or both ends of the primary ligament as described

by Yonge (1957).

Fig. 5 Diagrams of primary ligarnent aieaed (a)
to tJrc aaloe and (b) in transoerse section through the

(b)

in sagittal section attached
umbo.
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Fusion of the outer lobes of the mantle edge results in the addition
of a fourth layer to the ligament-the fu-sion rayer. trvhere the
fusion layer forms a long extension to the primary ligament, as in
Pinna (Yonge r953b), it is of considerable importance in maintaining
a long and flexible union of the valves but only prays a minor ro16

in 
the mechanical operation of the ligament. where ihe fusion layer

is situated aboye the primary ligament it functions in precisely ihe
same way as the outer layer, and in the following discussion or the
function of the ligament no attempt will be maie to difierentiate
these two layers.

The outer layer of the ligament, sometimes called the lamellar
Iayer (Newell, 1937), is composed of nearly parallel lamellae of
fibrous protein. It is characteristically dark broivn in color and has
undergone hardening by aromatic tanning, giving molecular cross

li$age of adjacent pollpeptide chains (fr"e-a"l Ig50; Beedham,
1958) and contains no calcium carbonate. The inner laver. termecl
cartilage or resilium (Dall, 188g; Jackson, 1Bg0) or fibro.s ligament
(Newell, 1937) is fibrous in struciure and typicaily consists of ,"lu-
tively little tanned protein, and calcium-larbonate. It exhibits
growth lines which usually correspond to the laminations of the outer
la1'er, and both may b.e considered to represent phases of secretory
activity of the mantle (Figures 5 and 7). The inierpretation of lisa-
ment structure in a fossil shell should be based on tlie anatomy"of
living bivalves, but unfortunately only the attachments of the iiea-
ment remain and it is not always easy to deciplier the ligarnJnt
structure.

In a shell in ivhich the inner layer is compact enough to ]ie betrveen
resilifers (e.g., Lutraria, Mya, or even Ostrea), a clJar impression of
its form is 'sually seen on the valve r,vhen the ligament ii removed.
This often bears the impression of the grorvth liies (see Figure g).
where the inner layer is elongate, as in i[ytilus, Anoclonta, or"Tellina,
it 

-can 
only be- recognized by the extent of the long flat ligament

ridges or nymphae which support it on either valve. ihe loca"tion of
the outer layer is usually marked by a narrow groove running near
the edge of the valve, paraliel to the 'yrnplrae in the ligamJrts of
the last three genera, but it is less obvious G bivalves rvith restricted
inner layers. care should be exercisecl in the interpretation of the
subumbonal region of opisthodetic ligaments, in u,hich the oldest
part near the umbo has been broken in some species by tangential
growth of the valves (Owen, 1953b), and the damage repaired by a
secretion, sometimes quite a massive one, of the outer layer at the
anterior end of the ligament. The appearance of the subumbonal
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reqion of the valves of the Carboniferous mussels, Carboni,col,o and

Aithracosia, for instance, would lead one to believe that there lvas
an internal resilium of the inner layer were it not for the presence in
some particularly well-preserved material of an opisthodetic parivin-
cular ligament showing repair betrveen the umbones.

Mechanically the ligament of Mytilus is one of the simplest struc-
tures. It is essentially a bar, approximately rectangular in cross
section, attached between the dorsal margins of the valves, as sholrm
diagrammatically in Figure 6. The main forces involved in the
opening and closing of the valves are shorvn by the arrows adjacent
to outer and inner layers and adductor muscle, the size of the arrows
indicating the relative amplitude of the stresses in these parts. The
valves never gape to their maximum extent during the life of the
animal so that a small residual strain is indicated in the ligament
(Fignre 6a) to counteract this, a slight contraction of the aJductor
muscle is suggested, although in life, other factors, such as the sub-
strate, are probably involved. In the closed position (Figure 6b),

(a) (b)

lj!r' ?, 
O,:,fr:mmatic represerfiation of the aah:es ol Mytilus, (a) gaping and

\D ), closcd. Tlrc t'elatiue o,m,ounts of stress on the adductor musci,lei and, outer
i.ll 

,n":, luycrs of the ligament are' inilicated by the size of the arrous. The
"ulucs sholDn in section are stippled and the approximate position of the neutralcris ( N) of tlw ligament is indicated".
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the adductor muscle is contracted and the strain on the ligament is at
a maximum. Closure of the valves causes the stretching of the outer
layer and the compression of the inner. The force so derived tends
to open the valves and has been measured in terms of a moment about
the hinge or pivotal axis of the shell. It is referred to as the opening
moment of the l igament (Trueman, 1953). The line N (Figure 6)
situated approximately between the outer and inner layers indicates
the approximate position of the neutral axis of the ligament where
cornpression and tensile stress are at a minimum. The hinge or
pivotal axis, about which the opening moment of the ligament may be
determined, is considered to lie along the plane of the neutral axis
equidistant from the valves.

The mechanical arrangement described for Mytilus applies to the
Iigament of many bivalves. In those with external parivincular liga-
ments ( e.g., Tellina, Anodonta), the condition is similar, with the
neutral axis lying between the curved outer layer and the inner.
However in the alivincular ligament of, for example, Ostrea, the
neutral axis does not couespond to the division between outer and
inner layers, but the only part of the inner layer rvhich is functional
is situated belorv the axis ( Figure 7 ), that part above is subjected to
tensile stress and becomes fractured. Indeed, the fibrous structure
of the inner layer appears unsuited to withstand lateral tension, and
fractures occur between the fibers. On the other hand, the inner
layer is elastic to compression, and determinations of its modulus of
elasticity in compression give values of about 2200 glmm2 for that
of Ostrea edulis or Lutraria lutraria (Trueman, 1953). The molec-
ular arrangement of the scleroprotein of the outer layer, in which
chemical bands unite adjacent polypeptide chains, appears to be

Fig. 7 Diagram of the ligament of Ostrea in sagittal section attached to the
right aalae. The position of the neutral aris (N) is shoun and the inner layer
aboae this is fractured and not functional.
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rABLE 1. Summary of the resilts of the determination of the opening

and closing moments of the llgaments of certain biaalues+

Species

Closing Opcning
Number Moment, Moment,

of XI"/V + SE XI"/V
Specimens (g mm/ml) (g mm/ml)

Arcacea : Glycymeris gly cymeris

I,Iytilacea : tr[ ytilus edulis

Pectinacea : Pecten maritnus
ChlamEs opercularis

Ostreacea: Ostrea ed,ulis

Unionacea : Anodonta cAgnea
Isocardiacea : Glossas humanus

Cyprinacea: Arctica islandica
Cardiacea : Laeuicardium crassum

Cardium edule
Veneracea : Dosinia lupinus

Venus fasciata
Xlrctracea : Lulraria lulraria
Tcllinacea: Tellina crassa

Tell tna tenuis
Abra alba
Gari tellinellu

Solenacea: Ensis siliqua
X'Iyacea : llya arenaria

2
30

,7

29
o

1 i )

1
2
o

.10

8
n

8
2S
ao

L2
8
I

10

83
660
160
1 A O

370
103
91

550
70

tt4
D.JO

I J '

265
320
480

/ J

90
120
t74

105
780 + 48
167 + 16
1 4 8  +  3 . 8
425 + 24
r r o  t  / .  / o
702
610
9 0  +  6 . 9

140 + 10
595 + 71"
1 5 6  +  6 . 5
285  +  5 .3
370 + 13
550 + 18
1 0 0 + 9
1 0 6  +  5 . 2
1 3 1 + 9
1 9 1  +  1 1 . 3

" The mean closing moment (M") and the estimated mean opening
moment (M") have been expressed in relation to the volume (V) of the
shell

r.vell suited to its mechanical role of withstanding tensile stress. The
modulus of elasticity of the outer layer, determined by stretching
small pieces suspended between small clamps so that the stress is
applied in the same direction as in the intact ligament, ranges from
4500 g/mmz in Cardium erlule to 21,000 glmm, in Arctica islandica.
In this last species it is noteworthy that the ligament is very powerful
(Tab le  1 ) .

When iirr.r", are removed. from a bivalve, the valves gape widely
and may be gradually closed by the addition of known weights.
I hus the resistance of the ligament to the closure of the shell may be
determined as a moment about the hinqe axis; this is termed the
closing moment (for details of the *"i.'hod, see Trueman, 1g53).
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From the closed condition, removal of weight allows the valves iust
to open and this is expressed as the opening moment of the valves.

To obtain some basis of comparison betrveen different species the

moments were related to the volume of the shell' A number of

examples are listed in Table 1. The opening moment of the ligament

is of irnportance in the opening of the valves of all bivalves, except

where the ligament is reduced or absent, as in the Adesmacea. In

some, the ligament is the only method for opening the valves, for ex-

ample, Alyt[tus, Pecten, and Ostrea, these being free or att_ached bi-

valves rvith a reduced foot. The ligament of Atlytilus edulis is par-

ticularly strong, probably because of its length in relation to the size of

the shell, and the strength of the ligament may well be an advantage in

a crowded community. By contrast, bivalves rvith chevron or dupli-

vincular ligaments have little opening moment-for example, Gh7-

cymeris and se',reral other species of the Arcacea which were ob-

s"tv"d. It is reasonable to suppose that any bivalve with the

rather cumbersome chevron ligament must have used a powerful

foot to assist in opening the valves, perhaps similar to that of living

arcas. Although tliis does not necessarily mean byssal attachment,

the absence of a strong ligament may have precluded life in crowded

conlmunities.
The functional adaptation of the ligament is best observed in mem-

bers of the Pectinidae, most of which are free swimmers by habit

(e.g., Pecten maximus). The closing and opening of the valves by

-"ir,t of the addition and subtraction of known rveights may be

represented as a load-extension curve, the load being the rveight

^ppti"a to the valve, expressed in terms of a moment about the pivotal

a"ir of the ligament, and the extension being indicated by the angle

of gape of the valves (Figure 8). The loading curve (AB). corre-

rpoiar with the closure of lhe shell, and the unloading curve (BCD)

ti its opening. On such a curve the point B corresponds-to the

closing *o*"trt and point C to the opening moment. The difierence

betr,ve"en the opening and closing moments is some measure of the

internal resistaice oithe ligameni, ancl the srnaller the area enclosed

the lower is the rvork loss and the higher the efficiency of the liga-

ment. The ligament of P. maximus (and also chlamys opercularis)

has loops of small area compared with a wide range of other bivalves

(e.g., itytllus ed.ulis, Arctiia (Cyprina) isLandica, Ostrea edulis, or

My"o' areharia). The ligament of- the Pectinidae difiers from tliat of

mJst other lamellibranchs since the main part of the inner layer is

not calcified. Its modulus of elasticity in compression is consequently

somewhat lower ( 320 g/mme ) and the resistance per unit cross-

Adaptive Morphology in Paleoecological Interpretation 67

E
E
b 20,000

.9
q
o
o

!

o

10,000

10
Angle of gape-degrees

Fig. B Stress-strain curaes for the loading of the ligament of Pecten maximus
(C-O-) and lr{ytilus edulis (C-'Q-). AB shous the loading of the liga-
ment, BCD the unloading. See tert for furthcr description.

sectional area of the lisament to the closure of the valves is less.
Nevertheless, a noncalcifiecl inner layer of the ligament may be con-
sidered to greatly increase the efffciency of the Iigament (Trueman,
1953), and this is particularly important in an animal which flaps its
valves open and shut as a means of locomotion. However, this
could also be an adaptation for frequent cleansing of the mantle
cavity and may have preceded free life. It does not necessarily mean
that all pectinoids are similarly adapted, but that forms withotrt this
peculiar ligament must have had much less freedom of movcment.

Examination of Table I shor,vs that tliere is no deffnite relation
between ligament strength and habitat. Although the ligament of
certain burrowing species is powerful (e.g., Arctica islandica, Dosina
Ittpinus, Tellina tenuis), no general relations may be observed, and
each species must be separately examined. The ligaments of bur-
rorving bivalves are in general no more porverful than those of
attached forms, although the former may have to overcome the ad-
ditional resistance of t[e substratum when opening their valves. In
the case of Mya arennria, a deeply burrowing bivaive, this resistance
has been shown to vary between approximately 15 times the opening

0
Valves
ctoseo
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moment of the ligament in clean sand, 10 times in muddy sand, to
about 3 times in offshore mud (Trueman, 1954). The opening mo-
ment may be supplemented by the foot in those in which the ventral
mantle margins are mainly free (e.g., Anodonta, Tellina, or Cardium)
or, where fusion of the mantle margins has closed the ventral gape,
by fluctuations of the hydrostatic pressure of the water enclosed in
the mantle cavity (e.g.,Itlya or Lutroria).

In Mya, the hydrostatic pressure together with the opening moment
of the ligament is certainly sufficient to open the valves against muddy
sand, but hardly enough to open the valves against clean sand
(Trueman, 1954). Both Mya and Lutraria are bivalves which bur-
row deeply and have a long siphon. Chapman and Newell (1956)
have shown that in Mya the siphon is protracted by means of the
hydrostatic pressure in the mantle cavity, while in Scrobicularia, a
member of the Tellinacea in which the ventral mantle margins are
largely free, extension of the siphons is brought about by the action
of the muscles of the siphonal wall and the blood contained therein.
The mantle cavity of the clam Mya acts as a closed fluid-muscle
system when the siphonal sphincters are closed, retraction of the
siphons causing the valves to be forced apart and adduction of the
valves causing protrusion of the siphon, With the large siphons of
deeply burrowing forms divarication of the valves at their posterior
end is commonly encountered subsequent to withdrawal of the siphon.
Associated with this, adaptative changes in the ligament have taken
place. Whereas in most bivalves the ligament only allows the
gaping of the valves about a hinge axis running along the dorsal mar-
gins of the valves, in Mya and Lutraria the ligament also allows the
rocking of the valves on a dorsoventral axis (see Figure 4).

Thus, in these genera, the ligament not only tends to open the
valves but also acts as a flexible joint, which allows the rocking mo-
tion of the valves. This is possible since the ligament, which is
basically an opisthodetic structure, is considerably reduced in antero-
posterior length even though the mantle/shell has elongated on either
side of the demarcation line. In Lutraria (Figure 9), the outer Iayer
is very short and only a small region of the inner layer functions in

compression and as a pivot in the rocking of the valves. A flexible

sheet of periostracum unites the dorsal margin of the valves ( Owen,

1958 ) . Thus the adaptation of the ligam ent in Lutraria, and a similar
modiffcation in the unrelated Mya allows posterior divarication of

the valves and the withdrawal of long siphons. The condensation of

the ligament in this manner, together with elongate siphons as shown
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inner layer
l a )

Ftg. 9 The ligament of Lutraria lutraria shoan (a) in sagittal section aith right
aatae, (b) rllht aalae uith ligament remoaed leaaing impression on aaloe,
(c) transaersi section of ligament. The aery reduced outer layer and the innet
lager functioning only ooer a small region at the oentral margins are adaptations
related to deep bumowing and the rocking of the aalaes.

by the depth of the "pallial sinus," is thus clearly an adaptation to a
deeply burrowing habit.

The rock-boring habit has evolved in the Bivalvia by at least two
routes. Boring in Platyodon and in the pholads represents further
modification of the deep burrowing habit. In the pholads, boring
proceeds by the rocking of the valves about the dorsoventral axis, and
the ligament is either lost or remains as a functionless vestige. In
other bivalves (e.g., species of Petricola, Hi.atella, and Botula), the
habit of boling was probably preceded by that of nestling in rock
crevices while attached by the byssus. In these, the ligament is
retained. Indeed, the long ligament of the lvlytilidae, and conse-
quent powerful opening moment, represents a preadaptive factor
wlrich made boring in Botula possible (Yonge, 1955, 1958).
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-In this survey of the bivalves it has been possible to indicate some
of the ways in which a group of relatively simple animals has be-
come adapted for different habits. Although many re"ett investiga-
tions have been made in this field, it should be stressed that the
interpretation of fossil forms requires detailed knowledge of the most
similar living species and that this may require investigation before
adequate information is available to the paleoecologist.

Adaptive Morphology in an Extinct Echinoid (Micraster)

An excellent example of the use of this procedure in paleoecology
is a recent investigation of changes in the chark heart ,."hln, Micrai-

!er, rn which paleontological interpretation is related directly to
Iiving forms (Nichols, r95g). The genus Miuaster gives an excellent
example of continuous evolution oiindiui.lrrol charicters, which ap-
pear, however, to be indepenclent of environmental conditions, for ex-
1*p1", depth, particle size, and temperature. Nichols considered that
the changes in the fossils must either represent gradual improvement
in organization of the animal's structure or change in ecological niche
with an efiectively unchanged habitat. To discover the significance
of the chang"-s, the functional molphology of seven living ipecies of
British irregular echinoids was studied in detail. The iormal bur-
rowing activity of three species was observed and particular attention
was given to Echinocardiunt cordatum, which burrows to a maximum
depth of about lB cm. It is shown in Fiqure 10 in its normar attitude.
It maintains contact with sea water by'a respiratory funnel built by
the tube feet of the anterior ambulacrum and 

-by 
a single sanitary tube

originating at the shield-shaped subanal fasciole. TIie course of the
respiratory currents is indicated in this diagram.

An important result of this work is tf,e hypothesis that the low
zonal L'Iicraster (e.g., LI. corboois) burrowed less deeply than the
high zonal series (e.g., M. corturtudinnrium and M, coranguinum).
One of the factors infuencing the depth of burrowing in living forms
is the degree of development of heavily ciliated regions for the pur-
pose of respilation. There is no reason to doubt that the epidermis
of Nlicrastel, as in all living urchins, was heavily ciliated; thus,
while the low zonal forms rvith "smooth" ambulacra relied on the
normal ciliation of the body, the high zonal ones increased the num-
ber of cilia in the region of the test where they were most needed to
maintain a respiratory current. It is suggested by Nichols that the
increase in ciliation results from an increase in omamentation of the
test. If this is correct, then it may be concluded that the low zonal
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Respiratory : . : : : . ' : : :" : : ' : : : '
-f unnel :.:...:.:.i ::.:: :':..::.:

Fig. 10 Diagram s'lnuing Echinoctrrdium cordatum in its burrow from the side.
The respiratorg funnel to the nrface of thc ntbrtratu is normally maintained by
the tube feet of the dorsal region of the anterior ambulacrunr, one of which is
drawn. Tuo otal feeding and one subanttl burrowing tube fect are also included,
Arrows indicate the course of respiratory currcnts, uhich are brought doon the
respiratory funnel bg ci,Iiation of the bodg, doan the antbulacra and betueen tlze
respiratory tube fcet to the sabanal fasciole from uhich tl'rey pass along tlrc
sanitary tube (after Nichoh, 1959 ).

forms requiled less ciliation for some reason, ancl since the coherence
of the substrate apparently remained unaltered, the most likely reason
is that the low zonal forms burrowed less deeply and in consequence
required less motive power to pass the sarne amount of water over
the respiratory surfaces. It is fairly certain that the micrasters, like

7I
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living heart rrchins, built a ,sanitary tube to receive the u,aste prod-
ucts, since they are provided with similar structures in the posterior
region' In the high zonal micrasters the subanal fasciole L""o*",
broader, and in the -light of observations on the fascioles of living
forms, this 

-suggests the production of stronger currents wrrich rvourd
be 

-required to achieve a greater deptli of 
-burror.,ing. 

Nichols also
makes an assessment of conditions 6f the chalk sea"based both on
knor'vledge of the mode of life of present-day heart urchins and on
the associated fossil fauna. He concludes that lvlicra.$ter lived in a
cahn sea with little current action and that there r.r,as a rain of detrital
material adequate to provide large quantities of food for micro-
phagous feeders.

This inve-stigation of Micraster indicates ho'r, the interpretation of
a specific fauna requires detailed knowledge of the nJarest living
representatives. It has been pointed out above that a knowleclge oT
physiology, inclt'rling behavioi, may give certain general res,rrti re-
garding paleoecology but that for precise informatio-n all the eviclence
that may be obtained from a study of the aclaptive morphologv of
the hard parts of animals must be carefulry arre-sred. uniortunatery
for the _paleoecologist, in many groups of marine invertebrates, our
knowledge of functional anatomy is 

-concerned 
principally with the

tissues of the body so that the relevant informati6n -ny 
"ot 

be avail-
able without investigation. A realization of this should stimulate
the paleoecologist to observe the living animar and trre invertebrate
z,oologist to attend to-the requirements of th" paleoecologist, for these
should prove fruitful fields of future research.
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General Correlation of Foraminiferal

Structure With Environment

b2 Oruille L. Band2 tJniaersity of Southern California,
Los Angeles

ABSTRACT

A study of foranriniferal assemblages of modern seas has disclosed
striking corlelations between form, structure, and environment.
Arnong hyaline genera, species of Virgulina in shallorv lvaters have
opaque r.valls and closely appressed chambers. A few species have
delicate striae. Bathyal species are smaller; some are nodose, others
are cylinchical r.vith partly or completely translucent and iridescent
n'alls, u'ith or without spines. Among species of BoliDina, Bulimina,
and Uuigerina, small, less ornamented types occur on the continental
shelf and there is a progressive increase and difierentiation of surface
sculpture rvith increasing depth of u'ater.

I{ost porcelaneous Foraminifera are abundant in inshore waters;
hotvever, biloculine types display diverse adaptations. Those on
shelf areas are simple and mostly less than 1 mm in diameter. Deep
bathyal species u.l difi".".rtiated into those with cylindrical necks,
serrated edges, and sizes up to 5 mm. Arenaceous genera also exhibit
tmportant trends. For example, specirnens of Cyclammina show a
marked size increase from about 1 mm in upper bathyal waters to a
diameter of about 5 mm in deeper basin waters.

.. 
Evolutionary converg"tr"" ti"y be the principal reason for correla-

tton of form and structure with environment. General trends of this
tlpe are important corroborative criteria in paleoenvironment studies.

Introduction

Investigation of the relationships between environment and the
composition, structure, and form of Foraminifera shows striking cor-

Reprinted by permission from the Rcport of the International Geological
Congress, XXI Session, Norden, 1960, Part XXII., International paleon-
tological Union, Copenhagen, 1960.
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relations in all of the major groups of Foraminifera. This study is
designed to direct attention to convergent evolutionary trends of this
nature as a step in developing and testing the validity of resulting
general criteria in the reconstruction of paleoenvironments. Among
the numerous descriptive taxonomic, evolutionary, and ecologic studies
of Foraminifera, there is none that is primarily concerned with the
development of convergent evolutionary trends and the environmental
significance thereof. A brief preliminary report was given on this
subject recently (Bandy, I956a); since then, additional findings illus-
trate abundant evidence in support of convergent adaptation as a
primary tool for the paleoecologist.

Most major general trends are those that correlate with changes in
bathymetry and temperature. Benthic marine environments include
the following categories: (1) bays and estuaries; (2) the inner shelf
(G-50 meters); (3) the central and outer shelf (50-150 meters); (4)
the upper bathyal zone (150-610 meters); (5) the middle bathyal
zone (610-2438 meters); the lower bathyal zone (24384000 meters);
and the abyssal zone (below 4000 meters). Generally, the lower
bathyal zone includes about the same type of foraminiferal assemblage
as the abyssalzone.

Bathymetric ranges of some species vary somewhat from one area to
another, most likely because of variation in temperature gradient and
bottom character; however, within any given region, the trends dis-
cussed herein appear in sequence with increasing depth of water.
Bathyal species of the tropics do not become shelf species of the cold
temperature and polar regions; conversely, shelf species of polar
regions have related forms in the shelf areas of the tropics. For ex-
ample, Elphidium, an inner shelf genus characterized by a single row
of sutural pores, occurs in both the Arctic and tropics in the same gen-
eral type of environment. A related genus, Elphidi.ella, an inner shelf
species characterized by a double row of sutural pores, is mostly
restricted to the central and northern temperate regions and to the

Arctic Ocean. Occurrence of these forms in the central and outer

shelf areas is brought about by displacement or by expansion of

brackish waters fartLer seaward'than usual. Deep water forms such

asVirgulina nodos& R. E. and K. C. Stewart occurln similar depths of

the Aictic Ocean and in the temperate and tropical regions of the

Paciffc Ocean, always characteristic of the bathyal zone, but with some-

what different upper levels of occurrence.
It is convenient to discuss convergent trends with respect to three

general groupings of the Foraminiferi, viz., arenaceous or-agglutinated

iyp"r, 
"ilcateous 

imperforate or porcelaneous types, and the calcareous

perforate or hyaline types.

Correlation of Foraminiferal Structure With Environment 77

Reference to wall structure is based Iargely upon the work of Wood
(1949). Discovery of the aragonitic category was also reported
(BandY,1954) .

Correlation of Foraminiferal Structure and Environment

Arenaceous Trends

Arenaceous or agglutinating Foraminifera illustrate several impor-
tant general trends ( Figure 1). Simple genera predominate in inshore
waters, bays, lagoons, and in estuaries. Occasionally, in estuaries and
other brackish waters, a genus such as Ammobaculites will be the
dominant foraminifer (Bandy, 1956b). Other genera include Nouria,
Saccammina, Trochammina, Eggerella, and Haplophragmoides. Im-
portant arenaceous faunas of the inner shelf regions are also simple,
being typified by Trochammina, Eggerella of small size, Textularia,

Bays Shelf
Inner Central Outer

Bathyal Zone
Upper Middle Lorver

General
Simple interior
Labyrinthic

interior Liebusella Cuclammina

Rotaloid
Compressed test
Giobular test

Nlultiserial-
Triserial

Multiserial-

Llniserial
Triserial-

Uniserial
Biserial

Triangular in
side view

Laneeolate test
Siphonate

Chambers

( 1  m m Eggerella ) l  m m

Large smooth

IIartinottiella

Large smooth

Small coarse

Clauulina

Tertularia candeiana

Fig. 1 Arenaceous morphobgy and bathymetrg.
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and Reophax. Locally, Rhabdammina and a ferv other related genera

may dominate the arenaceous fauna.

ientral and other shelf faunas begin to demonstrate marked in-

creases in complexity and difierentiation of arenaceous faunas' Mem-

bers of the pr:eceding tyPes still persist, although they ar3 rarely -of
major importurr"", 

"*J"piing 
for Rhabdammina. Types with vesicular

or iabyriirthic filling oi the chambers make their appearance in the

form ol genera ,,r"f, 
"r 

Liebusellq, Cuneolina, and Textulariella, with

sizes of ip to 5 mm or more. These genera are most significant on

some of ihe shelf-edge prominences in the northeastern Gulf of

Mexico (Ludwick atrd Wa[to.r, 1957). Some species of Textulatia and

spiroplectammi,na develop siphonate chambers in this environment in

many parts of the troPics.
nathy^l or"rru""orri faunas include additional complex and diverse

types of Foraminifera. cyclammina makes its appearance and it is

idintified with the bathyai zone throughout modern oceans (Akers,

1954). Most specimens are about 1 or 2 mm in diameter; however,

recent studies rlveal the development of gigantic specimens more than

5 mm in diameter in deeper basins ofi southern California. These

basins, which have sills deeper than 1300 meters, are rvell aerated

with temperatures of about 2 or 3oc. curiously, this large form (c.

cancellsti [Bradyl ), is apparently absent in deep sea_sedimeDts of the

abyssal ,on" off southern California. The basins also contain large

splcimerrs of Martinottietta paltida (Cushman) rvhich may_be_ as Iong

ui 5 o, 6 mn-i. Bathyal forms of rnany oceanic areas include large,

smootlrly finished species of Karreriella, Eggerella, Vulaulina, and

large coarse specimJns of Alueolophragrnium. A ubiquito_us bathyal

ur"lrru""o.r, foiaminifer is GlomosTtira, which has been found in deeper

sediments of most oceans.

Fossil representatives of the arenaceous genera include complex

types such as Loftusia and choffatella. The first is a cretaceous

"rirru""o.r, 
isomorph of the fusulinids and alveolinids, and it repre-

sents, most likely,'a central or outer shelf environment. The second

is a homeomo.ph of Cyclammi,na and may represent a bathyal genus

of the N'Iesozoic.

P or c elane ou s and' I mp e rf or at e C alc ar e o u s T r e nds

Imperforate calcareous Foraminilera display. inrportant. trends, some

of *ii"h are of especial importance in ihe interpretation of paleo-

environments (Figue 2). Ar 
" 

g"troul group, miliolids become ex-

ceotionallv abundint in the inner ih"U ,ott" and in channels and open

;;;', ;;;;;;;;i"" to as much as 50 per cent and more of the total
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Bays Shelf Bathyal Zone
Inner Central Outer Upper Middle Lorver

l'Iiliolids
Quinqueloculina
Triloculina
Biloculines

( 1  m m 1-5 mm

1-5 mm

Broad aperture
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- ' i + 1 "  f l o n
! Y  r e r r  r r a y

Round aperture
* serrate edge

Discoidal tYPes
Simple interior
\Yith pillars
\Iith chamberlets

Fusiform ttrpes
\Yith chamberlets

Fig. 2 Porcelaneous foraminiferal morphology and batlrymetry.

foraminiferal population. They are diverse, including quinqueloc-
uline, triloculine, and biloculine forms. Quinqueloculine and triloc-
uline forms include species that are ruore euryhaline than other
members of the group, and are therefore particularly dorninant in
estuaries, channels, and bays.

Central and outer shelf miliolids do not generally dominate foram-
iniferal faunas. They consist of the same general types as in the
inner shelf zone; however, Biloculinella appeans here, characterized
by a biloculine test and apertural flap. Bathyal miliolids are gen-
erally rare except for Pyrgo, which develops into a remarkably diverse
group of species in deeper waters, some with serrate edges and others
with smooth edges, some with round apertrrres and cylindrical necks
and others rvith broad low apertures. Perhaps the most distinctive
featrrre is the development & large size wiih great depth. Many
specimens of Pyrgo and the related form Pyrgoella attain diameters of
more than 5 mm in deep basins rvhich are well ventilated. Diameters
of 1 and 2 mm n.".rr.rlul for specirnens of Pyrgo from the biloculine
ooze betr,veen Iccland and Norway. Conversely, shelf types of Pgrgo
are generally much less than I mm in diameter.

Adaptations among the larger discoidal imperforate calcareous
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Foraminifera illustrate less diversification than occurs in the miliolids.
Many of them live on anchored vegetation and may be rafted easily
when this vegetation is broken loose. This group is stenohaline, tropi-
cal to subtropical in distribution, and Iargely restricted to the conti-
nental shelf habitat. Those with simple tests, such as Peneroplis, and
also those with pillars, such as Archaias, occur in greatest abundance
at depths of 0-30 meters whereas those with chamberlets, such as
Sorites, Heterostegina, and Cycloclypeu.s, attain their greatest abun-
dance between depths of about 20 and B0 meters. These live on the
deeper anchored type.s of seaweed. A ferv variations are reported in
deeper waters, as, for example, the more complex Amphisorus hem-

Ttrichii Ehrenberg with hexagonal chamberlets, rvhich occurs abun-
danily in the Red Sea at a depth of 941 meters ( Said, 1949 ).

A unique modern isomorph of the fusulinid Foraminifera of the
later Paleozoic is the genus Alaeolinella, a spindle-shaped genus that
abounds in depths of 20 to 80 meters in the region of the Sulu Sea.
It is stenohaline, restricted to tropical waters, and generally associated
with the larger discoidal forms which have chamberlets.

Hyaline or Calcareous Perforate Trends

Numerous important convergent trends occur within this large
group of Foraminifera. Among those u'ith granular as opposed to
radial wall structure, Pullenia is represented by compressed species on
the continental shelf and by mostly globose species in the bathyal
zone (Figure 3 ). Pullenia is generally evolved from Chilostomella
and this genus from Allomorplina, by many authors following the
analysis by Cnshman ( t94B ). Chilostomella and Allomorphina are
distinctly bathyal types in modern oceans. If Chilostomella gave
rise to Pullenia, the deeper water globose types of Pullcnia appeared
first and the shallower water compressed species evolved later. It is

also reasonable to assume that Nonion gave rise to some if not all of

the members of Pullenio, as Galloway derives the genus (1933), and

that the direction of adaptation has produced deeper water globose
forms which are like t.t"*bets of the Chilostomellidae in apertural

character, due to convergence not to direct relationship'
Hyaline rotaloid Foraminifera with radial wall structure show sev-

eral interesting trends (Figure 3). Coarsely perforate genera such as

Cibicides are represented by manv variations on the central and outer

continental shelf and in the upper bathyal zone, as, for example, the

variations of C. mckannai GalToway and Wissler. In deeper water,

this species tends to develop reflected sutures. In middle and lower

bathyal zones of modern oceans, the most cosmopolitan species is
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ornata

loueolata

Fig. 3 Chilostomellid and coarsely 1:erforate rotahid morphologg andbathymetry.

C. toullerstorf (Schwager), a larger species, quite compressed, and
with prominent refected sutures in the type and all typical specimens.
Coarsely perforate planispiral types are primarily dominant on the
central and outer shelf, as represented by Planulina ornata ( d'Orbigny ) .
Forms with raised crenulate sutures, P. foueolata (Brady), occur on
the outer part of the shelf and in the upper bathyal zone. Most
deefer water species assigned to Planulina are not truly planispiral
and belong in Cibicides. A few deep water species are known-and
have the p"ronounced reflected sutureJthat also characterize the deep
rvater types of Cibicides.

, 
Hyaline, finely perforate rotaloids, with radial wall structure, should

be considered of major importance to the paleoecologist because of
their domination of many e,irvironmental cat^egories (trigure 4). The
many species of Eponidcs include mostly large (0.5-1.5 mm) types on
the central and outer parts of the continental shelf, as exemplified by
E. antillorum (d'Orbigny) and E. repandus (Fichtel 

""a 
Vonj.

Bathyal representatiu"i"." small, mostly less than 0.20 mm in diam-

lt"-t,ut ably represented by E. tumidulus (Brady) and E. turgidus
fhleger and Parker. The larger bathyal species known commonly
as E. tener is here considered to belong in Cqroidina.
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Sharp edge
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G y r o i dina-V alu uliner ia

Epistominella
Small, rounded

edge
Globose
Medium size

Sharp edge

0.3-0.4 mm

0.5 mm

Fig. 4 Ceneral rotaloid morphology and bathymctry.

Other finelv perforate rotaloids shorv general associations that are
dominr,rnt in n.rany benthic populations. tr{ost rotaloids with pillars
are inner shelf inhabltants, as represented by the cosmopolitan Streb-
las and by the tropical Pacific Calcarina and Baculogypsina. Streblus
is euryhaline and eurythermal whereas the others mentioned are
stenohaline and stenothermal. The central and outer part of the con-
tinental shelf is charactelized by the dominance of sharp edged rota-
loids in many parts of the world, well exemplified by the genera Han-
:aoaia and Cancris. Bathyal and abyssal rotaloids include many
charactcristic species of Valoulineria, Baggina, and Gyroidina, all
types rvith mostly rounded edges and either globose chambers or

tests.
Species of Epi,stominella are unique among the rotaloids in having

an aperture orientcd parallel to the plane of coiling. Small species

with abruptly rciunded to sharp edges occur as shallow as the central

and outer self province, occasionally in the inner shelf zone. Promi-

nent planoconvex species with a sharp edge and larger size ( diameter
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greater than 0.5 mm) charactelize the upper and middle bathyal
zones. Sone very small biconvex species are common and abundant
in deeper basins of the eastern Pacific. Others, such as E. exigua
(Brady), appear to be cosmopolitan abyssal and bathyal types, oc-
culring in many oceans and nearly ahvays in deeper waters, A more
complicated aperture is seen in the niiddle and lower bathyal genus
Osangularia that has one aperture along the base of the last septal face
and a second that extends uprvard into the last septnl face.

Common tropical and subtropical rotaloids characterized by frnely
perforate radial walls, and by complexities of accessory cirambers are
those such as ETtonidella, Asterigerina, and Ampli,stegino (Figure 5).
The first genus has supplementary ventral chamberlets which do not
alternate rvith the chambers, the dorsal spire is visible, and the aper-
ture is expanded into the apertural face. This genus characterizes
brackish inner shelf, lagoonal, and bay environrncnts (Akers, 1952).
Asterigerina has chamberlets that alternate with the main chambers
on the ventral side, and the dorsal spire is also visible; this genus is
dominant in the inner shelf zone under conditions of stable salinity,
especially in reef environments. The third genus, Amphistegina, has
secondary chamberlets alternating with the chambers on the ventral
side, but this genus is involute also on the dorsal side with no spire

Bays Shelf
Inner Central Outer

Bathval Zone
Upper Nliddle Lower

Dorsal spire
Visible
Yentral

chambcrlets do
not alternate
rvith chambers

\rerrtral
chamberlets
altcrnate l  i th
chambers

Test irtr-olutc
Yentral

chamberlets
alternntc rvith
cliambers

Eponidella

Asterigerina

_ Anryhistegina

Asterigerintl morphobgy and bathymetrg.Fig. 5
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showing, Amphistegino is mainly characteristic of depths greater
than 20 meters extending beyond across the central and outer shelf
zone (Bandy, L956b).

Buliminids ofier unusual trends in size and ornamentation or surface
sculpture correlative with environmental categories (Figure 6 ). This

group also has a radial wall structure. Small species of. Buliminella,
such as B. elegantissima (d'Orbigny), with 9 to 12 chambers per whorl
and less than 0.40 mm in length, are abundant in inshore waters of
many regions of the world. Somewhat larger species with fewer cham-

bers per whorl occur in the central and outer shelf province and in the
batlryal zone. Species of Bulimina with spines provide useful indices
of bathymetry in modern oceans. Species which are about 0.50 mm
long with few spines and also those with only marginal spines along
tlre base of each chamber, as in B. derutdata Cushman and Parker

and B. marginata d'Orbigny, make their first appearance in depths
of 20 meters on the continental shelf, and they are abundant over

much of the central and outer parts of the shelf and in the upper
bathyal zone. B. denudata is more typical of the temperate zone,

whereas B. marginato is charactelistic of the tropical and warm tem-

Bays Shelf
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Bathyal Zone
Upper X{iddle Lower
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Buliminid nzorphology and batlrymetry.
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Fig. 6

1.5 mm

Correlation of Foraminiferal Structure With Environment 85

Bays Shelf
Inner Central Outer

Uuigerina
Striate species tenuistriata

Costate species

Costate-spinose
species

Spinose species
Papillate species

Bathyal Zone
Upper Middle Lower

peregrxna

dirupta

proboscidea

senticosa

Fig. 7. Uaigefinid morphology and bathymetry.

perate regions. In deep bathyal waters, large spinose species develop
with a maximum lensth of more than I mm, as represented by the
common bathyal species B, striata var, mexicona Cushman. In
deeper bathyal waters, the principal species is B. rostrata Brady,
which is small (about 0.3 mm long), costate, and rather widely dis-
tributed in modern lower bathval and abvssal waters. fn some areas
this species grades into slightly spinose types that occur in shallower
waters of the middle bathyal zone. Smooth or unornamented species
of Bulimina, typified by B. affinis d'Orbigny, range from the outer
shelf to deeper bathyal waters. Even here there is a distinct size trend
in maximum length, for the shallow depth range the maximum size is
about 0.75 mm in the middle bathyal zone, and in well aerated
basins the maximum size is often 1.5 mm or more.

Uvigerinid morphology and bathymetry is analogous somewhat to
the trends of the buliminids (Figure 7) (Bandy, 1953). This group
has a radial wall structure throughout. In the eastern Paciffc there is
a complete gradation of species, all of rvhich are about I mm long but
variable in other respects. Species of the outer shelf and the upper
bathyal zone are mostly striate and slender, typiffed by (J. tenuistriata
Reuss. Upper and middle bathyal species are about the same
length, but they are thicker and more heavily costate, as represented
by the species U. peregri.na Cushman. Deeper bathyal species
begin to develop spines, as in Uuigerina proboscidea Schwager, and
the lorver part of this zone is dominated by papillate species such as
u. senticosa Cushman. In the Asiatic area, the common upper
bathyal species, (J. schuageri Brady, has sparse costae which iend
to disappear on the last few chambers. This form is replaced by
spinose forms in deeper bathyal waters in the Asiatic area, just as in
the eastern Paciffc. In poorly ventilated basins small or dwarfed varia-
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tions develop that may be half or one third as long as the typical
specimens. Many of the small species of Uaigerina that have spines
are probably du'arfed forms of other larger species; however, some of
these may have arisen independently as the result of convergence.
Costate forms probably arose from more than one source at various
times through iterative evolution. The same is true of striate forms
ol Uaigeri.na. Many examples of convergence should be recognized in
this and similar groups of Foraminifera.

A major group of Foraminifera w-ith a granulate wall structure and
fine perforations is the Cassidulinidae. General trends among mem-
bers of this group are apparent and very useful in paleoecology
(Figure B). Inner shelf members of this family are limbate, large
(0.5-1.0 mm), and characterized by either a sharp edge or an abruptly
rounded edge. Central and outer shelf populations include large
(diameter of more than 1.0 mm), globose, and diversified types, espe-
cially on off-shore banks and prominences in the tempertrte regions.
Bathyal cassidulinids are either small rvith sharp edges, as in C. deli-
cata (Ctshman), or large and more or less biumbonate, as C. trans-
Iucens (Cushman and Hughes). It is in the bathyal zone that a
marked uncoiling of cassidulinids occurs rvith the appearance of
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Fig. B Cassidtiinid and drgulinid
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Ehrenbergina and Cassidulinoides. Often, these genera are more

abundant and characteristic of deeper water than most species of

Cassidulina. Few members of the Cassidulinidae have a radial wall

structure (Wood, 1949).
Virgulinids represent another group of Foraminifera with the granu-

ILrte wall structure that exhibit useful trends with bathymetric change
(Figure B). Species r.vith rather closely appressed chambers occur in

the inner shelf zone and also in the central and outer shelf province.

A fer.v also range into the bathyal zone where they diversify into some

that have translucent rvalls in whole or in part and into those with

opaque walls and nodose chambers, as in V. nodosa (R. E. and K. C.

Stcwart). This species is most characteristic of the middle and

lorver bathyal zone althougli this form is reported in upper bathyal
depths in cold temperature regions. Species that occur in closed
basins, even well ventilated basins, include small types with very
delicate, translucent, and iridescent walls, as typified by V. spinosa
(Heron-Allen and Earlar-rd). It is probable tliat not all of those
specimens assigned to Y. nodosa were derived from the same ancestral
stock, but that convergent evolution may explain the general uni-
formity of ornamentation types and morphology with the environ-
mental categories.

Trends in the genus Boliuina, a biserial hyaline genus with radial
s-all structure, are those involving size, the development of surface
structures, size of perfcrations, and regularity (Figure 9). Lagoonal
and brackish water species are rare, represented by a relatively small
form, B. striatula Cushman. The later sutures in this species are
somervhat irregular, and there are very faint longitudinal striae on the
test. The inner shelf zone is inhabited by small smooth species which
arctrate such as B. quadrata Cushman and McCulloch. In the
central and outer shelf zone, regular striate species appear with
arclrate sutures, as represented by B. acutula Bandy. In some
tropical and subtropical areas a lanceolate smooth species r.vith arcuate
sutures is the dclminant bolivine in the outer shelf zone, for example, B.
daggaria Parker, and in other cases the dominant outer sl-relf form
is B. acuminata Natland, with chambers that terminate in short
spines. In the tropics, costate bolivines become dominant in the
outer shelf and upper bathyal zones. Other charactcrs exhibited by
one or more bathyal species are features such as coarse perforations,
sinuous sutures, heavy limbations, and by sizes of more than 0.50 mm,
althorrgh some small species still persist in deeper waters. Boliainita,
a small bolivine with a truncated edge, is very common locally in the
bathyat zone and its maximum sizJ is ,"."iy *or" than 0.b0 mm.
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Fig. 9 Boliainid morphology and bathymetry.
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mens of this species apparently occur in deep basins ofi southern
California where diameters of more than 2.5 rn- have been observed.
Smaller specimens of this species are known to occur on the outer part
of the continental shelf, in the bathyal zone, and even in the abyssal
zone. It occurs in both temparate and tropical regions, although the
largest size is recorded in deep waters where the iemperatureJ are 2
or 3oC. On the basis of present information, there is only one ap-
palent trend, viz., that of size increase rvith increasing depth of water
and decrease of ternperature.

Conclusions

- 1. Among the arenaceous Foraminifera, only simple types occur in
the lagoonal and bay environments. Under conditions oilow pH and
reduced salinities of some estuaries, members of this group may be
the most abundant Foraminifera represented. fnternal labyrinthic
and vesicular tissues occur in types that make their appearance in the
central and outer shelf zone and in the bathyal zone. Large speci-
mens of Liebusella are characteristic of the calcareous prominences of
the outer shelf and upper bathyal zone; large specimens of Cgclam-
mina and I{artinottiella are characteristic of the colder waters of the
middle bathyal zone, especially in well ventilated basins.

2. Among the porcelaneous and calcareous imperforate Foraminifera,
diverse miliolids are most characteristic of the bay and inner shelf
environrnent. Large, diverse, biloculine types with variable charac-
teristics are identified rvith middle and lower bathyal zones.

3. Large discoidal imperforate calcareous foraminifers with simple
interiors or with internal pillars are identified with the inner shelf
zone of tropical areas where the salinity is stable and generally be-
tu'een 34 and 36 parts per thousand; those with chamberlets are mostly
abundant in the central and outer portions of the shelf in tropical
regions and under stable conditions of salinity. They may occur as
shallorv as 20 meters and also in much deeper wateri of the bathyal
zone on occasion.

4. Fusiform calcareous imperforate foraminifers are mostly abundant
betrveen 20 and 80 meters in tropical areas, especially oi the Indo-
Pacific region.

5, Arnong the hyaline or calcareous perforate Foraminifera, those
with internal pillars are mostly inner shelf types; in the bolivines, those
with small external spines appear on the central and outer part of the
shelf. Striae and costae are generally associated rvith types found in
the outer shelf or bathyal zone. Size increase and the hevelopment
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Species of larger bolivines illustrating bathyal characters discussed
above include B. spissa Cushman, B. plicata d'Orbigny, and B.
argentea Cushman.

Among additional interesting trends demonstrated by the Forami-
nifera, that of irregularity or abnormality in the formation of chambers
is striking and has been investigated recently by Arnal (1955). Com-
paring his work with recent investigations of modern faunas, it is
apparent that abnormal Foraminifera become developed not only in
shallow brackish waters, but in deep closed basins as well, Dwarfism
and irregularity are observed in several of the deep basins of southern
California.

It was thought that aragonitic Foraminifera might show some type
of trend that would be of value to the paleoecologists; however, it was
found that aragonitic Foraminifera are comlnon in the Arctic, Antarc-
tic, and in temperate and tropical regions of the world. Members of

the same tp""Gt are found ln both rvarm and cold waters, as well

illustrated by the cosmopolitanism of species of Ceratobulimina'
Robertina, and Cushmanella. An important member of the aragonitic
foraminifers is Hdglundina elegans (d'Orbigny). The largest speci-

;ilNl
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of coarser surface features is qr.rite characteristic of many trends in
deeper water assemblages.

6. Convergence provides one important explanation of many of the
correlations between foraminiferal morphology and environment,
Spindle-shaped types are characteristic of depths between 20 and 80
meters in modern tropical and subtropical oceans. This same associa-
tion is suggested with respect to the fusulinids of the later Paleozoic

and for the arenaceous spindle-shaped Cretaceous foraminifer,

Loftusia.
Similarly, fossil orbitoidal foraminifers find their modern counter-

parts among the continental shelf types of large discoidal calcareous

Foraminifera, some being characteristic of inner shelf conditions,
others being representative of central or outer shelf conditions, or
indicative of reef-like conditions in any of these zones.

Among the other types of Foraminifera, rvhether miliolids or small

hyaline types, there is much to be gained by comparing morphological

categories with environmental trends in any of the fossil groups.
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Population Stnrctru'e in Paleoecology

b7 B. Iturtin, (Jnioersity ol Helsingfors, Finland

The str*cture of a population is always affected by its interaction
with the environment, and thus reflects the ecological conditions in
which the population lives. The distribution of age classes, for in-
stance, shows the effect of mortality on the population. The distribu-
tion of morp-hological characters in difiereni age classes may give
more detailed information on the manner in rvhich the interaction is
realized.

Sampling Problems

In studying the population structure of fossil forms we are of course
immediately beset by all the difiiculties resulting from various factors
of-bias. They are treated from various points of rri"* in other con-
tributions 

_in this symposium and need nol be gone into in detail.
Although field sampling is unde, o.r, 

"orlirol, 
gross inaccuracies

may be introduced here. To illustrate this we may cite one instance
in Central Europe in which a bear cave was excavated by a museum
rn cooperation rvith local amateurs (see Kurt6n, lg58). The material
was distributed between the museum and the private collectors, but
the museum had first choice. Nou,, a century'later, the private col-

l::at?nr are gone, and only the museum sa-pll r"-oirm foi a study of
this bear p_opulation. It contains g0% male-individuals and only r0%
female.s. Of course this fantastic disproportion is entirely spurious.
The museum took the pick of the spiiniens, favoring tfrJ h'rg" *a
impressive ones. The iex dimorphism in this speciEs i, ver:y pro-nounced, the males being much larger than the fem^ales.
^ while the field r**pli.rg in prin"cipre is under our own control, thefactors of depositio" u"a tiog"inesis that have sorted and reduced theuniverse of the death assemblage and given us the universe of pre_served individuals are facts of niture. fn general it may be assuired
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that the representation of the most immature stages tends to be most
affected, so that the juvenile individuals rvill tend to be underrepre-
sented in our material. As a result, as Olson (1957) has shown, the
size-frequency distribution of our material will often tend to form a
bell-shaped curve, even if a true representation of the death assem-
blage rvould give a highly skewed distribution (Figure I). In fact
we find that the mortality for the adult span of life may be readily
studied in many cases, but that the juvenile mortality may, at most, be
estimated from other data,

Finally we arrive at the events that are most distant from ourselves
-the once-living population and the production of the death assem-
blage out of it-which is the main subject of this paper. It may ini-
tially be pointed out, with respect to size of an age-correlated
character, that quite varied distributions may appear as a result
of different combinations of growth and mortality patterns. Arnong
the series of illustrative models developed by Olson (1957) may be
mentioned the combination of relatively slow and gradually retarded
growth throughout life, with a mortality pattern showing fairly high
infant mortality, Iorv mortality in middle life, and high mortality in
senescence. This is probably a fairly common type of population.
The resulting size distribution (Figure 2) will be bimodal, In the

125

-  1 ' , t " u . l r u  u

Fig. 1 Distribution of instars in a sample of the Wenlockian ostracod. Primitiopsis
planifrons, to shou> the bell-shaped distribution often found in fossil samples.
Frotn Martinsson (1955, p. 4).

Population Structure in paleoecology

F.ic.? ! model tleoeLoped' by okon (19sT), showing size rJistribution among
the dead resulting from a certain combirutian of mortirity and groutrz patterns.

process of fossilization, the juvenile peak will generally be more or
Iess obliterated, and we are left with i unimodaf distribution of rela-
tively old individuals.

Ageing

Iotl"1?."1y,. -Ty samples give better material for population
analysis than in this example, and we now face the p.obL_ of de-
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Fig. 4 luoenile stages in the deoelopment of the uppet cheek dentition of the

Pliocene boaid ungtlate Plesiaddax depereti from China. Top, uith milk teeth

and untaorn first molar; midrlle, uith permnnent prernolars formi'ng in iaus and'

second. molar erupted; bottom, uith entire pemanent dentition (foremost pre'

molar missing in this specimen). The stages are eoidently one Vear aPart in age'

From Kurtdn (1953).

'l

I
M L

termining the individual age of the specimens at death. Often only

relative estimates are possible, but these may sometimes be of great

precision and permit further detailed analysis, such as the, molting

itog"t of various arthropods (Figure 3). On the whole, horvever,

anriual growth rings wili probabl-y remain the most useful index of

age. Srich rings aie founi, for instance, in many pelecypods,-in fish

scales and otoliths, and in the genital plates of sea urchins ( Moore,

f$5). They may vary in thickness, depending on the climatic factors

of the perioi of growih. It would be a worthwhile project to study

the relitionship 6etween individual grou'th and mortality in a clam

population of this type. In mammals, annual growth rings appear in

ihe deposition of dentine in the teeth, and this has turned out a par-

ticularly useful criterion for estimating the ontogenetic stage in some

pinnipeds and ungulates (Schefier, 1950; Laws, 1953). Growth rin$s

Population Structure in Paleoecology gs

are also found in the horny sheaths of some bovid horns, but these
are rarely fossilized.

On the other hand, the age at death may be estimated if we have
some reliable, recent standard with u'hich to comDare our fossil. As
everybody knows, the age of a horse is shown bj its teeth, and this
should hold for a fossil horse as rvell (Lundhoim, 1949). Anthro-
pologists are able to determine the ontogenetic age of human skele-
tons with almost uncanny precision. Of course, in juvenile mammals,
the replacement of the teeth may give very reliable data. fn some
mammals, the elephants for instance, replacement continues through-
out life.
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Loc. 109

5 1 0 1 5 2 0
Height of M3

Fig. 6 Frequencies of croon heights of third louer molars in three local samples
of the antelope Cazella dorcadoides from the Pliocene of China. The groups
numbered 2*6 are regarded as correlatiae age groups (in the youngest group, 7,
the molar $as not yet f ully f ormed ond so coulcl not be measured). Ftom
Iturtdn (1953).

If the fossils do not by themselves give adequate ageing characters,
there remains the possibility of seasonal deposition. In forms with
seasonal parturition this will give a series of age groups one year aPart
in age. This is a not uncommon situation (Kurt6n, 1953). The dis-
creteness of the age groups, one year apart, is particularly evident in
the juvenile individuals (Figure 4). In some mammals, adults may

also be separated into annual age groups on the basis of the wear of

the teeth, In the small hyaenid carnivore lctitherium from the Plio-

cene of China, for instance, the dentitions are easily grouped on purely
morphological criteria (Figure 5). In other cases, age determination
may be based on the crorvn height of rapidly wearing teeth' In a

gazelle from a single fauna, for instance, material from three different

localities gave parallel series of age groups, based on the remaining

height of the worn third molars (Figure 6). The values cluster at

certain points with gaps in between.

Life Table Analysis

For the analysis of such relatively complete data as these the life

table is an efficient tool. It summarizes information on survivorship,

rates of mortality, and expectation of life within a population. These

appear as functions of age, and the age may be relative ( e.g', in

terms of molt stages ) or absolute ( e'g., in years ).

Population Structure in Paleoecology

If we have an adequate and well-aged sample, we must at this
juncture form an evaluation of the way in which the death assemblage
tvas produced. Does the material represent the normal mortality
irr the population, or does it represent a census of the living popula-
tion? The age structure of the living population is, of course, quite
different from that of its dead, except when the rate of mortality is
constant, irrespective of age.

Sometimes it is evident that what we have in hand is a samnle of a

o7

I'urdus m. merula

liq ,, 
Age pyramirls for a number of populations, as labeled. The uidth of':':^oo,rt i.s p.roportional 

-to the number of lixing indixid,uals at thc correspontling

Li.f :  
n"ginniu g Irom bottonr. Ovis dal l i  (mountain shcep) r ind RtipicapraruPicaPra (chomois) are recent manmals and Turd.s mer.la (blacttiirai 

"
T!!!t -!*d: 

u.h9ryas the renwining forms date fron the pliocene of China.rrom Kurt|n ( i95S).

Ictitherium wongii

Ouis d. dalli

Gazella dorcadoides

U rm iathe r i u nt i ntennedium.

Plesioddox depereti

Rupicapra rupicapra
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minor population that has been destroyed wholesale by some- violent

"g"r."y. 
Fish dead in a dried-up lake or a herd of mammals drowned

in a flood are obvious examples, and certainly not unusual ones. The

data are then of the census type and might be pictured as population

pyramids like those shown in Figure 7. Mortality is judged Jrom the

ieduction in size of the age classes rvith increasing age. This is so-

called time-specific analysis (Hickey, lS52). Actually, violent mass

death is not the only way in which material for such analysis is pro-

duced. The exuviae of molting arthropods also give a sample of the

census type.
On thJ other hand, the sample may represent the natural mortality

of the species. One of the best examples is the European cave bear'

ursus ipelaeus. This Pleistocene mammal habitually winterecl in

caves during the last glaciation. ft u'as large and powerful, and the

adult individuals must have been practically immune to the attacks

of other carnivores. Judging frorn the teeth and their manner of

wearing, the cave bear seems to have been almost exclusively vege-

tivoroui, and so would not be likely to get involved in fights with the

large ungulates. Probably its only dangerous enemy was man, and

only at a relatively late stage of its geological history. _The main

-ortulity factor for this species is likely to have been undernourish-

ment during winter sleep; according to the studies of Dr. P. Krott

(personal communication), the natural mortality of the living brown

b-ears is also concentrated in the time of hibernation. As a result, the

bear caves contain immense numbers of bones of the cave bear, in

some cases estimated to represent up to 30,000 individuals for a single

cave. This does not mean that the standing population was very

Iarge, but it is a lesult of very intensive sarnpling, during the-season

of peak mortality, out of continuously quite small standing_po_pulations.

fVith material of this type tlie correct treatment is so-called dynamic

analysis. The frequencies of the actual living age classes are com-

puted by successirie aclditions of the dead specimens, beginning with

the oldest.
Table I shos,s tu'o variants of the life table, dl'nnmic and time-

speciftc, for a fossil ostracod, Beyrichia ionesi, based on data by

Spleld.ra"s (1951). The age (r)-is expressed in terms of molts, that

isl 
'a 

relative measure of age. The earliest age classes were under-

represented in the sample,-and the analysis_ begins from the fourth

"lirr. 
The age is given ( r, ) as per cent deviation from the mean

lenSth of life,'a devlice makirrg it easier to compare differerrt popula-

tions with grcatly diflerent mean leng-th of ljfe. The number ot

deaths for each interval (d") is recorded, the number of survivors at
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renr,r 1. Life tables for the Si,lurian ostracod Beyrichia jonesi

oo

T ,

Age as
r per cent

Age in deviation
terms of from

molt me&n
stages longevity

1000q"
ss NlortalitY

d, Number rate per
Number surviving 1000 alive
di' ins nt begin- at begin-
in agc ning of ning of

interval interval interval

ex

Expecta-
tion of lifc
ot mean

after
lifetime

(in molts)

Dynamic 4-5
5_6
6_7
7-8
8*9
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tl-12

Timc-specific 4-5
D-O

o-/

7-8
8_9
9-10

10-11
7r*12

- 100
-58
-  l o

26
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079
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365
0 6 l

682
1000
321
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369
r85
66

401
< ( q

1000

2 . 3 8
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2 . 1
1 . 9
1 . 5
1 . 1
0 . 8
0 . 5
2 . 6 2
2 . 6
2 . 5
a .  t

2 . 2
1 A
l . =

1 . 0
0 . 5

Two alternative variants of the Life table, based on data by Spjeldnaes,
analyzed dynamically and time-speciffcally, respectively. Time in terms
of molt stages, with beginning at fourth instar. Original sample size
963 specimens.

the beginning of the interval (s,) is given. The rate of mortality is
indicated by],, and e, gives the 

"*p"Jtution 
of life, or the -"u.r uit",

litetime remaining at the beginning of the interval. The initial value
ot c" is identical with the mean Iongevity of the population.

If the values of s, are entered against ug" (tr'ignre B), we get a
survivorship curve. If s, is plotted on a logarithmic scale, the rate
ot mortality will be expressed by the slope of the curve. The two
nterpretations of the Beyrichi,a data give roughly the same average
slope of the curve; in faci the mean rite of -J.tutity per age class is
the same-327o for both interpretations. In other i.,Jlon""*, the dy-
namic and time-specific interpretations .i.vill diverge more strongly,
and the correct choice will be more important.
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The survivorship curve gives a clear and succinct picture of the

dynamics of the fopulationl and there are a number of characteristic

types. In one type, exemplified by civilized man (see Figure 9)' the

riirtality is quitl^low rvell-up to middle life, then gradually.increases

and becomet'u".y high only very late in life' The curve is convex'

and the oldest indiviiuals only rla"h ages about 50% higher than the

mean longevity. In another type, exemplified by-m-anl tirds' the

mortality i"-ui.r, constant irres-pective of ag",. and the oldest indi-

viduals reach ages greatly in excess of the mean longevity' 
'lhe curve

is a straight diagoial, and the difierence between the trvo patterns

d.epends Jrt how-large a fraction of the population survives up to the

""i 
of the potential"longevity of the species. It follows that various

type, i.rt"rrrlediate betrv"ee' ih" 
"ot'"u'u" 

and dia-gonal curves.will be

t'oir"a. Actually, some of them have been found among fossil popu-

lations (Figure 9 ).
A thi;d 

"basic 
pattern would be the concave curve, initially with

,roy t igt, mortality, which is later reduced. This is difficult to ob-

,"ri" irr"rrature, though it may be postulated theoreticnlly that_juvenile

mortallty, a. a .rrl","rhould be_higher than mortality in middle life.

Ho.t""J., it may be directly dernonstrated on the basis of samples

i"-fr""a (".g., i" the cave bear; see Kurt6n, 1958). Alternatively, it

;"t-;" poiiff" to estimate the productivity of yott-ng'.which will

l"ah to air estimate of the juvenile mortality. Figure l0 shows a sur-

o

- ^ "
o

4 5 6 1 8 9 1 0 1 1 1 2
Age in terms ol molts

Fig. B Suraiaorship curaes for the ostracod Beyrichia jonesi' based on dynamic

(iashed, line) and. timn-rpn"itr" analgsis, respeitiaely' Time in terms of molts'

From Kurtdn (1953).

Beyrichia jonesi

o
' Z  ' ^

a
5

Population Structure in Paleoecology I0r

+ 100 +200 + 300
Per cent deviation trom e' at initial date

Fig. 9 Suraioorship curaes for the same species as the age pgramids in Fig. B'
with man (human males) added; only the adult span of life is included. The
curaes are brought to a common scale based' on tllc mean longeaity (at the zero

Point on the abscissa). The upper diagrant slrcus curaes of the con'sex type,
the looer curoes of the diagonal or intennediate type. Standards of cornpa-
rison in both are the human (conaex) and. bhckbird (diagonal) atroes. From
Kurtdn (1955).

vivorship curve for a prawn, in which the juvenile mortality was esti-
mated in this way. The adult curve is based on catch for two years,
split up into age classes by means of size-frequency curves, a method
also used in paleontology. There is evidently a tremendous first-year
mortality in this population, amountirrg to no less than 99.8%, whereas
the mortality in later life is stabilized at about 90% annually.

_ We can probably conclude that the general pattern of the survivor-
ship curve- if we are able to follow a cohort of individuals from birth
to ihe death of the last survivor, will be sigmoid: concave in early
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Fig. 10 Suraiaal of the Pratctt
(1943). Frorn Kurtdn (1953).
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Fig. 11 SuraixorslilTt atraes (from b-irth) for the caoe Dcor' Ursus spelaeus'

;;; f;, t u^nn *nlnr, ,u7,n'i"'potnd' bg tie' same method as that uscd in Fig'

10. From Kurtdn (1958)'
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life, reflecting high but gradually diminishing juvenile mortality; ap-

proaching the straight diagonal in middle life; and convex when

senescence sets in and mortality rates again build up (Figure 11; see

also Kurt6n L954a, b). However, such a complete record must be

very unusual; mostly we will only be able to study a part of this

sequence, usually the adult one.

Selection

The analysis may be further developed by coupling age data with
morphology, sex distribution, localization, etc. The different sex dis-
tributions of cave bears at different localities have already been men-
tioned, but we should further point out that the disproportion is
found in the adults only. The juvenile individuals show the normal
50/50 sex ratio, even in caves r,vith great disproportions betlveen adult
males and females. This indicates that the disparity is a matter of
ecological preference among the adults, and not of differential birth
riltes,

The correlation of age and morphology is another way of studying
the interaction of the population and its environment. It gives us an
insight into the process of selection by differential mortality, or so-
called Darwinian selection. In such studies the problem is to find
characters not affected bv individual age. Qualitative characters may
be useful when grouped numerically ( see Simpson, Roe, and Lewon-
tin, 1960), and meristic characters or other discontinuous quantitative
variables seem to be particularly promising (Hecht, 1952). Among
continuous quantitative variables, one of the most useful is tooth size
in mammals, rvhich is not afiected by age (except for wear and, in
special cases, lifelong growth, both of which should of course be
recognized).

It can often be shown that there is a significant reduction in varia-
tion in the older age classes, resulting from the distal variants having
higlier rates of m"ortality than the 

"proximal 
one.s. Sometimes, foi

instance in the case of the cave bear, these data may be completely
tied in with the life table analysis to demonstrate the annual amount
of selection in the life history of tn" population. In other instances,
only a rough distinction betrve"n yo.,trg and old may be possible, but
even so a study of this type ma)' be of great interest. Again, com-
parison between populations of the same species in dif{erent environ-
nrents or between nearly related species in similar environments will
be of partictrlar importance. A seiies of comparisons of this kind for
a single dental character (relative rvidth of a rnolar) in nine different
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Fig. 12 Selection pattens for lhe relntionship betucen anterior and posterior
width of the second lower molar in nine bear populations. Nunbcrs on tlrc
abscissa gixe index xalues. The slmded fields represent suroioal, oith differences
in shading to indicate more detailecl anahlsis into age grottps. The samples arc
broan bear (Ursus arctos) from tlrc middle Pleistocene of Llosbach, the Forest
Bed, front tlrc late Pleistocene of Kent's Cat:ern, and the Rccent in Finland; and.
caae bear from. the late Pleistocene of Odessa, Ittixnitz, Sloup, Cailenreuth, and.
Dachstein. It may be noted that indiaiduak with a lou index tend to haoe
higher amsioul rates in, for instance, the Odessa and Kent's Caoern samples,
lohernas a more central tendency is apparent in the LIixnitz, Slaup, Cailerureuth,
Dachstein, and Recent Finnish somples. F rorn Kurtdn ( f 95B ) .
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bear poptrlations of the two species (Jrsus arctos and Ursus spelaeus
indicated some apparent differences in the direction and strength of
selection (Figure 12). Unfortunately the data at hand are not yet
very complete and much remains to be done in this field. It seems,
however, that differential survival does not ahvays favor the central or
modal type found in the population.

An extreme example was found in the cave bear from Odessa
(Kurt6n, 1957; l95B). The characters affected were the sizes of the
paracone (or outer anterior cusp) of the second upper molar, its re-
ceptacle in occlusion, and the valley betr,veen the trvo outer cusps
(protoconid and hypoconid) of the second lower molar (Figure 13).
The possession of a paracone of smaller than mean size, or of a pro-
toconid-hypoconid notch of larger than mean size, greatly increased
the potential longevity. In fact all the individuals rvith a paracone
Iarger than the initial mean (in per cent of total crown length) ap-
pear to have died before seven or eight years of age.

It appears very odd that selection of such intensity could have been
going on for thousands of years without taking effect, but there are
possible explanations for this. First, there may have been no avail-
able genetic variation; the population rvas a marginal one and may

l,:f :t, 
Left seconrl ttpper and louer molars of tlrc caxe bear, Ursus spelacus,(xt?rnal Die*^, to shoo the-occlusion of the paracone (pa) of the uppe'r molararttl the notch betueen tlrc Ttrotoco"ia grral anil hypoconid qhyil o1 tneIoaer.
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well have been isolated from the main body of the species. Or, per-
haps more probable, there may have been a system of balanced poly-
morphism. Hor'vever this may be, it is of considerable interest from
the paleoecological point of view to find that in this population a
slight malocclusion seems to have been the normal or modal condition.
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The Conmunity Approach to Paleoecology

b1 Ralph Gordon Johnson Departmcnt of the

Ceophysical Sciences, Uniaersity of Chicago, Chicago, Illinois

ABSTRACT

The application of the principles of community ecology to studies

of ancient benthic marine communities should yield information of

both geological and biological significance. The potential valrre of

this approach is ofiset by imposing practical and theoletical difficul-
ties. The community approach is evaluated by reviewing the repro-
duction, composition, spatial relations, and changes in modern marine
communities as these features relate to paleoecological problems.

Features of larval ecology bear upon interspecific correlation, shifts
in habitat, local extinctions, and substrate relations. Shallow water
communities can comprise several or several hundred species. About
30% of the species and individuals in modern shallow-water communi-
ties are preservable by virtue of possessing resistant hard parts. Sedi-
ments that are most favorable for the preservation of animals in sitrt
usually contain the least number of preservable animals. Almost all
of the fuctuations in animal numbers in benthic communities that
have been studied are associated with changes in the physical rather
than the biological environment. In the context of geologic time, re-
covery from anomalous fluctuations of the environrnent and invasions
of new areas is virtually instantaneous. Evidence is cited in support
of the view that benthic communities are associations of Iargely inde-
p-endent species that occur together because of sirnilar responses to
thc pliysical envjronmcnt.

'fhe author is indebtcd to J. W. Hedgpeth and E. C. Olson for stimulat-
ing discussions on the problems considered here. Data from Tomales
Bay, California rvere obtained rvith the aid of a grant from the National
Science Foundation.
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Introduction

The application of the principles of community ecology to studies
of ancient benthic marine communities should yield information of
both geological and biological significance. Such studies may reveal
features of the distribution and organization of ancient communities
that can be used in the interpretiriion of evolutionary events. The
stratigraphic and environmental implications of a natural assemblage
of species should be far more specific than those of a single species
or taxonomic group. The potential value of this approach is offset
by imposing practical and theoretical difficulties. Chief among these
difficulties are the inherent limitations of the fossil record, problems
of the recognition of life associations, daia gathering and analysis, and
inadequate kuor.vledge of modern benthic communities.

Statistical methods for recognizing and analyzing life assemblages
in the fossil record have been developed by several workers. The
labor involved in obtaining appropriate data for statistical analysis
raises the question of whether or not the community approach can be
used to solve real problems. Only a few paleontologists have actually
stressed the community approach in their work (e.g., E. C. Olson,
D. I. Axelrod, J. A. Shotwell, J. R. Beerbower, R, G. Johnson). Since
the literature is sparse, we should explore the subject by reviewing
major aspects of the structure of modern benthic communities, since
these features bear upon paleoecological problems. This review is

based mainly on the literature since Thorson's 1957 summary and on

the author's studies of modern marine communities.

The Community Concept

While most biologists regard comrnunities as real units of biological
integration, a few have denied the reality of communities ( e.g., Muller,

1958). Critics of the community concept have observed that the spe-

cies composition of associations belonging to a single recognized com-

rnunity type may vary considerably from place to place. Biologists

have not been able to define a commturity in such a \\ray as to encom-

pass the varied ,7i61a'points of all ecologists, partially because com-

munities do not exhibit a fixed composition and because a community

may broadly intergrade with neighboring communities. One of the

striking feair.res of the biosphere, however, is that all species- living

today Io not occur in all possible combinations in natural assemblages;

Rather, we observe around us a finite number of recurring associations

of species. The high recurrence of species combinations would ap-
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pear to be a phenomenon of considerable biological significance.
Our failure to arrive at a rigorous description of this phenomenon is
not proof ag:rinst its reality but is probably a reflection of our ignor-

ance and propensity for preconceived notions.
Roth concrete and abstract definitions have been proposed for the

term "comrnunity." The concrete definitions specify a particular as-
semblage of organisms at a particular place. The abstract definitions
are based on some assumed general attribute of communities such as
the recurrence of suites of species, the degree of interspecific interac-
tion, or ecclnomic independence. For this discussion, a concrete deff-
nition will be used for the term "community": the assemblage of
organisms inhabiting a speciffed space. The recurrence concept will
be used for a definition of community type: an assemblage of organ-
isms which often occur together. These deffnitions seem useful in-
asmuch as they involve uittibut"r that can be demonstrated from
field observations.

In order to apply the concepts of community ecology to the fossil
record we ntust be able to recognize the components of particular
communities in fossil assemblages. Paleontologists have used three
kinds of evidence for recognizing ancient communities: (1) field evi-
dence of burial in situ, (2) taxonomic analogy with a modern com-
munity, and (3) recognition of recurring suites of species analogous
to the recurrence observed among modern communities.

Rarely is there unequivocal field evidence that the fossil assemblage
has been buried in place without the introduction of foreign elements.
Taxonomic analogues are particularly useful in studies of late Ceno-
zoic assemblages but their utility diminishes with greater geologic age.
The recognition of community types seems to be the most generally
useful approach and has been employed, at least subconsciously, by
most paleoniologists. The field paleontologist, after some experience
in an area and stratigraphic section, comes to recognize recurring as-
semblages of species and hence occasional irregular associations. Re-
cently, several workers have atternpted to quantify this experience and
thereby introduce objectivity ( Beerbower and McDowell, 1960; John-
son, 1962). Measures of interspecific association are used to recog-
nize pairs of species whiclt frequently occur together. These pairs
are assernbled into groups of highly associated species. The ecologic
aspect, stratigraphic, and lithologic distribution of the groups may
then be studied for evidence that the groups are composed of mem-
bers of the same community type. These techniques ipp""r to ofier
considerable promise but represent a great effort in acquiring suitable
collections, data reduction, ancl analysis. This approach cannot be
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evaluated until rve have tried it a number of times. Meanwhile we
can judge whether or not all the effort is justified by examining mod-
ern benthic communities to find features that could illuminate paleon-
tological problems. The following discussion is Iirnited to level bot-
tom communities as these are the most commonly encountered types
in the marine fossil record.l ft is one of the theses of this paper that
the level bottom community types difrer in certain important ways
from rocky iniertidal, coral reef, and terrestrial community types.

N{odern Marine Communities of the Level Bottorn

Reproduction and Laraal Ecologg

The mode of reoroduction or recmitment of benthic marine com-
munities is one of iheir most singular features. As Thorson has em-
phasized in several papers, 70 to 90% of modern bottom dwelling in-
vertebrates possess pelagic larval stages in their life histories. Curi-
ously enough, the presence or absence of pelagic larvae in the ontog-
eny of a marine organism cannot be directly correlated with the extent
of geographic range or any other obvious single feature. A number
of cosmopolitan and circumpolar species exhibit direct development.

Pelagic larvae of benthic animals may spend from a few hours to
several months in the overlying r,vater mass. A benthic species really
represents two kinds of animals inhabiting grossly different kinds of
environrnents, possessing separate sets of adaptions, and presumablv
undergoing more-or-less separate evolutionary histories. In recent
years, evidence has been accumulated indicating that the larvae of

many species actively select a suitable environment for settlement.
In Table l. the environmental factors associated with the settle-

ment of pelagic larvae are shown for 39 species. Experimental evi-

dence indicates that the larvae of many species actively search for a

suitable environment and are able to put ofi metamorphosis consider-

ably beyond the normal period if necessary (e.g., see Wilson, 1952)'

As the iatval period is Jo extended, discrirnination diminishes, and

eventually the larva settles regardless of the suitability of the en-

vironment.
Marine biologists have long recognized a high degree of association

between the distribution of species and substrate (e.g', see Pratt,

'The term "level bottom communities" is used in the sense of Thorson (1957) to

apply to the benthic communities dcveloped on or in essentially flat deposits and

to exclude most intertidal and all coral reef communities.
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1953; Sanders, l95B; Jones, 1952; Stickney and Stringer, Ig57; South-
ward, 1957). Most of the species for rvhich the larval ecology has
been studied appear to respond actively to some feature of the sub-
strate (Table 1). Settlernent may be associated n'ith particle size,
particle shape, organic content, surface roughness or with some cryptic
substance that can be i.solated from preferred substrates. The fact
that the nature of the substrate is involved in the settling response of
many species in several phyla is of considerable interest to the
paleontologist. The deposit type and many of its properties are en-
vironmental features that can be studied in the fossil record. Thorson
and others have pointed out that while the substrate may act as the
key factor in inducing larval settlement, this does not necessarily
mean that the properties of the substrate are themselves the significant
factors of the e{fective environment of the adult organism. The sedi-
melrt at a particular site is related to many other features of the en-
vironmcnt, such as distance from land, depth, and rvater rnovement.
Properties of the sediment are often important ecological factors affect-
ing the grorvth and mortality of a benthic species (see, e.g., Loosanoff
and Tommers, 1948; Pratt, 1935). As size, sorting, and mineralogy
are readily measured, these properties have received the most atten-
tiorr from paleontologists. Evidence is accumulating, however, indi-
cating that other properties of the sediment, such as organic content.
porosity, proportion of clay, surface roughness, and the firmness or
cohesiveness of the deposit, may be even more directly related to the
mode of life of many benthic animals.

Larvae exhibiting selective behavior must still possess tolerance for
conditions grading away from those for optimal development. Larvae
must react to substrata possessing the minimal conditions for settle-
ment, as they cannot have the forsight to refuse a substrate in antici-
pation of a more favorable site downcurrent. Thus chance will be
an important factor in the distribution of a species even though the
animal may exhibit considerable selectivity.

_ lr{ost of the species whose larval development has been studied in
detail have restricted environmental distributions. Animals that are
able to flourish in a variety of environments probably settle at random
to survive in favorable circumstances or die if they chance upon an
unfavorable environment. A high degree of selectivity could be ex-
pected among deposit feeders and forms that must attach themselves
to stable surfirces. Lorver selectivity could be expected in predators,
scavengers, or fflter feeders. Only a felv observations have been
made, in this regard, on species having broad environmental toler-
ances. Kristensen (1957) suggests that the larvae of the filter feeder,
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rABLE 1. Enoironmental factors found to be associated uith the

settlement of pelagic laruae in 39 modern species

Species
Factors Associatcd rvith

Settlement Author

Annelida
Poll'chaeta

Ilydroides noruegica

Notomastus latericeus
Ophelia bicornis

Owenia lusiformis
Pygospia elegans

S cole col e pis f uligin o sa
Spirorbis borealis

Spirorbis pagensteclt eri

Archiannelida
Protodrilus rubro-

pharyngeus

Bryozoa
Alcyonidium hirsutum

Alcgottidiurn plyoum

Celleporella hgalina
Flustrellidra hispida
Bugula at,icularia
Bugula neritina
Bugula flagellata

71r ate r sip or a c u cu,Ilata
AcantJLodesia te'nuis

Electra hastingseae
Phoronicla

Plrcronis mulleri
Phoronis pallida

Temperature, light, orien-
tation of substrate

Sediment size
Sediment size, shape,

organic content, N{icro-

benthos
Sediment size
Unknorvn feature of sub-

stratum
Sediment size
Algal filmed surfaces, pres-

ence of orvn species

, ,  , ,

Sediment size, rvatcr solu-
ble inorganic substance
in substrate

Species of macro-algae, sur-
face texturc, mucous-free
surfaces 

,t
, ,  ,  t

, t  , ,

Tcmperature

Clean surfaces

Light, temperature
Horizontai surfaces

Sedimcnt size, clay content
' '  , ,  , ,  , ,

\Yisely,1959

\Yilson, 1937
Wilson; 1948, 1953,

1954,  1955

\ \ r i lson,1932
Smidt, 1951

Day & \Yilson, 1934
I{night-Jones,

1951 ;  1953
\Yisely, 1960
Crisp ct Ayland,

1960

Jrigersten, 1940

Ryland, 1959

\Yisely, 1959

Crisp & Ryland,
1960

\Irise1-r', 1959
Pomerat & Reiner,

r942

Silen, 1954
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rABLE L Erusironmental factors found to be associated, uith
settlement of pelagiclaraqe in 39 modern species (Continued)

Species
Factors Associated with

Settlement Author

113

the

Nfollusca
Pelecypoda

Cardium edtile

Crassostrea cotnmer-
cialis

XI'gtilus edulis

Ostrea edulis

Ostrea gigas
Ostrea lurida
Ostrea uirginica

Teredo noruegica
Venerupis pullastra

Gastropoda
Nassarius obsoletus

Arthropoda
Cinipedia

Balanus,6 species

Eliminius ntodestus

Crustacea, Cumacea
Cuntella uulgaris

Sediment size, n'ater move-
ment

Temperature

Depth, orientation of sub-
straf,e

\\-ater movement, or. iente-
tion of substrate, surface
texture

Surface orientation

Copper concentration in
water, saiinit)', temllera-
ture, surface texture

Organic extraet of wood
Surface orientation

\Yatcr soluble substlnee in
substratum

Presenee of adults, temper-
ature, surface texture,
light, algal film

Presence of adults, surface
texture

Sediment size, organic
content

Orton,1937

Wisely, 1959

Chippenfield, 1953

Cole & Iinight-
Jones, 1939

Erdmann, 1934
Korringa, 1940
Schaefer, 1937
Hopkins, 1935
Prytherch, l934

Harrington, 1921
Quayle, 1952

Scheltema, 1961

Pomerat & Reiner,
1912

Gregg, 1945
\Yeiss, 1947
Crisp & Barnes,

1954
Knight-Jones, 1955
Wisely, 1959
Connell, 1961
Knight-Jones,

1950 ;1955
Crisp & Barnes,

1954

Wieser, 1956



lI4 Approaches to Paleoecology

Cardium edttle, show little or no selective behavior. Holme (1961)

argues that rvidely distributed species probably do not exhibit selec-
tive behavior in settling. The experiments of Scheltema (1956, 1961)
indicate an interesting difference in the larval behavior of two species
of the gastropod genus Nassarius. Scheltema demonstrated that
Nassorius obsoletus exhibits a complex behavior pattern leading to
preferential settling on a particular substratum. FIe obtained from
the preferred substratum a water soluble substance capable of induc-
ing settlement in sea water not in contact with a favorable substratum.
Nasscrirrs aibex, which lives in the same region as Nqssarius obsoletus,
does not metamorphose in response to bottom sediment. Since
Ilassarius obsoletus is a deposit feeder, its selective behavior would
seem to have considerable adaptive value. Nassarius oibex, on the
other hand, is a scavenger and not as directly dependent on sediment

properties.
In his 1957 revierv Thorson stated, "we have evidence enough to

abandon the 
'raining 

dor'vn at random' theory hitherto accepted by
most marine biologists" (Thorson, L957, p. 482). It now seems more
probable, however, that benthic invertebrates exhibit a spectrum of
selectivity, sorne species showing highly speciffc behavior while others
approach random fallout.

Thorson has discussed the possible influence of adult populations
on the settlcment of larvae. There is evidence that the larvae of
Ostreo, Balamts, and Spirorbis are attracted to sites occupied by adults
of the same species (Thorson, 1957; Table l). It also seems possible
that the effect of the adult population on the substratum, through fecal

accumulation, for example, may render a particular site unattractive
to larvae. Some field observations tend to support this possibility,
but no direct evidence is yet available. Certainly the presence of a

dcnse population of adults may directly affect settlement by mechani-

cal obstruction or other means. Kristensen describes experiments in

wliich larvae were inhaled by adult clams and subsequently smothered

by the coating of mucus they received in the process (Kristensen,

1SSZ;. Such 
"d.eterring 

efiecis by the adult population could be

responsible for the popi-rlutiottr of animals of nearly the same size that

are occasionally encountered.
If the pr"r"r,"" of adults at a certain density does rep-el larvae of

the same species, certain important results are theoretically possible.

Since the life span of most benthic species is seldom more than a few

years, the ,p""i", composition at some site might- change over a rela-

iively short pcriod of time. The composition of the entire community

,niglit .e*aiir the same, while the spatial distribution of species within
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the community continually changes. Such a model as this might ex-

plain the lack of correlation between the numbers of individuals of

different species and the high incidence of sympatric species in these

kinds of communities. There would be insufficient time for subtle

interrrctions between neighboring sedentary individuals to affect the

natural regulation of numbers. As the carrying capacity of the en-

vironment is approached, interaction might become quite important.

The wide fluctuations in animal numbers observed in some level bot-
tom communities and the variation from place to place suggests, how-

ever, that the full potential of most environments is seldom utilized in

nature. If neutral relations between species are common in level

bottom communities, this fact would have important implications
bearing on the evolution of benthic organisms.

The reproductive ecology of benthic invertebrates is important to

paleoecology in several ways. The dual nature of most benthic spe-
cies makes the task of interpreting change in the fossil record more
dificult. It has often been pointed out that the continuity of any
species at a particular site is dependent on the weakest link in its life
cycle, which almost invariably involves reproductive phases. Since
pelagic larvae are often instrumental in selecting the bottom environ-
ment of the adults, shifts in adult habitat may partly be due to
changes in larval response. Failure of a species to maintain itself at
some locale may be caused either by these changes in larval response
or by the failure of larvae to reach the site due to some chance com-
bination of current, temperature, biological activity, etc. Offsite con-
ditions could thus influence the permanency of a population irrespec-
tive of the stability of local environmental conditions. The disappear-
ance of a species in a local stratigraphic sequence does not al'uvays,
therefore, imply a change in the local benthic environment.

While the larva represents a complex of adaptions to an environ-
ment quite different from that of the adult, the evolutionary history
of botfr phases must be closely linked. Fai]ure of an appreciable
nurlber of larvae to reach an environment suitable for adult gror.vth
and reproduction will ultirrately result in the Iocal extermination of
the species. Changes in pelagic ecosystems in geological time rnight
lead to the world-wide extinction of many species without leaving
the paleontologist any trace of the ca.,sai factors. The duality o1
benthic species may have other evolutionary implications. It is con-
ce-ivable, for example, that genes having selective value for larval
lite could exert influence on adult molphology by pleiotropy in a
fashion analagous to the mechanism of the theory of i"r,"t""tr"e pro-
posed by Wiil iams (1957).
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Not all of the sediment attributes involved in settling behavior of

difierent species may be preserved in the fossil record. For this rea-

son we cannot consistently hope to obtain a high association between

the occurrence of a fossil and lithology even when the species may be

highly responsive to some property of the substrattrm in life' Un-

di biedlylhere are sediment properties of ecological significance that

"r" 
pr"r".u"d but are not yet recognized. The lithologic distribution

of a fossil assemblage derived from a single community type may re-

veal such propertieJ to us. As imperfectly preserved as it may be in

the fossil r-""o?d, the substrate is one complex of environmental factors

for which we can have direct evidence. It is imPortant to note here

that a variety of processes may produce very simila-r sedimentary

rocks. Diagenetic 
"hutrg"r 

can further mask subtle differences be-

tween prod-ucts of difieient processes. The fossils can provide an-

other ciiterion for selecting a unique set of processes but only after

we are able to demonstrate that the fossils were derived from a single

community type.

Conrposition

The composition of a benthic community can be described in terms

of species, numbers of individuals, biomass, and the proportion of

various ecologic roles represented.
The number of species at any station within a comnunity may vary

from a few to several hundred per square meter. The entire com-

munity can comprise several species or hundreds of species' These

rurrg"i nr" 
"o*puruble 

to those encountered within stratigraphic units

in ihe fossil reiord. Evidence from several extensive surveys (e'g''

see Barnard, Hartman, and Jones; 1959) suggests that on the level sea

bottom (in shallow waters io 200 meters)-ihere is no marked trend

in the number of species present in a community with respect only to

depth or distance fltom shore. The finer silts and coarser sands sup-

poit f"we, species than intermediate-sized sediments, but this is not

i'variably t5-e case. In very shallow lvater the presence of plants is

often asstciated with a larg". number of specieJ than, the same sub-

strate without plants. In modern seas to 200 meters depth, there ap-

pears to be no regular relation between the proportion of various

taxonomic groups and depth. Frequently mollusks are more abund-

ant andlouJ"d in waters fiom I to 50 meters than in deeper water, but

not invariably. Paleontological speculation on the depth- distribution

oi o.gurri.-s probably hu, "b""n irnduely infuenced by the results of
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TArlLE 2. Number of animalslm' reported in serseral recent shallow

tator inrsestigations. Vqrious sam.pling methods and mesh sizes em-

ployed

Number of Animals/mz Place Author

Holme, 1953
Xliyadi, 1940, 1941
Mare, 1942

3500 (avcrage) Southern California Shelf Barnard, Hartman,
Jones, 1959

1064-12,576 Buzzard's Bay, I{ass. Sanders, 1958
4554-23,014 Scottish Loch Ra1'mottr, tnt,
555646,404 Long Island Sound Sanders, 1956

40-63,600 Dutch \Vaddensea Smidt, 1951

the major oceanographic expeditions which encompass great ranges
in depth.

Table 2 contains tabulated data on numbers of individuals per
scluare meter as obtained in eiglit recent ecological surveys. Thesc
data are for organisms larger than I or 1.5 mm. Such data are difficult
to compare since different collecting gear and screen sizes were used.
At any rate, as few as I0 and as many as 63,000 individuals per square
meter have been reported. Only a few studies have been made of the
microbenthos (e.9., see lvlare, 1942). The numbers of individuals
reported range from I05 to 103 individuals per square meter. All en-
vironments in shallow seas, studied to date, support life, and usually
abundant life. In the fossil record, if we identify a particular sedi-
ment as being of marine origin, 1ve may safely assume it supported life.

Table 3 shou's some of the preliminary results of Barnard, Hartman,
and Jones (1959) from an intensive survey of the communities on the
continental shelf off southern California. In this area the gray sands
and muds support greater numbers of individuals than the coarser red
sands and rock and rubble. There are a greater nrunber of species
on the gray sands but not much greater than on the other substrates.
The lower biornass together with the large numbers of individuals
on the gray sands reflect the fact that this substrate supports large
nrrmbers of small species. The nature of the bottom deposits in this
area is not independent of distance from shore, as the coarser sedi-
ments occlrr nearer shore. When the numbers of species and in-
dividuals are arranged by depth, no consistent difierenies can be rec-

70-292
266-L290

2356

English Channel
Japanese Bays
English Channel
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rABLE 3. I'lumber of specimens, species, and biomass,report-ed in an

"ir^lr" 
s'ffDey o1 ihe' continentai shelf orea of Southern California

(Barnard', Hariman, Iones, 1959)' I'lumber of stations shown in

parentheses

Bottom Average Number Average Number Average lVeight

Deposit of Spe?imens/m2 of Species/0'25 m2 in gm'/m2

252 (28)
294 (1e3)
157 (53)
200 (14)
2e1 (16)

Black mud 3711 (10)

Green mud 4540 (61)

Gray sand 5047 (18)

Red sand 2536 (11)

Rock or rubble 3210 (4)

7e (10)
87 (61)
e6 (18)
o /  ( r r /
73 (4)

oqnized. from 4 to 300 meters' The biomass does drop of implying

;rT;1il,p""i", with depth. If the _sediments 
were uniform on the

,h"U, *"'*ould probablj' obt""'" a decrease in biomass and numbers

rvith distance froit ,ho." u, related to the transportation of food mate-

rials.
A striking characteristic of shallow water benthic communities is

the marked"dominance of one or a few species' Almost invariably one

to a dozen species account for 95% of t^h" individuals and biomass of

ih" 
"o-*rriry. 

This feature can be illustrated from the data of

Sanders (1960). In a soft-bottom community in-Pl'1ul9t Buy'

Massachusetts, he found that one species made up 597" of the indi-

viduals and another species accounted fot 29% of the biomass of a com-

;;;t,; 
"o"ti*i"g 

of'79 species' -Eleven 
species accounted for 95%

of the individuals and 8 ipecies tor 95% of the biomass. A similar

circumstance is found in many fossil assemblages but does not neces-

sarily r"flect the species abundance relations of a living community'

The'fossil arr".nblige, as an accumulation, more closely approaches

the total productioi of preservable individuals of the community

rathcr thai a standing crip. Interpretation of species, abundance is

f"rafr", complicated fr], ifrJf"* that-the-number of individual fossils

oresent pcr unit ,ou"-J i, influenced by the rates of mortality and de-

ilr*;::;; tlil dominant species in the community may not be

preserved, we may obtain a falie impression of the im'portance of a

species in an ancieni 
""-*""lty' 

It also follows that the number of

individuals does not necessarilf reflect the suitability of an.environ-

ment for a particular;;;;;;; 
"; 

group of species' Tit"" a high fossil

density mai not indicite near o-ptirn'm c^onditions for settlement or

;;;ir u"i r.iglt mortality t"dio' low rates of deposition' Con-
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versely, a relatively low fossil density may actually represent near op-

timum conditions for survival and growth but a high rate of depo-

sition. Reworking can further modify density. For these reasons,

it is difficult to biologically interpret differences in fossil density from

place to place. Further, it is difficult to interpret measures of associ-

"tion 
bared on the numbers of specimens as related to lithology or the

numbers of other species.

The composition of modern benthic communities provides some in-

sight into the preservability of these kinds of life assemblages. We

have reviewed data from modern communities of the ]evel sea bottom

and determined the percentage of the macrobenthos possessing re-

sistant hard parts. These are animals which rve have guessed to be

preservable under the ordinary circumstances of the preservation of

icath assemblages; they are chiefly mollusks and some echinoderms.

No attempt was made to evaluate other factors affecting preservation

(e.g., rate of deposition, permanency of deposit, selective solution,

etc. ). In Table 4, data from 9 modern quantitative surveys, involving

534 samples, are shown. As before, different collecting methods were

employed. If an average value could be computed for these data,

it would probably fall around 30% for both the percentage of species

and percentage of individuals. Such a value is as high as it is due to

the abundance of mollusks today and is as low as it is primarily be-

cause of the predominance of polychaetes in recent shallow seas. The

higher values were obtained in communities dominated by one or a few

TABLE 4. Range of percentage of ani,mals possessing
resistant hard, parts, i,n sltallous uater benthic com'
muniti,es

Number of
Bottom Deposit Samples Species, /o Individuals, /e

119

NIud
Muddy sand
Clean sand
Gravel

't 
.1 c,

319
47
26

534

10-55
I -'',

2r,50
t - o t

8-70
1 _ i t

18-79
4-87

Data based upon 9 modern surveys and 534 san'rples.
Data from Smith, 1932; Thorson, 1933; Jones, 1952, 1956;
Holme, 1953; Sanders, 1956, 1960; Southward, 1957;

Jones, 196L
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TABLE 5. Aaerage percentage of animals possessing resistant hard

nart,s in some benthi" '"*t"i 'oiJ' i in thn lrish Sea' bepths betueen

5"""'a ia ^rtrrs (based' on data f rom !ones' 79'52)

Bottom DcPosit

Number of
Samples SPecies, /6 Individuals, /o

N{ud
Muddy sand
-tj rne s&no

10
30
t10

,f

93
o ,

LN

8
68
79

preservable species. .Thus, 
while 87% of the individuals of the commu-

nity may be preservani"'Ui tt""" of p.ossessing resistant skeletons' the

preservable component of ih" 
"o-*t''tity 

mav 6e extremely biased with

il;]lJi]n*."iA ,p""*. fr*".,. N".rr"rih"l"rs, these figures seem

""?"**t"g 
althougi we cannot apply them directly to ancient

;;#:";3ttii"ry,-ir," benthic marine community Jodatl 
is the most

preservable 
"o,o-,,nn"y;; 

";;;it 
itom tlre viewpoint of preservable

til;;;;;;J ",,',i'on-en 
ts f avorin g rapid h'rial'

As shown i" T,bl; ;, ift" 
""*U"i 

of pt"'etvable forms relative to

th;;u;;;f bottom d"potit is q-uite variable' Horvever' there is some

ft;J; "rll"r",i""ihip 
to deposit-typ-e when a single geographic

region is considered,';;:t";" in'Tables 5 and 6' Table 5 shows the

;:?il;d{:i-*,ll*r'f :'"J"'ilil'5J::l#,i1'""JilH"lJ
some communltles II

sociatecl with muds. 
- 

i" r-ur" 6 similar data are shown for fewer sta-

tions in the English Chut"t"l' Here again' the finest sediment is as-

sociatecl with the l"u'i 
""'-b"r 

of preiervable animals' This result

is confirmed 1., oth"r 
"uveys' 

The sldiments that in some respects are

the most favorable for the preservation of animals in situ usually con-

tain the least numi"t of'preservable animals' This circumstance

probably reflects tt'""1t-i"i"ce of polych":t": i" 
t-1:.t:jiments

and the featurc .h"t ;;;;;jtnt' int.,iuiiing high energy environments

(strong waves and/or 
-currents) 

g"""'ut-ty p"o""" ilore substantial

'"B11TTilt'J:::1"i""-munities-can also be used to examine the de-

gree of 
"o.r"'po"d";il;;;;;; 

life and death assemblages' In the

irr_-", of 1g5g, 
""'"".r"it""i 

survey of Tomales Bay, california was

conducted by the ottttto'' 
-Eighty-t*o 

stations were occupied through-

1 1
ao

25

J

10
2

15
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out the bay.'? Mollusks are the only common group that possess
resistant hard parts in these waters. At ten stations, on various sub-

strates, no preservable species were found either alive or dead. At the
remaining stations an average of 20% of the living species of rnollusks

was also represented in the local death assemblage. At 3l stations the

living molluscan assemblage was totally different from the dead mol-

Iuscan assemblage. A clear relationship was observed between the

correspondence of life and death assemblages and the type of bottom
deposit. Muds and sands were about equally represented at the 82
stations. One third of the stations in mud showed no correspondence
betlveen life and death assemblages, while two thirds of the stations
in coarser sediments lacked correspondence. The ten sarnples shorv-
ing the highest agreement between life and death assemblages were
all in clays, silts, and the finer muddy sands. These results agree with
the expectation for the relation of correspondence and water move-
ment. The proportion (39%) of stations showing completely dissimilar
life and death assenblages seems high but probably is representative
of the upper limits in shallow seas, since Tomales Bay is quite shallow
and is subjected to considerable current and wave action. In deeper
and hence <luieter rvaters (below 15 or 20 meters) correspondence
betrveen life and death assemblages is probably considerably higher.

It rvas also noted in the Tomales Bay study that the areal distribu-
tion of the remains of a particular species was nearly always greater
than its living representatives. If was found, for example, that the
small pelecypod, Transenella tantilla, found at 37 stations, occurred

'Analysis of these data was made possible by a grant from the Atomic Energy
Commission, supporting several projects pertaining to the marine geology and
biology of Tomales Bay.

reet,n 6. Atserage percentage of animals possessing resistant hard

7larts in some benthic commu.nities in the English Channel. Depths
betueen 40 and 70 meters (chta from Holme, 1953)

llottom Deposit
Number of

Samples Species, /o Individuals, /o

XIuddy sand
Clean -qand
Gravel

l

I
Or)

Z1)
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both alive and dead at 16 stations, dead only at 16 stations, and alive
only at 5 stations. Such results are also to be expected under shallow
bay conditions. The zones of gradation or intermingling between
these death assemblages are generally broader than the zones of gra-
dation or the ecotones between neighboring communities. This would
suggest that abrupt lateral changes in the composition of fossil assem-
blages may be indicative of quiet waters and little or no transportation
of rernains.

Another important aspect of the composition of level bottom ben-
thic communities in shallow water is the dominance of detritus feeders.
About 70 to 80% of benthic invertebrates feed upon detritus (Sanders,
1956, 1960; Smith, 1932; tr4are, 1942). In the fine sediments, the ma-
jority of the species are deposit feeders subsisting upon the detritus
either on or in the sediment. In coarser sediments, suspension feeders
may dominate. Under most circumstances, there is little difference
between the kinds of organic matter being utilized by these feeding
types ( Holme, 1961). The important feature is that the food web and
hence the biologic organization of these communities is simpler than
that of the rocky intertidal, coral, and terrestrial communities. The
overwhelming predominance of detritus feeders would seem to imply
that many species rnay have more or Iess neutral relations with one
another. This circumstance has important implications for the evolu-
tion of benthic invertebrates and will be discussed later.

Spatial Relations

N{ost living benthic communities exhibit vertical stratification as rec-
ognized in the distinction betll'een epifauna and infauna (Thorson,
1957 ). Horizontal stratiffcation is often pronounced in the intertidal
zone, but in the absence of plants it is seldom evident below the low

tide mark.
Most species and individuals of the infauna occur in the upper 15

cm of the sediment (Holme, 1953, reviews the literature on vertical

distribution). The few individuals found below 15 cm tend to be

large and may contribute most of the biomass of the infauna. Large

pelecypods may occur as deep as a meter below the .surface of the sub-

it.ate le.g., SihixothaertLs oT the western coast of North America)'

Bacteria aie found in appreciable numbers rvell belorv 1 meter (ZoBell,

1957). Thus, while the highest concentration of organisms is near

the surface of the substrate, biological activity may extend considerably

below and still afiect the alteration of organic remains buried quite

deeply in the sediment.
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one consequence of the vertical stratiffcation of benthic communi-

ties is that a few animals will be found livinq amidst the relics of the
pre.c.eding population. If a site is continuall! occupied for an appre-
ciable length of time, a resulting fossir record will ionsist of mixtures
of succeedi'g_populations and overrapping rife spans. Low rates of
deposition and_ reworking may g.eatly e*aggerate the disparity in age
of remains within the same stratum. \,vhile mixing of this type limiis
our temporal resolution, it can be neglectecl as tivial in the^ context
of geologic time for the purposes of rnoit paleontorogicar studies. per-
haps it is just as well that seasonar and annual r,'iriations u,ill tend
to be obscured, since they might distract our attention from the long
term variations. Th1 typl-of temporal mixing has long been recog_
'ized by paleontologists. The imp-ortant impl[ation of"these circum-
stances is that abrupt vertical changes in the fossil record must, more
often than not, indicate a major ecological event.

^ 
I-n the presence of pfants, a diverse epifauna, itself strongly strati_

{ed, 
m.1I be developed.as on Ir[auocyst:is. In the absence ?i pl"rrtr,

the 
_epifauna on a soft bottom -"y b" virtuaily absent or Iimited to

solid objects on the surface .f the deposit ,.r"h o, stones or shells.
A cliverse epifauna in a fossil- assemblale would strongly suggest the
presence of plants or a firm substrate. fhe predomina,i"" of iuch epi-
fa'nal forms as the articulate brachiopoa, nr.,d crinoids i,, -nn1,p,,..,
ffne-grained ]imestones may mean thai the ancient s,bstrate was firm
either as bare rock or,stiff mud. The presence of a diverse gortrnpo.i
assemblage, on the other hand, would^suggest the presence?t pt*tr.
., 

Thorson has pointed out that there ii considerabre difference in
the environment of the epifa'na and the infa'na (Thorson, LgsT).
The infaunal environment of a particurar deposit type tends to be more
uniform in conditions for life f^rom place to place'ancl less subject to
the efiects of variations in the hydricrimate. In association with the
uniformity of the infaunal 

"r'uirorr*"rrt, 
Thorson has argueJ that'similar substrates throughout the worrd are inhabitea uy 

"iJoli""ily
l]t]l"l 

and phylogenetically related organisms. Thorson has termedstlch similar assemblages in similar substrates as parallel communities.
As a generalization the co_ncept suffers, as do ail i*rogi"Jg"o"*tiru-
tions, from the fact that deviitions are common. Nevertheress, thereremains a remarkable simirarity between the infa'nas of simirar de-posits throughout the worrd in sharp contrast to the distinctiveness ofepifaunas. this circ,rmstance has s6veral pareoecorogi""it"rpit*i*r.
we might e-xpect infaunal and epifaunar irganisms to difier in theirrates of evolrrti.n. Since the- coirposition oT inf".r.ro, is less ,.,u]""tto local hydroclimates than the ep'ifauna, infaunal organisms ,horrra
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make better index fossils, except for the fact that they may evolve more
slowly and have greater stratigraphic ranges. These inferences might
be tested with the fossil record.

Within the photic zone, the horizontal stratification of plants may
confer horizontal stratiffcation upon the animal populations. This is
evident on hard substrates at least (Aleem, f956). In the absence of
plants and belorv the low tide mark there is little evidence of horizontal
stratiffcation in benthic communities. Environmental heterogeneity
or interactions betrveen organi.sms may result in distinct patterns of
dispersion. Commonly individuals of a species are found to occur in
clumps or colonies presumably brought about by the patchiness of the
environment, the settlement of larvae in swarms, or the development
of clones. Such patchiness is also a feature of the distribution of small
algae and protozoa (Lackey, 1961). Within clumps, the individuals
may occur clumped, evenly or randomly distributed (Holme, lg50;
Connell, 1956; Johnson, 1959). Jones (1961) studied the pattern of
dispersion of 19 species in shallow water. Fifteen of these species
were found to be randomly dispersed in the study areas. Also, many
sedentary organisms are quite capable of moving about. Some in-
faunal pelecypods (e.g., LIaconta, Solen, Carclium) move about ac-
tively but gradually lose their ability rvith age.

The pattern of dispersion of fossils in an outcrop can be studied
readily but is very difficult to interpret because of the strong likeli-
hood that any pattern in life will be lost (Johnson, 1960). Positive
evidence of patchiness in the distribution of fossils in a single stratum
can perhaps be interpreted ecologically.

Changes in Abundance and Contposition

Most of the studies of change in benthic marine communities in-
volve periods of only a few years. Much of the information is from
comparisons of recent and earlier surveys of the same region in con-
nection with some disastrous event, Nearly ahvays the compared sur-
veys were made by difierent workers using diffeient collecfrng meth-
ods at di{ferent times of the year. Data on fluctuations in benthic
communities over a period of years are scarce.

Seasonal fluctuations appear to be far more pronounced in very
shallorv u'aters (e.g., Allee, 1919; Blegvad, 195I). Below the low

tide mark there are tremendous regional difierences in the extent of

fluctuations in numbers. In some areas there appears to be consider-
able fluctuation (Poulsen, 1951; Segerstrile, 1960; Jones, 1961), while
elsewhere variation seems slight (Sanders, 1956; Holme, 1953). Most
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of the communities that are characterized by marked fluctuations in
numbers are found in very shallow waters and are exposed to fre-
quent and considerable fluctuations in salinity or temperature. As
disc'ssed earlier, the normal temporal mixing in the fossil record
n'ould obliterate any trac,e of shoit term fuciuations in abundance
under ordinary circumstances of preservation.

occasionally a drastic environine'tal fluctuation ha.s been observed
to cause major changes in the local fauna. rn northern regio's, par-
ticularly hard winters may produce profound changes in the shrrlow
u'ater fauna. Kristensen (1957) found that the severe rvintcr of
1946-rs47 killed nearly all the shallow water cockles in the Dutch
\V,dden sea. Allee (1919) described the efiects of a hard winter
on the benthic communities in the vicinity of woods Hole, N{assa-
ch.setts. He found that species in very shallow rvater aud species at
tlrt' 'orthern extent of their ranges were the most affected. frayrnont
( 1949) has observed the deleterious efiects of lov'ered oxyge' ten.sions
i' a sea loch. Hoese (1900) and Goodbody (1g61) rrave iecently cle-
scribed tlie biotic changes associated with salinity fluctuations. The
dctlimental effects of domestic and industrial rvastes have been studied
by numerous authors.

One of the major biological disasters of recent times was that as_
sociated with the eel grass epidemic of the early lgs0's. Eel grass
(-Zo-ste ra marina) is a flowering plant of major irnportance in the 

"cool,

shallorv_(G-10 feet) waters of the northern hemislirere. In 1g3r-r932
vast beds of eel gras.s disappeared along the AtLntic coast of North
America and it declined markedly along the European coast. There
is. still no agreement amo.g plant path-ologists asio the cause of the
discase. The fungus-like mycetozoan Labyrintlrukthas been shown to
oe associated with the disease but it is not yet clear why the pathogen
suddenly became active or_ why only pariicular strains of iel grass
u'ere a{fected (cottam and Mu'ro, lgB4). At any rate, the b-iotic
consequences of the disappearance of the eel grass were follorved by
man-y workers and reported in over 50 papers.

-.*:ll" 
ea'ly conseq.,Lr-r"", oJ the diraipi"ra.rce of the eel grass were

stmilar everyrvhere. The first animals to become rare #ere those
whose habitat was the leaves of the plant (\\/ilson, 1g4g; Dexter, Ig44;

f3*l i::11 
Sonre specie.s managed to survive locaily on algae

1r'rext.r..1s44). Another comrno' result of the epidemic was drasticcllatges in the bottom deposits previously' coverecr ty beds of eer grass.Tlie pla't effectively u.r"lio^ orgo.rrc -ua. n.a diminishes current andwave action. In many places the ross of the prant resurted in the fi'ereotments being swept away, leaving the coarser fractions behind
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(Wilson, 1949; Cottam and Munro, 1954). An infauna more charac-

teristic of a coarser deposit commonly invaded the area. Local

changes in depth and current pattcrns also resulted.
The secondary, biological effects of the disappearance of eel grass

were by no means general but instead were controlled by local cir-

cumstances. On the eastern coast of North America the Eastern

Brant cleclined rapidly in numbers. Eel grass had constituted 80%

of the bird's winter diet. In several years the Brant population had

partially recovered, switched to a new diet of Llloa, Enteromorpha, and

other algae, and had altered its migration rotrtes.
Another species which appeared to undergo a rapid decline asso-

ciated rvith the eel grass epidernic was the bay scallop, Aequipecten
irradians. At the tirne it was thought that the decline of the scallop

was due to its depcndence on eel grass as a substrate for the attach-

nrent of spat. In contrast to the general decline of this species, in

most places, Marshall (1947) observed that the scallop increased in

such proportions in the Niantic estuary as to constitute a new ffshery.

Subsequent investigations (N4arshall, 1960) indicate that the loss of
the eel grirss so improved circulation adjacent to the bottom that more
nutrients were avrrilable in the area than before. Adequate sites for

attachment of young were available on algae and other surfaces. It

now seems likely that the decline of the scallop elsewhere was due to

the changes in the substrate resulting from the loss of the eel grass.

Conditions in the Niantic esttrary apparently led to a neat balance

between circulation of nutrients and bottom stability.
The loss of eel grass as a source of detritus was thought by some

observers to be responsible for the observed decline of several impor-

tant infaurral species. LIya and Erlris declined on the eastern coast of

North America. These changes may have been due, however, to the

alteration of the substrate or the fact that spat formerly held in place

by eel grass were norv being washed into less favorable environments.

The observations made by the Danish Biological Station in the

Limfjord of Jutland, which connects the North Sea rvith the Kattegat,

are particularly pertinent to the ecological role of eel grass (Blegvad,

1951; Poulsen, 1951). Annual quantitative surveys, involving over

I00 samples per survey, have been made in this area since the work

of C. G. J. Petersen in 1909. In his classical studies of benthic com-

munities Petersen had placed great emphasis on eel grass as a primary

source of food for benihic organisms. The data accumulated by the

Danish Biological Station over a long period, horvever, indicated no

reduction in inirnal numbers that could be associated with the disap-

pearance of eel grass, except for 3 or 4 species that lived directly upon
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or among the plants (Poulsen, 195f ). A major species in these waters
had been destroyed by a general epidemic with only very minor
changes in the local biotal The fluctuations in numbers over the
years since 1909 in the Limfjord appears to be more directly associ-
ated with the effects of severe winters (Blegvad, 1951).

The biological effects of the eel grass epidemic have interesting
implications bearing on the effects of a major disaster and the organi-
zation of benthic communities. Except for a few instances, the gen-
eral effect of this disaster on animal populations was an indirect one.
The primary consequence of the disappearance of the eel grass ap-
pears to have been the freeing of the soil and the improvement of
bottom circulation. The biological consecluences of these changes
were largely controlled by very local conditions. In some places the
fauna associated with the eel grass was replaced by another; in other
places, nothing happened. Frequently the animals directly involved
u'ith the plants switched to new substrates for attachment or netv
sources of food. In the Limfjord a dominant plant species disap-
peared without greatly affecting the fauna. This seems quite contrary
to our expectations for a community as a biocoenosis irr the original
context of that term. Almost all of the fuctuations in anirnal numbers
in benthic communities studied to date appear to be associated rvith
changes in the physical rather than the biological environment. Even
the artificial introduction of new species in a marine community is
not accompanied by such drastic changes in the communities involved
as have been observed with the introduction of species in terrestrial
communities (see Elton, l95B). Paleontologists often ascribe sudden
faunal chanqes to local disasters. The evidence cited here shows horv
complex ^.rd 

"r 
yet unpredictable the biological consequences of such

events are. The reactions of the population may be due to factors
far removed from the primary enviionmental fluciuation.

Data on the recovery of populations following anomalous environ-
urental fluctuations in the environment, and on succession, demonstrate
the enormous colonizing capacity of marine invertebrates. The ani-
tnals of I agos Harbor, a lagoon system 160 miles long, are annually
destroyed by the seasonal infux of fresh water (Sandison and Hill,
1959). The area is repopulated frorn very small populations surviving
irr protected places. A i".g" population of cocklei i' shallow rvater
ot the Waddensee was destroyed by a particularly severe winter, but
reple,nished in one year (Kristenr".r, IOSZ;. Many other similar cases
could be cited. nlisn lfOOf ) and many others have studied succes-
sion on ne'r'ly available s'rface.s. It has been founrl that usuall' the
first stage in colonization is the development of an algal film. Tir"r"-
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after the course of events is swift, and a stable biota is achieved very
rapidly. In the context of geologic time, recovery from anomalous
fluctuations of the environment and the invasion of newly available
and suitable areas rvould be instantaneous.

We conclude from these considerations that the widespread dis-
appearance of a species or a fauna at some horizon in the fossil record
cannot commonly be ascribed to anomalous fluctuations of some en-
vironmental factor. Instead, some nrajor environmental change must
be involved in most cases. The evidence available suggests tirat bio-
logical factors alone probably could not produce such an effect.

Discussion

Individuals of two or more species might live together because they
interact with one another and/or have a similar response to features
of the local environment. They may occur together by chance. Or-
ganisms may interact with one another in several rvays (see Burk-
holder, 1952, for some possible kinds of relations ). Our present
knowledge of level bottom communities suggests that direct inter-
actions between individuals is of less importance in determining the
character of Ievel bottom comrnunities than in others. Many, if not
most, of the specie.s in Ievel bottom communities appear to be quite
independent of one another. These communities are dominated by
detritus feeding organisms and hence are characterizedby a compara-
tively simple food web. Fluctuations of numbers of individuals of
different species are commonly associated with fluctuations of the
physical environment and show little or no interspecific correlation.
The loss of a numerically important species, such as eel grass, may have
little or no effect on the remaining species. It is common to ffnd two
or more closely related members of the same genus living in the same
area. All of these features suggest interspecific neutralism, The
importance of predation, parasitism, and competition for space as eco-
logical factors in Ievel bottom communities cannot be denied, but
these factors appear to be less important in such communities than
in intertidal, coral reef, and terrestrial communities.

Species may occur in a particular community by chance. The dis-
tribution of species with broad environmental tolerances could be
partially deterrnined by the vagaries of currents. Transient species
are often found in level bottom communities. A population of such
species may persist locally for only one or tu'o generations, disappear
for a fely years, and reappear again. The high recurrence of particu-
lar suites of species observed in modern environments, hor.vever, sug-
gests that communities are not largely chance associations.
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High recurrence of particular combinations of species could occur

if s'ch species had similar environmental respons& and suitable en-
vironments were common. It seerns likely that most of the species in
level bottom communities occur together t""u.rr" of similar i"roorrr",
to the physical features of their environments. This seems Jvid"rrt
from settling reactions of larvae, from the efiects of environmental
flr,rctuations, and from the modes of life represented in level bottom
communities

The independe'ce of benthic species and trreir direct dependerrce
on the physical environment suggests a simpre organizatio'n. Such
independence would seem highly adapti'e i.o- tl" standpoint of
indjvidual species. It is conceivable that this degree of irrdependence
and hence the relatively low order of orqanizaiio' of levj bottom
communities is th-e product of a long evolutionary history that might
even have proceeded from a higher level of complexity.

_ 
The viervpoint that is developed here, and pe.haps over.stated, is

that benthic commrnities are commonly associitions of largely inde-
pendent species occurring together because of similar ,".rpo.r"r", to the
phvsical environment, such a concept is far remqted from that of a
community as a biocoenosis as originally deffned bi, Irft;bius ( M6bius,
1877, q'oted in Allee et al., rg49, p, 35). If this is the case, then the
biological organization of a level bottom community may not be an im-
portant infuence on the evol'tionary history of ihe members of the
community. Rather, we should expect that the complexes of environ_
mental factors represented by the hydroclimate and the sedirnent are
of more direct influence.

. 
Pr<rbably rnost adaptations to the substrate and to the hydroclimate

i'volve phy_siological changes. we cannot directly observe such fea-
tures but physiological adaptations to environment frequently, if not
alway:, alter-the spatial distribution of a species. change in environ-
mcntal distribution must_commonly be as-sociated with"physiological
c]langes.affecting the settling behavior of pelagic larvae. 

'By 
util[ing

atl species as a complex analyze_r of environment_the community
approach-we should be able to detect the resurts of adaptations we
cannot directly perceive. permanent changes in the assdciation be-
tween species and between species and deposit type, with or without

T?llh"l:gj:al 
change, must constitute the hrst signs of such adaptive

sjtilts. Subtle shifts in association should, theoietically, be evident
first in marginal environments, the ecoto,re i" ,p";;; ;;a*irlrua"-
tional equivalent in tirne.

. 
To recognize such shifts in the fossil record. we rnust utilize the evi-

dence of high recurrence of the event at rna.y localities. This means
tnat large amounts of data must be collected in appropriate ways,
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reduced to some manageable form, and analyzed using the conceptual
frame'rvork of marine biology. Statistical methods, such as the several
measures of interspecific association that are now available, can facili-
tate data reduction and analysis. Concurrently, study of modern
marine communities from the viewpoint of the paleontologist will pro-
vide more accurate analogues and the context for the interpretation
of results.

Studies of shifts in interspecific association may guide us to other
features of the environment of ancient communities that have left
traces in the physical record. New insights into the evolution of
species and cornmunities may result from the combination of the
quantitative studies of morphologic and community integration.
These possibilities do seem to be worth the effort involved in the
application of the community approach to paleoecology.

Invertebrate paleontology, by necessity, has been and is now largely
a descriptive science. This work must continue, but at the same time
we are moving into stages of synthesis and generalization. We have
lauded the objectives of the paleoecological approach in what seems to
be an endless chain of symposia, presidential addresses, and papers.
Now the time has come to utilize the quantitative methods and the bio-
logical concepts that are available to exploit our tremendous accumula-
tion of stratigraphic and systematic data.
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Community Succession in Mammals
of the Late Tertiary

b2 J. Arnold Shotzuell Mr,rnum of Natural History, Uni_
aersity of Oregon, Eugene

Nature of Paleocommunities

The members of erhey h ave i,, "o-.,iolo : Hl,?.':: ff; ili "Tl #i:::';:lJ'J: ff Iinterrelated in their food--g-etting habits. rt is not considerecr h";;;;;this relationship is of th*e natire of a supra-organism but that theinterrelationship of the various members rvith each other and thehabitat is close^enough that.chang;l;;;" require adjustments in theothers, either in relative abunda"nce or morphology. Arthough theanimals and prants may arter the nature of iheir iuuit"t it-iJ ril."ty
lhl: ir r"q,r6r,"", involving g""f"fi-i,-e the changes in habitati'itiate adiustments in the JccJpanti. The nature of tfi" acljustmentsin the animals of a community-is deterrnined by the .ut" uJJ"d"g.""of change of the habitat with the 

""t "*" 
condition resulting in trreclevelopiient of a new community type or the loss of comriunities.Examination of these adjrrstments"t'olta resurt in 

",,'pirr"ui-auru ."-flecting the environment tf evolution, the conditio.s of extinction, andthe nature of environmentar chang" ;hl;; a'ows the successful inva-sion of migrants.
In the sLdv of a naleo.comrnunity we are not only interested in the

lliFrrhtp.o' "o-porition 
of the-community. other crraracteristicsare ot importance arso and knowredge of them is necessary i' o.a". tomake the fullest use of the commuiity u, a unit in the st.dy of theenvironment of evorution. TTre rerative ab,rndancl ;; ;;;; or ,n"members is important if chang^es in trre structure of trre community areto 

.be 
recognized. The role Jf various 

"rri-ul, 
in the community andnature of the habitat of the community are of p.i*;tr;;;;;;:-;,""__munity is then not just a faunar list. The br&dest a"n.riiiorr, *o"ra
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include plants, invertebrates, in fact, all of the organisms and their
habitat. The nature of the occlrrrence of naleocommunities demands
a somewhat more limited scope in that the ilant materials, vertebrates,
and invertebrates seldom occur together in the same sample. The
methods of studying sediments are different from those applied to the
study of the fossil organisms present, although they may parallel each
other. The paleocommunity in practice is thus a composite of the
efforts of several disciplines. In this paper only the mammalian com-
munity will be discussed in any detail, but these communities might
better be referred to as vertebrate communities since lower verte-
brates are also important elements in the samples studied.

Recognition of the Comrnunity

Several techniques of analysis are now available for the recogr.rition
of cornmunities from carefully made samples. Each has its advan-
tages and disadvantages. Selection of a technique is determined
primarily by the nature of the occurrence of the bones to be studied.
Samples may include primarily articulated skeletons or disarticulated
elements, or samples rnay be large or small. Concentrations may be
present or nraterial may be more homogeneously spread througli the
facies under study. Often at least two of the techniques are practical
in a given situation, and in some ali may be employed.

Lithologic or Facies Method

It is assumed in this technique that a particular facies or lithology
represents a limited habitat and that most of the species present lived
iu mutual association. This method requires very careful stratigraphic
and sedimentary studies. It is useful when concentrations are not
present and bones occur as articulated skeletons. A sarnple from this
type of occurrence rvill represent more time than one from a concen-
tration. Horvever, the fact that a given facies may have appreciable
thickness may indicate that the environmental situation rernnined rela-
tively stable over a considerable period of time, Vertical control
within such a situation is, of course, highly desirable. The role of

some members of the comrnunity :may be determined exceptionally
by stomach contents in association with articulated skeletons. The

relative abundance of mernbers of the community may be deterrnined
b), .suitable collecting methods.

Olson (1952) uses a lithologic technique in his study of chrono-
faunas. A clrronofauna is ". a geographically restricted, natural
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assemblage of interacting animal populations that has maintained its

basic structure over a geologically signiffcant period of time" (Olson,

1952, p. 181 ). A chronofauna may often represent a community.

Rectn'rent Croups

When numerous small sarnples of about the same size are taken,
membe.rship in an association can be postulated on the basis of the
frecluency of appearance of species in samples or the frequency of
joint occurrence of species (Fager, 1957). This is a technique often
used in quantitative plant ecology (see Greig-Smith, 1947, Ch. 6).
A difficulty in its application has been in the conclusion that frequencv
of occLrrrence in samples represents abrrndance of the member in a
community. Abundance must be determined from the relative num-
bers of each species occurring tvithin each sample. It is susceptible
tl'ren to the limitations of small samples in determining relative a6und-
ance. In the determination of thc composition of the comrnunity it
provides the best type of sampling technique for statistical analyrsis,
It should prove highly useful, if the samples are available, in con-
junction u'ith tlie previous techni<1ue.

Proximity Method

This technique assumes that those organisms rvhich lir..ed adjacent
to or in the site of deposition of a facies will be best represented in
the resultant deposit. The_v will be on the average more completely
preserved than will those included forms which lived elsewhere. This
is similar to the insurance statistics which indicate that most, but not
all, people die near where they lived. This method requires large
sarnples and sufiers with snall ones (Shotwell tg58a). If is used by
paleobotanists (Clianey L924, and numerous later papers of Chaney
and_ Axelrod) and has been adapted for use with^niammals (Shoi-
well 1€55 ). In its application to mammals it has the advantage that
an indicatio' of the nnmber of i'divid.als can be made. where"as this
is not possible rvith plant materials. This method is most advan-
tageous when large sarnples are available a'd disarticulated elements
are the primary -ocle of occlrrrerce. The fact ihat the sa'rple comes

1i?- " 
single large concentration within a single kind of Iithology

allows excavation to proceed prior to stratigraphlc and sedimentatio'
studies. 

- It provides evidence independent to other aspects of a
pirleoecological study. Potentially it ian supply the most iinformation
trom a single occurrence; hower-er., it is erpensir.e.

,d
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Collection of Samples

The methods just outlined do not represent all possible methods, but

are representative of those by rvhich data may be ac_cumulated that

provide objective conclusions as to the composition and to some extent

itructure oi communities. They are all techniques of analysis which

are statistical in concept and may be applied successfully only when

the samples are collected with certain precautions. They all assume

that the samples taken are representative of the total material present

(in the faciei or large conceniration, whichever represents-the whole).

In the lithology technique, then, care must be taken to collect in such

a way that Jxcessiu" biur is not involved. In the other techniques

all the material in a volume of sediment must be retained. This often

requires wet or dry screening of the matrix.

Habitat Requirements

Once the composition of a community is established other aspects

such as relative ibundance, habitat, role of individual members, and

the structure of the community may be determined. Indications of

relative abundance are derived from the samples. Other aspects must

be deterrnined less directly.
Study of the functional morphology of the members of the com-

munity is necessary to determine the nature of the habitat. Their

teeth may indicate that they are browsers, grazers, or seed eaters.

Their limb bones may be adapted for (high speed) running, b-urrow-

ing, aquatic, or amphibious lifi. When 1pph"a to all the members of

the community various requirements of the habitat become, apparent'

These are, oi 
"orrrr", 

taih"t broad categories. Mammals, having

undergone much of their evolution in the Tertiary, rarely allow the

"o*poriron 
of habitat requirements of living morphologjc equivalent

,p"J"r, since in most insiances the difierence between the living and

flssil members of a phyletic line are too great. However, living mam-

mals provide a basi's for understanding lhe functional morpholo_gy of

some fossil forms. The lower vertebrates, fish, turtles, amphibians,

etc., occurring in the sample are likely- to be of great assistance in

picturing some aspects of the original l-rabitat in more exact terms'

iollen, 
"of 

"o.r..",-is 
also a very useful source of this information.

Plant leaves do not often occur in vertebrate localities, but an under-

standing of the floral associations derived from nearby plant localities

of the i"r11" 
"g" 

will indicate additional details of the environment.

Some of th! mammals present may represent adaptive types not
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seen in living forms-for example, three-toed horses. Historical bio-

geographic studies can sometimes point out the nature of their habitat

iequirements which cannot be determined by morphology alone

lshotwell, 1961).

The sediments provide an important source of information on en-

vironments at the sites of deposition. Sedimentary studies are espe-

cially challenging in sequences that contain volcanic ash, since the

character of such rocks may change considerably from the time of
deposition.

RoIe of Members

tr4orphological evidence can provide the pertinent information
needed to determine the roles of the various members of the com-
munity in the food chain. Since some members may have no living
counterparts (for instance, sabre-tooth cats), their role must be deter-
mined by deduction. Morphological studies of the sabre-tooth cats
have suggested quite di{Ierent concepts of the use of the sabre mech-
anism in getting food. One study indicates this mechanism to be the
tool of a carrion eater (Bohlin, 1940); the other indicates a carnivorous
habit ( Simpson, 1941 ). The nature of their occurrence at Rancho
La Brea, in Los Angeles, may provide important evidence as to the
function of this mechanism. Stock (1949) and Marcus (1960) have
sho'uvn that in this trap site the dire wolf, apparently a carrion eater,
and the sabre-tooth cat (Smilodon) are the most common large mam-
mals in the various pits excavated. Of the pits referred to by Marcus,
these two forms made up over three quarters of the total number of
individuals present. In the Smilodon material from Rancho La Brea
there is a "relatively high frequency of lesions in particular elements
' . . they are particularly evident in the limb bones and in the lumbar
region of the vertebral column. Moreover, while fractures rvhich
have healed during the life of the individual are to be found in a
number of bones of mammals and birds from the asphalt, abnormali-
ties 

_in bone growth were apparently rather prevalent among sabre-
tooth cats" (Stock, 1949, pp. 37-38). Thts high frequency of disabili
ties 

_during life seems unlikely for a carnivore which habitually pur-
sued_ and felled its prey. A carrion eater would not be ro r"iio.rrly
nandicapped. This high frequency of successful but disabled indi-
vtdtrals may thus reflect a carrion food-getting habit. It may also
indicate that the tar traps provided food-for slabre-tooth cats which
were injured and thus selected for this part of the population. If
the trap acted as an infirmary for injured carnivores in its easy supplyru
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of food, the bone effects iust noted should be more evenly distributed
throughout the large carnivores present in the pits. th" high f."-
quency of carrion-eating birds at Rancho La Brea rnay also indicate
the type of carnivore attracted to such a trap (see Bohlin, 1948).
Samples of communities where selection was not an irnportant part of
the accumulation indicate that the number of sabre-tooth cats present
in a fauna was rather small at any one time ( Shotu'ell, l958a ). It is
not the purpose of this discussion to prove or disprove that the sabre-
tooth cat was a carrion eater but to demonstrate how examination of
the nature of the occurrence may provide pertinent evidence in under-
standing the function of a mechanisrn not existing in living forms.

It has been emphasized that a knowledge of functional morphology
of the members of a community can provide important information as
to their habitat requirements and role in the community. Other lines
of evidence may also be important. They include pnleobotany, other
vertebrates, nature of occurrences in the site and elservhere, and his-
torical biogeography. Care in their application car-r greatly increase
the knowledge of the nature of a community and its habitat as repre-
sented in a sample or series of samples.

Community Structure

The quantitative data in the sample of a commtrnity indicate the
relative abundance of the various members of the community. In the
mammalian cornmunities thus far studied in the Northern Great Basin
there seems to be a correlation between the number of high abun-
dance forms and the community type. For instance; open grassland
comrnunities have one high abundance form, savanna communities
more than one, and even nrore confined communities a greater num-
ber. This appears to be irrespective of age or the rp""i"r involved.
Although this work has not progressed to a point of formal presenta-
tion, it suggests that a particular comrnunity type may also have a

particular structure. If this proves to be the case then structure of

communities, especially in secluencial studies, r,i'ill be an irnportant
aspect in the study of their development.

Late Tertiary Faunas of the Northeln Great Basin

The Northern Great Basin of western North America provides an

excellent opportunity for the study of community evolution of the Iate

Tertiary. i" tt it province, mammalian communities may be studied

over a significant ieriod of time in which many changes of physical
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t . (

;l
' /

\iS. 1 Northern Creat Basin. tleaay d.ashed line separates Nofihern and
Central Creat Basin.

and plant environment are k.own f6 esqlu'-. time i' which evolu-

ll"iity:lu"g:t 
a-re evident in the mammals. Figure I illustrates the

ttmits of the Northern Great Basin of the late Tertiary and the location
oJ faunas and floras 'sed in this study. Many minor Iocalities are not
shorvn. Localities 1-14 of Figure I have been sampled for the pur-
pose of paleocornmunity studies. Each of the sites inclicated repre-
sents a number of separate excavations. In order to maintain ide-
Quate controls, geologic mapping has been an important aspect of the
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fi::Xi.r|1Northern 
Great Basin rnust be reflected in the history of

Nlammalian Communities of tlie Northern Great Basin
The composition of communities has been determined using theproximity method described earlier (Shotwell, fSSS; lgSSot. AI_though the cluantitative.aspects 

"i,rr" 
analysis of the sampres are not1'et completed, commnnity assignments can'be *^d;J;ih" prur"ntstat's of the work. About zo,ooo mammar specimens are invorved inthe samples used. Trr" 

"o-poriar* J th" &--.,rriir", 
",'"""r, ,a"p

i,1i],"_^:"_.ry"":" ,r, .rhg*:, sciernaticaiy i' nig.,." S. The horizontal
:t^i:rrl:r".rent 

phyletic line.s which i* tu'r represent a series of de_scendant genera assigned to the comraunity. 
-.'he 

bracked in circlesindicate tlie poi't of loss of a line. Th" op",r circres inticate the ap-pearance of new rnembers of communitiei whose origin ir-.,"certainat. this. time' 
- open circ'res with a line througt.-tn-#'r#r"u," ,r"*migrant members of communitie.s. T'e criverii,y 

"i ".*-"nities at

.lffi T':1",1"ffi ,:"H:il:,fi ,:],iffi::"llp.T,ff :gau,Ji*ing communities are recognized (savanna u"J;rnrr^r;;,'i-" ,n*-"r,1961 ) the;z h.ve a n.rmbe"r of -"r,b"r, ir, 
"orn_o.r. The mo.st abun_dant members of each 

".", 
hoou",r"r, _ui.,offy exclusive.The savanna commu'ity is present in the Barstovian fauna but isre'stricted to the northrve-si port^ion of the Northern c."ut nuri,-, 1*"rtof the dashed line on 

figurg ]-) Uf tiru U"_pt ilian and apparentlylost by tlie end of the n""mptrittia".' A 
""ry 

simirar communiiy againappear.s in thc Blanca'. Iis abunclant .,r"_b"., ;r"";r;;;;;:. Theonly members of t'e new savanna commurrity *fri"fr r=p."?""a ifryf"a"lines of t'e former savanna comm'nity 
"r;.,h";;-;;;;t'"*,iig _"__bers of the grasstand communi y, *irr"i makes i;;;;;;iur"r,""

: ll. Hemphillian. Its abunj"r, ,""-"ers are migrants to theNorthern Great Basin at trris time. r^" uo.a". 
"o^ffiii;], poorlyknown b.t includes several ,"latiuely 

"ommon 
mammals wliich donot occur as members of any other commtrnity, Samples of it indi_cate that it is at various tinies spatially related to the grassland sa-vanna and rvoodland communities. N{ore than 

""" 
u".a"?'"i-l,,,rrrityis probably involved. The woodland community is greatly reducedafter the Barstovian ancr is 'or represert,"a ir, .h; H;;;;1i1";. sev-eral mammals of the Blan_can srrjgest Uy ifr"f, _*pfr"i"gy'af."a ,f*yhave woodland affinitier, ho*"ue".l ,,o ,'u*p,", are available of theircommunity as yet. The stream_bank comirunity occurs throughoutthe sequence,
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EARSTOY/AN tu lntucuttuaN BLANcAN

il

i:iT;",,1;;.""r::"y;m::::n comrnunities of the Northern Great Basin of the

."Jh: Iosses and gains of the faunas are reflected in the commtrnities.
'r he significant losses of the narstovian arJ 

"orr"".rtr"ted 
in the wood-la'd community' However, some faunal changes occur in arr thecommrrnities' Miqrants are concentrated in the new communitiesand are important irr"mbe., of ther" 

"o.rr*.1,.,iti"..
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Changes in Habitats

The vegetational history of the late Tertiary of the Northern Great
Basin is shown in Figure 4. The data for the chart are from Axelrod
(1950, Figure 4). The savanna, envisioned as woodland-savanna, is
an extrapolation from Axelrod's data, The woodland-savanna is con-
sidered to be a habitat resulting from the withdrawal and reduction
of woodland vegetation and the extension of grassland. Until wood-
land is greatly reduced, savanna is considered to be an important
habitat (see Shotwell, 1961). Its extent is shorvn as a function of the
amount of woodland and grassland at each point in the sequence.
The vertical dashed lines of the chart indicate the position of the
mammalian steps relative to the vegetational history. Figures 2, 3,
and 4 show faunal changes to be a result of community history, which
in turn is a reflection of vegetation change. The trends of the Barsto-
vian to Flemphillian are temporarily reversed in the Blancan.

Although extinction and migration appear as major factors in the
faunal change illustrated, evolution also plays a significant role. Its

Fig. 4 Changing Degetation of Northern Creat Basin in the late Tertiary,
(From Axelrod. (1950) uith modifications.)
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role in this example is within the communities and not in the origin
of the new community types that appear. In Figure 3 phyletic lines
are shown as continuous lines and do not indicate the nature of
changes in these lines or at what points these changes occur. There
are significant evolutionary changes in the phyletic lines of the savanna
community in the Barstovian-Clarendonian step. There are no sig-
nificant changes in the Clarendonian-Hemphillian step in the savanna.
The phyletic lines of the grassland community exhibit significant
changes from Hemphillian to Blancan time. N{orphologic changes
are noted from the Barstovian to the Hemnhillian in the border com-
munity. No changes are recognized in woidland phyletic lines. The
various phyletic lines of the stream-bank community show evolution-
ary changes throughout the sequence. Evolution as noted in the se-
quence is of the nature of changes of size or changes of characteristics.
The castoroid beavers in the Blancan, for example, are nearly five
times larger than their Barstovian ancestors, and they have ever-
growing teeth, whereas their ancestors had rooted teeth. The changes
in dental characteristics occur by the Hemphillian but the size in-
crease is most evident after the Hemphillian. Other less spectacular
series are present such as those of the mastodon of the savanna com-
munity and aplodontid and mylngaulid rodents of the border com-
munity ( Shotwell, 1958b ). The community members show changes
but they still indicate adaptations for the same type of habitat.

Discussion

The climatic trends refected in the vegetational changes of the
Northern Great Basin involve reduction of rainfall and increase in
extremes of temDerature. Alterations of the distribution of rainfall
throughout the y'ear are also recognized. These climatic trends have
affected all the vegetation but at difierent times and sometimes in
opposite ways. For instance, in the early part of the secluence con-
sidered here, hardrvood deciduous forest and conifer forest are re-
duced, while woodland and savanna increase, and open grassland
makes its appearance. In the llemphillinn, woodland and savanna
are greatly reduced as grassland becomes more prominent. In the
Blancan, woodland and savanna again increase.

The various habitats of the mammalian communities have thus been
affected at di{Ierent times and to different degrees of intensity. These
changes have been reflected in the communities we have studied in
two general ways: (1) loss of tire entire community or appearance of
new community types, (2) retention of the community with adjust-

I
I

, lll' I
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ments. some communities have shorvn both. The savanna com-
munity apparently adjusts in the clarendonian-when evolution is
seen in its phyletic lines-b't is lost in the Hemphillian. The wood-
land commu,ity is lost in the clarendonian and ,iro*s no adjustments.
The stream-bank commrnity adj,sts to the changes of habitai thro'gh-
out the_sequence. community development is inost prominent in ihe
stream-bank community and to a lessei extent in the iavanna.

Ne.w com-munitv types appear as combinations of migrants and
members which are common to the new comn.nity a'd 

-a 
formerly

established comm.nity rvhich is contemporaneous. The new com-
munity mrrst be considered to appear as a whore in the new area and
not a result simply of the immigration of those members not formerly
present in the area. It represents an extension of a new habitat into an
area accompanied-by_a new community. The fact that the migrants
of the open grassland community are all from the same geogiphic
area furtlter strengthens this view.

- - 
All of thc recognized rnigrants represent adaptive types new to the

Northern Great Basin or adaptive types previously prlient but lost in
the early part of the sequence. Those migrants'wiich occur not as
members of nerv comm,nities but in establlshed communities appear
as ecological uniques (namely porcupine, sloth, amphibious ihino,
etc.). A lack of the basic morphological type necessary to produce
the nerv adaptive type is appaiently the primary ,"uron th6se new
folms are not derived frorn resident lines.

The rather sudden appearance of new comrnunity types and new
adaptive types through migration tends to mask the dlveropment of
resident communities and the evolution within phyletic lines^ of those
comrnunities. Although the communities are considered to reoresent
the same system throrighout their history, considerable changis have
occurred in them and in their habitat. For example, the stream-bank
communitv of the Blancan is very difierent from tGt of the Barstovian.
Many of the -same phyletic lines are present and their representatives
occur in similar relative abundances throughout. However the mam-
mals themselves have chanqed and so hai the habitat. ff we were
comparing the trvo ends of ih" seq.rence, and rvere not aware of their
intervening history, we might consider them as separate but related
communitics. In other words, the community has developed new
characteristics both in the adaptive molphology of its members and
the habitat it occupied, although we still recognize its general stream-
bank assignment. The community has evolved. As we continue to
study its members and the associated materials which can tell more
of the nature and degree of habitat change (fisli, amphibians, birds,
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and pollen), then we u'ill better understand the nature of the environ-
nrent of evolution, for this is the situation in which evolution has
occurred,

Summarg

The changing climate and its efiects on vegetation appear as a major
aspect of the history of mammalian communities in the Northern
Great Basin. In the most general ter.ms these changes tend toward
aridity, reaching an extreme in the Hemphillian, then apparently re-
versing toward moister conditions in the Blancan. In the course of
the trend torvard aridity varions habitats nearly or completely dis-
appear. Woodland as a habit:rt is lost first, but sone of its elements
continue to make up the woodland-savanna. This habitat is in turn
lost as the trend reaches its extreme in the Hemphillian. Before this
point is reached a more arid habitat-grassland-makes its appear-
ilnce. \\,'hen the trend is reversed former habitats again appear.
Savanna and possibly woodland habitats are thus again available;
hou'ever, the former phyletic lines of the savanna had long since
become extinct, except for those u'hich also had representatives in the
grassland communities. Nerv habitats have thus appeared in the
Hemphillian and Blancan in the Northern Great Basin. These habi-
tats were not developed gradually from local ones but overlap local
habitats in tirne and were rnore like those developed earlier in adja-
cent provinces. They might, in fact, be considered as extensions of
biomes from adiacent areas into the Northern Great Basin. With
them came cornmunities alreadv developed in these biomes. These in
effect are rnigrant communities.' Compltition betr,veen comrnurlities or
members of communities is not involved since their success or failure
was determined by the effect of the climatic changes on their habitat.
When the habitat was eliminated, those phyletic lines of mammals
found only in that community became extinct.

The extremes of climatic change altered some habitats without
eliminating them. The stream-bant community occupied. such a habi-
tat and is seen throughout the sequence. Evolution is an important
factor in the adjustments made by this community. This stuiy sug-
gests that evolution is an important factor in community development
but operates rvithin limits. These limits are set by the natuie and
degree of c.vironrne.tal change to which ^ 

"o--.,t 
ity and its habitat

are subjected. Beyond these limits other factors (extinction and
migration ) determine the membership and nature of the communities
present.
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Recent Foraminiferal

Ecology and Paleoecology

b2 Wil,liam R. Walton
ration, T ulsa, Oklahoma

Introduction

N4uch work has been done ancl many fine studies of modern

foraminiferal clistributions have been published in recent years' The

usefulness of nodern Foraminifera in delineating environments has

lteen rvell establishecl. Distributions of many species of Foraminifera,

both in local aretrs and regionally, coulcl be shown to illustrate discrete

distributions.
In addition to these published studies, several thousand sediment

samples were collected, during the period 1952-1956, in the north-

eastlrn Gulf of N{exico for faunal analyses as a part of a more com-

prehensive sedimentological study conducted by Gulf Research and

bevelopment Companyi The regional aspect of the study reqrrired

,""or-rr-riirrnr-,"" ,u-^pling o,rer large areas, and local studies have been

made from intensive sairpling in*smaller areas associated with specific

sedimentary forms. These it.rdi"t, in addition to previously_ pub-

lished stpdies in the area, have resulted in the accumulation of con-

siderable arnounts of faunal data.
The purposes of Part I are to combine and summarize these data in

terms o^f significant biofacies and faunal distributions, and to investi-

gate those 
"characters 

of recent faunas, exclusive of generic and spe-

cific difierences, that may be useful in perleoecologic interpretations.

Recent sediment samples were collected by W. H. Glezen unless other-

wise noted. Williarrr T. Smith made mruy of the faunal analyses' Il-

lustrations rvere drafted by W. P. Fiehler. Grateful acknou4edgment is

made to Gulf Rcsearch ancl DeveloPment Company {or pcrmission to

publish Part I of this paper and to Pan American Petroleum corporation

ior permission to publish the subsurfacc paleontological data in Part II'

Pale^ontological daia were coliected by Pan American's Paleontological

Laboratorf under the direction of Julius B, Garrett, Chief Paleontologist.
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The principal motive in the many studies of modern fa'nas was to
apply environmental criteria to the interpretation of fossil faunas and
sediments. The purposes of Part II of this paper are to make anal-
ogies betrveen modern and Tertiary F oraminifera, to detennine which
characteristics of modern faunas are most useful in interpreting Ter-
tiary paleoecologies, and to make paleobathymetric -aps bas'"d on
these paleoecologies. The subsurface Anah'ac Formaiion (oligo-
cene) has been usecl as an example of paleoecologic interpretation
in the 

-Tertiary since it is a widespread marine transgressiv6 deposit
with abundant, well-preserved faunas and is adequately dcscribJd in
the l iterature (Cushman and Ell isor, 1g35; Ell isor ,15+q.i

PART I: NORTHEASTERN GT]LF OF NIEXICO FORANTINIFERA

Part I of this paper a'd the distribution maps are based on some
1393 faunal analyses from g50 sediment samplei. These analyses in-
cl'de 649 new analyses, 16 ofi northern Florida (Lowman, lg4g), 30g
in thc Mississippi Delta area (Phleger, lg55), 247 along profile A-A1,
profile G-G', and in the Mississippi coastal marshes (phleger, unpub-
Iished data), and 173 in the northeastern Gulf of Mexico (paiker,
1954). The locations of samples and areas of concentrated sampring
are indicated in Figure l. As can be seen in Figure l, the most com-
plete sample coverage is in the area from the Mississippi River Delta
eastrvard to N'fobile Bay, Alabama, and extends from ihe shoreline to
the eclge of the continental shelf. To the east of this area four lines
of samples are available: one ofi Pensacola Bay, Florida; two ofi
Choctawhatchee Bay, Florida; and the other ofi Cape San BIas, Flor-
ida. Several lines of samples have been studied from ofi Florida
(Bandy, O. L., 1956, "Ecology of Foraminifera in northeastern Gulf
of Mexico," U. S. G. S. Prof. Paper 274-G, pp. L7V204). Two of these
lines of samples occur in the area included in this report.

Four types of faunal analyses have been performed on the sam-
ples: dead benthonic population counts, living benthonic population
counts, planktonic population counts, and faunal estimates. The
faunal estimates consist of estimated total benthonic and plank-
tonic populations and percentage occurrences of species and gen-
era. The new analyses presented here have been made from two
types of samples: (1) those collected by the small Phleger-type
coring tube from which the surface was studied; and (2) those
taken from the orange-pee,l dredge. All of the faunal counts have
been made from the surface samples collected with the small
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coring-tube, and only the faunal estimates were made from the

orange-peel dredge samples. Living connts were made from con-

stant volume wet samples which had been preservecl. Dead counts

and faunal estimates l.rave been made from dry samples washed over

a sieve with an average opening of 0.062 mm (U' S. Standard Sieve

Series, Mesh 230). Samples used by Lowman (1949) are anchor

samples, and his faunal data were obtained by popr,rlation counts.

Phleger's sarrrples (1954,1955, and unpublished data) were collected

rvith the small Phlt'ger-type coring tube; Parker's samples were col-

lected with thc small coring tube, the orange-peel dredge, the Stetson-

Iselin sampler, and an "underway" sampler (Parker, 1954). Species

distribution tables are not presented for the sake of brevity.

Forzuninif eral Distributions

The following faunal associations are presented under the headings

of the most dominant genus r'vithin the fauna and defined in terms

of the tu.'o or three next most common genera. The faunal boundaries,

a.s mav be expected, ate not sharp but are gradational and must be

cor.rsidered in somer,r'h:rt general terrns. It rvould be far more satis-

frrcttrrv if tornminif. 'ral f,runas ctltr ld bc desctibcd in terms of specics

comp6sition and classifiecl as "estuarine," "bay," "sound," etc', faunas.

This is not to implv that such classifications cannot be made as it is

a simllle task to i"lin" the "N'Iobile Ba1' ;ut""u- or the "N{ississippi

Souncl Frurna." It is thc fact, hou'ever, that such faunal descriptions
must be preffxed bv place nritres that limit their usefulness for
stratigraphic or paleoecologic purposcs. At the present state of our
knor,vledge it is not possible to adequately describe "bay" faunas or
faunas of other commonly used coastal or physiographic features on
the basis of species composition without prefixing the faunas with
place narnes and limiting their descriptions to small areas under
cor.rsiclcration. For example, the fauna of Tampa Bay, Florida (un-
published data) is cssentially a calctrreous fauna with the exception of
srnall arcas near the bay head. Mobile Bay, Alabama, on the other
hand, is characterized by an arenaceous fauna with the exception of
an arcla near its mouth. There are brackish rvater species in Mobile
Bay that do not exist in Tampa Bav, yet Tampa Bay supports about
tu'ice as many indigenous species as does Mobile Bay. The warm,
shallow, more saline bnys of southern Texas and Florida apparently
support an even more calcareous fauna than Tampa Bay and the
shallow, brackish (almost fresh water) bays around the Mississippi
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Fig. 1 Locations of

River Delta support an even more arenaceous fauna than N{obile

B"y. fh" proli,iility is lorv that an exact replic-a of a "N{obile-Bay"

fo.i.ru 
"o.,ld 

be fo.,nd in the subsurface strata of ttte Tertiary' This is

no t tobe l i t t ] e thes ign i f i canceo r t r se fu lnesso fspec iescompos i t i ons
and distributions, stZe if not been shown time ird -again 

that such

distributions are good environmental indicators under limited con-
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ditions and within specific areas. The more sPecific. and limited the

criteria from recent distributions, however, the lower is the probability

of ffnding analogous faunal criteria in ancient sediments'

The u.sefulneis of recent faunal criteria to paleontologists working

with faunas of various geological ages depends, to a large extent'

on what observations can be made from ancient rocks and on tne re-
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liability or persistence of the faunal characteristics in geologic history'

With tiese things in mind, the following biofacies have been based on

generic associaiions and characterized by the dominant faunal ele-

ment. These faunal associations are specific enough to have environ-

mental signiffcance, but general enough to be applicable to Tertiary

faunas.
Fourteen biofacies are recognized and are presented in Figure 2'

Gtytr ffifilOF

,/ 
- 

aoQ'A

l*"'| "R' r 4  
^ P

t .<!la" I

Hanzawaia sPP'

Cass idu l i na  spp .

Recent Foraminiferal Ecology and Paleoecology

sTbo 50  40  30  20  lo  66bo 50

,o*niixte ^aal' 
-

:-\1r.\-\

s S L €  l N  M U T  C A L  M I L E S

ffi"

D

-a>,?,

-to

This figure shor.vs the distributions of areas in lvhich the named genus
ct>nstitutes the largest portion of the fauna on a number percentage
bilsis. Figure Z aia tn" following generic distribution maps are based
on the sample coverage shown in Figure 1. As several different types
of sediment samplcs and faunal analyses are represented, the result-
irrg clistributions' are, to a certajn extent, inteipretive but believed
to be esseutially correct.
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M ar ginnl-IvI arine F aunas

The marginal-marine faunas are here described as those faunas that
overlap and occur most abundantly in association with sr-rch nearshore
marginal-marine features as bays, sounds, estuaries, and intertidal
marshes and srvamps. It is in these nearshore waters that the effects
of dilution and concentration of the principal constituents of sea water
occur and the area in which the relative concentrations of the princi-
pal constituents of sea water are not constant or predictable, These
are also the areas in which: (1) the organic production is most pro-
foundly affected by seasonal changes in river discharge and biologic
activity; (2) the boundaries of the environmental zones are sharp; (3)
the benthonic faunas are subiected to radical diurnal and seasonal
changes in temperaturel and (+; tn" most active transportation and
deposition of detrital sediments occurs. It can be stated that the
marginal-marine faunas occupy the most rigorous of all the environ-
ments that come under the marine infuence. The limits of the mar-
ginal-marine faunas in the area under consideration are the terrestrial
fresh-water environment on the shorervard side and the l0-fathom
depth contour on the seaward side.

THEcAMoEBTNA FAUNA. The extreme shoreward edge of the mar-
ginal-marine fauna is characterized by specimens of small agglutinated
forms no longer considered to be Foraminifera. These forms, pre-
viously reported as Leptoderntella and Untulina by Phleger (f954)
in the Mississippi marshes and in the Mississippi River Delta (Phleger,
1955), have been shorvn to belong to the Thecamoebina, and assigned
to the genera Diffiugia and Centropyxis.

A pure Thecamoebina fauna apparently indicates fresh-water condi-
tions. In the Mississippi Delta area, at the beginning of the marine
influence, they are associated principally with the foraminiferal genera
Ammoastuta, along with a few hliliammina and Troclwmmi,na. A
pure Thecamoebina fauna is found in the N'Iississippi marshes, but it
gradcs into associations with Ammoastuta, Trochammina, and Hap'
lophragmoides.

This fauna is limited to the landward fringes of marine marshes,
estuaries, and fresh-water swamps. Occasional specimens of the The-
camoebina are found in bays and sounds surrounding marshes.

MILTAI"{MrNA FAUNA. The Thecamoebina fauna grades into the }fili-

ommina fauna (Figure 2). The \Iilirtmmina dominant zone in the
Mississippi Delta area is most commonly associated wtth Ammoastuta,
Trochammina, and Ammobaculites. In the N{ississippi marshes, other
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forrns such as Haplopltragmoides, Ammoscalaria, and Arenoparrella

&re common, whereas Trochammina rarely occurs.

In addition to the intertidal marsh areas iust described, the Mili-

onmina dominant fauna crosses the barrier betrveen the periodically

exlrosed marshes into the continuously inundated brackish water bays

an^d estuaries. Here, however, the association changes and the second

and tliird dominant forms become species of Arnmobaculites and

Ammo,scolaria. The l\Iiliammina dominant fauna at this point grades

into an Ammoboatlifes dominant fauna. Good examples of the ll{ili-

amrninu-Ammobaculites fauna are found at the head of Mobile Bay,

ancl in the Pascagoula River area in Mississippi.

Ar{rroBACrrLrrES FAUNA. The distribution of the species of Ammo-

banLlites is shown irr Figure 3. The Ammobaculites dominant fauna

occurs just seaward of the Milismmina-Ammobaculites fawa. It oc-

curs over the central half of Nfobile Bay, the landward half of Mis-

.sissippi Sound and Chandeleur Sound, and in a narrow zone around

the l\{ississippi River Delta (Figure 2). As nray be expected, thc

Ammobaculifes dominant zone varies in its associations from an

Amm ob a a i it e s -I\[ iI i tnnmina as s ociation n ear the M iI i ammina dominant
zone to an Ammobaculite.g-Streblus-Elphidiunr association near the
Strebhs ancl Elphidiam dominant zones.

ELpr{rDruM FAUNA. Although species of Elphidiunt are common
over a large portion of the northeastern Gulf of Mexico, the zone of
greatest abr.rndance is usually shallor.r,er than 5 fathoms (Figure 4).
Zones in which spe:cies of Eh*idium dominate are small in area and
fall betu'een the Ammobactilit"s and Streblus dominant zones (Figure
2). Within the Elphidiam dominant zone, the faunal association is
Elphiditnn-Ammobaculites-Strcblus on the shorervard side and El-
phidium-Streblus-Ammobaculites ( and occasionally miliolids ) on the
scarvard side.

STREBLUS FAUNA. Distribution of the species of. Streblus is shown in
Figure 5. The Strcblus dominant fa.r.ra- is the most extensive of the
marginal-rnarine faunas and is the transition fauna between the mar-
ginal-marine and open-marine major faunal groups. Species of
Streblus dominate tlle foraminiferal faunas over" thJ outei portions
of the semi-enclosed sounds (Mississippi and Chandeleur Sounds)
and the innermost portions of the open continental shelf over the
entire study area (Figure 2). The Streblus dominant fauna is
borrnded on the ,hor"*i.d side by the Ammobaculites and Elphidium
dominant zones. The d.ominani faunal associations are Streblus-
Ammobaculit es-Etphidium or Str eblus-Elphidium-Ammobqculites.
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Fig. 3 Distribution of Ammobaculites spp'

The seaward edge of the Strebfurs dominant zone closely follows the

l0-fathom dcptli c"ontour in this area and is faunally bounded by the

llonionella cl6minant zone, along the eastern eclge of the N{ississippi

Delta and Chandeleur SouDd, u"-a Uy the Ro,saliia dominant zone off

the coasts of Mississippi, Altrbama, and Florida (Figure 2)' Close to

the N{ississippi Dcltai the Chandeleur Islands, and Mississippi-Ala-

bama barri"i itlatr.k, the faunal association is Streblus-Elphidium'
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Toward the outer edse of the Streblus dominant zone ofr Chandeleur
Sound arrd the Chandeleur Islands, the faunal association is Streblus-
Bolioina lou:mani-Brtliminella-I,lonionella. which is unieue to this
area. This fauna grades into a Nonionella dominant farina but still
retains the subdominant Buliminella and Boliaina loomani associa-
tions. In contrast, off the Nfississippi-Alabama barrier islands, the
Streblus-Elphid.ium fauna becomes lisociated with Buliminella and

5 -'L
'z
1^



162

6lto '

Approaches to Paleoecology

za p' 69qoo' s @'

-_-___z_,

, - -/ - ,
EXpLANa-mF::_.'
dME ),0;:

:  ro.2o%

flTflTm 5-ro%

l
il

I
;

6utF 
^^
", pFs/CO

zo ro of@ za O eaooo F .Oi P

Fig. 4 Distribution ol Elphidium s7ap.

Bolioina loumai but grades into a Streblus-Rosalina-Ilanzaoa.ia-El'
phidium association near the Rosalina dominant zone. Miliolids be-
come subdorninant in isolated areas. It is interesting to note that the
Nonionella influence in the Streblus dominant zone becomes less sig-
nificant to the east of the Petit Bois, the Dauphin Islands, and Mobile
Bay, and insignificant off the coast of Florida.

Figure 6 is a schematic representation of the step-by-step progression
of dominant microfaunal constituents of the marginal-marine faunas

Recent Foraminiferal Ecology and Paleoecology
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from the fresh-water- (Thecamoebina) environment to the open_marine (Streblus) environment.

Open-Marine Faunas

^-th," 
open-marine faunas, in contrast to the marginar-marine faunas,are those that occur most abundantry on the opEn contine.tai sherfoutside of the influence of nearshore phyriog.apiic and rrya.ol.uprri"
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Fig. 5 Distribution of Streblus beccarii

barriers. This is not to imply that their distributions may not be af-

fected, to some extent, by ihe presence of nearshore barriers and by

the changes that take place in tlie composition of sea water in the near-

shore environment'
As the marginal-marine faunas end with the streblus domindnt

fauna, the operi-marine faunas begin with the Streblus dominant fauna'

As we noted, the Streblus fauna can be considered as a transition be-
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tween the marginal and open-marine faunas. Within the Streblus
ctominant zone, there occur local concentrations of two smaller faunas
r'vlriclr are dominatcdby Boliainalowmani and species of Buliminella.

Bor,rvrliA Lowrv{ANr FAUNA. The distribution of Boliaina lotamani is
sl,rolvl in Figure 7. Because of its unique distribution, occurring
abundantly rvithin the Streblus dominant ione and the Bolioina doi-
lnant zone, it is presented here as a specific distribution instead of
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The distribution of B.loumani outside of the Strebhts dominant zone
is discussed subsequently.

BuLr\{TNELLA FAUNA. The distribution of the species of Buliminella
is shorvn in Figure B. Species of Buliminella are most dominant in a
terv small areas within the boundaries of the Streblus dominant zone
and in one sample on the boundilry of the Epistominella dominant

being included in the generic groups. _within 
the streblus dominant

,oni B. lowmani is iost 
"oi*oi 

ofi the Mississippi River. Delta'

the bhandeleur Islands, and the Mississippi-Alabama barrier islands'

It is not common east of Mobile Bay within this zone' In the ferv

cases where it is most dominant 1ofi tfre Chandeleur Islands ) the

faunal association is B. Iousmani, Streblus-Buliminella-Elphldium'
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Fig. B Distribution of Buliminella spp'

zone (Figure 2). In the area between the northern tip of the

Chandelet]r Islancls, Ship Island, and western tip of Horn Island,

Buliminella is faunally issociated with specie s oi Streblus and El-

phidium and Bolioina'lotomani. Off the Mississippi Delta it is associ-

ated wiih Nonionella and Epistominella.
NONTONELLA FAUNA. The distribution of the species ot Nonionella

is shown in Figure 9. The zone in which they dominate the ben-
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thonic fauna is an arcuate zone that extends from off North Pass of the
Mississippi Delta northward to the northern tip of the Chandeleur
Islands (Figure 2). There is some indication that this zone continues
around the N{ississippi Delta but data are too few to confirm such a
distribution.

Tlte Nonionella zone is bounded by the Streblus dominant zone to
the shoreward; the Epistominellcl dominant zone off the Mississippi
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Delta, wlrich grades into the Css,vidulina dominant zone; and the

Rosalino domirrant zone off the Cliandeleur Islands (Figure 2 ). The

Itlonionella dominant zone does not occur ofi the Mississippi-Alabama
barrier islands or off the coast of northern Florida.

Near the trrlississippi Delta on the shoreward edge of the Nonionella
zone, the faunal aiiociation is Nonionelta-Streblus-Elphiclirm, Off-

shore in tlris area, the association becomes Nonionella-Epistominella-
Bulinilnella. Off the Chandeleur Islands on the nearshore edge of
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the !,lonionclla zone, species of Nonionella-Streblus-Buliminella-
Elphid.ittm dominate withBoliuinalowmani, and species of Hanzauoia
are comrnon. This fauna grades into a Nonionella-Rosalina-Hanza-
u;aia fatrna on the seaward edge of the zone with some Streblus and
Boliaina lorcmani.

EprsroMrNELl,A FAUNA. The distribution of the species of E7ti.s-
tominella is shown in Figure 10. Comparison of Figure 9 ( distri
bution of Nonionella) wirh Figure 10 shows a definite relationship be-
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tween the two distributions. It is diftcult, with the present sample
coverage, to determine the relationship between the l,lonionella and
the Epistominella dominant zones around the Mississippi Delta
proper. The Epistominella dominant zone, however, occurs seaward
of the Nonionelln dominant zone off North Pass of the Mississippi
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Delta. This zone is bounded on its shoreward side all along its
<listribrrtion by the Nonionella zone where the faunal association is
principally E pist ominella-N onionella-B uli,minella. The seaward edge
ot the Episf ominella dominant zone is bordered bv the Boliuina dom-

J

rnant zone. The faunal assemblage here is principally Epistominella-

1
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Fig. 11 Distributiott' of Rosalina spp' in

Boliuina-Cttssiclulina. Tou'ard the northeast the ETti,stominclla dom'

inant zone grades into cassidulino-Nonionella and Rosalina-Hanza'

uaia-I'l onionella tawal assemblages.

RosALTNA-rrANZAwArA FAUNA. 
"The 

distribtltion of the species of

Rosalina is shorvn in Figure 11. The Rosqlina dominant zone, along

with the Hanzataoia doniinant zone, occupies the greater portion of the

continental shelf searvard of the l0-fathom depth contour. These

!  E7oo 5o  40  rc  20

pcr cent of totul bcnthonic population.

cornbined zones are bounded by the l,Jonionellq zone on the west, the
Streblus zone on the north, and ihe Cassid,ttl.inazone on the south.

. 
For all practical purposes, these tr,vo zones can be considered a

stngle biofacies in rvhich faunal dominance varies between Rosalina
and llonzawaia, at least as far east as N{obile Bay, Alabama. The clis-
tribution of species of Rosalina (Figure ll) s'hows that they occur
most abundantly shoreward of the zone of greatest abundance of
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species of Hanzauaio (Figure 19,). The-generalization can be made'

h'o*"u"r, that specie, of" Ro"olilna and'" Hanzowaia dominate the

foraminiferal populations between the Streblus' Nonionella' and

Cassidulina zones.
Near the Mississippi-Alabama barrier islands where the Rosalina

zone is in contact witir the Streblus zone, the principal faunal associa-
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tion is Ro salina-H anzauqia-Str eblus with common-to-abundant milio-
lids and species of Etphidium.

On the western side where the Rosalina zone is in contact with the
Nonionella zone the associations vary from a Rosalina-Hanzauaie-
Streblus-Nonionella fauna in the north, through a Rosalina-I,lonionella-
II anzau qia f auna to a Ro salina-N onionellq-E Dist ominella-C ass idulina
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Fig. 13 Distibution of Amphistegit^ spp'

fauna near the junction of the llonionella, Cassidulina' and Epistomi'

nella dominant zones. Where tlte Hanzauaia zone joins the Cas-

sidriina zone, the principal faunal association is Hanzauaia-Rosalina'

Cassidulina'- 
Wi tti.t the Rosali,na-Ilanzauaio dominant zone' several species or

gro.rft of ,f""i"t become locally dominant' Only the larger zo(tQst
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the Amphistegina and miliolid zones ofi the coast of Florida, are shown
in Figure 2. These Foraminifera are Amphistegina spp., Asterigerina
c'arinata, Planulina exorna, and the miliolids.

The distribution of Amphiste gina spp. is shown in Figure 13, and the
zone in which thev dominate the benthonic fauna lies between 20 and
50 fathoms ofi Choctarvhatchee Bay, Florida and near 50 fathoms ofi

ts^
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Fi,g. 14 Distribution of Cassiilulina spp'

Mobile Bay, Alabama. Amphistegin@ -spp' occur most abundantlv

between 2d and 50 fathoms i' u ,6.r" thai extends from Mobile Bay

eastward at least as far as Cape San Blas, Florida' The occurrence

of Asterigenlna is similar to buia little shoreward of the Amphistegina

abundant zone. It is most abundant off choctawhatchee Bay, Florida

b"t*e., 10 and 20 fathoms and dominates the benthonic fauna at two

stations in about 15 fathoms.
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Planulina ex,orncl dominates the benthonic fauna in about 20 fathoms
oll Choctawhatchee Bav. Florida and between 20 and 30 fathoms ofi
N{obile Bay, Alabama. 

'It 
constitutes l0% b 2A% of the benthonic fauna

rn a zone between 12 and 20 fnthoms from Choctawhatchee Bay to
Mobile Bay. The Miliolidae dominate the benthonic fauna principally
ofl Cape San Blas, Florida, but isolated areas of dominanci o"".rl, oif
Choctiwhatchee Bay and in the central shelf areas ofi Mobile, Ala-
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Fig. 15 Distribution of Bolivina spp'
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by the Boliaina dominant zone. It extends from Pascagoula, Missis-
sippi eastward as far as Choctawhatchee Bay, Florida aid occurs be-
tween 30 and 100 fathoms. In the western part of its distribution the
firtrnal association is Cussid.ttlina-Epistomiietla-Nonionella or Cas-
sidulina-N onionella-Epistominella and, Cassidulina-Rosalina-Epistomin-
ella' Along the shoiewarcl side of its distribution, the faunas are
principally C as s idulina-Ro s alina-H anzawqia and C olssid.ulina-Ll o nza-

bama. It constitutes 10% to 20% ofthe benthonic fauna in a wide band

from 10 to 50 fathoms off Florida and Alabama'

cASSTDULTNA FAUNA. The distribution of the species of C^assidulina

is shown in Figure 14. The zone in which sfecies of Cassidulina

dominate the benthoni" fu.,"" (Figure 2) is bounded on the west by

,i-'ne*"^inella and Nonionella Jon'rinant zones> on the north by the

Rosalina-Ha,zqu)aiadomina't zone ancl on the south, or seaward side'
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LDaia-Rosalino, with local abundance of Amphistegina' .Pla1u!y, 
and

miliolids. To the '"";;;d,;here tl''e Cassidulina"dominant zone is in

contact with the notlilni''ol^"' ttt" fu''tttul association is Cassidulina'

Bolioina-Boll'ulno tou*oni' ln a few cases' specimens of Boliaina

t"rr^,"", outnumber specimens of Boliaina spp'

BoLrvrNA FAUNA' ff#;;b;tio" of 'p"ii"' of Bolit:ina is shown in

Figure 15. 
'fhe Bolioina dominant "oo" 

o""'-"' iust seaward of the

t

t
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Cassidrtlina zone and is in contact with the ETtistominella zone ofi the
Mississippi Delta and the AmTthistegina zone ofr Cape San Blas,
Florida'(Figure 2 ); it is bounded by tiie Bulimina 

"o.r" 
on its seaward

side. The zone is narrorv from the Mississippi Delta eastward to
Mobile Bav. where it fans otrt and becomes about 50 miles wide ofi
northern Florida. On the shoreward side of the zone the faunai
assemblage varies from a B olioina-E pist ominella-Bulimina fauna near

fsr  sr
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Fig. 17 Distribution of B:ulimina spp' in

the Mississippi Delta to a Bolitlina-Cassid,ulina-Bulinxine or a Boli|)ina'.

Cassid'ulina-(Joigerina fauna ofi Alabama and Florida' These faunas

il;;l;,; a B'olioi,nn-_iuti^ino-corsidulina or a Bolirsina-Bulimina'
ouoigurinofauna 

near the seaward edge-of the Boliuins zone'
";f,;;il;i 

111s n:liain& zone' aI least as far east as Pensacola'

Florida, specimens or Bolioina loumani are common to abundant' and

sometimes dominate th" fo""u' The significance of. the bimodal

distribution of this species is not obvious t6 the writer' but more than
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one closely related species may be included in the counts. It also is
possible tirat this poition of the B. loumani fauna is nonindigenous.
There is, however, iro difficulty in distinguishing the faunal urroJiutio.r,
in the Bolio ina zone from those where"Bolirsiia lowmani is abundant
in shallow water.

BuLr\{rNA FAUNA. The distribution of the species of Bulimina is
shown in Figure 17. The Bulimina dominani ,or." is the deepest
generic dominant group in the area under consideration. It lies to
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the seaward of the Boliaina dominant zone. The secondary faunal

associations rvithin this zone vary between Boliuina-Uaigerina and

cassidtilina with such species as "Ratalis" translucens Phleger and

Parker, Osangttlaria culier (Patker and Jones)' and Episto.minella

,lcrornto (Phleger and Parker), constituting significant percentages of

the faunas in some samPles.

Figure 18 is a scheriatic representation of the offshore-progression

and the generic associations o? th" open-marine foraminiferal faunas'

The depih ranges indicated are approximate and based on the distri-

bution if the doml"ant genela (Figure 2)'

Species Composition of Dominan't Genera

The numbers of species which comprise the dorninant genera just

<lescribed vary from one to fifteen' As a general rulg' hoyel'er' two

or three ,p""i", occur far more abundantly than the. others' We

shall discuss these species since some have complcmentary distlibu-

tions within their gentric dominance distribution'

it 
" 

specific ideitification of the forrns listed is based on comparisons

with holotype specimens available at the United States National

Museum or with pl"irotyp"' previously recorded from the north-

eastern Gulf of N{exico 6y fu*"t (19i4)' These species are illus-

trated by Parker (1954) and/or-Phleger ( 1954)'

THECA\{OEBrNA. T'h" ,*ori dorr" 6n these srnall Protozoa has been

insufficient to list specific names' but it is knorvn that at least two

genera are present-D iffi'u gia and C e nt ro prlxis'

rrrLrAI{\rrNA' T; ip"?i"t of Alitiammina are recorded from the

area, the most domin""'i t'"i"g Illiliatnmina fttsca (H' B- Brady)'

e".ift"t tp" cies, Miliammina spl is reported from the Mississippi Delta

and Mississippi-Alabamu *u"'h"', Uut it is not abundant' It is de-

scribed u, biing more smoothly and finely arenaceous and narrower

tban M. fusca. Co**o"ly associated ,with 
l)Iiliammina are Am'

moastuta inepta (Cushman and McCull och) ' Trochamntina m(tcrescens

H. B. Brady, no\opn''ngmoidns 
"'binuol'iurLzl 

Cushman and McCul-

loch, Ammoscalarr[ 1u'uioli' Parker, and Arenoparrella ntexi'caru't

(i";_T;tll;ulrrEs. 
There are six species of Ammobacurites i' the

area. A. sclsus Cushrnan and Bronnimann is by far the rnost common

species and generally constitutes over 50% of the Ammobaculites fatna'

In adclition, rp"",-J#o;';';;;:;;" c*I"nun and Bronnimann' A'

d.ioersus Ctlshman and Bronnimann' A' exiguus Cushman and Bron-
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nimann, and A. exilis Cushrnan and Bronnimann are common, and A.
snlsu.s var. distinctus Cushman occurs.

ELpHrDruM. Nine species of Elphidium constitute the Elphidium
faunn. Of these nine, E. gunteri Cole is the most abundant, but E.
inccrtum mexicanum Kornfeld and -E. poe7anum (d'Orbigny) are
comlnon. E. discoidale ( d'Orbigny ) is common in the ofishore portion
of the Elphidirrm distribution. Specirnens of E. adoenum (Cushman),
E. galuestonense Kornfeld, E. koeboeense LeRo,/, and E. matagorda-
num (Kornfekl ) occur rarely.

sTREBLUS. Two varieties of Streblus beccarii (Linnd) constitute the
bulk of the Streblus distributions. These varieties are S. beccarii
( Linn6 ) var. tepidus ( Cusliman ) and S. beccarii ( Linn6 ) var. sobrinus
(Shupack). They are synonymous with S. beccqrii var. B and S.
baccarii var. A of Phleger, Parker and Peirson (1953). They occur
together over the Streblus distribution, but S. beccarii var. sobrinus is
cleffnitely rnore abundant in the more restricted areas behind barriers,
nlrile S. beccarii var. tepidus is more widespread in its distribution
and occurs more abundantly in the ofishore area.

BULTN.TTNELLA. Two species, B. elegantissima (d'Orbigny) and B.
basscndorf ensls Cushman and Parker, constitute the Buliminella
fauna. Of these two species, B. elegantissima.has the shoalest distri-
btrtion and is most abundant in the Buliminella dominant zone near
Ship Island (Figure 2). B. bassendorfensis replaces B. elegantissima
in the deeper portions of the Buliminella distribution ofi the Missis-
sippi Delta.

NoNToNELLA. The Nonionella fauna is composed of two species, N.
oTtima Cushman and N. stlantica Cushman. The principal species
n'itlrin the Nonionella dominant zone (Figure 2) i N. opima. N.
atlantica is present, but rare. East of petii Bois Island off the coast
of_N{ississippi, N. opima becomes subdominant to N. atlantica. This
relationship holds in the central shelf area ofi Mobile Bay, Alabama
rvlrere Nonionella occurs. N. atlantica continues to occur toward the
east as far as Choctawhatchee Bay. Only rare and occasional speci-
nrens of ll . atlontica are found last ani south of Choctawhat-chee
Bay along tlic coast of Florida.

EPrsl'oN,rrNELLA. For all practical purposes only one species, E.
aitreaParker, is included in this distribution.

- nosALrNA. Six species constitute the Rosalina fauna: R. bertheloti
d'Orbigny, R. coniinna (H. B. Brady), R. f loriclana (Cushman), R.
l loridensis (Cushman), R. parkerae (Natiand), 

"rrd 
R. srrczensis

(Said). The two most widespread species are R. concinna and R.
floridana, of which R. concinni is by far the most abundant.
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HANZAwATA. Two species , H ' strattoni ( Applin ) and H. concentrica

(Cushman), constitute the Hanzauaia dominantzone. H, concentrica

is rare in the area and H. strattoni constitutes the bulk of the fauna.

AMprrrsTEGrNA. There appears to be more than one species_ in the

Amphistegina dominant zbne. What is thought to be A. lessonii

d'Orbigny is the most common form. There is, however, considerable

variati6n between specimens and many are replaced or glauconitized.

MrLroLrDAE. The miliolids constitute a large group of species (prin-

cipally of tlre gener.a Quinqttcloculina, Triloculina, Spir-oloculina, and

e-yrgo) that individualiy occur in small concentrations but which col-

lectlvely constitute relatively high percentages of the benthonic popula-

tion in certain areas. In terms of species, Quinqueloculina cornpta

Cushman, Q. lamarckiana d'Orbigny, and Q' bicostato d'Orbigny are

the most 
"i.nrnon, 

but they seldom constitute over 1 ot 27o of. the

benthonic fauna.
CASSTDULTNA. Six species of Cassiidulina constitute the Cassidulina

dominant zone: C. cirinata Silvestri, C. afr. crassa d'Orbigny, C' cur'

oata Phleger and Parke r, C . Iaeoigafo d'Orbigny , C . neocarinata ThaT'

mann, 
"trd 

C. subglobosa. The most common species in this group is

C. subglobosa. It occurs widely in the study- -area 
but is most

abundait near the shelf edge or deeper. In addition, C. carinata,

C. laeoigata, and C. neocarinota are rare on the continental shelf, but

are common deeper than 100 fathoms.

BoLnrNA. Boiioina is the most variable genus (contains the largest

number of species) of any of the dominant generl' Fifteen species

have been re^corded in the study area (Parker, 1954). The most com-

mon occurrence of most of theie species is within or near the Boliaina

dominant zone. The most dominant species is B. subqenariensis mexi-

cana ctshman, lvhich constitutes Jip-rc 2Afr of the benthonic popula-

tions. Deeper than about 100 fatloms, speciment 9f ?: -albatrossi
Cushman, 

'8. 
barbata Phleger ancl Parker, B. fragili's Phleger and

Parker, B. lanceolata Parker] B. minima Phleger and Park-er, B' ordi-

naria Phleger and Parker, B. pusilla Schu'ager, and B' subspinescens

Cushman i." 
"o--on 

to abundant. What has been called B' lou;mani

Phleger ancl Parker is common to abundant in the Boliaina dominant

zone-as well as in shallower water in the Streblus zone. Specimens of

B. gitcsii, cushman, B. paula cushman and cahill, B.-pulchella primi'

tioi Cushman, B' stt'iatula spinata Cushman, and B' trqnsluccns

Phleger and Parker are rare in the area'

u,rir*r*o. Five species constitute the Buliminrz dominant zone'

Of tlre three most 
"8nr*on 

species, B' marginata d'Orbigny is most

abundant around 100 fathoms, and B' aculeata d'Orbigny and B'
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aluzanensis Cushman are most abundant in water deeper than about
200 fathoms. B. spicata Phleger and Parker is also 

"l--on 
deeper

than 200 fathoms. B. striata mexicana Cushman occurs in low con-
centrations deeper than about 100 fathoms.

Total Benthonic Populations

The distribution of total benthonic populations (number of speci-
mens per unit volume sample ) in the study area is shown in Figure
19. The zone of greatest abundance of benthonic specimens (more
than 10,000 specimens per 10 cc sample) occurs along ihe edge of the
continental shelf off Florida and eastern Alabama and covers a large
portion of the central shelf area ofi western Alabama and eastein
N{ississippi. Total benthonic populations decrease both landward
and seaward of this zone. Isolated areas in the nearshore zone exceed
1000 specimens per sample (shown in Figr-rre 19) but are not indi-
cated due to their localized occurrences. The values given in Figure
19 are based largely on estimates and should be consiclered as repre-
senting orders of magnitude only.

Total Planktonic Populations

The distribution of the zones of relative abundance of planktonic
foraminifera per unit volume sample is shown in Figure 20. As with
the total benthonic population, these zones are based on estimates and
should be taken to indicate orders of magnitude only.

The zone of greatest abundance of 
*planktonic 

specimens (10,000
specimens per 10 cc sample) is wide off Florida and occurs deeper
than 100 fathoms. Ofi N{obile Bay, Alabama, the maximum zone is
constricted in a narrow belt along the outer edge of the continental
sht' l f. The socond most abundnniron" (5000 toi0.000 specimens per
.nit volume sa'rple) follorvs the same di.stribution but exlends farther
torvard the west and terminates 10 to 15 miles east of the Mississippi
River Delta. Ofi northern Florida there is a progressive increase in
total plankto'ic populations in an ofishore diiection. off Arabama
and trIississippi, however, there is a sharp increase in planktonics at a
depth of approximately 30 fathomt, teaching a maxirrirm between 40
and 100 fathoms and decreasing deeper than100 fathoms.

Living Foraminiferal Populations

'^ 
A total of 423 analyses of_living be'thonic fora*riniferal populations

rtas been made in the study area. Approximately I50 oi these sta-



196 Approaches to PaleoecologY

20 ro' asgoo' I ao

r D{.'i

EXPLANATION

L_l {r ,ooo

IITITI [Tl] r,ooo- :,ooo

ff i : ,ooo-ro,ooo

ff i  r ro,ooo

iouna
rrl $

"4I-s

6uaF 
oF
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tions are located around the eastern Mississippi River Delta and

Breton Island. The remainder is distributed over the continental

shelf and slope along the profi les shown in Figure 1' 
r r-:^

With regaicl to dJpth, ihe Iargest number 6f tt"tiot-ls from which liv-

ing populitions wer; counted o=ccurs in the 0 to 5 fathom depth range

ff?O'r'tutionr;. f*ty tu*pfes occur in the 6 to 10 fathom range' 13

J.-pf", between 11 
'and 

lB fathoms, 88 samples between 15 and 20
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fathorns, and 54 samples between 50 and 100 fathoms. The remain-
dc'r of the samples occurs in various depths up to 1000 fathoms,

. Th* Iargest concentration of living qpecimens occurs in the 6 to l0
tathom zone. \\''ithin this z<lne there is an average of over 180 speci-
mens per unit volume sample (10 cc). This zone is characteristically
the.most productive depth zone in this area with living populations as
nlgh as 1000 specimens per unit volurne sample. Living populations
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decrease with increasing depth to a minimum average of less than 10

specimcns per sample deeper than 200 fathoms'
"ta;;;;;tically, ^the 

luig"'t number of living benthonic sPecimens

occurs ofi the active pasies of the eastern N,{"ississippi River Delta'

The largest populationirecorded has 1152 living specimens and occurs

r"',fr"-itr"rinitto dominant zone' Total living benthonic specimens
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are also abundant off Dauphin Island. Alabama, at the mouth of
I\{obile Bay.

Tlre most common living species throughout the area is Nonionella
opima. In the marginal-marine areas, Ammobaculites salsus and
Streblus beccarii variants are locally abundant. The most common
living species in the open-marine environment ( deeper than 10
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fathoms) are Nonionella opima, Nouria polymorphinoid,es' and Han-

zawo ias t ra t t on i .Nea r theedgeo f thecon t i nen ta l she l f , t o ta l l i v i ng

f"f"f". i""t are low but l ivinlg species of Boliuina'.,! ' . ' : :"::: 
"U

flaigerina are common' Living specimens of Chilostomella and

Gto\obrtllmina ate cornmon deeper than 200 fathoms'

The distribution of the doliinant generic groups discussed in a

pr".rto.,, section is based on total popitlutiont of ernpty (dead) ben-

thonic foraminiferal tests. The dala are too few to construct similar

distributions based on living species or genera' - 
Sufficient living

counts are available, howevir, to indicate that the major generic

groups ( Figure Z ) , with the exception of part of the Rosal ina zone' are

!;;ft:a ;y th"'"d"q.rate prodtictio' u'id deposition of foraminiferal

tests at the Present time.

The western Part of the Rosalina zone and the Cassidulbn zone

upp"", to be reiict zones in the sense that only isolated living speci-

mens of the genera that dominate the dead populations are found'

Living populitions over the western part of the Rosalin& zone are

dominated by species of I'lonionella oi Nouria' To the east' off the

coast of Florida, the Rosalina zone is adequately supported by living

;;;;;-""t of that genus' The most dominant living genera -rvithin 
the

Cassidulina zone are Nonionella (in the western patt)' Hanzawaia'

and. Boliaina. Ferv living specimens of Cassidulina utbgloboso were

f'o.rnd, althotrgh it is the dominant species in the Cassidtlina zone'

Living specimens of Cassidulina neocarinat& are common' however'

,r"", ?h"'rhelf edge. The AmTthistegina zone off tr'lorida' as well as

the zone of abundant Amphistegino niottg the shelf edge in association

with the reefs (Ludwick'and i\'"lton, I-OSZ) ana in iite central shelf

area (Figur" t; u.".,oi adequately suppo'tei bvliving specimens' and

dead spccirnens are 1,,i,t"ip"i ly g)"tttortit i '"d ancl/or rcplaced' These

three zones, t6" no rtri ino,b or s iirlina, and Amph,rt e giia.zones, which

ur" 
"ot 

adequately t,,fpott"d by living faunas' are discussed more

fully in the following section'

There is a definite east-west variation in the living foraminiferal

faunas. Living specimens of Nonionella become uncommon or rare

east of Mobile Bay. Likervise, living specimens of Streblus decrease

in abundance eastward in the open-riutin" environment. In contrast'

living specimens of Rosalina b"^"o*" more abundant toward the east'

ffi'ilJ"*".tr'oi^ao"t aaaia conrhrue to be comrnon' The "West

Indian" faunal i"il;;; apPears ofi the coast of Florida where com-

mon living ,p""i-"'1' of iie'ige'ina' Nodobacu'Iariella' and Penerop'

lis occur. This inflrrence is als]o obvious in tl-re dead populations but

not to the extent ihai either genus is dominant' In addition' the

N{iliolidae become more common in the living populations toward the

errst and reflect the "West Indian' infltience.

Nonincligenous Foraminiferal Populations

Four types of foraminiferal populations occur on the continental

shelf in the northeastern Gulf of Mexico: (l) populations in which

the dominant living species occtrr in Iarge concentrations not refl.ected

in the concentrations of empty tests of that species; (2) populations in

which the dominant living species are the same as and occur in con-

centrations apparently in equilibrium with the dominant dead spe-

cies; (3) populations in which the concentrations of empty tests are

dominated by species that do not occur in significant numbers in the

living fauna; and (4) populations that contain species in significant

concentrations which have not been found living in the area (non-

indigenous species ).
The first type of foraminiferal fauna, a result of a very recent, re-

gional environmental chanqe, is seen in the central shelf and eastern

iart of the area. Species of Nonionella, Nouri,a, and Cancris are the

rnost abundant living forms, vet they are not common in the associated

population of empty tests. The second type of population includes

the generic groups shown in Figure 2, with the exception of the west-

ern part of the Rosalina fattna, the Ca.ssidulina fauna, and the Amphis-
tegina fauna. The third type of population is represented by the

western part of the Rosalina fauna, the Cassidu,lina fauna, and the
Amphistcgina fauna. Although living species of Rosalinct, Cassiclulina,
and Antphistcgina are present in the area, they are rare and could not
support dominance in the dead faunas. As far as is known from
meager data, living species of both Rosalina and Arnphistegina
are more abundant in the far eastern part of the area ur.rder considera-
tion. Only rare occlrrrences of living Cossidulina wbglobosa, l'hich
constitutes bv far the largest percentage of the Cn.ssf dulina fauna, have
been recorded. The ecological significance of this fauna is not krrown.
It is aligned, however, along the shelf edge with the subregional reef
trend and may be related to the associated residual reef fauna.

The fourth type of population contains a group of species-most
specimens of which are brown in color, wholly or partially replaced
rvith secondary calcite, or glauconitized-rvhich have not been found
living in the study 

"."u. 

"Th"y 
occur in the dead population over

most of the continental shelf as far west as the Chandeleur Islands,

3-nd occasionally in large concentrations. Previously (Ludwick a.nd
Walton. tS57) ihis fauna has been referred to as thl "brown fauna."

j
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Fig. 21 Distribution of Liebusella splo' in

It consists of specimen s of Astarigerina carinata' Eponides repandus'

fnliitoftau" (large forms), Nod'obaZulariella cassis' and Peneroplis pro-

teus. The distribution of these forms is spotty and possibly could be

extended with addltioJ 

-'-"t"pf"t 
f!t:. fattna is 

^a 
remnant of a

previous, mor" 
"*t",,'ivJ 

distrit"tion of "West Indian' Foraminifera
^wt,i"t 

now is confined to the shallow continental shelf area ofi Florida'
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per cent of total benthonic population.

In addition to the above species, a second group of nonindigenous
species occurs along the outer continental shelf: Archais 

"o*{rorrur,t'te.busel-la spp. ( L. soldanii var. intermedia and, L. solclanii), Textu-
tar,i,ella barrettii, and Cuneolina angusta. The distribution of Lieb,-
r( 'rrd spp. are shown in Figure 21. This latter group of species is as_
soci.ted with the reef trend along the outer eige if the continental
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rence within the area indicated in Figure 22 is spotty and not continu-
ous. The "brown fauna" is restricted to that portion of the continen-
tal shelf shoreward of the reef trend. The unusually large specimens
of Archais, Liebusella, Texttrlariello, and cuneolina occur only along
the outer edqe of the continental shelf and only on the seaward slope
of the intens-ively sampled shelf-edge reef area ofi Mobile, Alabama.
The process thaf led ti the replaceirent and coloration of the "brown

shelf. Where it occurs, this unusually,tTg" fauna (in '?: ?f T"'il;
mens) is associated *nft-"ft""aant biogenic' calcareous debrrs r

form of algae, piece' "i';;;;;iJ.'::u: iio 
mollusk shells'

These two nonindigenous forumirriferal dt^"t ;pear to havedifier-

ent relative ages in 

"ft" 

ti*a"pment of ttt" 
"oi''in"ntal 

shelf even

though they have ""'*i'' 
specie'^in c.o:T:[,,.1.ffif i:#i'::":];

;;;;" *hi"h the norri'digenous raunas
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fatrna" did not afiect the shelf-edge fauna. The large- Amphbtegina

i"""" ^, the shelf edge may be ielated to a similar fossil fauna re-

p".*a off dre 
"oart 

Zf cetttt"l Florida in 98 fathoms (Gould and

Stervart, 1955).
There is at present no direct quantitative method of separating non-

indigenous spicies from indigeitotts tpeci"s in the absence of living

;;;;ilr,;"io, i" i"rttf faunis. Horvever, the nonindigenous faunas

"." ""tfiy 
recognizable in the northeastern Grrlf of N4exico on the basis

of (1) it 
" 

urt" size and thickness of their tests relative to the in-

;g;;;"' f^.'r,"] (2) their brown color and p.'"::lt1tl::^1'.:*1""u ot

,"Eondu.y calcite or glauconitized); (3) their occlrrrence with abun-

dant broten mollusk |h"ll, o, calcareous algae; (4) their subdominant

occurrences along with abundant indigenous species of ditterent en-

vironmental impllcations; (5) the wea"thered appearance- of most of

tt" t"rtr; una iO; their spoity distribution' One or more of these

"horu"t"rirtics 
shorrld aid in the recognition of nonindigenous species

within an indigenous fauna'

Some relict species occur in Iarge concentrations on the open conti-

nental shelf, and in a few 
"u'"' "i"y 

constitute 40% to 45% of the total

tenthonic foraminiferal fauna. Tlie relationsliip of these species to

farrnal variability v'ill aid in delineating them as nonindigenous spe-

cies in areas whlre they domintrte the benthonic fauna'
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considerably in width, occur continuously around this portion of the

Grrlf of N4exico.

Depth facies can be defined best in terms of ranges of individual

species, It is well establislied that individual species have discrete

depth ranges over which they occur in addition to discrete distri-

btttlons in the geographic sense just mentioned. Such depth distri-

butions of species have been established in the area considered in this

report by Parker (1954) and Phleger (1955).

The usefuhress of recent ecological criteria to stratigraphic paleon-
tologists depends, to a great extent, on the reliability of the data in

terms of geologic time, that is, the ability of the criterion to bridge the

gap between the recent and the ancient fauna and thus allow com-

parisons. Criteria based on species are the most rigorous but, due to
evolutionary changes, are the most limited in terms of application to
the geologic past due to restricted geologic ranges of species. Species
characteristics are the last to be added and the first to be changed.
Of the several hundreds of species that have been identified in the
area, approximately 30 species, representing the 14 genera mentioned
earlier, constitute by far the Iargest portion of the benthonic fora-
miniferal population in the entire area under consideration.

Depth facies, defined in terms of the most common genera> are more
generally applicable to the paleoecologic interpretation of Tertiary
faunas than facies based on species distributions. This is demon-
strated in Part II of this paper. Generic dominance facies are shown
in Figures 6 and 18. In Figure 6 the generic dominance depth facies
of the marginal-marine fauna are shown. They include the coastal
nonmarine facies, the intertidal facies, the intertidal to 2-fathom
facies, and part of the 2- to lO-fathom facies.

The coastal nonmarine facies is a pure Thecamoebina fauna. The
intt-'rtidal facies includes faunas dominated by the Thecamoebina and
Lliliammina, in addition to subdominant genera such as Ammoasttfta,
Trochammina, Haploplragmoides, and Iodammina. The intertidal to
2-fathom facies contains fiunas dominated by the genera Ammobacu-
lires and Elphid,ium, and the 2- to l0-fathom facies is the Strebltts
dominant zone that overlaps into the open-marine faunas.

Unlike the marqinal-marine faunas, the open-marine faunas cannot
bcdivicled into de"pth zones without c'onsirlering the geographic facies.
A iauna from 15 fathoms off the Chandeleur Islands is not the same
as a fauna from 15 fathoms off Horn Island, I\4ississippi, or ofi the
coast of northern Florida.

The open-marine faunal facies are the 2- to lO-fathom, l0- to 30-

Foraminiferal Facies

Two types of foraminiferal facies exist in the area under considera-

11""-g"fgraphic facies ( east-west faunal variations ) and depth facies

(ro 
"ulr,rr*T 

riationsliip is intended-in the use of "depth" ) ' ,-' 
Th" *ort striking leographic facies are the Nbnionclla dominant

^n",- th" nTristomlielia diminant zone ( Figure 2 ) .their 
disappearance

torvard the east, and the appearance oi l"-r, domi'ant forms such as

Ast er i ger ina, r, nu, o pll", Ni)iob o""toriella, and the abundant Milio-

lidae that occur incligeno.,,ly in the eastern P]{ of the, area under

consideration. The franzats'ai& dominant zone (Figure- 2) 
3Pp"utt,l:

be isolated on the continental shelf off Alabama, but abundant specr-

mens of Hanzauaia ur" k"o*" to occur ofi northern Florida' and it is

belie'ed that aclditional sample coverage to the east would extend

this zone. The zone of clomilnant Cassild.ulina also appears to discon'

tinue off Choctawhat;;"J;t, Florida, but by tt'" tu-" token addi-

tional sampl" 
"o,r".oi" 

*igtttl*t"t'd thezone iarther to the east' The

;;;il;;i;, to.t", ia""pE' than 100 fathoms)' even though they varl



208 Approaches to PaleoecologY

fathom, 30- to l00-fathom, 100- to 3O0-fathom, and the greater than

So0-fathom facies ( Figure 18 ). In addition to the Streblus dominant

zone, the 2- to l0-fathJm facies includes zones in which Buliminella and

Bolirsina louma.ni dominate off the chandeleur Islands. In the same

mAnner, the 10- to 30-fathom depth zone contains the Nonionella dom-

inant fauna ofi the Chandeleur Islands although it does not occur ofi

Alabama and Florida. The t0- to 3o-fathom facies off Alabama and

Floricla contains the Rosalina and Hanzausaia dominant zones. The

30- to l00-fathom facies contains the Epistominella dominant zone ofi

the Mississippi River Delta and the Cassidulina dominant zone ofi

N{ississippi 
"id 

.e.lubu*u. The 100- to 300-fathom and the deeper

tlran 300-?athom facies include the Boliaina and the Bulimina dominant

zones, respectively. These latter facies inchrde common to abundant

specimens' of Uoigerina (Figure 16) and_Cassidulina, as indicated in

flg.,r" 18, and d"o not upp"ut to be affected by geographic facies

changes.
It ihoulcl be emphasized that the depths just listed can only be con-

sidered valid for iir" u."u under consideration, but the relative posi-

tions of the various dominance zones should remain constant. Like-

rvise, the areal extent of the various dominance groups may vary con-

siderably. It is interesting to note, however, that the marginal-marine

fauna contains 5 generic dominance zones over an ofishore distance of

nbout 15 mites and a depth of 10 fathoms, ra'hile the open-marine

fauna contains only 9 geniric dominance zones between 10 and 1100

fathoms over an areal"distance of at least 100 miles. This implies

that, at least for this area, the rate of change of dominance zones is

greater in the marginal-marine faunas than in the open-marine faunas'

Nonspecific Faunal Characteristics

The following portion of this paper is concerned only-with those

characteristi", oJ iora-iniferal f^.,.rir that are exclusive of specific or

generic identifications. In contrast to criteria based on spJcific and

["n"ri" "5a.acterirti"r, 
th" foilo*ing characteristics are free of such

restrictions as evolution^.y changei and changes in environmental

tolerance of modern species and ginera birck through geologic history'

The basic ecologicil principle-involved is that animal populations,

."gurdl"r, of their" rp""'i", co^rnposition, have characteristics that re-

fl"?t the variability of their 
"ruirnn-"r,t 

(i.e., the deg-ree of variation

of the many physilal, chemical, and biological factors-that cha.ractetize

a oarticular environment). fn modern 6""u.rr, environmental varia'

itri 
" 

i, related to distance ofishore and depth of water-that is, as
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the shoreline (marginal-marine conditions) is approached and depth

decreases, the environments become more variable. As shorelines

and marginal-marine conditions have existed in all oceans throughout

geologic time, modern faunal characteristics which result from the vari-

oUitlty of the environment will be valid regardless of the species com-

position or geologic age of the fauna. The definition of these faunal

iharacteristics on the pages which follow is a principal purpose of Part

I of this Paper.

Faunal Variability'

Faunal variability is based on the number of species of organisms

that occurs in any given environment. With the Foraminifera, the

number of benthonic species is inversely proportional to the varia-
bility of the environment. The areal distribution of numbers of ben-
thonic species of Foraminifera in the area under consideration is
.sho'wn in Figure 23. They vary from less than ten in the marginal-
marine environments to over eighty near the edge of the continental
shelf. Seaward of the shelf edge, the number of benthonic species
decreases again. As can be seen in Figure 23, tlie zone of maximum
number of species closely follows the edge of the continental shelf off
Florida and eastern Alabama, but srvings inland off western Alabama
and Mississippi. This zone of maximum speciation is related to ( 1)
tlre zorre of nonindigenous fauna ( Figure 22); (2) the distribution of
maximum benthonic populations (Figure 19); (3) the distribution of
tnaximum planktonic populations (Figure 20); and (4) the shelf-edge
reef trend. These data suggest that the zone of maximtrm numbers of
benthonic species of Foraminifera occurs in areas on the continental
shclf where there is relatively little dilution of population by detlital
sediments. The decrease in numbers of benthonic species off the
continental shelf suggests that the deeper water, even though sup-
porting a practically nonvariable environment, is like the extremely
variable environments, not conducive to the formation of benthonic
species, The decrease in number of species in deeper water could
ttot be confused lvith the similar decrease in a shoreward direction,
however, due to the abundant planktonic specimens in association
with the former.

With regard to the major generic dominance faunal zones just de-
scribed (Figures 6 and 18), uv".ag"s of the numbers of species within
'The 

term "faunal diversity" has been suggested by John Imbrie as a better term
for this faunal characterisiic due to othei"implicafions of the term "r,ariabirity.""!'aunal diversity" is used in Part II of thls paper.
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Fig. 23 Numbers of

each zone show the trend of increasing numbers of species offshore'

The Milismmina dominant zone averages 7 species-per sample; the

Ammobaculites zone au"tug"' 13 speJies; ti ntpttiaium^zone' L4

,f""Jt aft" Streblus ,one,38 specieslthe Bu'liminella zone' 37 species;

trre llonionella zone,+O 'i""i"i the Epistominella zone' 52 species; the

Rosalina zone, S3speciesi the II anzato aia zone' 53 species; the C assidu-

Iina zone,69 species; the Bolioina zone' 63 species; and the Bulimina

zone, 50 sPecies.
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Many of the species included in the total species counts are rare or
occur in small concentrations. The distributions of these species are
so spotty that thev are unreliable as environmental indicators. In ad-
ctrtion, many nonindigenous species occur in the area in rare or
spotted concentrations. These species are largely responsible for the
variations in total species counts along the major profiles.

In order to further investigate the variation and signiffcance of
numbers of species in the various environments, a faunal character-
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Fig. 24 Variability curaes from maior dominance zones'
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istic which has been termed faunal oariability has been established.

Faunal variability is deffned as the number of ranked species of a

counted or estimated foraminiferal population whose cumulatiDe
percentage constitutes 95% of the total population. This characteristic

is obtained by ranking the percentage occurrence of each benthonic
species, cumulating the percentages, and plotting a curve of numbers
of species against cumulative per cents. The variability value (V)
is calculated from the curve by taking the difference between the
number of species at the one-hundred percentile (lVS,oo) and at the
five percentile (l/S'). These values have the same environmental sig-
niffcance as the total number of species but are not affected by those
occurrences of rare species that constitute fractional percentages of
the total populations. Several of the cumulative curves for foraminif-
eral populations with the generic dominance zones (Figure 2) are
shown in Figure 24. Referring to Figure 24, the curves vary from a
near vertical line (Station 963) in the Miliammina zone to a broad
curve (Station EG 75) in the Cassidulina zone. The faunal varia-
bility value in the A,filiammina zone is 4 in comparison with a (V)
value of 52 in the Cassidulina zone, Deeper than the Cassidulina
zone, the (V) values decrease and the curves tend to straighten out.
The curve for Station 4639 in the Boliaina zone illustrates this ten-
dency.

The areal distribution of (V) values in the area under considera-
tion is shor'vn in Figure 25. The distribution is similar to that of total
numbers of species shown in I'igure 23, in that the values increase in
a seaward direction and reach a maximum near the edge of t]re con-
tinental shelf. The zone of largest (V) values does not swing inland
off the coast of Alabama and Mississippi as does the zone of m-aximum
numbers of total species, however, and is limited to the shelf edge.
The computation oT the (V) values eliminated the rare species aird
many of the nonindigenous species that occur in the centrai shelf area
off Alabama and Mississippi By eliminating these faunal elements
a more valid representation of the increase in speciation across the
continental shelf is obtained. The principal disadvantage to the (V)

YnlY,"t 
is- that percentage o"".,r."n"L, of all the species"are required.

h the absence of these data, however, total nrrtib".r of sp""fo, are
an adequate substitute.

- A valuable aspect of the use of numbers of species or (V) values
rn environmental determinations is that rro rygoqg.,p_set of values need
be established from modern faunai i;rtupfli"utio' io f.rrif fu""u*
A relative decrease or increase in numberi^of species or (v) values
has environmental significance regardless of absolute values.
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In practical application, along any time line in the subsurface' a

decrease in numbers of ,p""i"'"of Foraminifera or (V) values indi-

;;;t;" approach toward marginal-marine conditions' and vice versa'

Similarly, in any vertical section, a decrease in numbers of species or

(tt;"il"t up lhe section indicates a marine regression' An increase

in numbers of species or (V) values uP the section indicates a marine

transgression'

Faunal Dominance

., 
Closely associated with faunal variability and speciation is another

ronspeciffc" population characteristic which has been termed "faunal
oominance." Faunal dominance is deffned as the percentage occur-
rence of the most common species in a f oraminif eral population.

As with speciation, faunal dominance is related to tire variability of

' p l
P r l
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the environment and thus to distance offshore and depth -of water.

Faunal dominance is inversely proportional to faunal variability and

ai.""afy proportional to environmental variability-' In brief' as the

sho.eline^ (marginal-marine conditions) is approached' total nurnbers

of species'and (V) values decrease, and faunal dominance or the

Dercentage occurrence of the most dominant species incrcases' Faunal

io*i"u"?" varies from greater than 90% in the coastal marshes to less

than 10% in the deeper"waters off the edge of the continental shelf'

Average dominance values in the faunal groups shown in Figure 2 are

Milia;.mina faunal zone, Eg%; Ammobacilites favnal zone,54%; Streb-

/us faunal zone, 38%; Epistominella faunal zone' 37%; N onionella f aunal

)onl, ZS%, Rosaluvt-Il'anzauaia faunal zone' 23%; Czssidulina' faunal

,on", tZZ', Bolioina faunal zone, L6%; and Bulimina faunal zone' I4%'

In contrast to the faunal variability, faunal dominance is not af-

fected by the occurrence of rare species or nonindigenous species in

small concentrations' Large conc&trations of nonindigenous species

(where they dominate), sJch as, occur in the Amphistegtntr-zone' the

cassidulina zone, and in isolated areas in the central shelf ofi western

Alabama and Mississippi, however, can be misleading' The associ-

ated tottrl number of^sipecies or (V) value is useful in recognizing

these large nonindigenous concentrations'

I t is in terest ingtonotethat t l remostmarkedvar iat ioninbothnum.
fr"tt 

"f 
,f""i", #d fu.,,-,ul dominance occurs across the Streblus dom-

inant zone (the transition zone betlveen open-marine and marginal-

marine faunas ). Total n.tmbers of species average 35 species in the

Streblus zone and 13 species in the Ammobaculites zone; the average

faunal dominance is 38% and 54%, respectively'

As r,r,ith faunal variirbility, the silnificance of faunal dominance in

subsurface enviromnental determinations lies in the fact that it is

not dependent on moclern species or absolute values' In a given

lirr-," piun", if a trencl of indreasing faunal dominance is noted' re-

gardlJss of the species involved, an app-roach to marginal-marine con-

3r,1"", r, indicaied. If a decrease iiiaunal dominince is noted, an

ofishore open-marine trend is indicated' In a vertical section' an

increase irifaunal dominance up the section indicates a marine regres-

sion; a clecrease i" r""""r do*iirarr"" indicates a marine transgression'

Relationship b etu een F aunal V ariability and F aunal

Dominance

The relation betrveen numbers of species and- per cent dominance is

an interesting one and has useful 
"tui'o"t""tal 

lonnotations' As has
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been stated, there is an inverse re]ationship between numbers of

species and per cent dominance of the dominant species. A scatter-

gram plot oflotal number of species against per cent occurrence of the

irost common species of a large group of populations produces a

curve (Figure 26). The distribution of the samples on the curve rvith

regard to numbers of species and the depth of the samples shows the

f ollorving characteristics r

l. 100% of all far,rnas with less than 20 species occlrrs in water shallower

than 10 fathoms.
2. 700% of all faunas with less than 30 species occurs in water shallower

than 20 fathoms.
3, 80% of all faunas r\'ith 21 to 30 species occlrrs in water shallorver

than 10 fathoms ( 20% occurs between l0 and 20 fathoms ).
4. 60% of all faunas with 31 to 40 species occurs between l0 and 20

fatlrorns (21%,less than 10 fathorns; LSX,20 to 50 fathorns)'

5. 46% of all farrnas with 41 to 50 species occLrrs between 10 and 20

fathoms (7%, less than 10 fathoms; 29%, 20 to 50 fathoms; I8%, greater

than 50 fathoms).
6. 36% of all faunas rvith 51 to 60 species occurs bets'ecn 20 and 50

fatlroms (4%, less than l0 fathoms; 3I%, I0 to 20 fathoms; 23% greatet

than 50 fathoms; 4%, greater than 50 fathom reefs).
7. 69,cl of all faunas witl'r 61 to 70 species occurs deeper than 50
fathoms (7%, I0 to 20 fathom s; 26%,20 to 50 fathoms ).
B. 9I% of all faunas with 7l to B0 spccies occurs deeper than 50
fathoms (9%, 20 to 50 fathoms ), thus 100% of all faunas with more than
71 spccies occurs deeper than 20 fathoms.
S. 100% of all faunas rvith more than 81 species occurs deeper than 50
fathoms.

With regard to per cent dominance and depth of the samples, the
curve shows the follor.ving characteristics:

I. L00% of all faunas whose dominant snecies constitutes over 35% of
the entire fauna occurs shallower than l0iathoms.
2. 36% of all faunas with don.rinant species constituting 2I% to 30% oc-
curs between l0 and 20 fathoms (31%. less than 10 fathoms: 13%. from
20 to 50 fathoms; 21%, deeper than 50 fethoms).
3. 57% of all faunas with dominant species constituting IL% to 2M" ot
the fanna occurs deeper than 50 fathorns (4%, less than 10 fathoms;
I8%, 10 to 20 frthom s; 207920 to 50 fathoms ).
4. 92% of all faunas with dominant species constituting less than I0%

ru
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of the fauna occurs deePer than 50 fathoms (8%' ftom 20 to 50
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(off Choctawhatchee Bay, Florida) are in the Amphi,stegina zone, and

AmTthistegina lessonii constitutes, respectively, 48% und 5!7",ot the total

benihonic population. Samples 4290 and 6052 (off Mobile Bay, Ala-

bama) are in the Cossidulina doninant zone, and Cassidtilina sub'

globosa constitutes, respectively, 43% and 3V% of the total benthonic

f,opulation. Station B0 (off lv{obile Bay, Alabama) contains an anom-
-^l6rrs 

Planttlina fauna in the Hanzauaia dominant zone, in which

Planulina exorna constitutes 43% of the total benthonic population.

The anomalous location of these points and the fact that they result

from nonindigenous populations suggests a possible criterion for rec-

ognition of rern'orked faunas in the subsurface. In the presence of

aLundant species (over 30), populations whose dominant species ex-

ceed 30% of the total ber-rthonic population suggest the presence of

nonindigcnous species. This relationship may be an aid in recogniz-

ing nonindigenous populations along with the other criteria men-

tioned above.

V ar i ab ility -D ominanc e L o g

A consideration of the environmental significance of faunal varia-
bility rrnd faunal dominance has led to the proposal of a paleontologic
log r,vhich has been called the "Variability-Dominance Log." The
only data recluired to prepare this log, in addition to those normally
recorded on paleologs are ( 1 ) the total number of species present in
any sample; and (2) an estimate of the percentage occurrence of
thc most dttminant benthonic species.

An example of the proposed "Variability-Dominance Log" is shown
in Figure 27. In it are three columns that can be added to existing
paleologs-variabil ity (nurnbers of species), dominance (in per cent),
and the dominant genus. This idealized log was constructed from the
population data of 42 recent surface sediment samples. The environ-
ments of deposition indicated in Figure 27 are the actual ones from
which the simples were collected. the samples have been arranged
tn a vertical section to illustrate a hypothetical transgressive-regressive
cycle and the associated variations in faunal variability and dominance.
The bottom of the section is a fresh-lvater deposit and contains only
abundant plant remains. This grades into a marsh environment at
a hypothetical core depth of 4l to 42 units, which in turn grades into
a^shallorv rvater bay or estuarine deposit. The fatrna in' this part
of. t lre section is almtst totally 

"."nu""irlr. 
On up the section, varia-

bility increases and dominance decreases across un^op"n shelf environ-
ment to where faunal variability reaches a maximum value, and
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farrnal dominance reaches a minimum value' This completes the

transgressive phase of deposition. Above units 25 to 26 core depth,

variability decreases, dominance increases, and sediments become

more sandy to a core depth of 9 to 10 units, which is a clean, non-

fossiliferous, quartz sand of a barrier island. On up the section,

variability increases slightly and dominance increascs into a dominantly

arenaceous, brackish water, bey deposit at a core depth of 3 to 4 units.

From core depth of 3 to 4 units, variability decreases, dominance in-

creases, and the fauna is essentially an arenaceous one of a marsh de-

posit. This completes the regressive phase of deposition.

Data obtained from the str-rdy of modern foraminiferal assemblages

in the northeastern Gulf of N{exico indicate that fauual variability and

dominance recorcled. as inclicated in Figure 27 can be a valuable aid

in making paleoecologic interpretations of fossil foraminiferal as-

semblages.

Significance of Total Benthonic F oraminiferal Populutions

The number of benthonic foraminiferal tests in a sediment is the

product of many factors, the most important of which are rate of ac-

cumulation of detrital sediments, rate of production and accumula-

tion of foraminiferal tests, and rate of removal andf or destruction of

tests once deposited.
Data are not available at present to adequately evaluate the rate of

production and accumulation of foraminiferal tests for all environ-

ments and all species. It is knorvn, however, that reproduction is

sporadic, rates of reproduction are not the same for every species,

and rates of reproduction are not the same for every enviromnent.

Although meas,]red living populations vary within relatively small

areas by a factor of l0 or sometimes as rnuch as 100, these are re-

stricted occurrences. Measured living populations on the open con-

tinental shelf, however, shorv only slighi variations over considerable

distances. Highest measured living populations number approxi-

mately 1000 specimens per 100 cc wet sample volume, whereas some

samples contain only a few specimens.
This variation is seemingly high, but in comparison to variations rn

total dead populations, it is insignificant. Recent data on living

populations lndicate that maximum production of Foraminifera oc-
'".ri, 

t"u, the efluence of rivers into bays or the open ocean. In the

northeastern Gulf of Mexico the greatest number of living specimens

occurs within the depth range of 6 to 10 fatl'roms.

The efiect of rembval ^idlot destruction of forarniniferal shells is
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iir
i l i

ii

important but, as with production estimates, it is difficult to evaluate.
The profound effects of transportation and mechanical accumulation
of shells can be secn u'ithin the turbulent zone and around nearshore
seclirncntary forms where total populations vary from a few speci-
mens to sevcral thousand per unit volume sample over relatively
short distances. Rer'vorking of sediments by detritus feeding or-
ganisms may a{rect foranriniferal poPtrlations but no information is
availirblc to evaluate the degrees of destruction by such organisms.

It is knorvn that burial and sub.sequent compaction of sediments
de.stroy some_ forami'ifc'ral tests, partiic.larly th6se of predominantly
arenaceous character. well preserved marsh faunas as old as the
oligocene have been found, however. From all available evidence,
it appears that the degree of dilution by detrital sediments is the
principal control of the size of total benthonic populations.

-There does'ot appear to be any direct relationship betweeu zones
of maxirnurn productivity rif living benthonic Forarninifera and zones
of maximtrm abunclances o_f empty tests. rn areas where livi'g popu^
lations ltavc been studied, zones of maximum productivitv 

-do 
not

coincide with maximum ab'ndances of empty iests, the former al-
wavs occun'ing in shallor'ver nearshore waters, This appears to be
due to the fact that areas of high productivity occur in ut"ur of active
sedirnentation. If it is assumed that the production and accumulation
of bcnthonic forarniniferal tests is relatively constant (the actual vari-
ation is of thc magnitude of hundreds of specimens), the efiect of the
rate of ac'c'umulation of det' ital sedirneuls o' total popurations of
empty tests is obvious.

Thc variability of the environment does not appear to affect the
prodtction of Foraminifera as there are species tirat ."ill thrive and
p.odrrce large numbers of foramiuiferal tesis in most all of the marine
environments. tr-aunal variability (numbers of species) and faunal
dominance are thus independeni oi totul populations of empty tests.
It is true, however, that ihe larger the totial'numbe. of ,p"iriens in

ljtu"" 
sample, tlre higher is the probability that the rare'species will

tle e'ncou'tered. Elimi'ating tlie.se rare species from the'considera-
tion, a.s i'the calculated (Ii) values discirssecl ear.lieq does not ap-preciablv a{Iect faunal variability tre'ds. Totar .umbers of sPecimens

iji:3,-l:.":.1. profounclly affeciecl by the presence of nonirfoigenous
:11:l:._.".ft"h 

result from previo.rs acc.,^,riations or actual rewirking
rrr Ol(t€I tattDas.

h..:],_:.:l:,-:ty, ":t:t 
of maximum concentrations of empty tests ofucttcltonic Foraminifera do not indicate zones of -"xr*.,m produc-tivity, but are prirnarily a result of slow accurnulation of cletritar sedi-
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ments. On the open continental shelf there is a valid trend of in-

creasing populatio^ns of bcnthonic Foraminifera in a seaward direc-

tion wiiicir, in the area under consideration, is augmented by the

presence of large concentrations of nonindigenous species. 
.Large'concentratio.r, 

oT foru.rriniferal tests in the presence of relatively few

species, however, indicate nearshore conditions. Total benthonic

p'opulations can be used as environmental indicators only in the

presence of other criteria.

Significance of Total Planktonic Populations

The distribution of the total planktonic populations in the north-

eastern Gulf of N'{exico are shown in Figure 20' This figure shows

a wide belt of abunclant (greater than 10,000 specimens/sample)

specimens off Florida (deeper than 100 fathoms) constricting to a

Jo.ro* belt (roughly between 40 and 100 fathoms) off Alabama at

the edge of the c"oniinental shelf. Samples containing between 5000

and 1OIO0O specimens per sample occur in a halo around the more

abundant zoie and extend fartlier to the west toward the Mississippi

River Delta in a narrotv belt'
There are no data available on the production of planktonic

Foraminifera but it is difficult to assign a distribution such as that

shown in Figure 20 to differences in pioductivity. As_ with the total

benthonic po=pulations the size of total planktonic populations appears

to be contiolied principally by dilutioi rvith detritai sediments. Off

Florida, nr-bers'of plankionic specimens increase as a function of in-

creasing depth. Off ,q.laba*u 
"ttd 

Mississippi,-however, this is true

only to"the idg" of the continental shelf r,vhcre they begin to decrease.

Thi, torrg.,""of anomalously high planktonic populations.has interest-

ing irnplicitions with ,"gu.i to"thi relative ag"s of both the plalk-

tonic and benthonic fn.,n"ar. It suggests that the zone along the edge

of the continental shelf (between 46"and 100 fathoms ) off western Ala-

bama and N4ississippi is older than either the area shallower than 40

fathoms or deeper^tian 100 fathoms. This zone of abundant plank-

tonics is similar to total benthonic distrib'tion (Figure 19) and to the

distribution of nonindigenous Foraminifera, Ampkistegina (Figure

13), Cassid,utina (Figttri 14 ), and Liebusella ( Figure 21) '-

These data suggesithat the concentration o-f planktonic.Foraminifera

in this area (mair"y specimens of which are glaiconitized) results from

,"lutiu"ly l"r, ,"ii*"ntation at the shelf 
"eclge 

with respect to the

areas to the shore"vard and sear'vard sides'- - 
ir, ,.rrr.*ory, total planktonic populations ofi northern Florida in-
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crease in a seaward direction. Off western Alabama and Mississippi

they increase to the edge of the continental shelf and decrease in

deeper water. These shelf edge concentrations are believed to repre-

sent less interrupted deposition of planktonic tests and less dilution
wi'th detrital sediments than the area to the landward or seaward of

the shelf edge.

E n a ir o nrne nt al S i gnifi c anc e of Sh ell C har act er i st i c s

In the course of this study, and from previous studies in this area,
several characteristics of foraminiferal tests have been observed that
appear to have environmental significance.

ARENAcEoUs cr{AnAcrER oF THE FAUNA. Phleger (1954) reported on
the arenaceous character of the foraminiferal faunas in Mississippi
Sound. This arenaceous fauna was in contrast to the predominantly
calcareous fauna in the open Gulf of N4exico.

Later published worki and this study have shown that these distri-
butions are essentially correct. Shoreward of about 2 fathoms (the
Streblus-Ammobaculites boundary, Figure 2), the fauna assumes a
predominant arenaceous character which extends into the marsh and
intertidal environment.

Some calcareous forms do occur along with these arenaceous faunas
but their subdominance and shell chiracteristics mentioned below
indicate a fringe distribution. These arenaceous faunas, characterized
by relativeiy few species occur extensively in the northeastern Missis-
sippi Delta area, the inner part of Chandeleur Sound, and the inner
part of Mississippi Sound and Mobile Bay.

It can be stated that a principal characteristic of the marginal-marine
faunas in this area (shore*uld of the Streblus zone, Figure 2) is
their arenaceous character, and further that predominantly i."rru""orx
faunas indicate marginal-marine conditions.

srzE oF FoRAMTNTFERAL TESTs. An interesting and significant feature
of the foraminiferal faunas in the study area ls the rilotirr" decrease
in size of the calcareous species as the shoreline is approached. The
N o n i o n ell a, E p i st o m i n ell a, B ttlimin eIIa, and. S t r eblus 

^c6ncentrations 
in

tne extreme westcrn part of the study area (Figure 2), and the
calcareous forms that 6ccur in the predbminantly ui"n"""o.r, Ammo-
bac.ulites zone, are much smaller thlan their counterparts in the open
Gulf or ofishore areas. In addition to the smaller siie of these spici-
rnens, their shells are much thinner and more fragile.

_, Tlt":" small, fragile shells are in sharp contrast to the large, heavily
shelled, nonindigeious Foraminifera of 

^West 
Indian origin,"which ar-e



226 ApProaches to PaleoecologY

PART II: PALEOECOLOGY OF TI-IE SUBSURFACE OLIGOCENE

IN COASTAL TEXAS

General Comments

Once environmental criteria are established from modern faunas

and are accepted as dlag'lottic' the true test of usefulness to the

geologist is the ease 
"Jit-*f""bility 

of application to fossil faunas'

widespread on the continental shelf (Figu'"^?.?);-TT'.ff]*l tn*-

shelled forms appear to be limited to bays' sounds' and snelr areas

that are near the effiuence of large rivers' and it is believed that they

result from tt 
" 

irr"t"u'"i dfficuliy of precip-itating calcium carbonate

in rvaters of lower than normal 
'salinity' 

Shallow areas of warmer'

more saline *ut". 1,.t"tt as the West Indies' southern Florida' and the

bays and lagoons of southern Texas and Mexico) stimulate large'

heavily shelled forms.

In brief, in"."u,"' in percentages of arenaceous species and the

Dresence of small, thin-shelled 
"ul""t"ou' 

species indicate waters of

iess than normal salinity and proximity to sources ot tresn water'

cHrrrNous-Lr^u ,**# t'ot'*'"'' a it-tita shell characteristic of the

*"rti""f-*"rine foraminiferal faunas that may have some environ-

mental significance l' 
-th" 

p'"'"n9e ol a chitinous-like inner lining of

the calcareous species' Tte shells of the arenaceous species contain

;;;i;;;",rr.,tr'of Jiti" o' a chitinous-like substance which is usually

brown in color. It is significant that many of the nearshore calcareous

species also have *"t?-J"""tnped "chitinous" inner linings' Such

i5* *o.,ra be expected on the fringes of the calcareous faunal zones

;h;;; they grade l"to ttt" p'edo'ii"""tly arenaceous zones' The

species which upp"ut to havi the best dlveloped 
-4tinous" inner

lininSs are Streblus beccari,i vars., several species of Etphidittm, and

some miliolids."-ip""i-"n 
s of Streblus have the best developed linings-' It is not

f.""t*"^*fr"if.", tfr" o"i*als can live within the llnings in the absence

of any calcareous material but this is suggested by the 
:o1n-o" 

occur-

rence of the linings*al"o"! *i,f, other ciliareous-coated forms in shal-

lorv water deposits. 

-iilE 
,ig"tncance of these linings in the-shallow

water Foraminifera is that they are practically iridestructible and

would be preservea *"" uft"' the l"a"fri"g of ali calcareous material'

probablY in recognizable form'
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In applying modern criteria to fossil faunas, practical problems arise

which must be considered in evaluating the results.

As has been pointed out, distributions of species are the most diag-

nostic of environments. Most modern species are present in the

Pleistocene, but direct analogies between modern and Tertiary species

bccome fewer in older Tertiary sediments. The previously discussed

generic distributions and gross population characteristics are less

afiected by the passage of geologic time and are valid in sediments at

least as old as the Cretaceous. The Cretaceous limit, as far as this

paper is concerned, is an arbitrary one created by the writer's lack of

experience in older rocks. Applications of these paleoecologic criteria

to older rocks are not precluded.
Perhaps the most serious problem of paleoecologic application is

that of sample quality and fossil preservation. If cores or uncon-

taminated samples and perfectly preserved faunas were always avail-

able from the outcrop or subsurface, the job of the paleoecologist
would be greatly simplified. Unfortunately, most subsurface work
must be done from rotary cuttings rather than cores, and many out-

crop faunas are poorly preserved.
The principal effect of sample quality and fossil preservation on

paleoecologic interpretation is in decreasing the usefulness of quantita-
tive analyses. This does not preclude the use of such quantitative
analyses where sample quality and fossil preservation permit.

The second most common problem or question that arises is the
validity of ecological criteria with increasing geologic tirne or the
possibility of species or generic adaptation to environmental condi-
tions changing with geologic time. As we are dealing here principally
with criteria that are not based on species distributions, the writer's
experience has been that this is not a serious problem. This is based
on faunal associations and lithologic associatlons rvhich substantiate
the interpreted environments at le-ast as far back as the Cretaceous.
Generic dirttib.rtions and gross population characteristics are con-
sidered the least likely to be afiected Ly changes in tolerance of specific
animals through geologic time. Just as certain oceanographic condi-
trons have existed throughout geologic time to allow the deposition
of clean sands and shJes, r"i r"L. has been diluted neirshore,
trrrbulence and turbidity have been greater nearshore, etc., to restrict
the diversiffcation of ,"rril" benthoniJorganisms.

_ 
As 

-with any rock characteristi", 
"nvi-rorl*ental 

interpretation of a
sample or series of samples from a well or outcrop is tinidimensional
and does not constitute a map or a trend from #hi"h predictions of
sand conditions or environmeital conditions can be *ud". A serious

T-
ffi
lii
I
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limitation then of reconstructing the areal extent of a depositional

sequence or a depositional surface, as rvith structure maps and isopach

mJps, is the difficulty in correlating a time horizon from outcrop-to-

o.,i".op or from weil-to-well in the subsurface' A map made on a

partictilar lithologic unit or on a particular enviromnental zone does

iiot usually constiute a surface suitable for paleogeogrrrphic mapping.

A map of a rock unit, an environntental unit, or a fossil unit does not

constitute a time-correlative surface except under certain conditions.

It is necessary to have a time-correlative or near time-correlative unit

to prepare a tme paleogeographic or paleobathymetric map' At

preient^, we have no rigoious criteria for m_aking absolute time cor-

ielations in the subsurface. This creates a dilemma since it is neces-

sary> as stated, to be able to map time-correlative units before

paieobathymetric or paleogeographic mapping can be attempted'

ti*" co.relations are discussed more fully in a later section. The

problem is mentioned here because it constitutes a serious problem in

paleogeographic mapping.

Paleoecological Criteria

The purpose of Part I of this paper was to examine characteristics of

modern foraminiferal faunas and determine which characteristics are

most useful in interpreting paleoenvironments from fossil faunas. It

was concluded that g"n".i" di.trib.rtions, generic dominance, and the

distributions of the most dominant genera, the diversity of the fauna,

the arenaceous or calcareous natrrre of the fauna, and the abundance

of planktonics constitute the most useful criteria for extrapolating

,rroi".n environments into the geologic past. These criteria have

been used to determine the environments of deposition of Tertiary

sediments in the Gulf Coast of Texas and Louisiana, and particularly

in the Oligocene Anahuac shale of South-Central Texas. Reconstruct-

ing the Jerpositional history of the Anahuac shale and pr-eparing

paieobathymetric maps within the unit has been done exclusively

irom 3O-foot rotary 
"ntting, 

from rvells drilled over the past 10 or 15

years. The sampiet *"t" prepared using standard micropaleonto-

logical techniques.

Anahuac Shale Paleoecology (Oligocene)

The Anahuac shale was selected as an example of paleoecologic in-

terpretation in the subsurface Tertiary. It is 
^one 

ol the most wide-

spr"ad transgressive shale wedges in the Gulf Coast Tettiary and is

I
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well described in the literature ( Cushman and Ellisor, 1935; Ellisor,

1944;Meyer, 1939; Murray, L947).
The Anahuac faunas are similar enough to modern faunas so that

manl' direct analogies can be made. As the name irnplics, it is a
shale wedge that is several thousand feet thick downdip and pinches
out into nonfossiliferous, relatively massive sands updip. It does not
outcrop and is described only from the subsurface, as are its contained
faunas (Cushman and Ellisor, 1935; Ellisor, 1944). The area con-
sidered in this study includes portions of Refugio, Aransas, San
Patricio, Nueces, Bee, Goliad, Victoria, and Calhoun Counties, Texas
(Figure 2B), rvhere the Anahuac varies from 2000 feet to over 6000
feet belorv the surface. Thickness increases from the updip pinchout
in Bee and Goliad Counties to over 3500 feet along the coast. It
represents a general marine inundation of the Texas Gulf Coastal
Plain and probably accounts for a considerable portion of Oligocene
time.

Figure 29 is a portion of an electric log from the Tidewater No. I
Richardson in San Patricio Countv. Texas. on which the internreted
paleoecology has been indicated. 

'The 
Anahuac varies betrveei 1000

ancl 1500 feet thick in this dip position. It is overlain by nonmarine
sands of the Miocene age and underlain by nonmarine sands of the
Oligocene Frio formati6n. The electric ltg shorvs sandy or silty
streaks in the Anahuac which are characteristic in this dip position;
it.is a classic example of a subsurface transgressive-regressive wedge.
The overlying N{iocene and the underlying Frio immediately adjacent
to the Anahuac shale contain no fossiis or,d 

"t" 
predominantlv sand.

Fossil occurrence from 3O-foot rotary c'tting ,u-p^I", increases ioward
the middle of the Anahuac weclqe, ancl troiaminif"." ^." ab''dant at
a srrbsrrrlace depth of about 5500leet.

Going up in this section, as the sediments were deposited, the trans-
ql"t:iol begins 

_at about -6300 feet with a low faunal diversity

flilmiilted . 
by 

!h9 genera Eponides, Nonionella, and. Marginulina.
r ne diversity of the fauna increases to a maximum at aboul _5g00
teet, and the fauna is dominated by species of. uaigerina and. Bolitsina.
From this point, Anahuac depositio.r'b""o-" regressive, faunal diver-
srty decreased, and tlle fauna was successively do=minated bv shallower

Iil". g"i*a to the upper limit of the marine phase at about _5100

,'ll.:, 
,,"t:.ence should be made to Figure 27 whicli is an idealized

Ifl,4,n-ygh 
a hypo_thetical transgressive*-regressive sequence based on

i]t-.":*i 
faunas. The interpreted environments in the tidewater No. 1.rL'nardson are_laged on the dominant genera, faunar diversity, fossirdDundance' and lithologic associations as"in Figure 27. The siinilarity
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Fig. 29 Paleoecology of Anahuac formation.

between the two is striking with regard to faunal diversity, sediment
associations, and dominant genera. Per cent dominance was not
calculated in the subsurface sJnples due to sample quality.

It can be concluded, then, that paleoecologies of fossil foraminiferal
faunas can be determined from s.rbsurface oi outcrop samples using a
combination of criteria established from modern distiibutions. Paleo-
ecological data on a series of wells or outcrop sections permit the
reconstruction of the depositional history of an entire formation or
stratigraphic unit. As mentioned before, one of the principal prob-
rcms.ln-constructing stratigraphic sections or paleogeographic maps is
ottr.inability to pick absolute time correlations in fossil sediments.
nock ttnits, except under certain conditions, cannot be considered time
correlative, ur .i" know of no widespread environmental condition,
tnat allow the deposition and preseivation of the same lithologies.

^r.ne._principal exception is, of course, along depositional strike where
similar rock units can be time correlative. ih"^ro*" is true in general
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of fossil units as we know of no organism that is not controlled in its

distribution to some degree by environmental conditions. Along any

time-correlative surfacel we would expect lithologies and faunas to

vary with changing environmental conditions. A most ideal fossil

*o.rtd be one th'at hacl a short geologic range> one that tolerated all

environmental conditions from the shoreline to deep water eclually

rvell, and one that became extinct throughout its distribution at some

instant in geologic time. As far as we know, such distributions are

rvishful thinkin[. However, many fossils had short stratigraphic

ranges, a wide Jnvironmental tolerance, and became extinct within a

relalively short period of geologic time. Such fossils, or combinations

of such fossils, lonstitute by fai the most reliable correlative surfaces

and, while not completely satisfactory, most accurately approximate

time correlations.
One such occurrence is the "Lleterostegina Da:]tm" in the Gulf

Coast Oligocene. The foraminifer, Heterostegina, occurs in the

Anahuac sf,ale and became extinct within a relatively short period of

time. In adclition, certain species of Heterostegina had a relatively

rvide environmental tolerance and occur in sediments of nearshore

origin to secliments deposited on the ecluivalent of our present middle-

to-6uter continental shelves. A time equivalent of Heterostegina in

shallower brackish water is a species of Elphidium. Also a time

equivalent of Lleterostegina in deeper water is a_species of Bolioina'

A combination of these fossil occurrences which have overlapping

environmental ranges but similar time extinctions approximates a time-

correlative surface in the Oligocene. By using these fossil occurrences

as a subsurface datum, the depositional hisfory of a portion of the

Anahuac can be inferred along a reasonably reliable time-correlative

surface.
Figure 30 is a subsurface dip section of the Anahuac in San Patricio

Coutity, Texas constructed on the Hetcrostcgina datum' -The 
section

is through six wells that penetrated the Anahuac; from updip to down-

dip thef are Bridwelt Xo. f Davis, Morgan No. I Grabb, Smith No' I

fV"Ufr, iustral No. 1 State Tract 18 in Coipus Christi Bay, Atlantic No. I

Wilson on Mustang Island, and Gulf No. 1 State 
'kact 774 offshore.

The environments of d"poritlorl along this section have been indicated'

The maximum point of iransgre.rion is along the lleterostegina datrum

in the updip wJlls and is slightly below in the downdip wells' The en-

vironmental determinatirrnr *"r" rnade from rotary cuttings using the

criteria previously disctissecl. The Anahuac is poorly developed as a

shale in the Bridwell No. 1 Davis, the Morgan No' i Crabb, and the

Smith No. I Webb. Sarnples and electric lJgs show the section to be
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Shorel ine
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1:  Br idwe l l -No.  1 -Dav is
2 :  Morgan-No.  1 -Crabb
3:  Smi th -No.  1 -Webb
4: Austral-No. 1-St. Tr. 1B
5: Atlantic-No. 1-Wilson
6: Gulf-No. I-St, fr .  774

Arwhuac shouing enoironments ofFig. 30 Subsurface section through tlw
dcposition.

sirndy, and Foraminifera indicate deoosition in brackish to shallow
marine waters. The Anahuac becomes well-developecl shale in the
three downdip wells and contains sediments deposiLd in outer con-
tinental shelf and upper slope water depths. All along the line of sec-
tton, the marine Anahuac grades vertically into continental sands and
shales and/or shallower marine sands and shales. This line of section
is reasonably representative of the Anahuac depositional history
tlrrougliout the Culf Coastal plain.

...tn: 
ultimate purpose of subsurface paleoecology is the preparation

ttt paleobathymetric maps along time-c^orrelative iirrfaces. 
^ 

Tfris leads
Lu an understa-nding of the_depositional history of a stratigraphic unitor sequence of units. Such a paleobathymetiic map o"it" Hetero_stegina correlative surface is shSwn in Figure 31. t'hi, -"p is based

.t_i,L"].":a]ogical. 
and paleoecological .lit" from approxiriately 300*o,-n,tl"tugio, Aransas, San patricio, Nueces, BeefGoliad, Victoria.cttq Ualhoun Counties, Texas. It is superimposed on a map of thepresent coast Iine for comparisor. Iniicatei are (l) the'Hetero-
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Fig. 31 Ptrleobathgrnetry of the Upper Oligocene (Anahuac).

stegina.shoreline, the contact between continental and brackish water
deposits; (2) a z.one of shoreline, brackish water deposits similar to

those being deposited in the present bays and lagoons; and (3) open

marine deposits which vary from nearshore marine to outer continen'tal
shelf and upper slope deposits. A striking cha-racteristic of the

Hetero,stegino bathymetry is the similarity in the strike of the shore-

line, size and distribution of brtrckish and marine deposits with the

strike and distribution of equivalent deposits along the present coast.

More complete subsurface control undoubtedly would allow the defini-

tion of bays, lagoons, and barrier islands on the Heterostegina strrface'

In addition, the paleobathymetry of the Fleterostegina surface iiself is

evidence that the datum approximates a time-correlative surface. If

it rvere not near time-correlative, such a sharp definition of environ-

ments from shoreline deposits to continental slope deposits would not

be found. Such a succession of environments should always be

present in a dip or ofishore direction on a true time-correlative surface.

Recent Foraminiferal Ecology and Paleoecology

Conclusions

ZJD

The question of the usefulness of modern faunal data and the en-
vironmental criteria thus developed in the interpretation of fossil
faunas has long been a controversial one. Some have said such
criteria rvill be useful only in the late Tertiary, or back to the mid-
Tertiary; some say back through the Cretaceous. It has also been
said that the' quality of the samples available to the cornmercial
paleontologist is so poor that only qualitative criteria are valid. The
true tests of what is applicable and u'hat is not, and how far back
into geologic history modern faunal cliteria will carry us, will come,
of course, from detailed stratigraphic work attempting to apply modern
criteria irr sediments of all ages.

We need not delude o,,rr"lu*, into thinking, however, that it is, or
ever will be, economically feasible or even desirable in many cases for
cornmercial paleontologists to make cletailed population counts or
employ rigorous analytical methods. The time element and the
qualitv of the samples most commercial micropaleontologists have to
rvork with are the limiting factors. It would be useless to attempt
detailed population counts 6n rotary cutting samples, which are t sually
the only ones available. Even in cored wells, the cores are usually
small and so scattered so as to make detailed studies inconclusive.

The types of general observations we have discussed, rvhich have
been summ arized from many difierent detailed studies by different
u'orkers, can be and have been applied to fossil faunas as far back as
the' Cretaceous. Such faunal characteristics are general enough to not
be voided by evolutionary changes, and yet specific 

".ro.r[h 
to b"

diagnostic. They are feasible rvith regard to time and can uiually be
made from good quality cuttings.

- I. For stratigraphic purposes, benthonic foraminiferal faunas are
dcfined best in terms of the three most common genera in a population.

2. Faunal zones based on the occurrence of the mosi abundant
gerleril have environmental significance both with regard to depth and
geographic distributions.

3. The largest number of living specimens of benthonic Foraminifera
occur between 6 and 10 fathorns (approximately 1000 specimens per
10 cc u'et samples ).

4. The largest living pop.lations occur near the mo.th of the Missis-
sippi River and Mobile tsay.

5. The rnost common livi'g species in the area are Nonionellq
o p ima, N o ur ia p oly m o r phin o i d c s, and II anzau aia st r at t o r"ti.

6. Areas of maximum living populations do not coincide with, and
occur shallower than, areas of maximum dead populations.

S U R F A C E

*N
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7. Areas of abundant Rosalina, Cassidulina, and Amphistegina are

not supported by abundant living specimens and appear to be residual

speciei from a previous environment. Smaller concentrations of

Planulina exorna, N o dob aculariella cas sis, P ener o!ilis pr ot e us, Ar chais

c ompr e,$Lts, T extular iella spp., Liebus ella s oldanii v at. int erm e dia,

Eponides reTtandus, Asterigerina carinata, large miliolids, and

Cuneolina angusta also are residual species'
8. Nonindigenous species in this area may be recognized by their

relatively large, thick shells, their associated occurrences rvith non-

indigenous mollusks and algae, their brown color and preservation,

their spotty distribution, and, in some cases, their unusually large per

cent dominance in the presence of numerous species.

9. Recognizable depth facies based on generic dominance in the

sttrdy area are Thecamoebina, coastal nonmarine; Miliommina, inter-

tidal; Ammobaculites, Elphid.i'um, less than 2 fathoms; Streblus,

Bolioina loumani,, Buliminella,2 to 10 fathoms; Nonionella, Rosqlina-

Hanzowaia, 10 to 30 fathoms; Epistominella, Cassidulina, 30 to 100

fatlrorns; Bolipina, 100 to 300 fathoms; and Bulimina, greatet than 300

fathoms.
10. Numbers of species of Foraminifera (faunal variability) are

inversely proportional to the variability of the environment. As mar-

ginal-marine conditions are approached, the environment becomes

more variable and numbers of species decrease. Numbers of species

increase in an ofishore direction, ieach a maximum near the shelf edge,

and decrease again deeper than 100 fathoms.
11. The percentage occurrence of the most common species in a

foraminiferal population (far-rnal dominance) is directly proportional

to the variability of the environment; that is, as marginal-marine condi-

tions are approached, the environments become more variable and

faunal dotr-tirian"e increases. Faunal dominance is a maximum in the

intertidal zone marshes and decreases offshore to a minimum off the

edge of the continental shelf.
iZ. eto"g any time plane in the subsurface, an increase in faunal

dominapce"and'a decr6ase in faunal variability indicate an approach

to marginal-marine conditions, and vice versa.
13. i; any subsurface section, an increase in faunal dominance and

a decrease in faunal variability up the section indicate a marine re-

gression, and vice versa.
" 

14. The percentage occurrence of arenaceous species increases and

constitutes'the larglst percentage of the fa,rrra ri"at the effiuence of

rivers,
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15. Calcareous foraminiferal tests become smaller and thinner near

sources of fresh water.

16. The tests of many calcareous species characteristic of brackish
rvater have "chitinous" inner linings that are identifiable and rvould

be preserved in completely decalcified sediments.
17. Paleoecologies can be determined and paleobathymetric maps

can be made throughout the Gulf Coast Tertiary using criteria de-
veloped from modern faunas.
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Introduction

The restriction of particular species of fossil organisms to specific

seclimcntary lithologies is a common phenomenon. Such fossils are

knorvn as facies fossils to distinguish them from guide fossils which

are relatively unrestricted ri'ith respect to facies changes and hence

rnore useful in establishing time relationships. Stratigraphers, long

concernecl r'vith the problem of which fossils are guides to time, con-

sequentlv have had to distinguish betwe_en facies fossils and guide

fosiils. In contrast, paleontologists usually have ignored the litho-

logic associations of fossils (e.g., see Weller, 1960, Fig' 68) and gcn-

"rully 
h^t'" made ferv attempts to determine the reasons for these

associations. It is the purpose of this papel to consider briefly the

nature of the correlations between sediment types and the distribu-

tion of Recent marine benthonic invertebrates and to indicate the

paleoecological deductions that can be made from similar correlations

in the geologic record-

Substrates and Bottom Faunas

A seclirnent substrate can be defined as an unconsolidated surface
on or in which organisrns live. No one has seriously doubted the
importirnce of the substrate as an ecologic factor; however, there has
becn discussion concerning its importance relatiae to hydrographical
factors such as salinitv and temnerature, For example, Petersen
(1913) and Davis (192i) regard b'ottom type as more issential than
hydrographical conditions in determining benthonic ar.rirnal associa-
tions, rvhereas Molancler (1928) and Shelford et al. (1935) believe the
opposite to be true. It is noteworthy, as both Thorson ( 1957, p. a8s )
and Buchanan (1958, p.36) have mentioned, that thrls difference of
opinion has been expressed by individuals rvorking in difierent areas.
Those who advocatl the primary ecologic imporlance of substrates
have generally workecl in 6pen s"a ,"gloirs; thJse who believe hydro-
grripliical factors are more important have investigated areas such as
fjords ancl sounds where ,rariitions in hyclrograpti""l conclitions are
apt to be more extreme than they arc in the open sea. It would seem
then, as N{olander himself has stated, that "rvithin the limits of similar
hydrographic conditions , . the animal communities are no doubt
arfected bv divergent conclitions of the bottom" (quotecl in Buchanan,
1 9 5 8 ,  p . 3 6 ) .

. The best evidence for the correlation bctrveen bottorn type and
bottom fauna has been provided by Thorson's (1957) surnmary of

ABSTRACT

M a n y o f t h e l i t h o l o g i c a n d a l l o f t h e . b i o l o g i c a t t r i h u t e s o f s e d i -
mentary rocks are related to features of the depositional environment.

Consequently it is not surprising io find that many lecen! 
and fossil

organisms aie associatecl with specific lithologies. -Distributio.n 
pat-

teirs of aquatic benthos, for exa^mple, are-cortelated usually rvith the

texture or, more specifically, lr'itli the silt and clay content -of 
the

sediment rather th.in rvith iis mineral composition. This relationship

results from the fact that current velocities not only determine the

proportion of silt and clay in sediments, other factors being equal'

L.rt^ alro control the ecoiogically important variables of substrate

mobilitv and concentration of organic matter'

Sedirnents accumulating u.tdei conditions of relatively high current

velocities are charact.rirZd by a shifting bottom containing a small

profortlon of mud and organic mattei. The instability and low

irglni" content of these substrates result in bottom communities

doLinatcd by vagile suspension feeders' Iu contrast, lorv current

velocities generally resuli in nonshifting substrates containing 
:,"^1;

siderable pioportions of rnucl ancl organic rnatter' Here the ecological

result is irrrutty a bottorn fauna d6minated by dep-osit feeders' but

containing suspension feeders which are sessile as well as vagile'

The writer is indebted to Robert RobertsoD of The Academy of Natural

Sciences of Philadelphia, for information on the feeding types of some

of the invertebrates founcl in and arouncl Bahamian o"oli[" sho"ls at'd

for providing aclclitional information on the fauna of the area' The

f a c i l i t i e s o f t h e L e r r - r e r t r { a r i n e L a b o r i r t o r y , a r e s e a r c h - s t a t j o n o f t l r e
A m e r i c a n M u s e u m o f N a t u r a l H i s t o r y a t , B i m i n i , B r i t i s h W e s t l n d i e s ,
made ffeld work on Bahamian oolite faunas possible'

2ts8
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Fig. 1 Characterizing genera of the Atctic, boreal, and' Northeast Pacific

Ivlacoma communities. After Thorson, (1957)'

parallel, sublittoral, sediment bottom communities in difierent geo-

graphical regions.l These communities are parallel in the sense that

ih"| u." chalracterized by the same genera inhabiting the same type

of bottom at similar d"pths (Thorson] 1957, p. 52L) . The remarkable

degree of taxonomic pa."lleii.m within these communities is evident

irr?igrl." 1 which illistrates the characterizing genera of the,Arctic'

Borea'i, and Northeast Pacific I\Iacoma 
"o-rn.rrrltiit. 

Indeed, the only

notable lack of parallelism eviclent in this and other parallel com-

munities is at tlie species level, where difierent sp-ecies of the same

genera replace one another with changing latitude' 
.This .replace-

irent is apparently the result of temperature adaptation-s' the con-

qeneric Ar"ii" and tropical species ha'u-itrg a similai though not iden-

Iical metabolic rate (Thorson, 1957, p' 522) '

In brief, if bottom type and, appaiently to a lesser extent' depth are

held constant, the same^ charact&izing genera with the same ecologic

role in the community will occur at di{ferent latitudes within the same

'Unless otherwise noted, the relationships discussed throughout this paper refer

to the sublittoral environment.

The Macoma ca lcarea  comnun i ty  -  A tc l i c  Seos.-]_
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zoogeographic province. Alternatively, differences in bottom type at

theiame latitude will be reflected by differences in the characterizing

genera of the bottom faunas.

Substrates and Feeding TYPes

Having established the good correlation between bottom type and

bottom fauna, it is now pertinent to consider some of the biological

consequences of substrate changes which transcend taxonomic bound-

aries. One of the more ecologically important attributes of an in-

vertebrate animal is the lvay in rvhich it feeds. Basicallv three feed-

ing types can be recognized: suspension feeders, deposit feeders, and
carnivores (Hunt, 1925, pp. 567J68). Suspension feeders feed on
microorganisms and/or organic detritus suspended in water, whereas
deposit feeders feed on the same material on or in sediments; carni-
vores feed on other animals.
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Fig. 3 Graph illustrating the relationship beilaeen tlrc proportion of suspension
feeders compilsing the bottom fauna antl the silt and clag content of the sub-
sttate. Data from Sarrders (1956, f95B).

A relationship between feeding type and sedimentary texture has
been recognizedby several investigators. For example, Davis (1925,
pp. 1a-15) reported an association betrveen the abundance of deposit
feeders relative to suspension feeders and the texture of the sediment.
Deposit feeders were most numerolls in the finest-textured sediment;
suspension feeders predominated in the coarsest sediment. This same
correlation is evident in Thorson's (1957, p.505) description of the
general characteristics of the Llacoma communities: ". increasing
amounts of silt or mud will lead to d<,rminance of the deposit feeders
Ma.coma and Arenicolo, increasing amounts of sand to dominance of

the suspension feedcr Card,ium." 
-Sanders 

(1956, 1958) has quantified
this relationship in Long Island Sound, Nelv York, and Buzzards Bay,

Massachusetts. His data are graphically illustrated in Figures 2 and 3.

It is readily apparent ( Figure 2) that the proportion of deposit feeders
comprising the fauna increases as the sediment's silt and clay content

.  I N F A U N A ,  B U Z Z A R D S  B A Y ,  M A S S A C H U S E T T S

o  I N F A U N A  A N D  E P I F A U N A ,  L O N G  I S L A N D  S o U N D ,
NEW YORK

increases; the opposite relationship is evident (Figure 3) with respect
to suspension feeders. The question now arises as to r.vhether these
correlations indicate a causal relationship or are mercly an expression
of some higher-order factor controlring both the sediment's iilt and
clal', content- and the proportion of deposit and suspension feeders in
the bottom fauna.

It is generally true that within any given depositional environment,
fine-grai'ed sediments contain mo.J o.ganiJ matter than coarse-
grained deposits (Trask, 1955, pp. 4$434). This is evident, for ex-
ample, in Figure 4 which illustrates the close parallelism between the
organic carbon and silt and clay content of marine sediments off Accra,
Ghana. These relationships result at reast in part from the fact that
the fineh' pirrticulate organic matter in sea water can settle out of
suspension only in areas attended by relatively lorv current velocities.
\\/eak current.s, of course> al.so favor. the deposition of silt- and clay_
sized particles a'd, in 

.addition, prevent ripid removal of o.g"rri"
detritus fo''ed at a'd belorv the iediment-water interface. Deposit
feeders by -defiuitio". f:"* on bottom deposits of nonliving organic
detritus ancl on associated microorganisnrJ. co'sequentty i? is to be
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anticipated that the proportion of deposit feeders comprising the
bottom fauna will increase as the organic content of the substrate

increases. Because the organic content of the sediment also is highly

correlated'ivith the amount of silt and clay present, it follows that there
will be a good correlation between the percentage of deposit feeders

comprising the bottom fauna and the silt and clay content of the
sediment. In brief, it is the organic content of the sediment and not
the silt and clay content that is causally related to the proportion of
deposit feeders in the bottom fauna.

In contrast to deposit feeders, the organic content of the sediment
is of no direct consequence to suspension feeders, for by deffnition
suspension feeders feed on microorganisms and organic detritus sus-
pended in the surrounding water; it is rather the amount of food in
the surrounding rvater rvhich is of primary importance to suspension
feeders.

. lvlost suspension feeclers filter about 15 I. of wirter for each millilitre of
oxygen taken up. At this feeding late the energy requirements for main-
tenance are covered if the available food in the water amounts to about
0.05 nrg./I., whereas 0.15-0.20 mg./1. are needed to secure optirnal growth.
. . It cpperrs that drrring pirrts of the year these amotrnts of organic
matter are contained in the phytoplankton, at least in coastal rvaters where
all suspension feeder-s so farlnvestigated live. During part of the year the
amounls of phytoplankton may be 10-20 times the arnounts required for
optimnl growth, 6r et'en mo.". When production is lorv, horvever, the
amounts bf phytoplankton may be too small to provide food enough even
for maintenince. 

^ 
During such periods [organic] detlitus may be- of im-

Dortance as a food source. In-absolute amounts the detritus often ex--ceeds 
the phytoplankton. . The food value of the detritus is not known'

Thnt it 
"un 

b" uiilized as food appears from the fact that suspension- feeders
are also found livins below the 6hotosvnthetic zone, which eitends from the
surface to a depth"of at most ?OO -. At greater depth, detritus is prac-
tically the only-food source of the filter feeders.2 - The bacteria suspendecl
in th6 rvater ai'e probably too scarce to be of significance a-s food' Sus-
pension feeders iiuing it great depths in tlrJocelns, lvhere the average
iontent of particulat8 d"tilt,-,t is ibout 25 mg./|., mrrst be able to filter

some 100 l. of rvater or more for each -ifriiittl" of oxygen consumed
(Jlrgensen, 1955, pp. 440,445).

Considering these facts from a population point of view, it is evi-

dent that rate" of water renewal is of prime importance in determinin$

the numbers of suspension feeders on a particulal substrate ' Larg,e

populations of suspJnsion feeders would rapidty deplete the utilizable

, As used in this paper, the term "fflter feeding" is synonymous with suspension

fee&ng.

organic matter in the surrounding water were it not for the currents
that constantly replace the filtered water with fresh sea water. other
factors being equal, the higher the current velocity, the greater the
amount of usable organic matt-er brought to the *rp"nr6r, feeders
per unit tim3 

3nd. 
consequently tlie-larger the susi;ension-feeding

compo-nent of the bottom fauna. Relatively high cu^rrent velocities
are, of course, inimical t_o th9 deposition of large quantities of silt-
and cTay-sized particles; therefore large nun-rbe.r of trirp"rrsion feeders
rvill be found on sediment substrates having a low sili and clay con-
tent. Alternatively, relatively- low current verocities favor the depo-
sition of silt and clay; hence ferv suspension feeders will be found on
relatively fine-grained substrates. These relationships explain the
negative correlation evident in Figure 3.3

Clays and Deposit Feeders

It u'ill be noted in Figure 2 that there is considerable spread be-
tween the Buzzards Bay and Long Island Sound samples, suggesting
that perhaps the silt and clay conient of the sediment is not? ade-
quate index of the abundance of deposit feeders in the bottom fauna.
This discrep-ancy is made more apiarent in Figure 5, u,hich shows

ll:,obr",r,u"d,range 
and weight"d^ *""r, abundinces of the deposit

teeders lr/ucula proxima, a protobranchiate pelecypod, and, Neplifuls
incisa, a polychaete worm, for Buzzards Bay' and'iong Isrand Sourrd.
The 

-weighted mean abundance of Nucula in Buzzard! Bay occurs ata value of 8Lg6% silt and.clay;.in Long Island Sound th" Jorr"rporrd_ing statistic is 57.47%._ Th.s trrere is "approximately 
a 24% ditrlrenceb-etween the wei-ghted mean 

"b.,rdorr"i'nf 
Nucuri in Buzzards Bay

1;;mnared. lo .Long Island Souncl. Similarly, an approxim at:e 36%ortterence exists betrveen the weighted -""n abundurrj"i uf Netphthysrn these-hvo regions. Sanders ifSSal, .rri,rg 
" 

clifferent method ofgraphical analysis, demonstrated that ihi, difi"r"rrce in distributionarpattern was reduced considerably by protting the numerical abun-
!a1c-e of these trvo species against ciali pe.centage. This is evidentin Figure 6, rvhere tf" aig"r"x""r-t"-rJ"t"shted mean abundances be-tween Buzzards Bay and Long *iuft s"ira sampres for Nucura and.

^P,t- """,t,:, 
it could be arg.ed that the observed correration.s betrveen silt and

:11: i:g 
feeding tvpe.resii from ra-al J""i-" of the subsrrate. This is the

""1\':..t1' 
example, for the polychaete Ophelia bicornis (Wilson, 1952). From an'vurutronary point of view, however, ii seems iit"ty itot,;"i-h;i ."t"",r.,rny'vould develop as a consequence of or concomitantly with the substrate relation_ttuPs noted foi the adults.
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Ne,tht"hys have been reduced to 7% and 0.8%, respectively- The

strongly"skewed character of the weiglited mean abundances of Nucula

a"d, irllphthys in Buzzards Bay as compared to Long Island Sound

(Figure 6) is due to the fact that samples taken in Buzzards Bay did

not"have a clay content above 20%, whereas Long Island-Sound sam-

ples did (Saniers, 1956, p. 355; 1958, p.2a7). This i l lustrates the

important point that the ecology or_paleoecology of an-organism, even

wilh r"sp"ct to one variable, can seldom be ascertained from studying

a single*area or a single sedimentary unit, br,rt rather must be pieced

togetler from the data available from several such areas or units.

ih" dutu presented in Figures 5 and 6 suggest that the clay content
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,cross4a,nprutnriing the ueightecl maanotttuttlance as below. Data from Sanders (1956, fbSS).
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Fig. 5 Obserxed range and ueighted mean abundance of two depos-it feeding

species in Buzzards Bay, Massacltitsetts anrl Long Isind Sound' nucw lork' The

oertical lines inil.icate the obsert:,cd range of ,"rn-t1t""it *ith'respcct to silt and

clatl. The means are also erpressed 
"uith' '"spe"t to silt and 'loy to that the

raie nun lter of indiaiduals occgr aboae the cross--bor representing the ueighteil

mean abunilanc'e as beloo. Data from Sunders (1956, l95B)'
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of the substrate is a better index of the abundance of l'Jucula and

Nenhthqs than silt ^"1:;y'^ ti this relationship is true of deposit

feeders-in senerar, "r'i:;;i; 
i isss, p..2b6) beliJves, then the-spread

evident b"i.vecn th" ;;";;;iJ.tJso"^"a'u',i Bot'utdt Bay samples of

Figure 2 should b";;:";J considerablv 'bv 
plo::'"g^::t:""t""'

aqainst the number J a"i"tn feeders in'these-same samples'- This

his been done in F#t; i;il flt 
obvious that there has been a

considerable '"att"ti8i i"';";*t' The- rank correlation between the

oercentage of a"po'ii'f""J"t' "o"'titttting 
the bottom fauna and the

iluu 
"orrt"nt 

of the 
"ft'i*" 

u +0'Bl' u tilt'" that is significant at the

1% confiden"e l"vel' 
"iho'- 

Su"a""' contention is supported by the

*+'i.,1t1l,1l1;lation 
of clay-sized particles requires ;weakel;'urrents

than that of silts' il"t;i;i"";" g'ood cot'"lution between the abun-

dance of deposit f"J""-""a the iay content of the substrate may be

explained Uy n"tt-i"g thut *"uk"' ctrrrents not only efiect the depo-

sition of tu,g" qttu"ffi"' 
^cli 

"fuf 
ized material but also favor the set-

tlinq of turg" u'rrott"t''of-n""ty dispersed particulate organic matter'
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the deposited organic detritus serving as food for deposit feeders.

There is, however, an additional factor which ultimately may prove

as important or more important than organic detritus in explaining

the association between clays and deposit feeders.

The amount of dissolved organic matter in sea water ranges be-

tr,veen 2.2 and 4.6 mgll (Jlrgensen, 1955, p. 445)' Organic matter

in this form is unavailable to deposit feeders but can be made poten-

tially available through sorption on suspended sedimentary particles

(Whitehouse, 1955; Bader and Jeffrey, 1958; Bader, Hood, and Smith,

1960; Bader, Rae, and Smith, 1960; Smith and Bader, 1961)' The

for,rr mineral species which have been investigated show differential

uptake with respect to the naturally occurring organic compounds-

alpartic acid, alanine, glucose, sucrose> fructose, succinic acid, and

glycine (Bader, Rae, and Smith, 1960). With respect to these com-

po"nds montmorillonite has the greatest sorption capacity, Jollowed

itr otder by illite, kaolinite, and quartz (Bader, Rae, and Smith, 1960).

Thus the dissolved organic matter adsorbed and/or absorbed on clay

minerals prior to deposition is a potential source of food for deposit

feeders. Indeed, Bader, Rae, and Smith (1960) have found that bac-

teria, a link in the food chain of deposit feeders, and the deposit-

feeding shrimp Penaeus setif erus and Palaemonetes ptr'gio ate capable

of stripping organic compounds from clay minerals. The character-
istics of clay minerals (e.g., see Bader, Rae, and Smith, 1960, p.2I)
suggest that their sorption capacity is greater than that of other com-
monly occurring sedimentary minerals, and consequently clay minerals
will afiord deposit feeders a greater supply of adsorbed and/or ab-
sorbed food than nonclay minerals. This could be another reason for
the good correlation between abundance of deposit feeders and clay
content of the substrate. In this regard it is interesting to note that
the clay fraction of the Buzzards Bay"samples consisted freclominantly
of illite and chlorite, although montmorillonite, kaolinite, feldspar, and
quartz also were present (Sanders, 1958, p.246).

Decomposition of Organic Matter

, The relationships considered thus far suggest that the abundance of
oeposit feeders increases with increasing orqanic content of the sub-
strate, but this is not always the case. lq,t filt. Desert Island, Maine,
Bader (1954) observed a decrease in pelecypod density when the
sediment contained more than 37o organic matter. Bader (1954) as-
sumed that the organic matter in the substrate was the principal food
source for all the pelecypod species which he examinei. Tfris is an
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erroneous assumption, as Sanders (1956' po' 402-403) has noted' be-

cause 10 of Bader's'fO p"f""ypod 'p""i"'' are suspension feeders'

With one exception, ho*"t'"t, the zuspension feeders comprise a

,r*"ri"olly sma^ll proportion oi thc pelecynod fauna of each sample

(Bader, 1e52). C"";""il;;ily the r6latio"it'ipt Bader-(1?54) ooted

for pelecypod cl"r-,riti i" ut"o 
"uia"nt 

for his deposit-feeding' lamel-

libranchs. This is evident in Figure g, where the number of deposit-

i"Jt"g'pa;yfoa', hke pelecypJd density' decreases as the substrate's

organii 
^conter.t 

increases beyond 3Zo'
"^E;;t 

(1954) ,"t'o""d ihat thls decrease in pelecypod densitv

-;it;;" th" ,"r;.,It of accumulation of toxic decomposition products

and,/or depletion in available oxygen-by bacterial activity' The prob-

ability of this occurring increases"*ith "du"ttcilg 
ttu-g^",t.?f decomposi-

,a^'i.ili;"iorrU"ifg equal' Therefore Bader (1954) computed a

coe{ficient r'vhich 'uo' oi'o-ucl to reflect the amount of decomposition

in cach of the substrates sampled' Comparing his samples. with re-

spect to their decomfosition iefficient 3"3 f'9t""yf.od density' Bader

iG; j .h*rved thal the samples could be divided readily into two

iru,,pr,  one having high peletypod,densit ies and low decomposit ion

i",'gi"t"ta, and th"e othcr showing the opposite relationship' This is

=

4 0 0  
[

I
3ool

,O'J

1 0 0

0

Fig. B Graph illustrating the -curailinear ,relationship 
betueen the rw'mber of

cleposit f eed'ing pnLn'ypo7t' and' the organic- *otii''[o"tn"t of tl"te substratu in

the marine nnui,,ono'nn'LJ""i't''" 
"i""1i 

nlond'"iuoiu' Noin the decrease in

rulmbers of ileposit lunini'' "'- 
't'" 

"Uu*'n'' 
o'/ono"-^atter content exceeils 3

per cent. Data ftom Bader (1952)'
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lig. S Comparison betoeen the numbcr of deposit feeding pelecypoils and, the
dccomposition coefficient of samples collected in ti.re ma"rine eriaironments of
L[t. Desert Island, Maine. Note that tao clusters of points are in eoid,ence,
the separation betoeen the--clusters occu,ing at a decomposition coeffcient of
1.0. Data frcm Bad,er (1952)

also demonstrable with regard to the deposit-feeding lamellibranchs
(Figure 9). The break bJtween the two groups o"irc at a decom-
position coeficient of 1.0, the higher coeftcieits indicating a more
advanced stage_ of decomposition. A comparison of the orginic mat_

51,.:1"a"", 
and deposit-feeder densiry of ihe samples witfa decom_

p'sition coefficient less than r.0 revears a Iinear tiend, the rank cor-
relation of f0.65 being signiffcant at the L% confidence level (Figure

::L^ll" 
datl 

llSSesit then rhar the depletion in avaitable oxygen
ano/or accumulation of toxic decomposition products ]imit thc clistri-

lr:tru :l -Ueposit-feedin*g petecypodl lr, 
- 
r"ai-"rrts containing moret l ran i 'zo organic matter (Bader, fg54).

U.,t::^39"ic..matter 
in sediments is, of course, profoundly modified

;i |""t^,:."_rysitional ?rocesses, and thus the original org"ri" content

;":^:"_ir:-."_lt 
is. seldom, if ever, _preserved in the geo"logic record.

;;;:.::i-.]:l"l,"nce. 
of srage of decomposirion in liriiting"the abun_

i;';.;: T^1:r:, 
gep3sit feeders musr be ascertained in ariother way.rr rrils Deen sugqested previousry that the cray and organic mattercontent of the iirbstratJ are croiely 

"or."lut"a. 
Indeed, in Bader's

lamples^a curvilinear rerationship i"r"rir-regardress of whether theoeposit-feeding pelecypod poprrLtiorrs ur" compared with organic
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matter (Figure 8) or clay content (Figure 11)'n The elimination of

samples having 
" 

d"";tl"';; """n"%it 
greater than 1'0 from the

clav comparison (Figure 12) does not resuliin as good a correlation

as it did previously i; ' ; ' , ;J-P"re Figures t0 and 12)' The inferior

correlation is due fo'git to three lamptls 
which contain a relatively

low number of d"po'-it-ieeding-pelecypods ;;J 
" 

high percentage of

clay-sized particles' One of 
'th-ese 

samples also has a" anomalous

poiition in Figure 10 in that it contains-4% otganic matter-and only

72 deposit-feeding p"f""yp"a- These three samples are thus char-

acteriied by u d""o"i;Jtit;;""""fficient less than l'0 ' a clay content

sreater than 50%, Jffi;;*ti;q"l pourrtutiott of less than 150

individuals. r. "u.,"il"'h;;:;il;J 
ir.liiir'" r"ir' lruy :?"::l:ji

these sampl", 
"o*pJ'.'"'"iJtti"t 

tf-t"ir relatively low stage of organrc

decompositio' i" ri'iffi"the abttnda"""-oi'd"posit fJeders-' Sedi-

ments *itt, u htgh ;i;;?r,*rr, t uu" rerativerv p^oor interstitial circu-

lation; consequentl;'l ;;il ;**-"r d""J-potition within these

sediments probably ;;Lfi;;ce..the.tum" disr"e of toxicity as a

more advanced stage of decomposition in sedi*#ts with fewer clay-

"il*,;l'"rfi :T::"'lxx j'Ttf '.Fdildl"%'"^Ti'T"'"T'"'Ti$?F""tJl:
-i""a uy B:d!, i1e5'z)';;h';' bo'h 'rr'-*:*l**;l nlff,'tlffit:l:
t"tit",t.i, of the term clay with respect to Ba

smaller than 0'0312 mm'
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sized particles and hence better interstitial circulation. In this re-

sard ii is interesting to note that among the three anomalous samples

ireviously mentioned, the sample having the greatest number of de-

iosit feeders also has the highest decomposition coefficient but the

iouest claY concentration.

It is apparent that the clay content of sedimentary rocks may prove

useful in evaluating the importance of organic decomposition in limit-

ing the distribution and abundance of fossil deposit feeders. A curvi-

linear relationship similar to that illustrated in Figure 11 would sug-

gest that bacterial depletion of available oxygen and/or accumulation

6f toxic decomposition products ultimately limited the abundance of

the fossil deposit feeders. Samples having few deposit feeders and

an intermediate clay content (e.g., the samples in Figure 11 with less

than 10 deposit feeders and clay concentrations approximating 4B%)

can be assumed to have experienced a relatively advanced stage of

organic decomposition.

Substrate Mobility

It generally has been recognized that sand substrates support rela-
tively sparse animal populations (e.g., Allee et al., 1950, p. l6t; Yonge,
1949, p. 2I4). This relationship has been quantified for the shore

-

1 0 0

3 0  4 0  5 0  6 0
P T R C € N T  C I . A Y

1 0 02 0

I'::^!: .":uOh illustrating the curailinear relatiorchip betueen the number ofueposit 
feeding pelecypodi and the amnunt of clay-sized, material in the Recent

"turtne sediments of Mt. Desert Islnncl, Maine (bompare u;ith Fig. S). Data
trom Bader (1959).
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3 0  1 0  5 0  6 0
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Fig. 12 Craph showing the relationship betueen the number of deposit fceding
pelecypods and the arltount of clay-sized material in samples haoing a decom-
position coefficient less than 1.0, Mt. Dcscrt Lslund, trIaine. Note that the
samylles contaitting more thon 50 per ccnt clag-,sizetl mtterial haoe relatioel7 few
deposit feeders (compare uith Fig. 10). Data frcrn Bader (1952).

fauna of western Lake Erie by Krecker and Lancaster ( 1933 ), who
have noted that the number of individuals and number of species per
square yard is least on a sand bottom (Figure 13). But why should
sand substrates support less animal life than, for example, clay sub-
strates (Figure 13)? It is true that the sand bottom fauna will con-
sist largely of suspension feeders and the clay or mud bottom fauna
Iargely of deposit feeders, but why should there be fewer numbers of
suspension-f""ding individuals and species per unit area on a sand

bottom than deposit-feeding individuals and species on a mud bot-
tom? The answer al)pears to be that sands, in contrast to muds, are

usually characterized by a shifting bottom, and this substrate insta-

bility or mobility is an environmental attribute to which relatively few

benthonic organisms have been able to adapt themselves,
An extreme example of the ecological conseqlrences of substrate

mobility is evident on the oolite shoals of the Great Bnhama Bank'

These shoals are of complex origin (Purdy, l96t), but their charac-

teristics can be generalized in the form of the idealized profile shown

in Figure 14. Bathymetrically the oolite shoals are bordered on either

side 6y deeper water, the water on the sealvard or outer platfonn side

being deeper than that on the backward or shelf lagoon side. Durin$

flood tides the progressive decrease in water depth from the outer
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platforrn.toward the shoal results in a concomitant increase in current
velocity in-the 'same direction. During ebb tides tt 

" 
,u-o^.jotiorr-

s'ip is evide't for water moving onto tiie srroal from .h" ;;-;ii;g""".
In these respects the shoar is ana]ogous to a submerg"a rr,....i". uthwortthe rvidth of a stream, current vellocities U"irrg u"?"i"r.*,"J o]"*,"r".moves over the barrier. With reference to the la;"i"i"g fryJrog.upt i"provinces, ttie oorite shoar is crraracterized by ,;i;;i;;rty't;i, "";.r*,verocities' and these high current verocities, in turn, cause consider-able substrate mobirity' The oorite content of trre shoals usuat'exceeds g0%' This fact in itserf is indicative of ."toii'd'gr."J, ,"rr-strate mobility, since the_complete enclosure of nrrclei by ooliticlaminae necessitates co'siderabL dirlereniiar grui,, *ou"*ii,.- r*,"shifting 'ature of the oorite bottom, ho-"rr"a is arso indicated directry
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by the seemingly incessant rapid migration of small sand ripples and

the abundance of large para-ripples

The shallowest contiiually sttbmerged portions of the oolite shoal

are characterized'by 
" 

pu""ity of benthonic organisms (Table l and

Figure 14). t't"gu'"ffify'"rtrUil plants arJ absent' and the ex-

tremely few living i#'i"#ut"' fot"ti in the area consist entirely of

small, rapidly bnrrow;n!, -suspension-feeding 
pelecypods of the species

Tiaela aboconis. Tht""ih"'" regions of th1^shoal arc veritable sub-

;;;;" deserts. The depth of ivater overlying the shoal increases

torvarcl the shelf logoo"'1 nigure 14)' and 
"on""omitantly 

there is a

gradual decrease in substratJ mobility in the same direction' This
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Fig. 14 Rekttiae taxonomic abttndance of inaertebrate feeding t7pes on an

ldiatized, Bahami,an ootit""'itroi.'-'-Toro,no*i" diacrsitu is cxpressed as 4 per'

centuge of the lotal '" ' ' t 'J" 
" i  

1' l ' tnt and oni^) i- ' ' i " / j i '  i "" in Tahle 7'

The percentages of oolite nnd 'knlntol g'oi* o'o'io'eil on point-count analuses

ol thin sections. fn" i"r""lrr.g 

-'oi 
kttnrlot .smaller 

tlwn 7,/e mm. are biieil

;n sieoe analyses, U*t"i'" 
"'i''"i*l'n' 

dn'lgnotnd'' all aertical scales ertenil from

0 to 700 Per cent.
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rarr,r 1. Distribution of taxa, feeding types, and oolite

ideali:ed Bahamian oolite shoal*

Oolite Shoal
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on an

Outer
Platform

Outer Shelf
Platform Lagoon Shelf

Side Side Lagoon

Number of recognizecl plant and

animal spccies 16

Number of recognized Plant
species 5

Number of suspension feeding
invertebrate spccies 5

Number of deposit feeding
invcrtebrate specics 3

9 . 1

Numbcr of spccies of
bratc carnivores

Number of spccies of
brate herbiyores

Number of spccies of
brate scavengers

Number of invertebrate species
of unknorvn feeding habit

Per cent oolite (X)
Per cent skeletal grains (X)
Pcr  cont  q r l ins  (  rg  mm in

size (X)
Number of sedimerrt samplcs

point-countecl and sieved

inverte-

inverte-

inverte-
1

0
4 2 . 8
23.9

2 . 7

7

0

0
9 5 . 8

t . J

1 . 8

I

0

1 t
95 .4

r . o

2 . L

8

I

9 l

60 .  3
1 0 . 8

72.2

o

, 
o-The data presented in this table are based largely on seven dredge

hauls and 29 Fetersen grab samples taken on a.rd ailacent to the S. Cat
Cay-Sandy Cay oolite sh--oal on thl westem side of the Great Bahama Bank
(see Newell, Purdy, and Imbrie, 1g60, for the location of this area). This
rntormation has been supplemented by field observations in this and other
oolite areas on the Great-Bahama Bank.

t The starfish Oreaster reticulatus.
I The starftsh Oreastcr reticulatus anrl an unidentiffed soecies of the

gastropod gents Cantharus.
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increased substrate stability permits colonization of the bottom by a

more varied biota. t*# dJ !t"*ths.of the marine phanerogam

cumorlocea rnono'o'u'li;;P;;t "f;t:g 
*i!lt an occasional representa-

tive of the algal ."d;:;J"";;;'".p7nicilIu'' 
More rarely stands of

another marine pf'""J'!"-i Thalassia testuclir"um' occur' In addi-

tion to Tiaela tb""';;:?;;'t"t-"tt;q*:" fauna now incl.des the star-

frsr Orcaster retlaiatus' u" t-ia"rrtified sea anemonei and an unidenti-

fied worm. rft" f""ai"g'ft"iit;f iit: starfish in this area is unknown;'

the sea anemone t' ;;:;;;'"' urta the rvorm' judging from the in-

numerable faecal p"ti";;i;#";;-t:u sediment ivliich s.rrou'd each

worm motlnd, is a a"'p*ri1""??''-,No"".of these animals is abundant'

The outer pbtfo'J '"diment adjacent to the shoal is also charac-

terizecl by substrat"";;tii;;; "itnJ""q1;t-'e 
movement of grains on

the bottom is not as frequent or as rapid as on the shoal' This is

suq,gested by the t"Ltn'Jl""ft of pa'u-iipnles and the less frequent

n"-".'rr".'"" of small;i;;;';5 'rfprii' It also is suggested bv

the smaller p"'""ntoj" 
-of 

ooidt as comparcd to the oolite shoal de-

posits (Figrrre I+)""H"'"  the taxonornic diversi ty of the biota is

or"ater tlran tlrut ot thc oolite slrotrl ' Cymotlocea and to a lesser ex-

icnt Thrilassio u'" 
"guinli^"'t"J""t"t 

tlti algae prcsent include Hah-

mccla, Rhipoceyha#" il Conlolithon'. u' "nu"li as Penicillus' The

invertebrate f^""u ;;";til r*!"il' of pelc.'uods' the most ab'ndant

and cliagnostic fo'*' t"i'''g 
"th" 

"t'p"'ltiJ" 
feeding lamellibranch

clqalmeris on' 
"niin'- 

ifi" proportiion of suspension-feeding taxa

comprising the bottil fott"n iJ still large' although the relative taxo-

nomic importance "ruffi; 
i""a"" Itit'i']"'""'Jtl compared to that

*;[::"i:T 
i*::" sectiments acljacent to trre shoal are characterized

bv an even greate'"alg'"" of bottom *utlitny' as indicated by the

utr"r,"" of either ;;;t;;"t;-Il sancl rippl"'-a'.ttl the relative abun-

dance of grains 
"tii3' 

trt""'lt'*t, rhiiigh"t oolite content of the

shclf lagootr '"di-;;;t; "' 
ton''put"d to-the oirter platforrn deposits is

a reflectiot, or tr"tJ"i""i';; 
tn""J 

ti<lnl currenti on the bank are

stronger than ebb 
""'l'""t'' 

ancl co-nseqttently more ooids are trans-

oortecl bankr'vard f,.o?^;lt;it ;ite.of origin than seaward' The taxo-

'rromic 
diversity of the mlcrdy ootit" 

""ii-"tn 
tr g.""*,tIT that of

e i t h e r t h e o o l i t i c s a n c l d e p o s i t : o r ' t h e o o l i t " d e l o s i t s ( F i g r r r e l 4 ) '
In contrast to the oth"t t*o facies' tft" t'l"aJf oohie bottom is densely

covered by fhota"'l'"'- 
-Cy*'oaocea 

is relatively rare; ancl the algae

urhomas (1960) has made observal'":-t^t:.:ltt feecling habit of orenstu whici

i:gg"j;,ffi ;:.ffil*oiJlii **il"#* ; *i::i tlt' 
Presumabrv'ihe
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oresent inclucle Penicillus, Ilalimeda, Rhipocephalu's' and less com-

ilonty Acetabularia' The proportion of suspension fceding taxa com-

,r.ir i, ig the farrna is reducei considerably from that of the oolit ic sand

5f th""or,t", platform. Moreover, the suspension feeders present are

i"pr"r"rlt"d b'y sessile (e.g., sponges) as r'r'ell as v-agite forms' 
whereas

oiriv ungit" s'sp"nrion'f""edeis *:"r" pr"t"ttt i' the oolite and oolitic

,"Ja a""p"rtts. The number of taxa feeding orr plant material is in-

"t"^t"a 
iarg"ly due to the presence of such herbivores as Strombus

sisas, S. costatus, and S. rlanintts. The nurnber of deposit-feeding

F"i" 
'utto 

has increased sliglitly (Table 1)' The dense covcr of

Thalassia on the muddy oolite bottom seriously hampered efi-orts to

,o-pl" the fauna rvith either a Petersen grab-sampler or a dredge;

"orrJ"qrr"rrtly 
it seems likely that a considerable number of deposit-

i.,"ai.rg taxa escaped detection' For this reason the percentage of

deposii-feeding taxa inhabiting the muddy oolite bottom has been in-

"r.l,.r"d 
someri4rat in Figure 14 from the percentage given-in-Table 1.

The speculative nature of tnit percentage is shown by a dashed line'

The'ecological relationships evident on a Rahamian oolite shoal can

be generaliz;d in the form of the diagrarr, shown in Figure 15. In-

crea"sing bottorn current velocity results in increasing substrate mo-

bility, whlch in turn has three ecological consequences. First, any

organic matter producecl in situ is rapidly tvinnowed out of the sub-

strlate as decoilpositional and disintegrational processes reduce the

size of the organic particles to the point where they,can be trans-

ported. out of ih" 
"rliitotrment 

by bottom currents. The strength of

ih" botto* current itself prevents the deposition of organic detritus

originating in other environments. Consequently the substrate con-

tains a reLtively lorv percentage of organic matter' ( In this connec-

tion it is intereiting to note that Kornicker [1958, p. 211] found that

the oolite deposits ln the vicinity of Bimini (Bahamas), British West
Indies, contained the lou,est percentage of organic rnatter of any sedi-
ment types in the area. ) The same current velocities prevent the
accumulation of excessive amounts of mud (silt and clay)' The low
organic content of the substrate limits the number of deposit feeders
rvhich the environrnent can support. This is true rvith respect both
to the number of deposit-feeding individuals and the number of
cleposit-feeding taxa, the paucity of organic rnatter sinply ofiering less
ecologic opportunity for taxonomic exploitation.

Second, the shifting bottom effectively inhibits colonization of the
strbstrate by many forms of marine plants, the substrate being too
mobile for their attachment, This seriously limits the numerical and
taxonomic abundance of the herbivores comprising the bottom fauna
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B E N T H O S  D O M I N A T E D  B V A G I L E  S U S P E N S I O N

,'' ?T; i^i.P.'^i T I :',; - "
Fig, 15 Simltlified, d'iagram of the ecological consequences of increasing sab-

strute mobilit!.

and further contributes to the sediment's dearth of orga_nic matter'

i;;t;" general lack of organic matter in the substrate and the poorly

i"*i"f"a"nora on the sub"strate results in a bottom fauna character-

l""J 
"ti"ny 

Uy u ,"tutiue ub""da""e of suspension feeders and low

taxonomic diversity. Substrate mobility' hJt"'t'"'' also has a third

more direct consequence on the ecologic composition oi, tlt" bottom

fauna. Sessile suspension feeders 
"t"li 

n' spo"g"' would be rapidly

;;;"J o,'aio, b;'i;J;r thi{ting sedimeni; hince shifting bottoms

require mobile o,, -Ji itop"Ay'""ugile.suspensio". f":9"t: t"l-lT,tl

collonization. This requis'ite] of 
'courie' 

further limits the taxonomrc

ai"ori y of the bottoni fauna, so that the end product of the extreme

degree of substrate ;;;iltty shown by Bahairian oolite shoals is a

;il;t do-inut"d by vagiie suspension feeders and the carnivoreq

which feed on them'
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Fossil Oolite Faunas

Several instances of richly fossiliferous oolite have been noted in the

geologic record. For example, the Mississippian Salem Limestone

ind the Pennsylvanian Drum Limestone in the mid-continent region

of the United States and the Jurassic oolite formations of England all

contain taxonomically diverse fossil assemblages. The diversity of

these faunas contrasts markedly with the relatively few invertebrate

species found living on Bahamian oolite shoals. This seemingly in-

cinsistent relationship can be explained in terms of either the lack of

a precise definition of the term oolite or the imperfect nature of the

data on fossil oolite populations.
The indiscriminate use of the term oolite in geologic literature

makes any evaluation of fossil oolite faunas difficult. Seemingly all

that is necessary to designate a given lithologic unit as an oolitic for-

mation is the presence of ooids, regardless of quantity. For example,
the well-known Salem Limestone of Indiana has been frequently cited
as an oolite limestone, and yet as Pettijohn (1949, pp. 301-302 ) has
noted " . . . this designation is incorrect because ooliths form only a
small part of the whole rock." An accurate comparison, however, be-
tween Bahamian oolite faunas and their ancient analogues preslrp-
poses nearly identical quantities of oolite. This presupposition is
necessitated by the fact that considerable bottom agitation is a requi-
site condition for the formation of oolite ( Newell, Purdy, and Imbrie,
1960). Increasing bottom agitation not only results in the formation
of increasing amounts of oolite, other factors being equal, but also
increases substrate mobility, which as previously mentioned, reduces
the population density and taxonomic diversity of the bottom fauna.
Thin sections prepared from sediment samples collected on Bahamian
oolite shoals invariably contain more than 90% ooids. Consequently
the fauna of these shoals should be compared with that of limestones
containinq more than 90% ooids in thin sections. Lesser amounts of
oolite arJ indicative of a greater degree of substrate stability which
would allow colonization of the boltom by a greater number and
variety of organisms. This is true reqardless of whether the ooids
in these insta-nces are regardcd as auto"clrthonous or allochthonous or
both Thus, depending 

"on 
oolite content, many of the fossiliferous

oolites cited in the htlerature may reflect environmental conditions
more nearly analogous to the oolitic sands and muddy oolite of the
o;tfr-platform and shelf lagoon (Figure 14), respectively, than that
of Bahamian oolite shoals.

26r
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originated in areils outside the oolite environment. Some evidence

sup-porting this judgment is provided by the Pennsylvanian Dmm

Limestone. Sayre (1930, p.75), in reporting on the fauna of this

formation, states that "in the northern area of its outcrop the upper

one-half to two-thirds is oolitic and is like most of the oolitic lime-

stone of North Amcrica in that it contains a dwarfed tnolluscan fauna

Tasch (1957, p. 382) has noted that Sayre's drvarfed fauna

contains abundant juvcniles of the pelecypod lrluurlana bellistriota

and consequentlv believes that the so-called dwarfing of the Drum

fauna and of oolite faunas in general can be erplained best ". in

terms of selective bottom sorting toithout rccourse to duarfing'" The

so-called dwarfed faunas rvould thus represent :rccumulations of ju-

venile forms which have been selectively transportcd to and deposited

in the oolite environrnent.

The Interstitial Fauna

Thus far, attention has been directed toward the relationships be-

tween sediments and the benthonic macrofauna (the rnaclobenthos of

N4are, 1942). There ate, holvever, a Iarge number of smaller or-
ganisms (the meiobenthos and microbenthos of N{are, 1942) which
live on or in sedirnents. Many of the smaller species are ecologically
united by the fact that they inhabit water-filled spaces betrveen sedi-
ment particles and move around by sliding r'vithin this interstitial space
system (Weiser, 1959, p. 192). These characteristics distinguish the
interstitial fauna from other small animals which are not confined to
interstices and r,vhich move through the sediment by burrowing or
pushing aside grains (\Veiser, 1959, p. 192). "The distinction between
the trvo types is by no means sharp. Animals whicli in fine sand are
burrowers might in coal'se sand slide through interstitial spaces"
(Weiser ,  1959,  p.  192) ,

cradual filling of sediment interstices ca,ses a reduction i' the inter_
stitial Jarura's living space or Lebensraunr. Ideally this should result
rn a decrease in the number of species cor.rstituting the interstitial
fauna, if for no other reason than ihe physical irnpoisibility of large
interstitial species occupying small inteistices. Thii has proven to be
the case for bacteria in the Texas Laguna N{adre tidal flats rvhere
Oppenheimer (1960, pp. 25L-252, Fi;. 5) has demonstrated that
tlre interstices of sand contain a greater variety of bacteria types
than clay.

_ 
The large interstitinl spaces of sand or shell provide a Iiving space for

most types of bacteria and allorv free movemeni of organisms iry'motility

263
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Perhaps even more important-in explaining srrpposed.::"Y],"t""t

of richly fossiliferorrs oofite is the imperfect nature of the data on

oolite faunas. Faunal lists are generally given for an entire strati-

gt"fftr" unit such as a formation or, more iarely' a member.of a for-

mation; however a vertical section of such a stratigraphic urrit usually

varies to some extent in its lithology' In the case of oolite formations'

for 
"*ampl", 

thin beds of clay aid massive limestone are found fre-

q""",f iit".u"aa"a with the more common oolite units of the forma-

ti"" 11.g., see the data presented by Wilson' 1949' on the Lower

Coraliiai Rocks of the Yorkshire coast and Hackness Hills district of

e"jf-"a). Faunal lists from such formations, in g-eneral' are given

for"the e|ntire fornmtion, and there is no attempt' at least in the, litera-

ture, to present the faunal content of each lithologic entity within the

lurg", stratigraphic unit. Such faunal lists are of little value to

fut?o""otogy] u"a it seems probable that some of the supposed in-

i,"r."", of"iichly fossiliferois oolite are the result of this 
'Taunal

averaging."
rnJ dita presented for fossiliferous oolite units also fail to distin-

guislr betr,veJn trnnsported ancl in situ faunal elements' On Baham-

iam oolite shoals the probability of obtaining skeletal material in any

one grab sample i, ."th". smali and hence the thin sections prepared

f--" r.r"h sai.rlpI", contain more than 90% ooids' A dredge haul

acloss the same^ oolite shoals, howe\rer, yields a large number of in-

vertebrate skeletons representing a taxonomically diverse fauna'

With the exception of Tiaela abaconis none of the organisms repre-

sented by thesi calcareous skeletons is found living on the shoals. In

fact most of thc o.g;nirr". represented by skeletaf material are found

living in the oolitic"sands of ihe outer piatform, so that as successive

J*a!" hauls are taken from the outer^platform side of the shoal to-

,.'arcl-the shelf lagoon (Figure 14), the^proPorlioll of skeletons from

these organisms d"ecrcases." The general_lack of shelf lagoon skeletal

material"on the shoals results frol the fact that flood tidal currents

on the bank are stronger than ebb currents, producing a net move-

ment of sedime'ts ,"#^.a-ifr" ,lr"lf logoon. fU" denie covering of

Thalassia on the muddy oolite sedimenis of the shelf lagoon (Figure

ia; i. probubly 
"q";ily 

important in inhibiting transportati?: 
"1:Yl::

tal mat'erial tt* it 
" 

,h"lf logoon onto the shoals. The difference rn

J"ptr, t"t*een the oolite sho"al and the adjoining hydrographic prov-

inces (Figure 14) 
"-r"f."r 

it seem likely that -ot'i oi this exotic skele-

tal material is transltorted and deposited on the shoals during_ storms'

similar oolite d"poJts fr"r*ru*d i'n tt 
" 

geologic record *ould_ indeed

;;;t"lrly fossillt'erous,'b.,t .nost of thJ foss]l material rvo'ld have
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and density currents. Clays with p-articles of I p or less have very small

;;;;il;i'"o;;;' i""r"i^jirer'iv nt!*t+l ' rhe sm-all pore. spaces afford

itrt;;;""*'f*-o"iy .rt"",*iil"" qb"t of-bac'teria and the. migration,of the

bacteria and the ainri.i"""'"i'fJoi--und metabolic wastes are inhibited

(Oppenheimer, 1960, P' 251)'

lVieser ( 1959, p. f92 ) has suggested that a median diameter of

approximately 200 p is a critical'"grain size for most interstitial or-

Eanisms because it is ". . uro.t'i this grain size [that]^,the inter-

f;;J;;;ht[ 
"*ir, 

i" coarse*a,td ni" beg,inning to fill up with

il;;ttJ*i.; 
-ii; 

t", ,p"".'t"ted further that r'sands with a median

diameter of 120 p might Le the finest in rvhich interstitial life is pos-

,iUi" i"t any kind oof-o'go"i"rr" {Wieser' 1959'- p' 19?l'. It thus

seems that sediments hut'Ju critical particle size above which the de-

""f"p*"", 
of un int".riitial fauna tikes place and below which the

interstitial fauna is lr"ntty impoverished' There is' horvever' little

t;"; to believe th?t ,.'t't'uies r'vith a median diameter approxi-

ilG 200 p are always going to be as efiective a barrier in limiting

;-h;iltb"tion of i,rt"#itiui organisms as Weiser (1959) found

them to be in the b"""tt", of PugJt Sound' The important point' of

"".,.t", 
ft the size otitt" organis'is rvith-respect to the size,of the in-

terstices. Bacteria, for eximple, can live in much smaller inter-

stices than tttor" ,"q.,i,"d f'f i"-utodes and are almost certain to be

found in the int"rrti"", of iediments having a median diameter less

than 120 p. Larger interstitial organisms 
"require larger interstitial

sDaces. but the size of these interitices is deiermined not only by

it""t"irt-""* 

-;ton 
diameter but also by its gra-in tlo!"' sortin$'

skewness, and packing. Therefore it seems likei/ that different sedi-

ments *iit t u\r" difierznt critical median diameters for the same inter-

stitial organisms. N'{oreover, the same sediment probably. will have

different critical grain sizes for at least some of the interstitial species'

At first glance it seerns that these relationships are of little im-

portance to paleoecologv, since the probability of ireservation of such

knor,r,n irrterstitial f"n;R' o, 
""*utia"r. "opipoas, -oligoc)raetes' 

and

gastrotrichs is extremely -small' 
However' rJlatively little is known

about marine interstitiai faunas, and the available information is con-

cerned largely with marine beaches' It is thus conceivable that

some of the common mic'ofos'il' in the !"ologi" record were part of

the interstitiul fulr,,a. itti' 
"o''td 

be the"case] fot 
"*u-ple' .for 

some

of the smalle*p""i"' of Foraminif"tu o' O't'a"oda' In this tegatd'

it is interesting to note Pennack's ( 1950' p' a76) belief that some

minute ostracod d;;;; u'" '"gtttotl memb^ers of interstitial marine

beach faunas.
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The occurrence of microfossils in the interstitial fauna would par-
tially explain their distribution patterns. Increasing quantities of silt
and clay would effectively reduce the size of sedimentary interstices
and therefore ultimately would restrict the distribution of interstitial
microfossil populations to coarser-grained sediments. on the other
hand microfossils which were not 

-part 
of the interstitial fauna but

rvhich moved through the sediment substrate by burrowing or dis-
placing sediment particles would be relatively restricted to finer-
grained depositq the smaller and/or lighter grains being more readily
displaced than Iarger and/or heavier ones. For example, Kornicker
(1957) Jras reported some preliminary experiments whi& suggest that
ostracodes prefer to burrow in less dense sediment than ooliie, ooids
having a greater rveight-to-surface area ratio than most other similar
sized particles, Thus the critical texture of the substrate could con-
ceivably separate a microfossil population consisting largely of inter-
stitial sliders from one containing a large proportion of 

'b.,trolving

forms, just as it does with the small invertebraies which inrrabit the
beaches of Puget Sound (Weiser, 1g5g).

Permeability

The i.terstices of sediments are also ecologically important from
the standpoint of interstitial circulation. webi andHill^(1g58) have
forrnd tlrat the distribution of the lancelet Brrtnchiostomo nisericnse
in Lagos.Lagoon, Western Niqeria. is l imited by the permleabil ity
of the s.bstrate. The adult laircelets ^r" ,rrp"rrrion feiders whicir

1:f:)r"d 
only in relativelv undisturbecl sand.s containing less than

l5% silt or lesi than 25% sand smaller than 0.2 mm. (webi and I{il,
1958' ) Normally the lancelcts are completely buried and therefore
require,adequate interstitial circulation 1o replenish consumed oxy_
gen and remove waste products. Apparently the presence of more
tlran 1.5% silt or 25% finJ sand is ..,flici"rrt to reduci permeability to
the- point 'vhere interstitial circ'lation is inadequate to meet these
.e_cllogical demands, and hence B. nigericnsc is airsent (Webb, l95g;\Vebb ancl Hil l. 1958 ).

".j::*tt_".Teability' 
not only limits the rlistribution of burro,uving

;:,Tit.: 
dependent on interstitial circulation for oxygen replenish--

ill::li 
waste products removal (Webb, t95B), b"t aiso apfarentlv

"i'flit 
l,n:,l"-pltf to which they, wiil burrow. For example, Fratt ancl

;#"#^"]l 
(1956) have shown that the dcpth of burial of the pelccy_

l;;;j::t"",yt.'ia 
marccnaria is correlared rvitlr the permeability of the"qustrate' The average depth of buriar was fo.,ni to be greater for
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highly permeable sands than poorly pe^rmeable muds; moreover the

p""f""ypoar maintained a -o." rvell-delined burros, in the muds as

io."pui"d to the sands (Pratt and Campbell, 1956). The livelihood

of ihese organisms is dependent upon pumping water over gill

surfaces. In a sand rvith good interstitial circulation, M' mcrcenqriq

can maintain its vital pumping activities while completely covered

with sediment; in a rnud the poorer interstitial circulation requires that

the pelecypods maintain direct contact with the overlying water.mass.

fhus U. merccnaria compensates for the Pooler permeability of ffne-

grained sediments by living closer to the sediment-water interface and

iraintaining a more well-defined burrow (Pratt and campbell, 1958).

lr{orphology

Differences between substrate habitats are sometimes reflected by

differences in skeletal morphologV. A case in point is that described

by C.M. Yonge (1937) for two species of the gastropod genus

iporrhai,s. Aporrhais pes-pelecani and A. serresiana are burrowing

deposit fecders which have a similar mode of life ( Figure 16 ) on dif-

feint srrbstrates (Yonge, 1937). "A. Ttes-pelecani ' ' occurs on

comparatively firm bottoms of muddy gravel, but A' senesiana Is an

inhabitant oi ,oft". bottoms of fine m.d found in deeper water"

(Yonge, 1937, p. 699). Correlated with these differences in substrate

habitit are diffe.ences in skeletal rnorphologv. The shell of A'

serresfuna is characterized by a greatly expanded lip and a long'

narrow terrninal digitation; in contiast A' pcs-pelccanihrs a-heavier

shell rvith a consid"erably les"^ expanded Iip and a broad, bladelike

terminal digitation (Figure 16). The terminal,digitations of both

species ur"".tr"d as'aiis in burror'ving. The shor-t, bunt terminal

digitation of A. pes-Ttelecani is well iuited for pushing aside the

g.iu"l particles in its'mudcly gravel habitat, wheieas the elongated,

ioirrt"d te.*inal digitatio'r of .{. serresiana is equally rvell adapted to

trr.o*ing in soft in"d (Yonge, 1937, p. 699)' Apparently the ex-

panded lTp ur,.l lighter 
'shell- 

of A. selt'esiana function to prevent

th" orrirr.,ni from si'icing too far into the mud. These are adaptations

which are unnecesrury"fo, life on the firmer, muddy gravel substrate

of A. pes-pelecani'
Intraspecific as well as interspeciftc mo-rphologic attrib:t::":ii

sometim^es be related directly to substrate differences. Pratt (IVD'',/

and pratt and Campleil (fOiO; found that populations of Mercona.ria

mcrcenafia grew considerably faster, in- sand as compared to muo'

ifr" g-*tf, retarclation i. ihe mud-inhabiting individuals appears

Fig. 16 Slrcll norphology of Aporrhais_pes_pelecani and A. serresiana. Compare
the ctTtanded lip and elo-ngate, pointed'teriinar digitation o1 a. s"r."sior* rrirh
tlr lcss expandccl lip and brood, blarlerike terminar1igitation o1 a.-p"r-1r"i."orri.
TIrc_center diugrurn shous-thc position ol A. pes_pe'i.cani u:hen'buriid, ln lt,
muddy graxel substrate. The arrows show the d.irection oy lnhareni and er-
lruIerX 

. 
currents. Magnification of all three clrarings is y 1t1r. After Ionge( 1 9 3 7 ) .

Sediments as Substrates

A p o r r h a i s
p e s  -  p e l e c a n i s e r r e s L a n a

largely to result from interr'ptions in feecli'g and excessive expendi-
l"i:.t. gf -energl (P*!i and Campbell, 1956-). The mud_ir.,habiti.,g
individuals i'advertantly tak-e in laige quantities of s'spendea ,ltt urriclay, as well as food particles, thrJugfi their inhale;i;ri;;; Theacc'm.lation of silt and cJay within tf,e anirnal urtimatelj worrcl clog
lll:_t:_"d-t 

surfaces of the gills were it not for inorganic material

;:::..:r 
r.."f,1"t"4 from the animat,s food and expeltJd as pseudo_rduucs' rnrs p.ocess must result in an additionar expendiiure ofenergy, a reduction in actuar feeding time, and probably the ioss ofsome nutritive 

-particles incompretery"separated from thJ indigestibre
l.ij.:l 

expelled" (pratt and Cimpbllt, is56, p. i5). In M. &,ercen_
:.i: 

.rr," average exprlsion rate of pseudo_f.eces increases with the'."' itttcl ctay content of the substrate; consequentry it seems likery that
lli*l;: gl",yh rate of this perery'ni-i,,'.n,ai i, p,i,;;.iit-ii," ."_
;.'."t,":"*1o^0,*l,expenditure of energy ancl redJction in feeding'l"u accompatf irq the i'creasecl rate of. formatio' and e.xpursioiot Pszudo-faecei ( iratt an<l Campbeff, fgS6 frresumably this same reratioiship between sediment texture andgrowth rate can be appliecl to ,.,ri".rrion feeders other than pele-
,cDods. In these 

"ur"i,^of ."o.,*", ;:;;;;;;eces might not be formed,
lut th" additional expenditure or'""".jy necessary to keep ciriary
lllll"g surfaces uncro^gged 

"rd 
;h"';;;i"quent reduction of actuar

:eed-ing time should ."ririt i.r .-uil-ri"J rrrp"r,rion feeders inhaliting'reclominantly fine-grained substrates. This arsociation between size

T E R M I N A L I G I T A T I O N
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and texture should be evident in the fossil record as well as in Recent

environments.

Conclusions

Thus far the ecological relations betlveen sediments and organisms

huu" il""r, examinecl"with respect to either sands or muds' It is evi-

i"n,, t o*"lrer, that these sediments are part of a textural continuum

;;;;;ii;; Jro- r,rb,t'ates compose{ entirell,"t 
::",1'1"*^rg:t"' 

to

those foimed entirely of clay-sized lnaterial ' It rs t lrerelol 'e' aP-

nropriate to summari/e here thL ecological changes paralleling the tex-

iii|fi;;;;* this continuum, otf,er factors being equal.
--i" 

,^pi8fy sf.ift"ing sand d-eposits the jnvertebrate fauna is char-

acterized by low poiulation dJnsity-and ferv species' This is tme of

the microfauna as rvell as the macrofauna' The invertebrates present

;;;t;i;tlargely of s.t.p""sion feeders' the paucity,of deposit feeders

t"t"fa-g f?om th" d6arth of organic matier in the substrate' The

,frnf"g"""ure of the sand impoies-the additional ecological_require-

ment that the inverteb'ut"' p'i""t be vagile rather than sessile forms'

Sand deposits accumulatirg uncler lesi current-agitated conditions

are typified'Uy o gr"ui", d"gtJ" of substrate stability'- This stability is

ref lectedbythepresenceo"fgreaterquant i t iesofsi l t -andclay-sized
grains. The ma^"rof".t,'u utf, microfauna are characterized by an

increased number of species and grcater population -density' 
the latter

group being ,"pr"r"nttd mainly"by tlre^ interstitial fauna' The re-

duced current t"l;;i;t which favor the accurnulation of silt- and

"lq^rlr"a 
grains also allow the deposition of organic detritus; conse-

quently ttt" proporii"" 
"f 

deposit^ feeders comprising the fauna in-

creases. Suspension feeding,-irowever' remains ihe dominant feeding

type, and the suspension feiders present are sessile as well as vagile'

As the texture of the substrate becomes finer'' the proportioi of

suspension feeders 
"o-fti'i"g 

the fauna d""'eates a"d iottcomitantly

;hy;'#;";;-or d"porit feeders increases until finally the deposit

feeders are more ;"i;;r'il""-irr" ,"rf"nsion feeders. These rela'

tionships ,"rl.tt prii-'utify fto- two facti' First' the weaker botton

;;;;;;il 
"r*"t^ila'*t;ii 

.lr;-";"mulation of finer-grained deposits

transport t"r, ,,-r,p"ni"d food material over a given bottom area pet

unit time and therefore recluce the population density of suspension

feeders. (The i,l"JJt"Aitt*iatty of ttt" water also may decrease the

numbers of ,,trp"Jl;;";d*; p'resent') Second' the'same curr€nts

allor,v the deposition of increaied ̂ ttott"*-oi o'gut'i" detritus and

fine-grained particles with sorbecl orgtrnic rnatter uJd 
"ottt"qnently 

in'
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crease the population density of deposit feeders. The decreasinq
grain size of the substrate also results in a progressive impoverishment

of the interstitial fauna, principally because of the decrease in the size
of the interstices. Thus the microfauna is now represented largely
by burrowing deposit feeders and in this respect is similar to the
macrofauna.

In extremely fine-grained deposits the fauna is generally character-
ized by Iow population density and low taxonomic diversity. This
relrrtionship can be attributed mainly to poor interstitial circulation,
which results in the accumulation of toxic decomposition products
and/or depletion of available oxygen. Such substrates are usually
quite soft due to their high water content, so that most invertebrates
experience difficulty in moving across them. This may be an addi-
tional factor contributing to the general paucity of invertebrate life in
verv fine-grained deposits. The invertebrate fauna present consists
mainly of deposit feeders. This is true of the microfauna as well as
the macrofauna.

It is thus evident that both ends of the sand-to-mud textural con-
tinuum represent stress habitats for most invertebrates. consequently
it i.s not,surprising to find that the species occurring at either end of
the gradient are more restricted with respect to habitat than the
species occurring on substrates between these tlvo environmental
extremes (Davis, 1925, p. 14).

These considerations leave Iittle doubt of the ptrreoecological im-
portance of considering sediments as substrates.
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ABSTRACT

Ancient environments may be inierpreted, at least in part, from

primary structures in sedimentary rocks. Because such structures are

largely developed during deposition, they provide information on the

processes involved ancl on the general geologic and climatic setting.
Unfortunately, many sedimentary structures are poorly understood;
numerous data are required from the observation of modern sediments
and of controlled expeiirnents before positive conclusions can be drawn
concerning rock genesis.

Stratification and cross-stratification of 13 principal types are de-
scribed rvith reference to environments in which they are knor.vn to
have developed. Some of these structures are typical of more than
one environment; other structures ale represented by two or more
varieties in a single environment. Thus, information on natural com-
binations o, *r.oiiutions of structures is especially valuable for paleo-
ecological interpretation.

Publication authorized by the Director of the U. S. Geological Survey.
Examples of stlatiffcation and cross-stratification in sand illustrated in
this paper are restrictcd to those actually examined by the rvriter or
recorded in detail by some of his associirtes. In this connection, ac-
knorvleclgment is made to Messrs. J. C. Ilarms, D. G. LlacKenzie, and
D. C. ltlcCubbin, of Ohio Oil Research Laboratory, for the use of illus-
trations and for information on structures in point bar.s on the Rcd River,
near Shreveport, Louisiana, and to Mr. George \Ierk, of Aclams State
College, Alamosa, Colorado for data on structures in the Great Sand
Dunes, Colorado. In order to ffll certain gaps in the classiffcrrtion,
ho*'ever, some rcfcrences to moclern bccldi.g stiuctures as dcscribed in
the literature have been arlded.
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Introduction

The types of layering in a sedimentary rock are useful in the inter-
pretation of its deporitional environment. Both stratification and

iross-stratification re^flect ecological conditions at the time of deposi-

tion, and several related structures, such as mottling, contorted bed-

cling, and recumbent cross-strata included in this discussion, are mostly

penecontemporaneous or developed very soon after deposition' These

prirnary strirctures, therefore, have special value in environmental

interpretation and in this respect are more significant than most com-

positional and textural features normally developed prior to deposition.

During the past decade modern environments of sedimentation have

been deicribed in terms of their primary structures by a number of

geologists (Moore and Scruton, L957; McKee, 1957b; Van Straaten,

iSSSl. In the present study the problem of stratification analysis is

approached from the opposite directio,n. Bedding structures in sand

ui"' dir"rrrt"d according io type, based on shape, size, dip, and other

features that can be treated objectively; under each of these types are

described or listed the principal sedimentary environments _in 
which

the structure has been^recorded. Only those structures developed

in modern sediments for which ecological factors are known, or those

formed. in the experimental laboratory, are included' Many- other

examples will doubtless be added as more information is obtained.

Tw^elve principal types of layering in sand, together with struc-

tureless rutrd ot that without layers, constitute the categories recog-

nized in this treatment. Ultimately these may be fitted into a classi-

ffcation, but other major varieties probably will be recognized and

most of those listed wiil be divided 
-into 

disiinguishable subtypes. In

any event, the types discussed here are structuies that any field g-eolo-

giJt can readlll iecognize in .ancient rocks and can use, especially in

iheir association witf, other features, in the identification of deposi'

tional environments. Combinations of structures, rather than any one

structure, probably should be used wherever possible'

The discussion that follows is organized 
^to 

'ho* for each of the

13 categories of bedding structure t"he_eDvironment or environments

in whicir it is known to- occur. Included in this slrmmary, also, are

Juto o' types of stratification con-rmonly associated with those de'

scribed, infirmation on localities from which the structures have been

recorded, and data on probable causes of their development' Illustm-

tions have been select&l to show characteristics of the principal struc-

tural types referred to, and some of the modern environ^ments in wluch

these hive been recorded are indicated in Table 1'
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rarr-n 1. Some enoironments of deposition and. associated sedimen-
tury structures that hstse been obseroed and illustrated bq the uriter
(X: Modern deposits; O : Laboratory)

FIat, Horizontal Stratification

."]ltt Y.l" 
d strtrcture is one of the most abunclant in sedimentary

-"^:"t' It ranges from thin, even laminae to beds of considerabre thick-
;,.:t-t,""-ld.of 

diversity in- texture and composition. probably several"'6nrncant subtypes wilr urtimatery be recognized within ihis cate-
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gory; certainly it would be desirable to distinguish between laminated

iu.i"t i"t ( al cm) and bedded varieties ( 71 cm)'

A good illusiration of horizontal lamination is the widespread'

stratified. sand. distributed over floodplains on the uppel part of the

Colorado River Delta in Mexico and iom-ot ly associrrted with,ripple

lamination (Plate l, Figure I )' It also occurs on the floodplain of

Indian Creek in Lavenier Canyon, Utah (Plate 1, Tigy" 
2)' 

- 
Hori-

zontal stratification on "upPer delta front slopes" of the^Fraser' Missis-

,ipfi, Ori"oco, and Rhone Rivers is reported by Van Straaten ( 1959'

p."ZiS), but he does not state whether laminae or thicker strata are

involved.
Well-developed horizontal larrination is -preserved 

in remnants of

once-extensive'ra.rd units that are associated with trough cross-stratiff-

cation in point bars of the Red River in Louisiana' according to J' C'

Harms, of G. uacrenzie, and D. c. McCubbin (1963, p. 57U577).-- 
i.r.priringl1,, sniform, horizontal laminae also occur in wind-formed

interdune ieposits within the sand seas of Libya in-Africa (Plate 1'

Figure 3). These structures are in areas between the long crests of

tr"gn"ait^f or seif clrrnes and ap1>arently form from t1n-9^.gt"tnt

b"iig ,oo.,"d along essentially- ho-rizo-n1al surfaces' Bore holes indi-

cate that the sand body is hundreds of feet deep and extends for many

tens of miles.
I n te r t i da l l am ina teds i l t andsand , i nwh ichs t ra taa re f l a t Jy ing '

have been described and illustrated from the wash in England (Kin-

dle, 1930, p' 10, fig.4); and also in the horizontally bedded sand from

top-5", beh, b"loi" tire level of mean lorv tide on the delta of the

Fr-lr". River in British Columbia (Johnston, 1922' p' f21 )'

Flat beds are common on ths tidal flats at Cholla Bay, Sonora'

Mexico, but these are not laminated' They cgnlist of alternating

layers of coquina and quartz sand, each of which is one or more

inches thick (Plate 1, Figure 4)' Lower tidal flats on the Wadden

S"", 
"tp""l"fly 

in char'tn"t"ba"k', behind coastal barriers' and in estu-

aries are referred to if.it type of bedding by Van Straaten (1959' p'

212). He attribr.rtes the structure to strJng variations in competenc/

of tidal currents. hi both Cholla Bay and the Wadden Sea tidal areas'

small lateral continuity is a characteristic of the bedding. In the

latter area it is associated with .ippl" lu*i.ation and with iay pebble

beds.
Environments, other than those just described' from rvhich hori'

zontal-type stratification has been ieported are hypersaline. lagoons

and low-salinity lagoons (Van Straat"d tgsg' pp^' zti-Zt+)and shallow

marine waters rorr**Jittg deltas (Moo'" u"dbcruton' *SST'p'2733)'

Plut.c 7 Fig. 7--Hori:ontal stratification, associated uith ripple lamination, d,elta

l,n,\ .of Colorado Rioer, Sonora, Mexico. Fig. 2-Horizontol s.tratification,

f;ood.ploin of _Irttlion Creek, Laaeniler Canyon, (Jtah. Fig. 3-Horizontal strati-
Itca,t,ion., ttind dcposits in area betueen tbiy durnt near Sebha, Libya. Fig. 4-ttorizontal stratifcation consisting of coorse layers of corluina ond qttartz sind't;!rtl, 

luts,.Clrclla Bay, Sonora, {Icrico. Figs. S ard |l-Riplie s'tratification,
fl o o tI 1,1 u i n b o r tl t' r i n g C olo ratl o Riu c r, A r izona.

Figure 2Figure 1

Figure 3 Figure 4

Figure 5 Figure 6
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Many of these horizontal strata presumably .i:: l1i,1T:; 
others are

thic(er, but they apparently include clay and silt as rvell as sancr'

Ripple Stratification

Ripplestratificationisatypeofsmall-scalecross.stratiffcationform-
ing a complex pattern *ft""J many layers of ripple-marked sand are

plZr"tu"d'in sriperposition (McKle, 1939' p' 72)' Such structures

arc abundant in some depo'its formed by rivers and may occur in

Ithe, placcs where ripple rirarks develop' but because many such struc-

irrr", ippur"ntly are 
^riot 

pertat'ently pre.served in sand' caution must

b" .rred in attriLuting them to certain environments'

In interdistributar:y areas on the upper part of the Co-lorado River

Delta, where the paiallel-type ripple it c-om"to"]I f?y"l from 
-sheets

of water moving 
"",o,' 

ift" guti, ripple stratification is developed

1nf"," 1, Figure"l). In such areas it-is associated with the sloping

foreset beds"of local cones or small deltas that form planar cross-

bedding. Ripple stratification is also reported from the Rhone and

Mississippi niitut (Van Straaten' 1959, p' 213)'

Floodplains along the Colorado River where it has overfowed

," ;;;d ;;;t"f n"?a periods are composed over considerable areas

"f 
rrppi"r"-i.tit"d.uid 1rt"te 1, Fi^gures 5' 6) like that on the

delta. The parallef-typ" Iippf" it thi common variety involved

iU"r"", 193'8, p. soi.' otft"i-illustrations of ripple^stratification in

,\;il;;ffi'J; from the Klardlven in sweden (sundborg, 1956,

figr. 20,'49) where this structure occurs in transverse bars and in a

;:i;.;";ffi- ft;;-ilioi ""*' 
Bergedorf' Germanv (Illies' 1e4e'

table 2 ).-- 
Sirnilurly, ripple marks of the cusp type (crescentic-)l]l*"ol:t"tt to

th;; 
"r 

ir." puruua ,yp", 
"o-*6dy^ 

d"velop in stream deposits'

Laminae formed f."; J;h'tipft" -otlt are re&rded from point bars

of the Red River in Lorrisiana (Harms' MacKenzie' and McCubbin'

icl, p. 575) . These ,t*"tt""' are easily recognized in plan view where

not eroded, but are lik" "'ib-u"d-furrow" as d%scribed Uy:t"\"1 (1957'

p. fVZl when bev"led (Plate 2, Figure 1) and present a miniature

If"rtooi'pattern in cross section (Plate 2' Figure.2)' ^
Ripple stratification has also been statJd (Van Straaten' 1959)

to form in low salinity lagoons, the vegetatifnless lorver-'parts of

tidal flats, areas behind-bars, and ir 
".t,r"o?li'U"i 

fi ft not ilfustrated

from these places so there is uncertainty as to whether the markin$s

f"ttit, as lailination structures in all these environments'

Inorganic Sedimentary Structures

Trough Cross-Stratification (Including Festoon)

Scours filled with subsequent deposits are probably common in many
environments, yet relatively few actual modern examples are well
documented and illustrated in geological literature. Possible varia-
tions in form and pattern are numerous, depending on the shape
of the trough, the plunge of its axis, and the manner of fill (McKee
and Weir, 1953, p. 388). Thus, numerous subtypes of this kind of
cross-stratification will probably be recognized ultimately.

Stream deposits, as might be expected, include excellent examples
of scour-and-fill structures. Deposits from the lower Red River in
Louisiana contain numerous troughs which, rvhen cut normal to the
axis, are seen to be well rounded and are filled with sand in which the
structure roughly conforms to curvature of the scour (Plate 2, Figure
3). These troughs form a succession of structures, one cutting an-
otlrer in a festoon pattern (Harms, MacKenzie, and McCubbin, id.,
pp. 570J75). Somewhat similar structures (Plate 2, Figure 4) are
formed by stream currents in the experimental laborzrtory, where varia-
tion.s in the pattern of fill are produced by difierences in depth of
water and direction of current (McKee, L957a, p. 133).

One variety of trough cross-stratiffcation developed by stream ctrr-
rents in the laboratory consists of essentially horizontal laminae
fillin_g the trough, as seen in section normal to the axis (Ptate 2, Figure
5), but of parallel dipping strata as viewed in longitudinal section
(Plate 2, Figure 6). This structure apparently forms where the srrr-
face of the water is below the rim of the trough and the current de-
posits a succession of foresets down the channel. probably when
more information is available, the recognition of certain environments
will be possible through distinctive typei of scour-fills.

Backshore beaches commonly contain buried channels which are
roughly parallel to the beach crest or berm. Such channels are
typically irregular and the sand that fills them is deposited with
trregular structure (Plate 3, Figures 1, 2). Common also are such
unassorted materials as pieces of charcoal, shells, or debris, and, in
places, intraformational 

-conglomerate 
formed of weakly coherent,

laminated lumps of beach s"and, all of which 
"r" 

airt.jU.,,;1;;;
and there in the channel-fiIl.

Tidal flats on the coast of the North sea at wilhelmshaven, Ger-
hany, are described (Bucher, 1g38, pp. 73I_784, table 12) 

", "orr-taining abundant "channel cross-bedi^ing of the silty muds.,' Ap_

28r
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Figure 2

air- .1

Figure 3

Figure 5

phte 2 Figs. 7 and 2_RipTtIe stratification, (7) beaeled, surface of plan oioa'

flow direction, rigltt to t"tt','til cross-sectio'n' 1t'oug:h cross-struta aboae)' point

bar of Reil ntuer, rouisiolni ' '  in"i"j '"1'ttt tty o'^c'\Lcul'bin' Fig' 9-Trougn

cross-stratification, louer ir'a niunr,'roittisiana. zt-io!,"pt, btl 
,D. 

C,' Itlccrubbin'

Fig. 4-Trough cross-stratification, (Jrtiaersity 
-of 

A'izono Laboratory' Tttcson'

Fi,is. 5 ancl 6-Trougn'-"i""-""tncatton' (5). 
"i"tt-*it""' 

(6) lo'ngitudirwl

;"""";, J.s. cuologiroi suraey sedimentation Laborutory' Denaer'
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Figure 3

E 
tu4-/.-@_3 3tah
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Platc,3 
-Figs. 7 and 2-Trotrgh cross-stratifcation, parallel to strand, backshoreu(ucn, Loguno Beoch, California. Fig. B-Trough cross_strotifca.tion in anchored

;:;::^,,"t:r*red 
u'ith high angle uedge struitures, Cul Coart ncar Corpus

"'Jlt-'1,,; 
Lexas.. 

.Figs, 4, 5, anil 6-Low anglc, planar cross_stratffication, fore_".uore beach, (4) Mustang Island, Texas, (i) Oceanslcte, California, qOi Xap_tngamorangi Atoll, C aroline group,

- - -4 :

Figure 1

l - _ "6  ___  j Figure 4

Figure 5 Figure 6
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parently both small- and large-scale structures are d.everoped, but towhat extent these occur in sarid is not clear.

:^"t:11t1 
of trough cross-stratification has been observed in

*, " llt:. ::lctuL, 
Jhich f o,-, * 

-i,r"i"r"r- 
rJr,"""' ;;";,";t:::

i.::'"T* ::,1 "nul :i g] " *" d q:, "*..*",-, *; ; ;;,i;il to,*,,,
l:':*: ,9""1r-3""t"1"3 *i"1r "l i,""sl,
fans ( McKe e, IgSTb, p. 1730, table fZ ).

structure is in alluvial

Low-Angle ((12') simple [or] pla'ar cross-stratification
Low-angle simnre or pranar cross-stratificationl seems to be formed

l"tg,"lt 
rf,"'" topset deposits a""-r"f *ith sma' initiar dip, in con-trast to intermediate and high-angre cioss-str"r" lrr"i 

"."rtJa"r"rg"ry "tforeset beds. Beca'se low_i'g1"""r";;_;,;;;;;" ;u,"""".*rr,i',o, 
"".-tain environments, however, aid normally can be afr,*d"hd fromhorizontal strata without didiculty, *rffi considered 

" 
lirtirro ,yp".Foreshore beaches 

,ur"^ **por"d of low_angle simple o, pl"ou,cross-strata' The angre of dip is controted i., pi.t rrf iri" ,r"p"'of theshelf on which it forris and in p"tt bt th;iyp" or sediment of which itis composed. euartz sand beiche, Jt tt u Gulf Coast (pil;i;'i.tg*"
11. "t" -typically very Iow angre, v'hereas those of the paciffc coast(Plate 3, Figure 5) are somew"hat steeper; srrell beache, 

"o-,'o.rty.r"con.siderably steeper (?late 3, Figure o) 1il"f.", nilii,;. i?;i.Emergeni ofisliore bars or b#i"., ir*" ,"u*urd slopes which ac_tually are beaches superimposed on bars. The cross-strata of theseare low angle like those of ordinary f"""fr"r, as shown in a typicalsample at Bimini in the Bahamas (plate +, figrr" ii;;;.;;"rrou,ucommonly are associated with steeper dipping beds of the bar thatface shoreward' In the- experimeniar labiratory this combination ofstructures is shown to be characteristic of bars that are constantryfed sand from seaward as thougrr u/ r""gtrrore currents (H^?;'i,Figure 2).

- Most alluvial fans contain low_angle cross_stratification. It isformed, in-general, of-poorly sorted ,"j?r*", and commonly contain.smany gently dipping lenses and beds of graver. The crosslstr ata areextremety variable and littre similarrty exi-sts between them and, rong,even foreshore beach strata. stratification of a typical ru"lr, ,ortrr"-
'Planar cross-strata are differentiated from simple cross-strata according to thetype of lower bounding surface (McKee and lf'eir, fg53, p. SS5). In the planartype a surface of erosion is invorved; in the simple CJ"J"rl"rrt^ionai"corrtactonly.
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Figure I
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Libya is shown in Plate 4, Figure-3; oldil" near the Santa Catalina

Mountains of Arizona is shown"in Plate 4' Figure 4'

Tabular Planar Cross-Stratification of Intermediate Angle

(Generally 18o to 2Bo but Locally Less )

Cross-stratification in this category includes most varieties formed

as foresets of small d;; ;t 
"oo"]t 

u"d has been referred to in earlier

literature 
", 

"to.r",'tiui;" 
"tttU"ading-' -These 

structures consist of

sets of uniformly ddpt;g tlt"tu bounXed above and below by essen-

tially horizontal planis i"d cot'tmonly are formed by a sudden de-

;;;"';;;"-.'Jto"ity of sediment-tiansporting c.rrents where an

abrtrpt increase in rvater depth occurs'

Tabular planar *"r*""irncation is characteristic of delta deposits'

Cones of sedirnent 

-;;tt;G 
on the surface of the Colorado River

Delta during flood n*;Jt 
otl"t'"lop 

long' sloping foresets along their

fro't margin, 
", ""gil' 

"J!oJ 
o''itot" [er"t" 4'"Figtrre 5)' In a lab-

oratory delta tank ii*ilut structures are formed ith"t" an artificial

stream drops its l"Jil; a standing boclv of r'vater (Plate 4' Figure

6). The degree of aip o" the foreiets depends on the speed of the

current introducing ,ttJ- '"ii-""t and' to a iess extent' on the physical

properties o[ the sand'

Offshore b*r, 
"o*-only 

develop tabular planar cross+trata' as

illtrstrated ty u ai"""i"J-"u*pt" at^B;mini Istaitd (Plate 4' Figure 1)

and by laboratory 
"-p"J-"*i' 

In^these bar structures' unlike those

of deltas, the strat^'Jifi ,ir"r=*"ra for they are formed by advancing

waves carrying sand in that direction'

Structures of ,n-"-iu"e terraces formed out from the beach where

deposits of the t;;;;"d"u"rop a relatively.steep face have not

be-en recor,l"d f'o- direct o6servation' Laboratory experiments

clearly indicate, ho*"u"', that these structures consist of planar cross-

stratification ror-i"j't"u.ri* r"t, of seawarcr-cripping strata (Plate

tXilT:ttland 
plains, including-those formecl by sheet floods and

those r,y sr * t-, :l:"i:;'' ;i ;;"il {" :?:i;?if ;::U'n 
t",t ":'l;i

planar cross-stratif ication' An exampte

ihe wide ,"r,dy '',ffi""u' co* spil"qs in the Navajo Indian Reser-

vation in Arizona i, irr"*" in prat'e 5, 
"Figure 2. Local development

of planar-typ" 
"'""i"'" 

i' 
"luo 

itttt'ttlt"a in point-bar deposits

of fhe Klarhlven ni"t-t* Sweden 1s""aUotg' io5o' figt' 47' 49)'

Inorganic Sedimentary Structures

Figure 5 Figure 6

Platc 5 Fig. l-llanar cross-strata of intermediate angle, shore f ace terrace

\lo*:r, Icft), U.S. Ccological Suraey Scdimentation Laboratory, Denaer. Fig.
2-Tabular, yltnar cross-slrailfication of intermetli,ate angle, sand, plain deaelopid
oy 

.shcet floods, Cow Springs on Naaaio Inclian Reseraation, Arizona. Figs 3
an.u 

-4-IIigh angle, wedge-planar, cross-stratification, (3) section near base of
utnduard slope, (4) scction across horn, barchan d.une, near Leupp, Arizona.
t ig' 

.S.-Intruf ormational recuntbent fold sftuctures, point bar clepositi,'Red. Riaer,
Loltisiana. Photo bg D. C, L,tacKenzie. Fig. 6-Recumbent fold structures,
' -vlal)cd 

_tVPe f rom sudden lnoDenrent, U-shaped type from slower mooetnent,
u s. Gcological Suraey Sedimentation Laboratorg, Dcnaer.

Figure 2

Figure 4

Figure 5
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High-Angl e (24to 34" ) Wedge-Planar Cross-Stratification

Structures of this type, on a large scale with individual cross-strata

extending 30 to 60 {eJt or more' are especially characteristic of dune

deposits as shown itt '"Jo"' of bu'"hu" dunes near Leupp' Arizona

iii*'s, rti.r.", a, +i, 
""a--f'y 

f"ngitudinal (seif ) dunes examined by

the writer in r.,,e Fezzlan;i-L$y". 
"The ,t"ep bedding planes, forming

;;;g;;.; *iih underlying 'u'fn"-*'' '"p'"'"it the "slip faces" or lee

sides of the dunes; ,i"'i"*-""gle planes that bound each wedge or

set commonly u." fo""lJ 
"t 

*i""a*itd slopes of erosion' Illustrations

of dunes at Seyistan i" p"ttiu also show ihese characteristic features

(Huntington, 1907, Pl' 38)'

The wedge-ptu"u' 
'ffi 

of cross-stratification is not restricted to

eolian deposits. with';;J;rately high angles (up to about 2Bo)'

this type has been ;;;i"p"d # th"" l"boitotv ai the product of

compound d"lt" d"o"lop*""t rvhere one set of ioresets overlaps an-

other. Likewise, * ;;;;;; observed on the Colorado River Delta

where the foresets of some overlapping cones ( arthough not as long

u, rnu"y dune slopes ) have lengths of 25 to 35 feet'

Graded Bedding

This structure is generally attributed -to 
the environment of turbidity

currents (Kuenen u"a-fnligltotin|- 1950) where it is common' but it

may occur elsewhere. It is-formed by settling from suspension' as well

as from decreasing competence of current' ?olcanic Jruptions' sand-

storms, and wave turbuience are suggested as methods probably also

responsible for graded bedding- t f:"ry1 and Menard ' lg{2' pp' 91' 94 ) '

It fias been noted in salt marshes by Va., Struaten ( 1959' p'-ZtZ1 and

lorrUtf"tt develops also in a number of other environments'

Because most turbidities have apparently j"lT"t 'in 
the sea at

relatively g."ut d"pth',-'u-pl"' of -o'd"t" graded bedding are known

chiefly from cores &;"^.il";;;;dilv;1e42; 
and miny others)'

rhose deposits 
"" 

,:;;;;;; ;;;; ';;#u'i"" 
"u"y9n 

floors' called

"discontinuous sediments" by Gorslin" 
"ttJ 

n-"ty (1959' 
9' 

Z!f,)' frof-

ably are typical. Thev are interpreteJ lf 
ti't;" t:.t:ql'-:' t" O"

thgresu l to f . .geo log ica l l y ins tan taneousd lpos i t iono fcoar .ser than
usual sedim"r,t," ;bj';;: ;;t;;il"4- "' "oitui"ing' 

in addition to

graded beds, lamina^tJd 'u"d' 
"o"to'ted 

beds' and some gravel'

Many data on ti;;";";t in which sediment becomes graded by

turbidity currents t"d o" the mechani'*' l"uolt'"d have beei obtained
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experimentally by Kuenen and Migliorini (1950) and by Kuenen and

Minard (1952). Results of experimental work on high-density cur-

rents and some distinctions between the deposits formed by them and

those by other agents of transport are discussed by Kuenen (f95f).

Recumbent Fold Structures

Dipping cross-strata within a set may be overturned or folded in

,"q.r6n"" to form a series of U's or V's lying 9n their sides; such

strirctures are especially characteristic of the tabular planar type of

crossbedding. Although not a part of the original depositional pat-

tern, these folds evidently form soon after deposition and before over-

lying sediments are laid down, because strata above and below are

unaifected by the folding. Thus the structures must be considered

intraformational and are characteristic of the environment in certain

depositional areas.
intraformational recumbent folds have been observed in point-bar

sand deposits of the Red River in Louisiana (Plate 5, Figure 5), where

they occurred within the uppermost layer among planar cross-strata
of intermediate dip (Harms, MacKenzie, and McCubbin, id., p.577).
Other examples are from flood deposits of the Colorado River in Ari-
zona (Plate 6, Figures 2,3,4). Furthermore, they have been formed
in the experimental laboratory of the U. S. Geological Survey at Den-
ver, Colorado, where surface accumulations of sand are pushed for-
ward by a sudden rush of water across the surface of a submerged
set of foreset beds (Plate 5, Figure 6; Plate 6, Figure 1). The hy-
draulic force rvas introduced to simulate conditions of a flash flood.

Convolute Bedding

Convolute or crinkled bedding consists of a series of rounded anti-
clinal folds, with or without b"eveled crests, that are overlain and.
underlain by undisturbed beds of mud. Its origin is not fully under-
stood (Kuenen and Menard, 1952, p. gl; Kuenen, 1g52, p.3l), but it
is, commonly associated with rocks having graded bedding, a.rd in s.,"h
places is considered to be related to an en'iironment of tu"rbidity flows.

S::tll* bedding in sands of a tidal delta at San Miguel iugoor,,
Baja California illustrated by Stewart (1956, fig.2), is asiociated with
flatsand laminae and with contorted bedding fstewart, pp. 153-154).
Additional data concerning its distribution in modern sediments wourd
oe useful.
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plate 6 Fig. 7-Recumbent fokl structure fonnecl by streum in tanks, U 's' ceological

Suraey Sedimentation LaLoratory, Denaet' - 
Figs' 2 and S-Recumbent fold

structures, flood' plain i"1',orrt, 
"i1 Colo'o'lo,iir;er, Arizona' Fig; 4-Thrust

faults associated' u;ith ,r"rkbnnt folcling, flood plain^deposits. 
"l ":b':.!:^YS'Arizona. 

Fig. |-Cotttortcd bed.ding, slip fuccs of cross-strata in, dune sanu'
-Croot 

sona'Dunrr, l7,,,ro,ro, coloTi'Io'' ilnto lig ceorge L-Ierk' ll,' -0-
Structureless lntttogeneous sand, in uhich original iipple stratification,has been

t"ri"ti d.estroyecl Ey the roots of plarts, ttpper poit' o1 Colorado Riaer delta'

Sonora, Mexico.

Contorted Bedding

The terms "contorted bedding" and "gnarly beddirig" are commonly
applied to intraformational features in which strata or cross-strata
rvithin a single set have been inegttlaily bent, trvisted, or othen4'ise
contorted. N4any examples have been cited in geologic literature and
apparentlv are not uncommon in both sandstones and mudstones.
Furthermore, a large number of varieties has been reported (e.g.,
Nevin, 1936, p. 2I2; Fairbridge, 1946, p. 84) with scales ranging from
a few millirneters up to many feet. Unfortunately, as yet, little is
knor,vn concerning which environr.nents and processes are responsible
for each of the types.

Laboratory experiments by Rettger (1935, pp. 275-282) illustrate
methods by which some types of contorted bedding are formed. Cer-
tain characteristic structures developed by him rvere caused by the
ovcrsteepening of a delta front (subaqueous slumping), and others
rvere obtained by differential movement caused by rotational forces.
Experiments by Kindle (1917, ffgs. 6, 7) show deformation, produced
by di$erential loading, in clay and sand beds.

Much contorted bedding has been attributed to "slumping,, of
sediment d'ring the movement of turbidity flo*,s (e.g., KuJnen and
I\4igliorini, 1950; Kuenen, 1952, p.BZ). Such structurJ, ur" observed
in sample cores (Gorsline and Emery, I95g, p. 2g5) and commonlv
develop during experimental work on turbidiiy flows ( Natland. and

5":"":, 
1951, p. 88; Kuenen and N,fenard,IgS2, p. Bg) but ]ittle seems

to be known co'cerning difierences, if any, betiveen these structures
and contorted beds formed in other environments. The1, probabry

l:I""n 
under many different conditions as shown by eiainples in

delta sands rvithin San N4iguel Lagoon in Baja carifornia (siewart,

1?tU, n. J53), .ln the Coloralo Rivei flood-plain deposits, onj err"n inctry sand as illustrated by contorted bedding reiorded by George
Merk (written commun., isor; within cross-strata of the Great sandDunes at Alarnosa, Colorado ( plate 6, tr igure b ) .

Irregular Bedcling

,_Structures assigned to this category include beds that were de_
ll::ttt"o 

on an original irregurar or uneven s'rface such as one covered
""rtrt v€g€toti.n and also strata that have been locally disturbed but
l$,,1_inr:te.ly 

destroyed by_roots or by burrowiJg 
""i-"f* 

Ir_
^:6ur'rr- Decrdlng, as recognized in drilr cores, is di.stributed over theopen shelf off the coast # Texas at d"p*o of 30 to 65 feet 

".,a, 
otro,

Figure 3 Figure 4

Figure 5
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seaward of the Mississippi Delta at 6 to 360 feet (Moore and Scruton'

;;;;, ; 

-ilss1' 
In th&e areas it seems to represent a transition

.vp"#:.*:.,1":"y**"yi*"iJ'*;::':,il:tilT,1""*lii*t
or structureless varl(

in some baYs on the Texas coast'

Other enviro"-""*"iiot *tti"tt irregular bedding has been reported

(Van straaten, 1959,'ii'it|.;itsl arJ (1) salt ma"rshes on the shore-

ward side of tidal dt: ;;;;ng the'Py'h and German Wadden

Sea; (2) hypersaline'i;;"t at,L"aglna Madre' Texas; and (3) inter-

distributary u"y, ,"il"tft"t"'tt"tt"tZa parts of the Rhone Delta plat-

form. As might U"-"tfpo'"d' such itructures where derived from

t"riia a"r,.""-.i"^ 
"f 

;;d; itPes of stratification are locally associated

"J,it U"aft rippleJaminated ani horizontally bedded strrtctures'

Laboratory "*p"'i-""i', 
by Solowiew (L924) with the worm

Tubifexand by P^'k;;-i;;'M;1e and Scruton' r9!7' p' 2742' ftg' lL)

in which burrowing clams and shrimp were used' have demonstrated

the manner in *hiJ t;;ata may bi - disorganized' They ̂ illustrate
some of the nonunif"t* l""it""la'r' and disrt[rted varieties of bedding

structure that result'

Mottled Structures

Mottled structures in modern sediments have been described by

several observers and, in view of the not uncommon occurrence of

mottling in ancient rocks, this feature is included here' It is con-

sidered by N{oore and Scruton (1957' p' 2727) to develop in various

\vays, especiaily trt.o.lti}'-trt" niri"g of ot'l-ui burrows and surface

;.i;l;;il n,{a Uf in;omplete deitruction of earlier structures' Its

distribution i, .t"."rib"J 
""'""*o'd 

of the area of irregular layering'

at 50 to 300 feet 
"fi-;h; 

T""a' coa't and at 15 to 350 feet in the open

Gulf ofi the Mississippi Delta' It is also said to occur in Texas coastal

il; ;;6.I" 
"f 

2";'tf*i'uJ i" Breton sound, Louisiana, at 4 to

'ool""lLu 
structures in sherf areas off Trinidad, western Guiana, and

the Paria and Rhone Deltas, are reported by Van Straaten (1959' p'

213). The mottlinf [ 
"t*U"ted 

fy him io burrowing animals in

areas of little depoiitt;; ;;i little reworking and occurs in proximity

to homogeneous structureless deposits'

Structureless, Homogeneous Deposits

Ir{anv modern sand deposits, as well as-ancient sandstones' including

.o*" of considerable thiikness, seem to;';;;;J"i any well-defined

i
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stratification or cross-stratification. Examination under favorable con-

dlrlo.,r of etching and lighting, however, demonstrates that in many

examples of this leature the supposed lack of structures is more ap-

;;;""i than real. Furthermore,lhe study of sandstones using an X-rav

lJ.hniq"" recently developed by Hamtlin (196r ) has shown that

-""y 
"'pp".ently 

itructur"i"rr to"kr have definite stratification. Thus

"onr'ia".ot 
t" 

"urrtion 
should be used in assigning any particular sedi-

ment or rock to this class.--- 
True structureless sand deposits may result from uniformity of

source material ( Natland and Kuenen, 1951, p. 93 ) or from continuous

dcposition under uniform conditions. Most of them are, however,

beiieued. to result from the elimination of original structures through

the growth of plants or by the bu^rrowing -activities .of 
organisms'

Illusirations of original cross-stratified sands in which structures

have been partly oi entirely destroyed throlgh tl" gioYlh of root

systems are common on the topset plain of the colorado River Delta

1'flut" 6, Figure 6). In this wann, wet environment fast-growing

,hrnbs such a--s salt cedar and arrow weed form dense stands following

deposition during flood periods, effectively obliterating the underlying

stratification in some places.
Sand deposits believed to have become structureless through bur-

ror.ving by worms or other animals are reported from toth--marine

and marginal environments. Based on examination of drill cores,

such sands are described by Moore and Scruton (1957, p. 2736) from

seaward of barrier islands off the Texas coast, nearshore to depths of

30 to 45 feet, and ofi the Louisiana coast to depths of 75 to 90 feet;
also, they are recorded from beneath very shallow water of lagoons
inside the barrier islands. They are reported by Van Straaten (1959,
pp.2I2-2L3) in the high parts of tidal flats of the lVadden Sea and on
the lower delta front of the Rhone, Orinoco, and other rivers.

Conclusions

Primary structures in ancient rocks are an important aid in the in-
terpretation of environments of deposition. In order to use these
structures most efiectively, however, knowledge of all the environ-
ments in which a particular structure may be forrnd and of other
structures with which it may be associated is needed. The classifica-
tion presented in Table 1, therefore, is but a very incomplete example
ot the type of objective data needed. With systematic additions from
rurther studies of modern sediments and from laboratory experiments,
it may be expanded into a significant and. useful tool in riaking ac-
curate interpretations.

;
i :
, . i
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Trace Fossils as Paleontological Objects

It is generally agreed that biogenic sedimentary structures are true

fossils and that their ltt'Jf 1i"il""Iogv o' palichnology) is part of

naleontolosv. n""otdi'ti;l ti;; ;;;uia u"'dcscribed'-classified' and
'r,"-.d 

like other f#ti;l' ihl o'ait'ary procedures of systematic

naleontology, no*"u"', 
-are 

difficult ' opoi' to such stmctures' the
t',l#r'liYilil;; *"i'"'-J *o'" t.'y tiie deposltional environment

than by the shapes 
"; 

th"";;;"I' p'odtt"l"e them' Therefore' some

generel consideratio"' """""^"fy 
h"t'" to f'?""d" the paleoecological

Jvaltratiorr of these structures'

Definition

Traces are seditnentary structures resulting from tiolog^ical ac-

::*" Ti ":*til*;:'iltfl' l;'*:",'}j"'; $,ffil:Tll'il"
Foraminitera' as wel

over the ground. .r ---^:-1., i- o nF'etive sens€,
Preservation aflects other fossils -mainlv 

in a negative

that is, by various i"g; { 
'l"o"du'y solution' disintegration' or

deformation. r'""" i3"it'' hoou"u"'' ffiu" iather tian sufier

through diagenetic ;;;; 

- 
ch"-i"ul Jffe'e"tiation tends to "de-

velop" minoilo""tt;;i;;;;t";t in orisinally more homogeneous

sediirents and to Inutt" tf'""t visible- -""f, ut i'n photographic print'

ing. Markings "" 
;"ddt;;ilanes, a]11st inaccess^ible in tecent cores'

"uit 
b" ea.ily obs"'v"d iftet 'elective cem-enta:t"" :f^-:h,: :""ffi|

layers, Even erosion' although usually destructive' may rn

""r", 
pr"r"r''r" Uing"''i" structu-res' For example' u 

T:-d :::l*::"T:l

ffi#ii ll run;T1l"3;ui#:"ffi* :"il;'*'?Ti""iv ;r

Biogenic SedimentarY Structures
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Burrow along interface F

Fig. I Preservation of trace fossils. Since the preparation of this chart a
someulnt moclifed, terminology has been suggested to the Committee for the
Nonenclu.ture of Scdimcntary Stnrctures. This inchtdes the follooing nea terms:
Convex for positiae, and concave instcad of negatiae semireliefs. Exogene for
actual xuJacc trails, aersrs endogene for primanl casts of intcrnal origi'n, antl
pseutlexogene for the secondary casts. Actiae fll, if bumow was stuffed by the
nnlmal, passive fll, if it u;as fiIIed by sedimentalion.

traces may result from the same activity of the one animal, depend-
rng- on the plasticity of the sediment and the site of the activity at
surtace or inside the sediment. If such difierences are not realized

.1nd eliminated, nearly every specimen may be considered as a new
sDecies." Some signiffcarrt types of preservation and their possible

ortgin are shown in Figure l,

Sand sedimentation

t' \ E ' \
\., '<r \,i

=€
Erosionn

ecal-stuffed burrow in mud

PRIMARY CAST OF
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t r t t l l l
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Fodinichnla

satisfactory (Figure 2) :

1. REPICHNIA: Traiis or burrorvs

directed locomotion.
2. PASCICHNIA: Winding trails or

Pascichnia Repichnia

Fig. 2 Main ethologic grouTts of trace fos-sils_, illustrated by ttilobite burrows

lilc lacet of bedslnd rc'storutions). Cubiclmia: (Rusophycus)-Trace corre'

,ponai to ouilt,rn o7 animal. Re''ticltnia: (Cruziana) Trace formecl by re,tetition

ir extension ol Rusophycus. pascichnia: Circling aafietq of the latter (Ordoo.'

North lraq),'raflecti search for food. Fodinichnia: (Cruziana ancora Lesser-

tisseur) frir" thc Silurian oi Equatorial Africa, a branching bw'roa' Domi'

chnia rcf eruble to trilobites haae ttot been found so fat.

Ethological Elements in Trace Morphology

IJaving sorted out accidental elements in trace morphology' we still

have to iepa.ate features that express function from those reflectin$

t6u -orptiology of the anirnals.^ Si,t"" function is inherently in-

volved iri any liace, this separation is more difficult' The recognition

of five ethological groups is"ilu"lt"., 1953c) has so far proved to be

Domichnia
(not represented)

Cubichnia

Ieft by vagile benthos during

burrows of vagile mud eaters
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r.vhich reflect a "grazing" search for food by covering a given surface
rlore or less efficiently and avoiding double coverage.

3. FODINICIINIA: Burrorvs made by hernisessile deposit feeders.
They reflect the search for food and at the same tirne fit the require-
rnents for a perznanent shelter.

4. DO\,{ICHNIA: Permanent shelters dug by vagile or hemisessile
anirnals procuring food from outside the sediment as predators,
scavengers, or suspension feeders,

5. CUBICHNIA: Shallorv resting tracks left by vagile animals hiding
tcrnporarily in the sedime't, u.sually .sand, and obtaining their food ai
scavengers or suspension feeders.

Nonfunctional (Taxonomic) Elements of Trace Morphology

The final .step in the analysis of trace fossils should be the recogni-
tion of features which are directly related to the niorphology of par-
ticulilr anin.rals. These features link the traces with othei fossif re-
mains and allow their identification in tenns of svstematic ualeon-
tologv. 

- 
While- this goal is commonly reached in veriebrate ichiology,

the analy.si.s of invertebrate trace fossil.s can very rtrrely go that firr,
altho'gh_it may happen that the body of an animal is pieierved in its
very track or burrorv hke Limuhts in the Solnhofen Limesto'e ( caster,
1940). In other cases the body has left identifiable impressions, for
instance, of cephalon and pleura in trilobite burrorvs or of distinctive
claw.s in many artl.rropod tracks. Resting tracks of asteroids and
o_phiurians, which have long been misiaken for the bodies of
the starfishes themselver, *t be mentioned as another exanrple,
(Seilacher, 1953b). Comparecl to the host of well-recognized, but
systcmatically unidentified trace fossils, holvever, these ai only rare
.".il1p.tolt: if b_y further studies, more and more revlaling

_ff$ctp.ints" 
arc found, t lr is sitrration wil l not essentially change in

tnc iuture.

Classifi cation and. N omenclatur e

A threefold determination including preservational, ethological, andtaxonomic characters is 'ecess.ry to describe any trace fossil ade-quat-ely. As a base for nomenclature, howeu"r, orrly one classificationcan be used.

,J.}iLf 
1932), Desio (1940), anrl Lessertisseur (1955) have pro-l'urie-o ichrlol-ogical systems, in which the main distinction is made.-"twc€D s.rtace trails and burrows, whire f'nctional (ethological),
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ecological, or taxonomic differences are used for subordinate group-
itrg. In practice these classifications are difficult to apply, because
surface tracks and burrows are fundamentally different only to our
eves. For manv benthonic animals it makes little difierence rvhether
they creep at the surface or along bedding planes inside the sediment,

and for the paleontologist it is often impossible to differentiate these
two types of motion. Therefore, most German authors (Richter,

1927; Krejci-Graf, 1932, and Abel, 1935) have based their classiffca-
tions completely on ethology. A compromise solution rvas proposed
by Seilacher (19534). The higher categories of his ichnological sys-
tem should be based on ethologic interpretations; the lower ones
( ichnospecies ) on taxonomic interpretations.

Meanwhile experience has shown that a hybrid system inevitably

leads to diffculties. Presen'ation, ethology, and taxonomy do not
have equivalent relative importance in different groups of trace
fossils. Tetrapod tracks often reflect the morphology of their pro-
ducers clearly enough to be placed in certain families, or evcn genera.

Ethologically, however, they would all belong to the same group,

Repichnia. "Worrn" trails, on the other hand, very rarely permit

further taxonomic distinction, but they show remarkable ethologic

diversity. Other groups rirnge between these two extremes. The

burrowi of Figure 2 are all made by trilobites. Some can be attributed

even more spicifically to Illaenicls. This natural group must be spJit

into four different genera if an ethological classification is rigidly

applied. Ichnological n311s5-n6[ recognized according to the In-

t6inational Rules of Zoological Nomenclature-should express indi-

vidual morphology rather tlian the interpretation of trace fossils. The

recent issue, by W. Hdntzschel, of the Treatise on Inuertebrate

Poleontology, has made the recognition of individual types much

easier. Eventually, more and more taxonomic differences in trace

morphology will ernerge rvhich may help to give invertebrate trace

fossi'ls a iimilar, thou[h less definld, ta^*onomic s'tatus as tetrapod

tracks have in vertebrate classification.

Trace Fossils as Paleoecologic Guides

General Remnrks

It is generally believecl that ecological interpretation of fossil

assemblages becomes more and more difficrrlt 
"s 

'i'" go further back

in geologic history. This rule does not fully apply to itace fossils' A

Tertiary shell fauna can still be interpreted'inil.ms of recent animals
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and their environments. Tertiary trace fossils, however, have little
more resemblance to known Recent traces than do Mesozoic or even
Paleozoic examples (Figure 3). Nevertheless there may be very
close similarity between the Tertiary and Paleozoic trace foisils. Thi;
does not mean that the fossil types no longer exist in Recent seas.
Rather, sedimentary structures, and particulaily the internal ones, are
much easier to study in consolidated rocks than in soft sediments
rvhere special preparations are needed to make them visible. lVhat
we knorv from Recent sea floors are mainly surface trails which would
be rarely preserved as fossils, while internal structures have so far
been inadequately studied, that is, in single sections (Reineck, 195g;
N{oore and Scruton, 1957). We could say that in ichnology the
present has rarely provided actual keys to the past; however,-it has
taught us how the locks work. Here is still an open fierd for future
exploration by marine geologists.

Although they cannot yet be directly transrated into terms of recent
taxonon.ry and biogeography, trace fossils nevertheless have consider-
able advantages.

l. r,o*c rrN{E RANGE. Trace morphology reflects certain functions
and behaviour patterns rather than body-shapes. Difiere't animals
a,cfing alike may leave almost the same type of traces. partly for
this. reason many gross- types of trace torrits occur through many
periods, or even eras, of geologic history. This may be a jir"dva.r_

lis: 
f". stratigraphic .,se, but-it consiierably facilitates long-range

facies comparison.
2' Nannow FACTES RANGE. The recorded actions are often direct

responses to environmental conditions. Significant types of trace
fossils therefore are restricted to certain f""f"r, irr"rpJ&iu" o] whut
animals have produced them.

.r. NO SECONDARY DTSPLACEMENT. Sedimentary structures ob_viously cannot be reworked Iike other fossils. 
"u"ry 

ichnocoenosis
represents part of an actual benthic community that lived in a singlearea and ustrally at the same time.

4' pnerrneN"u uo" cLASTrc sEDrrrENTs. rchnofossirs may occur in

ilI,:{ll.: 
of sediment, b-ut-they are most abundant and besi preserved

",:iit:1" series, particularly where sandy and shaly beds alte'rnate.Arl these circumstances together make trace iossirs promising as
ljl:::::aetc 

guides- They "wiil be particurarly usefut in clastic
"'urtttcDts poor in other fossi]s and in the more ancient rocks whereother fossili are too difierent from Recent animars to justify the simpleapplication of uniformitarianism.

t or the purpose of triis paper we may tristinguish three main direc-
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tions of research in this field. The ffrst aims at recognition of indi-

vidual environmental factors; the second is concerned about minor

facies variations in limited sections; and the third tries to recognize
qeneral trace associations, or types of ichnocoenoses, representing

Iertain facies with a long geologic range.

Individual Environmental Factors

It is obvious that environmental conditions directly control animal

actions to a large extent. In some cases individual environmental

factors can be recognized in the fossil record of such actions.

Aeration

Whenever discussion arises about euxinic or noneuxinic origin of
scdiments, lack of trace fossils is a strong argument in favor of euxinic
conditions, while their occurrence is the best possible proof against
such conditions. The black Devonian Hunsriick Shales of Wesrern
Germany contain exceptionally well-preserved and complete fossils,
and this fact was long considered to be a result of euxinic conditions.
In this particular case, euxinic origin was ruled out by Rudolf Richter,
who discovered a variety of trails indicating a rich bottom life.
Autochthonous benthos and complete preservation are not incom-
patible. For example, complete trilobite specimens with legs and
even tiny preserved setae are associated with burrows of. Chondrites,
which must have been made rvhen the trilobite body lay only I or 2
cm below the bottom surface (Seilacher, 1962).

On the other hand, the Liassic Posidonia Shales of Holzmaden
(Western Germany), famous for skin-bearing Ichthyosaur fossils, con-
tain no trails or burrows except in one or two distinct Iayers close to
the upper and at the lower boundaries of the unit.

Sedimentation

Trace fossils may tell about the relative speed of sedimentation in
sevelal 

_ways; for example, by the response to sedimentary deposition
srown by certain resting tracks of ophiuroids. Like most cubichnia,
tney are made by epipsammonic species that hide themselves in the
sand just under the surface. If covered in experiments with more
sand, ophiuroids dig their way up until the se^nsory organs (at the
arm, tips ) reach the surface again. Vertical repetition of resting
tracks, as occurs particularly in current-lineated s^andstones, recordi

t
4 c m

Decelerated sedimeniation produces

{, fecal and burrow horizons

Nonsedimentation indicated bY
hard-ground with borings

Fig. 3 Upper left: Reacting to fast deposition, of neto sand .layers' 
epipsam-

^Eni" opkirrans haae folloled' ihe ilsing surfaci'e'. They. Ieft conesponding'

but not congruent, impressions (cubichnia oJ Asteriacites type) on subsequent

I a m i n a e . L o w e r T ' r i a s s i c s e i s e r b e d ; , T y r o l ' I n R h a e t i c s s ' o l S ' - G e r m a n y '
corresponcling impressions ̂o4 bn tat"ya i2lo.wer and upper face,of,beds up to

7 crn thick (Seiktcher, 1g53b)' Right: During, a time'of r:etarded mud sedi'

mentation, d'cposit f"ra"r, t'o-a' o chince to rldile the top part of the mud with

burrous (fodinichnia) 
""a 

l"'* a dark fecal layer at tlte contemporary surface'

Note tlut chondrites burroas (small spots) clo not teach as deeply as the u'

shapeil Corophioicles, 
"*"'"7""n"'"'t'" 

'nlo'kod septlon ("Spreite"i betueen the

shafts of the latter. Oua|atio,t of burroas arounil *ttt"it shells indicate that

the sed.iment a^as still"i'.*";:i";'"ii^n- intnruot, sedimentation continuetl at the

original rate and. 1or*nd'ihe '-"rr"' n*' o1 tt'u 
"ot"oilo'" 

^ud''tonn bed in tohich

the bioturbate layer is no*- lntiua"h' lLra' 7' S-' ciermany)' Sintilar..bioturba-

tion zones haae bcerr, obsercerJ in experiments r'ith recent iorms (schiifer, 7952:

Ieft block). I-o\u", t"ti", 
"iii'pin- 

[u";*' (domichnia) of suspension feedets

originate from a snarp but unenen swface *tii--itot-hrnoiy hariL,ercugh

to-serDe as a substrate for,inoid roots. Thnru""o-r;;U 
"t 

rlritl^ l" the sedi'

ment uete pierced' by ;he boring animals.i"'t o''no'lty as the matrix' "Haril

grounils" of this typn tndl'oiu tlnqer pytyds 
".i """i1"p"1u'i"ii 

'"i '1** 
g*a

marker horizons, ro,n,'u'"'iett'ait' 1it' T'lns'i' 
'-6'"; 

A' H' Mi)tier' 1956)'

Response to rapid sedimentat lon

t:':ii:'i.:,.,,.1'i::lr :',',1. :iiii
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flvsch. There is no contradiction in the fact that one type of sole

tiails (Granularia) occurs in beds up to 4 m. In modern deep-sea

sarlds, which are aerated to a greater depth than shallow-watet sands,

worms actually dig that deeply (Bezrukov and Romankevid, 1960).

Cunen'ts

Compared to the large number of inorganic current markings, bio-

genic inclicators of current have no real importance. Nevertheless,

they shot ld be n-rentioned as a paleontological contribution to the

study of paleocurrents. Currents not only affect the movements of

arrimals crawling on the sea floor (Figure 5), but also control the

orientation of suspension feeders and other animals hidden in the

l:g , S a-c Trilobite tracks -from Lou:er Detortian Hrmsriick shales, Ce rnnny
(,Scilacher, 196{), fg. 13). (a) Lateral current (recorded by grooae casts) his
atspluced the rcalkiig trilobite from it's ori.ginal path, (b) 

"iriol 
truckway, \c)

:':""t.f_rom the ,"ir (grooui cast incliciion)'has' consid.crably increased. the
,r:,:',, <.al coficcbeun-shipetl resting tracks from the purple Saidstone (Loaer

ii'\':,ri:") of Pakistun (Seilacher, 7:9SS). Theq record the rhcotactic orientationo,f 
-trilobites -or llryIlopods clug in the sund rcii'h their heatls against the current

lttttlicatcd by crircni lineatiin). Size and. orientation of thZ animals are as-samed.

Fig. 4 Trails indicating tu,rbidity seilimentation: Among -tlrc--sole 
trails of

ni"*t"'gr"y;.-cke beds ihn li'tnd tyPes are-postdepositional' They are made

br.1 animals that Penetrated tl'n 'o'diuyet o'd moaed along the interface between

sind. uncl mud.. rt nrn tloli o;; ;"u"; founcl in-berls begond -a 
certain thickness'

;;;;";i; "orrnrpondtng 
i" 'i" d'epth to tahich the pi'ticular species used to

hurrow. This relation *trr't^tui'1, seaeral hunrJrecl'beds and is considered a

1:roof for it'Istontaneous sed'imentation of each bed btJ a turbiditg currcnt

(Seil'acher, 7962).

such reaction to the deposition of a correspondin-g sand.layer on toP

of the buried animal. 
'As 

"pip'a*monic 
animali usually leave the

sand to gather their food, tfiii deposition must have happened be-

tween tw"o meals-that is, rather rapidly'

Retarded sedimentaiion gives bu?rowing deposit feeders a chance to

riddle the top toy", *ot" ?ntensively' Ii adiition' fecal pellets may

accumr r l a tea t thes t r r f ace .Bo thbu r rowhor i zonsand feca l l aye rs
can be traced withln otherwise homogeneous beds (Figure 3)'

Periods of nondeposition produce ii pelitic depositshore comDact

and firm surface #;''i5;;J g'ot"ia';; v"rgt' 1959)' - In fiard

grounds, suspension'i;"d")t'il; ?;i; i""ott-ttom which to feed

in the turbulent *ut"i" T'ft"'" bt"'o*'' however' are mainly shelters

(domichnia) a.tg ot'a''itt"J f"p91{icuiar to the surface' rather than

complicated feeding t"tt"*J lfldinichnia) as mentioned earlier'

Ai extremely rapid type of-deposition his blen suggested for sandy

beds of the flysch, u"ifo' otheisuppo-sed turbiditei" Figurel illus'

trates how tht, 
"or,""!t;;-;;"fi;:a 

r"rt""r"gr""riy in The spanisb
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sand. Many crustaceans and gastropods tend to face the current'

while some other crustac"a.ts h-ave fiiter mechanisms that require an

orientation downstream, or even at right angles to the current ( Sei-

lacher, 1961). The umbo of digging pelecypo^ds' if oriented at all'

points downstream, so that the inhaling siphon faces the current' As

i rer.rlt, the resting tracks left on underlying bedding planes are sub-

parallel to each other (Figure 5 )'

Minor F acies V ariations uithin a Cioen Series

In recent tidal flats the difierent types of burrows and surface trails

and their relative abundance ur" ,,t"d to distinguish and to map minor

variations in sediment type, exposure, etc' There is no reason why a

similar proced're ,ho.tld'not 6e applied to trace lateral and vertical

changes in ancient sediments.

Particular associations of faunal and lithological elements occur in

almost any series of sedimentary deposits. As rectrrrent iacies types'

they reflect certain conditions tirat liave controlled either the original

o roos tmor temd is t r i bu t i ono fo rgan i smsand the i r l ema ins .T race
^rrJ"iations, or ichnocoe,',oscs. ho* evcr' nlay be destroyed but never

secondarily changed by later events' They form a rnore adeq.uate re-

cord of original 6"nthlc communities' Foi the given purpose, it makes

little difference rvhether the trace fossils dealt with are fully under-

stood or not' They must not even belong to- genelalll'"recognizable

types, if they can only be told apart froi other trzrce fossils of that

particular formation'
Figure 6 illustrate.s an erample from the Upper Carboniferous Ruhr

Basin, where trace fossils have bee' 
"t""""f^Jly 

tsed to-furt6er sub-

divicle the additiontLl mcmbers of paralic cyclothems' None oJ the

ifp", t"pt"tented is really- diagnostic' P.lanolites ntontanus is a srmpte

sand-filled burrow, Cyr"h'"'ti carbonaria a bilobate gallery that might

occur in any for.n^iiorl' Sinttsites trails may be"formed through

sinuose locomotion of almost any worm; they are found alike in

Carnbrian or Jurassic marine sandstones' n' ''t"tt as in Recent beach

sands and por1a -.,a.. Even Plsnolttes ophtlmlmoicJes becomes less

diagnostic, if the eye-like halo is unclerstooh u' 
" 

zone of slight altera-

t i ono rcemen ta t i ona roundaga | |ey ,ma< lev i s i b l ebysubsequen t tec .
tonic compression. X"u"'tn"f3", *ithi" t6e limits of tlt" Ruhr Basin

and of the Pennsylva,liu,' '""tio", 
"u"h 

typ" 
"orresponds 

to a particular'

thoush unknown, ,f""i"' of burrowing animal' e-ach with distinct re-

il"?"* a, to ,^littity and other envirorrmental factors'
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LithologY Megafoss. lchnofossils

Fig. 6 Within lithologic cyclothents i,n Ttaralic deposits of the Ruhr Basin, more
mcrtbers can be recogttizerl aith tlrc help of hace fossils. For tlis purpose it
makcs no difference tlnt these trace fossik belong to ratlrcr insignificant tqpes
which in other formations matJ occur in rlissinilar types of facies' (Based on
data by Fessen antl otlrcrs),

Universal T1'pes of Marine Ichnofacies

In the preceding section, each trace fossil was considered as a sub-
stitute for the unknown species of animals from rvhich it came. Tlie
conclusions, therefore, are not valid beyond the vertical and horizontal
range of t lrat particular species.

, 
Comparison b"t*"".r'many ichnocoenoses of various geologic ages

nas shotvn, however, that there is a rnore general, supraspecific rela-
tion between the ethological character of trice fossils and the geologic
facies indicatcd by littiology ancl inorganic sedimentary str:uctures.
rrl a gross way, the di{Ierence is expressed by the ichnospectrum,
thlt ii by the relative abunclance in rvhich ihe various 

"^thotyp",(domichnia, cubichnia, etc., (see Fig. 2) ) are represented in each trace

Planolites ophthalmoides
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Fig. 7 AII communities of trace fossils, tegardless of geologic age' -can 
be

assi,gned' to one of three maior-types of ichnofacies uhich'shou: pirallel differerww

in lithologg and. imtrganic sedimentary structure-s._ See Table 7 for mote details'

The three facies represe", *"i",, 
"""lionmenjs- 

differing in depth and se.dimentar!

regime. Sources of inlormaiion: Hundt' J'941 it;;""des Quurtzite):,.Y'^o"

1948 (Cobouril; I. Hatt, 1850 (Clinton; Aste'iaJites in 
'Albany 

museurn)i

l",I^:;, 
t9.r1-39^(urrrucano); M. Schmidt, r9B4; Leonardi, iss|, (Werfen);'l'o#o,,,,-.!012,(Chcmung); 

L. Henbest, tg60 (Atoka); Voigt and.' Iiiintzschel,
1;i;, 

, 
::y:rkreid.c) ; Emmons, 1844 (Taconic; similar types ii M aine) ; Kecping,

d"'q 
\^be,rAstw_y^t!t); S. W, Muller (unpublished specimens lrom Haaaltahf;-' o' vnloD, 1960 (Taurid). Other data are based mainly on personal ob_serDctions,



TABLE 1. Uniaersal ichnofacies

1{erafles-Ifacies Zoophgcos-Facies Cruziana-Facies

Some diagnostic
trace fossils
(F ig.  7) :

Internal, meandering pascichnia:

t. 'n{ereites (w. lateral flaPs)
2. Dictyodora (lv. vcrtical septum)
3. II elminthoida crassa
4. Cosmorh,ap,/re (piain, sec. cast)
5. Urohelmintlt oida (w. appendices ;

sec. cast)
6. Paleomaeandrorz (sec. cast)
7. Taphrhelminthopsis (gastrop.-

trail, stufled)
Spiral pascichnia:
8. Ceratophycus (* SPirodesmos)
9. Spirorhaphe (sec. cast)

Branching pascichnia:
70. Lophoctenizrn (Prim. cast)
17. Oldhamia (prim. cast; left :

Cambr.; r ight: Ord.)
L2. Paleodictgorz (sec., rarcly 1rrim.

cast)

Fodinichnia:

13. Zooplrycos (onlY flat,
nonsiriral variety)

Arthropod tracks and burrorvs:

14. Tracks of Tri lobites ( left),
Limulids (right), and other
Arthropods

15. Cruziana, and RusoPhgcus
(Trilobite burrorv, inverted
cast)

16. Thalassinoides, etc.
(Anomuran burrolvs)

17. Rh.izocoralLium
(septate burrorvs, ProbablY of
crustaccans)

Cubichnia (a11 inverted casts):

18. Asteriacites
(of Asterozoans)

19. left :  Bergaueria;
righL: Solicyclus
(of Coelentcrates)

20. Pelecypodichnus
(of pelecypods)

Septate Fodinichnia:

2I. Coropltioides
(U-shapcd rvith sePtum)

22. Teichichnus
(similar, but irregular)

23. Phycodes
(palmate)

ts

Dominani groulrs:

Diagnostic inorgan
sedimentary
structures:

Dominant lithology:

Probable depth:

Nondiagnostic trace
fossi ls of Fig. 7:

Pascichnia of r-agilc, endobiotic
deposit feeders

Load casts, convolute lamination
and other turbiditc structures

Lutites, alternating with graded
greywackes or pelagic marls

Bathyal with turbidite sedimenta-
tion

24. Chondrites (rootJike, branching
fodinichnia)

27. Il['tinsterio (stuffcd linear
burrows)

Fodinichnia of dcposit
feeders

Bedding and lamination
poor

Impure, crumbly silt-
stones to shales

Sublittoral to bathyal,
belorv rvave base and
ii ' i t l  rout 1 urbiditc sedi-
mentation

25. Phycosiphon (small,
looped, and septate
fodinichnia or
pascichnia)

28. Fucusopsfs (burrorvs
cracking the inter-
facc; invcrted)

30. Scalarituba
(: l{eonereites;
burror,vs like Nr. 1,
but without meanders
inverted)

Cubichnia of epipsamrnon

Domichnia of suspension fcedcrs
(rnainlf in shallorv, turbulent
zone)

Fori inichnia of deposit feeders
(mainly in deeper zone)

Osci l lat ion r ipples

\Yell sorted sandstones to slialcs,
quartzites; detrital limestones
to marls

Littoral to sublittoral, above
wave base

26. Scolicia (gastropod trails like
Nr. 7, but r.vithout meanders)

29. GErochorte (positive epireiiefs,
repeating in adjacent laminae)
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association (Seilacher, 1958, fig. 1). In a most general way, this

relation may be described and interpreted trs follows:

1. To benthic animals of littoral and very shallow water environ-

ments, physical protection is a major concern. Vagile animals and

suspension feeders which prevail in this turbulent zone either bury

themselves temporarily under the surface, leaving shallow resting

tracks (cubichnia), or they produce deep and vertical burrows

(domichnia) for shelter. In a slightly deeper and quieter zone in

which the food particles settle, deposit feeders become more impor-

tant. Nlost of them are hemisessile and produce feeding burrows
(fodinichnia). Cubichnia and domichnia are still found. Repichnia

left by vagile epibenthos occur in either of the two zones.
2. Deep-sea animals gain little by hiding in the sediment. Domich-

nia and cubichnia almost disappear from the trace spectrum. In-

stead, conrplicated fodinichnia and internal grazingtracks (pascichnia)

with intricate patterns become more common. The deposit feeders
that make them are largely vagile and have particular locomotion

patterns to insure systematic coverage of possible food-rich layers.

The qr,rantitative ichnospectrum is not the only way to classify a
given ichnocoenosis. Most trace fossils are more or less restricted to
one ty'pe of ichnofacies. In Figure 7 the diagnostic types are sepa-
rated from the more ubiquitous forms, while the formations are
grouped according to their lithofacies. In both respects three uni-
versal types of f:rcies are recognized and named after significant trace
fossils. These three facies are most obvious in psammitic rocks, but
they apply also to pelitic sediments. The significant features of each
are listed in Table 1

It should be remembered that our ichnological facies concept was

;: ii* i;;*:$il

bo
o

'#;

fig. 8 The Orcloaicirtn section of Sinat, N lraq, can be subdioided into three
f orntatiotts, named after nearbg aillages. The se f ormations correspontl by
uthok'gy t ts  r rc l l  as i l rcrgonic und biogcnic scdinrr ,n lury s l ruL' t ru(s fo f f tc  Crrrz iana-,
Toophycos-, cnd Nereitis-faci,es and indicate the suLsid.ence of the region from
abors u.o. base to deep geosynclinal conrJitions toith turbidity curients in a
tehtiaely short time. Subtiquuit uplift is shown by lack of Siiurian and dep-

|,t,r.jo\ of littoral and continental Deoonian beds on top. (For more details see
rt'ilachcr, 7963). lllustrated specintens (fronr fekl photogruphs): KHABouR
W-tn z..u (lcft to right): oscilkttion ripples uith flatteneil cresis; Cruziana, X yro
ui tct l i t l t rs  l i r r l l i ,  X t /3;  busul  parts of  Diplocrater ion ,  X 1, : ;  phycodes,  cf .  c i rc in-
natum fiichter, X 1t5. DEnsr{rsH sANDSToNES: Zoophycos and,'Chondrites, X ah;

l:i:lic:hnus 
(hyporelief), X 1/t. srNAr sHALEs AND cnEy\4'.{crr,s: Load casts,

x,_l+r. Helminthoida (sccondarg hlporelief), X 1,4o; Palaeodictyon (second. lrypo-'c t rc l ) ,  
X /1;  Neonerei tcs (pr inary epire l . ) ,  X l /s ;  Chondr i tes,  X 2/a, .
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plimal+vu"'l{ll":Jli^T,T,l"::ffi;:f ffi :T:'#:H3i"ll3'ii;
New discoveries have*xfrI"l!11'H1ryli"i+:*:-"i::,'.'Hr:#"J;i:fff l;lk
"rt 

Ir"O, where clastic Ordovician rocks-,

limestories of the t*"i ti"tt"ut^"-g";11gine' They have been con-

sidercd so far as 
"tt";t";i;'i;;*"'[" 

('Khabour Quartzites and Shales'

il;il;""*us*ph;;"?, t*' i- i::' ", tn',";"i*1ff i"lff;::
lsi"uii, the oidovician section conslsts (

which clearly 
"o""'pJ"d 

to our Cruziana-' Zoophtlcos- and Nereites-

facies, one gradingt titi""ity *: tl" othei (Figure 8)' Sedi

mentarv facies and 
"tt*i-iJa 

volcanic rocks confirm the picture

ii"'i'?Jn,iir''"u'"at'g"!*'v""ru'" jlat lreceded 
the late Paleozoic

and N'esozoic one '"ttf;J ir*""' - No 'u'igular 
unconformity can be

observed betrveen t# *" Jy-"l"tr but therZ is an abrupt change from

the ordovici"" t"'t'iii';; ({l;;';':.-Facies) to a very pure quartzite

of unknorvn ug* tlrut"";"tains oscillation ripples and numerous verti-

cal burrorn''s' It is'-considered here as tiie littoral or fresh-water

( Scolithus) t^"i"' tf-'ui i"tfl"ates the begin;g of the new depositional

ti,iiitJ?: T:t:"XJll illustrates a transition in time, lateral transi-

tion betr'veett the tlt"" ichno-facies "ut' 
L" most perfectly studied in

the Paleozoic fold belts of the eastern uJ 
""*'ui 

Unitei States and

their forelands' il th; Otrachita N{ot"tiai"'' for instance' the Johns

Vallev turbidites ('CI*" u"a Stt"tl"'rne' 1959) correspond in every

,"ro""t to our n u'nlti' facies ( Figtr 
".7 

j ' North of the Ouachita

MJuntains, 
"t 

T"#ii"; ;;; ittk"" 'ilt'io""' of approximately the

i,t;*^T ifr ffi i* f": T'J;i'f;14:l' ::W;;;:H't:;
burrorn'' There t' ;;;;;; that still further torvard the craton

this Zoophy"o' tu"i"' 
"*Jita 

"u""tttutty 
gtud" into the Cruziana facies

including littoral dePosits'

nEnEnBNcES*

Abel,o.,te35,Yorzeitto":*!".b::.Y,-"";"iX"iklt"ii;f 3i';3;,'1i':,"':H"{"*:",yffi:;#":;$:;ij:*f-Ti}l;:u,}:1"tgl^:"$:
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^#;"' i o't't 
" 
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Diagenesis and Paleoecology: A Survey

bt R. G. C. Batlutrst
i7 Liurrpool, England

D eytartrnent of Ceolo gy, U ttioersity

ABSTRACT

This paper is a brief survey of recent rvork on diagenesis as it im-

pinges on the study of paleoecology. Diagenetic processes are con-

iide*recl in the light of their atrility to preserve or change paleonto-

logical evidence, and to supply nerv indirect evidence. Matters dis-

c,irs"cl include cementation, organic compounds in sediments and fos-

sils, solution, ion migration, the deposition of silica, dolomitization,

recrystallization, bacterial activity, compaction and the grorvth of iron

minerals.

Introduction

The remains of living things, if they are to be preserved as fossils,
mrtst normally be buried in sediment. This applies as much to skele-
tons on the sea floor, as to burrows and irnpressions in mud, and to
amino acids in Dore water. Yet this verv act of burial sets off a train
of chemical ani physical processes which can radically disguise the
tossil record and may end by destroying it. The study of these dia-
genetic changes, as they ali-ect the interpretation of past ecologies, is
the srrblect of this article.

What follorvs is not meant to be exhaustive. Work in the Russian

]lnguage lias very regretfullv been left almost unheeded; so also have
the highly .p""i*iir"i fields of coal and oil genesis. Even within the
r"maining cornpass there are ferv papers specifically on diagenesis.
nluch of the work is scattered in publications devoted largely to other

I am indebted to my wife for her critic'ism of the manuscript and to
Dr. J. C. Harper, Dr. N. Rast, and Mr'. P. J. Brenchlcy for helpful
discussion.
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matters, so that its discovery has been somewhat haphazard and un-

certain. Most attention is paid to recent works' and those with useful

Uifrft"g*pf.t"t. The aim oi this paper is to review' in a very general

way, the present state of ktto*l6d[" in this field of geology and to

indicate cirrent trends of thought'

Pettijohns definition (1957, 
"p' 

OaOl of djagenesit *tll.b"^:1"." * 
"

guide.' H" ."f"r, to the post-depositional proces:::^:f cemcntation'

Lrthigen".ir, differentiatioir, segregation, metasomatism' solution' and

"ffi"it"". 
In this review, tte inaking 

.of 
burrows is excluded but

bactirial activity is considered; the growth of algal structures is not

examined but t'heir preservation is noted' These various aspects of

diagenesis u." 
"onu'"rriently 

though arbitrarily arranged in three

;;;;p;, (r) the preservation of pii-aty fabrics and materials; (2)

their modification or destructio"; jS; new fabrics or products which'

nevertheless, show indirect evidence of the primary ecological

situation,

Preservation of Primary Fabrics and Materials

Cementation

Chemical deposition of crystalline material from solution on Pre-

existing surfaces (as drusy fub'i" or cement)- provides mechanical

,.rppori for delicate skeletons, for the empty moldi of aragonite shells'

foi L.rrro*r, and for a variety of cavities in calcilutites' The sites

,ror*o"".tpiid by dr.,ry fabric or cement may have been the pores in

* ,"ndrtoi", the chambers of an ammonite' or the tubes remaining

after the decay of 
"if"i 

nf"*"nts' - 
The origin of 

:."-:"', 
is^closely

bound up with the preferential solution of."aragonite 
:\"t"J::t ""d

their redeposition. In the past-the- recognition of these chemically

deposited materials has beei difficult, evJn controversial. Now they

;;il;;;iiy'u" a**mined in thin section and distinguished from

recrystallizatlon prod.,"t, tt -ttgtt the fabric studies ol Schmidegg

(1928) and Sander li$o, rsBr;, elaborated by Bathurst (1958'

19594 ).
Much chemical deposition is increasingly believed to take place in

a fresh-water interstitial environm""t, uiiitottgh it is clear that this

restriction cannot U" 
"fpfi"a 

to all cemented"sediments' because' ot

derlth, pressure-solution and redeposition mrrst play an imPortant role'

;;;;;'i;;ii-'l, ia"- 1,"' 
"o*" 

'nui"tv from thJ studies of Pleistocene

anil'Recent reef limestones (Ladd 
", "il^fgiS' 

n,,'"ry et.al'' L954;

Ginsburg, R. N', 1d;; i"ftfo"g"t et al' ' 1963)' Gross (1964) has com-
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oared the O18/016 and C13/Cl2 ratios of calcite cements and drusy casts

if mollusks in the Pleistocene limestones of Bermuda with those of the

associated Recent carbonate sediments which are in equilibrir"rm with

sea water. The cements and casts show a trend toward equilibrium

r.vith fresh water. Studies of the environment of cementation owe

much to the detailed descriptions of reef fabrics by Skeats (1902),

Cul l is  (1904),  and Newel l  ( f955) .

The gror.vth of drusy mosaic or cement is still something of a mys-

tery. Maxwell's work (1960) on the cementation of sands under

uniio.rr conditions of pressure and temperature, with its emphasis on

the importance of a moving pore solution, is interesting. Weyl's ex-

amination of the solution physics of calcium carbonate ( 1958, 1959a, b)

has done much to clarify the nature of the process. Studies with

Weyl's saturometer ( 1961) should eventually add greatly to our
knowledge both of the degree of saturation of natural waters for dif-
ferent m]nerals and of thl conditions necessary for crystal growth.
Valuable help comes also from the new outlook on carbonate com-
plexes involving Na*, Mg2*, HCO3-, CO32-, and on the importance of
magnesium as an indirect control of calcium carbonate solubilitv
(Garrels et a1., 1961; Garrels and Thompson, 1962). Combined
chemical and fabric studies in thin section are becoming increasingly
practicable with the staining techniques of Friedman (1959) and their
further reffnement by B. Evamy ( 1963 ).

Cementation is not entirely inhibited on the sea floor. Illing ( 1g54,
p. 25) refers to the hardening, and consequent preservation, of fecal
pellets of aragonite mud and "grains of aragonite matrix," on the Great
Bahama Bank, by the deposition of aragonite cement. The cementa-
tion of these aggregates, and of his "grapestone," indicate the attain-
ment of suitable conditions for crystal growth in localized micro-
environments which are isolated in a manner unknown from the main
chemical environment on the sea floor. On an intertidal oolite shoal
between Sandy Cay and Brown's Cay on the west edge of the Great

l*"n"-1 
Bank. flattish pieces of lamellibranch and ectinoid lying on

tn" tn"g commonly have a few grains cemented to their underiurf-aces
(author's observations). In Bimini lagoon the chambers and pores ofdead Foraminifera und Holr^uda arJ commonly filred with micritic

lllg^"_".tr:; 
Ellenberger (1547) ofiers fabric evidence for the earlyuementation_of chalk, possibly in the upper few centimeters of theoctttment. The whole question of subaqueous cementation is ex_

?T'::9 
in two thoughtfui papers by Jaan,.Json (1961) and Lindstrijm

IJI? 
Despite Jaanusson's clear demonstration that the weight of-vrQ€rlc€ is against subaqueous cementation as a generar meth"od of
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Iithification, it cannot be denied that Lindstrom's detailed analysis of
sedimentary structures argues strongly for widespread lithification

under an early Ordovician sea in Scandinavia.
It is remarkable that the only calcium carbonate known to be pre-

cipitated from sea water is aragonite, whereas calcite cement is formed

fr6m fresh water. Cloud's papers (1962a and b) are the most recent

of many thoughtful studieJ of this problem. - He proposes that any

and all factorJ favoring the attainment of high apparent- supersatura-

tion also favor the initial precipitation of the more soluble, higher

energy polymorph. In other words, aragonite should preripitate from

solut"ioris t'hat are supersaturated for both aragonite and calcite, but

calcite should form between the saturation levels for the two minerals.

Trace elements (such as magnesium) do not influence the primary

mineralogy.
There ii a persistent output of papers on concretions and the preser-

vation of their contained fossils, with emphasis on the time relation-

ship between grorvth and compaction. Coal-balls are examined in

sorie detail by Stopes and Watson (1909), M. Bellidre (1919), Stainier

(1924), Rais[rick 
-and 

N4arshall (1939), and Leclercq (1952)' The

growth processes of concretions and the accomplnyinq impoverish-

irent of ihe surrounding sediment appear to have been little studied,

though Avias (1956) and Weeks (1957) discuss the role of decaying

org"ii" matter in the precipitation of the carbonate.- Frey-er and

Ti6g"r ( lgbg ) describe th" rytrg".r"tic grorvth of phosphorite-bitumi-
noui. fossiliferous concretioni in terms of their contents of quartz,

chalcedony, gypsum, apatite, and sericite, and by analyses of various

trace et"m"tii. Impoirtant advances in understanding of chert

nodules are referred to in the section ort Silicification'

Organic Compounds

One of the outstandinq aclvances in the last decade has been the

growing list of organic cJmporrnds-discovered in sediments, sedimen'

i"ry .olkr, and fossil skeleto-ns-a development made possible by new

teciniq.tus in microchemistry, particularly -c!t-oT1togt38lly',.,T1" 
Oo-

lation if porphyrins by Treibs^(1934) and Dh6r6 aid Hiadil (1934)

*as follo'ied by th" work of Abelson (1954, 1959) on amino acids'

Other recent papers are by Forsman and Hunt (1958) on kerogen'

Jones and ValLntyne (1960) on polypeptides and amino acids' Blumer

lnd Omenn (196i) on .r.r"o*pi"*ei chlotitts, and Swain (1961) on

furfurals and amino acids. Tw^o papers by the same team (Prashnow'

sky et al., 1961; Degens et at., tboi) givl data on sugars and amino
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acids in sediment cores off Southern California. They include dis-
clssions of the source of the substances, their preservation, and their
vertical redistribution after burial. ZoBell (L946a) stresses the sig-
nificance of new organic compounds synthesized in the sediment pores
in bacterial ProtoPlasm.

These researches must increasingly add to our appreciation of the
structures of proteins, chlorophylls, celluloses, and other organic com-
pounds in ancient animal and plant tissues. They may throw light
on kinds of life which leave no otherwise recognizable remains. It
is also possible that they may help in the understanding of past
taxonomic relationships.

Bader (1956) notes the apparent great stability of lignin in marine
sediments, and ZoBell and Stadler (1940) discuss its oxidation by lake
bacteria. Jodry and Campau (f961) report on the indestructibility
of chitinous and resinous microfossils.

Plant Intpressi,ons

Voigt (1956) has an interesting paper on the preservation of im-
prints of cretaceous algae and marine grasses on their epifaunas
which had hard parts. In the epifauna there are Foraririnifera,
sponges, bryozoa, annelids, lamellibranchs, etc.

Modification or Destruction of primary Fabrics and Materials

Solution

- within the Iast decade there has appeared a new conception of the

*i*_*"t" 
history of carbonare sediriJnts in terms of the mobirity of

tne magnesium, strontium, and other .substitute ions in the calcite andaragonite of the skeletons of mollusks, foraminifera, algae, ostracods,

lf*3ld: 
corals, bryozoa, etc. (Degens, 1959). Chave (I9E4a, b)snowed that the mineralogy of modein carbonate skeretons is rimited

! 
aragonite and a range if mag.resium calcites rvith as much as 2E%'r magnesium carbonate. Thoie calcites with more than about 4%wr magnesium carbonate, distinguished as high-magnesium carcites,

?i:-0,.j"*O]L;n"_,_ stabte at sirfa"e temperatures and pressures
ilil::::",,,jjj' I^..f"r a_nd Tuttte, te55; Gaf and Goldsmith, 1e5S;
il::g^"::.t957;.Goldsmith and Heard, 196I). The magnesium car_"vrrare content of a calcareous marine skereton is dependeit, above an,on the mineralogy, the taxonomic position, and the i"","r a".p*"**.
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lVhile aragonite rarely contains more than l%, calcite generally has

more.
One of the challenging problems facing the carbonate p_etrologist

today is the way i"-which a two-component marine sediment of

aragonite and high-magnesium calcite _changes 
to a two-component

.o"f of low-mJgnesium calcite and dolomite (Chave, 1954b;

Stehli ancl Horn'er, 196f ), The last two authors have studied diage-

netic changes with reference to three end-members. These are

aragonite, lJw-magnesium calcite, and high-magnesilsl calcite. Their

coriparison of Recent sediments with Pleistocene limestones conffrms

a trend in composition toward low-magnesirrm calcite which is already

becoming famiiiar (Lowenstam,ISS4; Lowenstam and Epstein, Ig54;

Odum, IO57 ) and is massively supported by the data of Fried-

man (1964). Gross (1964) has found that the Pleistocene lime-

stones of Bermuda have developed from sediments of aragonite and

high-magnesium calcite, by solution of the aragonite, chemical redepo-

sittn oithe carbonate as low-magnesium calcite cement and casts,

and loss of magnesium by difiusion from the high-magnesium calcite.

Whereas Gross records that tlie magnesium is leached out from the

skeletons of calcareous algae, foraminifera, mollusks, echinoids, etc',

Chave. on the other hand, notes (this volume ) that Tertiary and

Quaternary skeletons of high-magnesium calcite are comrnonly either

,iin"rulogi"ally unchanged or represented by molds and.casts' The

loss of uigo.,it" from c"arbonate iediments, tirough generally achieved

by solutioi, can take place by alteration. to calcite in place, though

.rtt .,""".rn.ily by polyrnorphic inversion (p' 331)' -The-loss 
of stron-

tium from the aragoniie of 
^corals 

is investigatedly Siegel.!1^9^99)' 
"4

its loss from carb6nate sediments by Stehli and Hower (1961), who

have also studied the mobility of baiium and manganese' Siegel sug-

gests that strontium may inhibit inversion of aragonite-to calcite' as

indicatecl by some experiments of Zeller and Wray (1956) and Wray

and Daniels (1957). 
'The 

possibility that aluminum, magnesium' and

manganese can be iuk"n,rp'by the sieleton dl":!y:t"l arises from the

data"of Krinsley (1959) and Krinsley and Bieri ( 1959)'

i*plicit i.t ufu ifti, work is the need for care in the study of the min'

eralogy and chemistry of fossil skeletons' . 
In these the ara8onite and

;;;t-;1^t""sium calcite may have been dissolved and replaced by a

calcite cast, the **irling caicite may be in part a replacement in situ

.i-"t"g.tt,", 
"nd 

the po,i*^'y elemental composition may have been

modified.
In the recognition of facies, these chemical and mineralogical con-

siderations may be J *" t'"' Turekian and Armstro"g 1f000)

I)iagenesis and Paleoecology: A Survey 325

show that the amounts of rnagnesium, strontium, and barium in mod-

e,rn mollnscan shells are nrore strongly related to taxonotnic position

than to temperature and aragonite-calcite ratio. Siegel (1960) and

Stehli and Hower (1961) stress a threefold relationship in carbonate

sediments between the level of magnesium and strontium, the amounts

of aragonite and the various calcites, and the geographic environment

of deposition (e,g.,position in the back reef, depth of water). Dif-

ferent nodern communities reveal pronounced contrasts in bulk chem-

istry and mineralogy. These are further affected by the temperature

dependence of the aragonite-calcite ratio (Lowenstam, 1954) and of

the magnesium and strontium contents (Lowenstam, 1961 ).
When estimating paleotemperatures by measurement of O18/016,

possible diagenetic changes in the ratio have to be considered.

Lorv'enstarn ( 1961 ) has gone carefully into this problem in an exami-
nation of modern and fossil brachiopods. He relates SrCO, and
MgCO., in turn 1e Qrs/Qte, and ffnds that, for Recent shells, the cor-
rection of the isotope ratio for the O18 content of the water makes only
minor differences for shells frorn waters having salinities which are
normal or above normal. There is a big difference between corrected
ancl uncorrected data for shells from u'aters with salinities below nor-
mal. On this basis Lorvenstam concludes that fossil brachiopods from
waters with salinities eclual to or greater than normal can be com-
pared safely with modern ones, even though their 018/016 ratios have
not been corrected for the composition of the water with which they
were preslrmably in equilibrium. He then compares modern brachio-
pods with fossil forms of various ages back to the lvlississippian.
There is fair agreement throughout for the relationship SrCOr'O18/16.
There is also f*air agreement in the relationship l.lgiO. ' 6rs"7Oro for
the Pliocene and onI Permian shell. For the Cietaceous, for the other
Permian samples, and for the Mississippian there is none. The agree-
ment between the SrCo..:O18/016 ratios for modern and fossil shells
is takerr to rnean that the isotope ratios have not been seriously

ll1ng_ed Thercfore, the lack of'ng.""*"nt between the MgCOr:

9' '/Ot" ratios must be the result of aloss of magnesium from thJ fossil
brachiopods.

018/OrG ratios have not always been stable, Indeed, Degens ( lg5g )p^roloses a change of Or8/O1n as an indication of diagensi-s in marine
carllonates and cherts. Turekian and Armstrong (fbOf ) record an
increase of strontiurn in some Cretaceous mollusks. This, thev feel,
nray lvell have been accompanied by an exchange with subzurface
water having an isotope ratio lighter than sea wa"ter. Gross (1964)
snows that the bulk d^iagenesis Jf Pl"irto""ne limestones in Bermuda



326 Approaches to Paleoecology

involved a change to more negative values of both 6ta7Ot0 and
C13f C12. This occurred largely as a result of the redeposition of dis-
solved aragonite, as calcite cement and calcite casts of mollusks, from
fresh water. But it also owes something to exchange of ions in other-
wise undissolved skeletal particles. Tuiekian andlrmstrong (1961)
refer to the likelihood of modification of the test of a mollusk, for ex-
ample, as a result of syntaxial addition of carbonate to the primary
crystals in the shell wall, in the spaces left by the removal of organic
material. Such a change might be impossible to detect optically in
thin section.

Deposition of Silica

In the study of chert lie the answers to many problems of the con-
servation and destruction of fossil biota. Among these are the proc-
esses of limestone replacement, the growth of gels on the sea foor, the
sedimentation and solution of diatomites, the deposition of fint, and
the mobility of silica in a compacting sediment. After a quarter of a
century of quiet progress, with the advantages of X-ray diffraction,
rapid methods of chemical analysis, and electron microscopy, the out-
lines of a general theory of silica deposition are becoming clear.

The new outlook has its roots in the mineralogical studies of chalced-
ony and opal in the thirties. Correns and Nagelschmidt (1933) con-
firmed that the fibers of chalcedony are composed of quartz crystals
with their c axes normal to the long axis of the ffber and arranged
spirally about it. To account for the low refractive indices and spe-
cific gravity, and the high water content, they suggested a matrix of
opal in between the crystallites. However, a detailed study by
Donnay (1936) shed some doubt on this, and X-ray work by Midgley
(1951) and Tovborg et al. (1957) indicated quartz and micropores
but no opal. The electron photomicrographs of Folk and Weaver
(1952) revealed spherical pores probably fflled with cation-rich water.
Pelto (1956), applying the ideas of dislocation theory, drew attention
to the associatiir'of 

-water 
with the regions of angular misfit and

elastic strain at the intercrystalline boundaries. The crystalline struc-

ture of opal was demonstrated by Levin and Ott (1933), whose work,

extended by Fldrke (f955), established the presence of low-tempera'
ture cristobalite. The nature of the disorder in this mineral has been

studied by Fl6rke, and also by Braitsch (1957), and it is apparent that

the high degree of disorder, compared with quartz or even tridyrnite"

is maintained by the presence of interstitial foreign cations (Buerger'

1954) within the lattice.
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parallel with the developments in mineralogy there has evolved a

cleeper trnderstanding of the behavior of silica in solution and as a

colloid. Notable work has been done in this ffeld by Alexander et al.
(1954), I ler (1955), Krauskopf (f956), and Okamoto et al. (f957).

The various threads of this now much expanded subject have been

drawn together in three comprehensive papers by Siever (1957, 1959)

and Krauskopf (1959). It is now clear that silica in natural waters

is not normally in colloidal suspension but in true molecularly dis-
persed solution as unionized H4SiO.r. The solubility of silica gel be-

iow pH 9 is virtually independent of pH, and only above 9 does it in-

crease with pH as the HlSiOr ionizes. Only when the concen-
tration exceeds about 130 ppm does the surplus silica polymerize
below pH 9. Flocculation in nature seems to be a rare phenomenon,
and .silicification of Iimestones must proceed as ion-by-ion replacement.
Molecularly dissolved silica is peculiar in that it yields a colloidal sus-
pension unusually readily on becoming supersaturated. This suspen-
sion may remain dispersed for months before precipitating as gel or
gel flocs. The extreme slowness of this change has not always been
appreciated by petrologists. The rate of polyrnerization increases
rvith pH in the range 2 to 9. Siever (1962) discusses in detail the
bearing of the new data on the precipitation of various forms of silica
in sediments after deposition.

The third line of advance was foreshadowed by some interesting
ideas of Deicha (1946) and Vatan (1947) on the effect of different
degrees of disequilibrium of crystals with their environment during
growth. This aspect has been followed up by Millot (19G0) who,
at the end of an extremely full and interesting paper (to which this
revierv is greatly in debt), sets out the main factors which appear to
govern the form in which silica is laid down. Of the three crystalline
forms of silica in sediments-quartz, chalcedony, and opal-quartz is
the Ieast disordered. There ii a transition through microcrj,stalline
qnartz to_ chalcedony with an increasingly irregular arrangement of
tne 

lfsta\ and crystallites caused partlyLy a coierpo.rding"rise in the

:_":,"n, 
of impurities. In opals the SiOn tetrahedia are disordered

l{,ln" Presence of cations in solid solution, stabilizing the cristobalite
'j*t",": 

- Yet foreign cations are not the only influence. Rapidity of
growth hinders the development of the better ordered. crystaliites'and

::y^::"t 
lattices. Quartz g-*t from pure, dilute solutionsl Its growth

:tr:i:*, 
and unimpeded ind charact6ristically takes place in thJ pores

::.:1"9:, 
generally as,syntaxial overgrowths on existirig grains. Ir.ii"ro-rrystalline quartz and chalcedotty gio* from highly cin"centrated solu-ttons rich in cations and availabie nuclei (e.g.,'in'the pore water of a
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limestone ), with a high nucleation rate, all leading to the rapid growth

of very fine-grained mosaics. Chalcedony is deposited predominantly

in carlonate rocks. opal is laid down from highly concentrated solu-

tions, typically in clays, where the obstacles to the growth of well-

ordered clystals are greatest.
Vatan (L547) suggests that the normal order of crystalUzation in any

one environment is opal-chalcedony-quartz, corresponding to a de-

crease in the amount of disequilibrium, a fall in the concentration of

the solution, an increasing purity of the solution, and a slowing down

of the rate of nucleation and growth. Hoss ( 1957 ) shows how very

probable it is that, in time and given the right conditions, opal will

iecrystallize to chalcedon/, and chalcedony to quartz. A fourth type

of silica, the gel, may perhaps grow from even more concentrated

solutions in rvhich the silica is polymerized, but this condition is prob-

ably unusual. Above all, Millot emphasizes that the form in which

silica is deposited depends prirnarily on the chemistry, the fabric, and

the mineralogy of the host rock, a theme beautifully illustrated with

microfabrics by Walker ( 1960, f962 ).
Application of the new physicochemical data to the study of par-

ticuiar. cherts seem.s to be limited mainly to the examples examined

briefy by Millot, but progress has been made in other directions

in a-number of papers based on field and petrographic evidence.

There is an immense fund of information, especially petrographig in

two long papers by Storz (1928, 1931). The importance of-solution

and redeposltion oi the silica of diatoms in the formation of the Mon-

terey cheits of California has been demonstrated by Bramlette (1946).

Pittman (1959) suggests that the silica in the Edwards Limestone in

Texas may be deriiel from sponge spicules. Lewin (1960) has made

a special study of the solution of silica in diatom walls.

flegarding ih" plac" of silica deposition, there rs a growing feeling

that ihe pro"""r, i-monly takes pLce at or near the sediment surface

u, u ."rnllt of the solution of o'ili.," silica and its redeposition from

upward-moving water during Jompaction, in an environment of de-

composing organic matter' This view is evident in the work of

llliei ( rcZsa,i, tSS+1, Miiller (1956), and Defretin (1958) on flint

in chaik, and of Emery and Rittenberg (1952) on cores in marine

sediments ofi Southern California. G.ryp (1954) stresses the influ-

ence of chemical soil-forming processes-in the making of flint, when

the chalk surface was above water. There is . g"n"i"l discussion of

the sil icif ication process by Hellmers (1949).

Arrhenius ( 1952, p. 85) has information on the solution of diatorn

and radiolarian tests on the floor of the East Pacific' and on cemen-

tation by_ silica at the present sediment surface. Field and petro-
graphic data lead Humphries (1957) to conclude that the chert in
iome Lower Cretaceous sandstones in the south of England was
formed as a gel on the sea floor. Sujkowski (1958), alsol supports
the idea of a gel origin for flint in chalk on the basis mainly o] field
evidence. Emery and Rittenberg ( 1952 ) discuss the changes of
chemical and bacterial environments with depth on the basis oT their
core.s from the California Basin.

Dolonfit ization

To the paleoecologist dolomitization is mainly a nuisance, and
N{urray (p.388) has done well to emphasize that useful paleontologi-
cal eviclence comrnonly survives dolomitization. This must encourage
firrther research on the many apparently hopeless but profoundly in-
teresting dolomitized reefs. He makes plain the need Tor close scru-
tiny of small fabrics. It is possible to detect predolomitization molds
which have survived the dolomitization of their matrix. There are
also molds which develop by solution of skeretons after these have
escaped the dolomitization of the enclosing sediment. Detailed pres-
ervation of skeletal fabric can be brought about by the deposition of
dolomite fabrics which are nicely 

"ottil"t"d 
with those oi the host.

Banner and G. V. wood (1964) fi'd that resistance to dolomitization
is a function of the biological affinity of the skeleton.

Dolomites are sometimes mistakenry identified when, as a result of
cledolomitization, the fabric i.s, in fact, Iargery o. *hoily calcitic. A
recent paper on this subject with helpflrl illustrations and references
to earlier work is by Shearman et al. ( 1b61).

Recrystalli.zation in Carbonate Seclinrcnts and Rocks

,.Ilt.^,9,llping 
ground for mysterious processes seems to be filling

"turc lulckl| than it can be emptied. As more georogists are drawn
1.1n" :a,ldf of modern sedimenis, so the examples of difierent proc_esses of skeletal change multiplv. These commonly show a complex_tty which makes the iecrystalriization fabrics in some order rimestonesscem simple by comparison.

^.Yolt?1td"t"cl lirnJstones are known to show evidence of solution

;;::i:p:.ition,. 
dominaltly a reflection of the greater sotubitity of

;;:;T::an,calcite, although this may appear tJ be a simplif ication
;:l:n 

more is knorvrr about the behavior of'r, igh-.n"gn".iu.i 
"nr.. ia*r.

'ratnurst 
(this volume) has atternpted to organize the f.bric data i.

]ffi

M



330 Approaches to Paleoecolog;r

this field. He also deals with the change of aragonite :l:lt:.t" 
calcite

in situ, a subiect more intensively studG-d by Hudson (1962)' ^There
isva luab le in fo rmat ionontherecrys ta l l i za t ionof the tes tso f foss i l
Foraminifera in papers by A' Wood (1949) and Cummings.(f961)'

Banner and G. V. Wood (1964) have shown that the microbiota of

N{iocene limestones in Papua recrystallize (by crystal enlargement)

;:'J#J::1tJ' :: "#il""",'fi 
. **F J ;; gra in growth' tt,e

resultant mosaic is a good deal coarser trr""irr"!r!in gr:owth mosarcs

in Carbonif"ro.,, urrd Pennsylvanio" li^"'to""! l "tittut ill--t"rlf .l

in an order related to taxonomic affinity'

Bathurst has also proposed (1958, 1959c) that calcite.mudstones

and similarly fin"-g.Jlt ei calcite mosaics undergo a- patchy coarsen-

ing of crystal site'Ly a process which seems to be akin to the "grain

Jr3*ift" 
'of 

metall.trgists. Whatever the nature of the process may

Eventually turn out io b", it evades silt grade or coarser mosaic' in-

"i"airrg-J"*""t. 
When pellets -of 

calcite mudstone enclosed in cal-

cite cJment have been icrystallized in this way' in Pennsylvanian

limestones of Kansas, there is a sudden change in the fabric of the

coarse mosaic across the pellet boundary, from grain growth mosaic

inside, to cement outside'(author's observation)' The,grain growth

mosaics described do not 
"pp""t 

to have attained equilibrium' The

intercryrtolline boundari"t ii" very irregular' although-these irregu-

in.iti"J commonly have an arrangement ;hich looks as though it may

be related in some systematic *u! to the orientations of the two crystal

lattices. By contrast, ut ttt" coitact between the coarse mosaic and

the unaltered calcite mudstone, the larger crystals of the coarse mosaic

show what appear to il" ffo"" bounXarics'against the calcite mud-

stone. These resemble cri'stal faces, but are too small to be deter-

mined with a .tti r"trui ,tug"' Yet such a texture is not characteristic

of grain growth in metakl where the inte-rcrystalline .boundaries 
are

;;.il.' i., fu"t, this anomaly points the main dilemma' Grain

growth in the metallurgical sense is.an anhydrous,process. and' al-

tho'gh the evidenc" froir limestones favors recrystali?ation in a lithi-

n"J i"onrotidated) limestone, the role of water may be important'

The action of grain growth (metallurgical '""'!; in-cilcite mud-

stone was a"*o,'rt.ui"fbv C;i# "f "r' irs6b,"ii dn'36)' who noted

also that the behavior of calcite during recrystaliilation.in gene.ral con-

forms to the pattern established for" metils. A specime-n of Solen'

hofen limestone rvas heated without initial strain ti 8OO"C at 5 kilo'

bars for one hour under purely hydrostatic pressure in CO'' Appar'

entry the enersy " r h ; ;"t;;;;iJi r' ;;;;,"5 ;l;: :i:-"t:':,:; 
n"*

Itt'."tT'il;T'Jt"i o . j, ;; # ;;;i' h;;; S;pt " p ot v go" ar outlines'
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Some experiments by Hathaway and Robertson (1961) show that by

confining Bahamian aragonite mud at pressures up to those equivalent

to burial at 5000 ft, at temperatures up to 400"C, and for as long as 63

days, a rock is produced which closely resembles natural calcite mud-

stones, u'hen examined rvith an electron microscope. The two mate-

rials even match each other in the abundant occurrence of apparently

plane intercrystalline boundaries (author's observations on Hathalvay's

enlargements ). Yet a natural calcite mudstone might have developed

plane intercrystalline boundaries entirely by rim cementation. eu.t

ihir fobti" arise in two ways?

A variety of obscure processes of recrystallization affects the com-
ponents of modern carbonate sediments. Eardley (1939) noted the
ihorrg" of aragonite in ooliths to a coarse-grained calcite. Bumps on
the oolith surface he attributed to the B% increase in volume. Revelle
(1944, p. 47) and Emery et aI. (1954, p. 88) have referred to re-
crystallization of calcite Foraminifera by crystal enlargement; and
Illing (1954, p. 49) described the calcitization of aragonite ooliths
and pellets with an eventual coarsening of the calcite. A number of
workers have referred informally to a process whereby microcrystal-
line skeletons of aragonite and calcite recrystallize to an even finer-
grained mosaic. As a reduction in crystal size cannot take place in a
closed system (since the free energy cannot increase), there must have
been an exchange of some kind with the environment. Emery et al.
(1954) have so far detected no mineralogical alteration in recrysiallized
a-ragonite tests, and no change in strontium content. However, in
their examples, it is not apparent that a reduction in grain size was in-
volved. Siegl (1960), on the other hand, has demonstrated a negative
correlation between strontium content and the degree of calcitiiation
in Pleistocene corals. From cores in the Bikinireef Emery et al.
(1954) describe the crystal enlargement of coral and molluscan skele-
tons so that their outlines ur" orly distinguishable by a dust line from
the surrounding carbonate.

* Chalkificatioi is described by Nelson (1959, pp. 66-67) from the
Edwards Limestone in Texas. Skeletons 

"h"rrg" 
to a 

'ioft 
white

microgranular calcite." Emery et al. also ,""Jrd chalkification of
truried corals and mollusks in the Bikini cores. The nature of this
process has not been explained. Bathurst (p. 365) has described therePlacement of modern s'keletal particles by micrite deposited in emptytubes vacated by boring algae.

.,.-1,1".1- -are valuable petrographic data on the Funafuti cores by

:jlltj 
(t?9n1, who postulatei rJcrystallization of aragonite cement toucrclt€. Newell (1955), too, suggests that the fibrJus drusy calcite
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^sw (1937), ZoBell and Stadler (f940), and ZoBell and Feltham
(L942). That bacteria can be important in the precipitation of car-

bonates has been demonstrated by Black (1933), Monaghan and

L_vtle (1956), and Lalou (1957). Work on bacterial decomposition

oi organic materials has been done by Waksman et al. (1933), and

ZoBell and Stadler (f940); the relation of this decomposition to pele-

cypod density has been indicated by Bader (1954). A paper by

Morita and ZoBell (1955) refers to l iving bacteria,8 meters belorv

the sedirnent surface in the mid-Pacific, rvhich may be about one mil-

lion years old.

Work on fossil bacteria has entered a new phase with the use of the
electron microscope, with which Barton and Jones ( f 948 ) have demon-
stratcd bodies similar to bacteria (or their spores), fungi and
algae in rocks of Oligocene, Tertiary, Mesozoic, and Paleozoic ages.
In earlier investigations with the optical microscope, Walcott (1915)
reported on fossil bacteria in Algonkian algal limestones. Renault
(1899) made many studies in coal and carbonaceous sediments,
and Moodie ( 1923 ) discovered fossil bacteria in Permian and Devon-
ian vertebrate remains.

Com'paction

The main importance of compaction to the study of paleoecology
seems to be its ability to flatten organic structures and to cause the
migration of oil, gas, water, and salts. The postdepositional redistri-
bution of various substances has been touched upon in earlier sections.
Here it is convenient to refer to trvo useful summaries of present knowl-
edge about compaction in papers by Hamilton (f959) and Weller
(1959). Data on the consolidation of carbonate muds are still very
scarce, although at last Ruth Terzhagi's (1g40) much quoted paper
nas been augmented by some recent work by Laughton (1957).
From this it ieems that the consolidation behavior of 

-these 
muds is

not ahvays so close to terrigenous clays as Terzhagi's data had indi-
cated. The work of Hathaway and Robertson ( Igbl ) on the fabrics
produced- by the artificial und u"ry rapid consolidation of aragonite
mud, at elevated temperature, is deicribid earlier.

Indirect Evidence from New Fabrics and N{aterials
Pyrite and Other Iron Minerals

,. lt 
t: now generally realized that the presence of pyrite in a sedimentts by itself no indication that the water^above the s'e'dirnent was poorly

J J J
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in some Permian reef limestones may be an alteration of a primary

drusy aragonite, Cullis's descriptions and drawings of diagenetic fab-

rics remain unsurpassed after sixty years.

Re cry stallization in Gr eY wacke s

A recent paper by cummins (1962) may influence thinking on the
whole gt"y*""k"-turbidite problem. He suggests -that .much, 

of the

"mud" fraction is a recrystallization product of postdepositional origin.

This makes it necessary to re-examine the suitability of the original

sediments as substrates ior mud-feeding, possibly burrowing, benthonic

life.

P o st d e p o s it i o n al O ri gin f o r S orn e C al c iLut it e

The likelihoocl of a postdepositional origin for some microcrystalline

calcite, similar now in appeuiu.r"" to calcilutite, is indicated by several

lines of evidence. These include chalkiffcation, the occurrence in

many sediments of shells which are soft enough to be cut with a knife

(presumably owing to the decay -of -conchiolin 
or other organic

cJment between thi crystals), and the formation of micrite in empty

algal bores. These processes might yield products optically indistin-

guishable from detrital calcilutite.

Bacterial ActixitY

Bacteria are so difficult to resolve with a microscope and their study

requires such specialized techniques that progress,in this field has not

,ho*n the moie dramatic advirrc"s of totti" other aspects of dia-

genesis. The quantitative importance of bacteria in inodern sedi-

:;;;;;"'^;;"'i"ai"ut"a by ri",r,,", (1e33) in an areal studv of the

mucls ofi cape cod. zoneil (1ga6o) h", dor," quantitative research

and added data about the main groups of bacteia (aerobic and an'

aerobic) at various depths in marine sediments, and about the assocr

ated physicochemical'conditions. ZoBell and Feltham (1942) pub-

lished some of the earliest information on vertical changes of Eh in

cores (also ZoBell 1g46b) ' Shepard and Moore ( f955 ) hive added to

this and hav" ,ho*.r how con-,plex the vertical distribution (and re'

distribution) 
"un 

b". ih"y,t'Jt' the importance of a reliable environ-

mental control in the ittJ'pt"t^tio" of ih"s" changes' It is -certain
that bacterial activity in gcieral yields CO" NH',' ;d H,S', The ac-

companyin g rrptor."''oi' ol' it"t-ui"" ttt'ai"a ly i-iagina ind Kuznet'
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oxygenated or that benthonic life rvas impeded' The chemis!ry of

iron" minerals has progressed to the extent that it is now possible to

drarv reasonable conclusions about the chemical environment in which

the minerals grew, in terms of Eh and pH. This subject is dealt with

in a paper by U"bet (1958) who with Garrels (1960) has done so

much to clarify this vital aspect of diagenesis.

Van Straaten (1955, p. 38) has described the early formation of py-

rite in the lutites of the Waddenzee, Netherlands' Hemingway

(f951 ) has compared some Liassic sediments of Yorkshire to some of

the deposits of the Black Sea, and N{orreti (1957) has discussedpetro-

Iogicaf implications of the presence of pyrite in limestones. Certain

tiriy pyrite spheres have been shown by Love (1958) and Love and

Zimriernan ( tgOt ) to be part fillings and part overgrowths of micro-

fossils.
Ericson et al. (1961) record that hydrotroilite, possible precursor

of pyrite, is normally present only below the top few _decimeters 
of

Atlantic deep-sea sediments and is commonly associated with organic

matter. Thit the overlying water is well oxygenated is shown by the

abundant foraminifera and active burrowing benthos. They have

also found marcasite, in fecal pellets and inside diatom fmstules, in the

Neogene clays of the Hudson submarine canyon.

The Structure "stromatectis" in Knoll Reefs

Masses of coarsely crystalline calcite, sheet-like in form and no more

than a ferv centimeters thick, in the fossili{erous calcilutites of De-

vonian knoll reefs in Belgium, were first interpreted by DuPo+
(1881, p. 268) as an org;ic structure, possiblf a- stromatoporoid'

i""n^pt" (1937) in his letailed work gave no enthusiastic support

to this 
^liypothesis, 

but Lowenstam ( 1950 ) recorded organicJike struc'

tures in s]milar materials in the Silurian of the Great Lakes region'

J. Bellidre ( 1953 ) proposed that the coarse calcite had grown as a result

ff o ao,rUt" 
"*"hJ'gJ 

between the calcium salts of se"a water and the

ammoniurn carbonate evolved in a decomposing organism' These

coarse mosaics were shown to be drusy fillings of 
"cavit]es 

by Bathurst

(1959b) and he tentatively put forward ti'e idea that the cavities

might have been the rnolds 6f u d""uy"d organism' Nio:" recently

Scfrr.varzacher ( 1961) has made u q.t"rriitutivJanalysis of the orienta'

tions of the cavity floors in relatiori to the old reef surfaces, His re-

,.rt,, ,rrgg"rt thai the cavities formed along planes of shear failure

during creep, slumping, or compaction.
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General Works

Useful discussions of diagenetic matters in general are contained in

Nervell et al. (1953), Strakhov (1953), Revelle and Fairbridge (1957),

R. N. Ginsburg (1957), Sujkowski (1958), I l l ing (1959), Murray

(1960), and I. L Ginsburg (in press). Chil ingar (1958) summarizes

some data from Soviet literature. There is a very full summary of the
geochemistry of carbonate sediments and rocks by Graf (1960) and

p"p".r from a symposium on the subject by Ingerson et al. (1960), and

a thorough treatrnent of the colloid chemistry of silica by Iler (1955).

Essential data on skeletal mineralogy are contained in Bgggild's
(1930) work on mollusks, rvith additional information by Piveteau
(1552), and Raup's (1959) examination of the crystallography of
echinoid calcite. Details of the mineralogy of Foraminifera are given
by Blackmon and Todd (1959), and there is information on wall
structure in fossil forms by Wood (f949) and Cummings (1961).
The elemental composition of marine organisms is very widely dealt
with by Vinogradov (1953), and there is also the earlier survey by
Clarke and Wheeler (1922). Nicholls et al. (1959) give specto-
graphic analyses of rnarine plankton for seventeen elements including
boron, lead, and vanadium. Taylor (1964) has lately produced a
stimulating general survey of diagenesis.

Summarv

It must be apparent from the foregoing notes that diagenetic studies
are-still in the embryonic stage, and it is hardly surprising, therefore,
to discover that the influence of these studies on the researchers of the
p_alcoecologist is rather a question of promise than of achievement.
Nevertheleis, one outcom" of th" p.og."^r, of the last few years is clear.
In the- future, more of the faded, t'attied, and tantalizing pages of eco-
togical history will successfully be reconstructed than^would ever
nave been the case without the help of this ancillary discipline. No
matter whether the paleoecologist is concerned with the qiantities of
utuerent organisms in a past community or, indeed, with their very
existence, oi with tlie teniperature of the environment or the food po-

l:lr:t 
of a substrate, he is^ continually facecl with the consequenceJ ofsolution, redistribution, recrystallization, replacement, cJmpaction,

and authigenesis.

,-!"1tat1 
tines of research seem both to be particularly appropriate

+11 
,",have nrade outstanding progress during the last iJ* y"ur..r nere has been a great devetf*"I"t of the iuhol" subject riratter
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of solution, redeposition, ion migration, dolomitization, and the selec-

tive removal of certain kinds of skeletons. Useful signposts in these

studies of subsurface chemical environments are the iron minerals.

Closely related to these fields is the new understanding of the complex

problems of silicification, again with its implication of wholesale solu-

tion of skeletons and its interesting illumination of the questions of
primary-versus-secondary cherts, and the formation of gels on the sea
floor. Ion migration is also relevant to the estimation of paleotemper-

atures and to the comparison of the elemental compositions of fossil

skeletons with those of modern groups. The value of a biochemical

approach to paleoecology is being realized thanks to the stirrings, still
faint but persistent, of the potentially rich field of paleobiochemistry.

It may be that a bridge between this line of advance and the study of
fossil bacteria will lead to valuable discoveries.
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The Solution Alteration of Carbonate
Sedirnents and Skeletons

h7 P. K. WcSl Dept.
xcrsity, Coraallis, O regon

ABSTRACT

. Tt" 
geologist normally approaches carbonate rocks as a historian

i. that he wishes to discovei-the origin and diagenerr, ; ; r-Ji.rr"r-,tfi'om the information contained in trre"rock. The"physicar ."i*tirt o'
ltl" ",1."1 ]1an{ approaches nature as a p.oplr"i in that h"-*irh",to predict the future behavior from the originar state of the sedimentand the chemical, physical, and biological processes that are going on.In.strrdying -solution-arteration, tu" r"irt ii il ffii" pr"irlirr"r., 

"sedirnent, which consists of an intimate.mixture of many impurephascs, is transfornred by intera"tiou *iir.1rre interstitiar sorutions intoa carbonate rock. So iar our knowledg" of th"re p.o"".ro 
"i, 

,r"ryliurited ancl'rore often than ilil; a"t;redictions i"rri"t u." 
"t"u.rycontradicted,by the geologic evidence. Fo, 

"*"_ple, 
one would ex_pect recrl'stallization of a ,i;"t.,re of finely divid"d p";"i;, of'i#"r"rrtc'arborrrtes to Droceed ,ou"r, ,no." t"fiaiyilr". is observed. The useof tht' carbonaie sat'rornete-r is- beginning to give lrs some understand-irrg crf the conrpre-xities of the tir;-ti", 

"itrris 
recrystaili zationprocesstn tratural carbonate systems. \\'e observe that an initia'y rapid rateot precipitation is foriowed bv' ilJ;;Jil';;;;'t'"'.',ii"rn-"

I^T"t' Tliis studv is continui'g ;.I n'":= 'op" that it wit read totretter prediction of geologic prdr;;;. 
" "

Irrtrocluction

In a study of solrrtio' arteration of carbo'ate sediments two ap-proac'hcs are possjble. In the clossical j"otogi"ut.npproach, 
the geol_ogist looks at iaturc as_a historiatt. ir"ir i lre evidcnce seen in a rime_

]t?nu' It" attempts to discover trr" 
""tt-r-ent of depr_rsitio' and the\trbscquent 

history of the ro"k. Tir;'irryr""r scientist, on the other

il o+D
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hand, approaches nature as a prophet' Given a particular initial state

a.rd the ior"es acting on the system, he would like to predict the evo-

lution of the system-in time. 
'In 

our problem,-given a. particular. sedi-

ment and its subsequent history of burial and hydrology' we should

iif." a predict the tiansformation of the sediment under the particular

conditions.
Theadvan tageo f thephys i ca l , p red i c t i veme thod i s tha t i tmus t

lead to a unique 
"nr*",iu'give,n 

iystem (if all the forces acting on

ii u." ,p""ifi"d; 
"u.t 

evolve in"only on€ way' The geological method'

however, can never establish that there is one and only one way

i n w h i c h a g i v e n r o c k c a n b e p r o d u c e d . T h e d i f f i c r r l t y o f t h e
nredictive m"t"hod resrrlts from the disparity betrveen the human and

i""i"gt" time scales. We are able to ttttdy pto"tt:".t 
11"::i9{1::

iuti"! I psec; we can hardly wait millions of years tor a geologlc ex-

p".i*?.rt'to be completed. we must therefore turn to the historian

to check our Predictions.
The historiin, in the meanwhile, after studying a piece-of rock' has

decided that it resulted from a particular Process' Before we can

have confidence in this interpretat^ion, we must be convinced that the

proposed mechanism could yield the observed result in the time avail-

;;ii.""W" _*i U" able tt predict that the proposed mechanism

could indeed. have transformed the sediment into the piece of rock'

Anunderstandingof thesolut ional terat ionofcarbonatesediments
lvill therefore require both the predictive and the historical approach'

We must investigate tft" pftyti"! and chemistry of model systems that

simulate nature, 
"and 

th"., 
"ompare 

the predicted results with observa-

tions of nature. If we are good ptoph"ts, our predictions rvill be rea-

sonable approximati"* lf .if'ut i actually observed' If 
,r1e,;1e 

false

pr"fft"ril'.tr predictions will be repudiated bv nature' In that case'

we shall ha'u" l"ar.,Jihat the mod'el, which *" hou" assumed' is in-

correct. This is negative knowledge; n-evertheless' we have made a

step forward in thatsi" i""" Jt*t"""t"d u model' Without working

out in detail the 
"""r;;;;;;' "itrt" 

*"a"r' *" 
"otttd 

not have proved

its incorrectness.
Let us now consider some model carbonate systems 

"* 
tl-1;*"I?

Let us now conslder some rrlouer uaruw'4lv r7rrv^'v *--- 
ei of

t;;-phfi"s and "h;;;;v 
oyr sediment.:":"::i,lt"lllr,r-,

;ff#Hi; ;il,;"il""i"g,"ti". rn addition, dolomite, gypsum'-- 
;i^"- *incrnls will not

;i"*"ffi 
",*""' -'""'"r' -?l 3; p'",':I' .:T::"11':";1I,;: T:?" "JJ'X:i f:lii : :' f: 1;'"#, g i**r ::I ;:""'De pure crrcrrr ru4r Lv"rrvurru,  

runts up to 20 mole%.
mafinesi,rm in solid solution it 

*yllq^Tc,r-^ 
-^i-.-o.o will biffi;tT# il'il"':;;;;";;i';i;:'o, tI'" poi" 'pu"" wiu be per'
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rneated by fuids. Below the water table, the fluids will generally be

a concentrated solution of ions. Sodium, magnesium, calcium, po-

tassiurn, strontium, chloride, sulfate, bicarbonate, and carbonate ions

a1e frequently present in appreciable concentrations. Dissolved at-

mospheric gases usually must be considered, and other ions and com-

nounds maY also be imPortant.
' 

We shall restrict our attention to mechanisms of solution alteration

-that is, changes in the sediments produced by an interaction be-

tu,een the solid minerals and the interstitial solutions. In a consider-

ation of the solution alteration of carbonate sediments, two types of

environments must be considered-that in which a sediment particle

is surrounded by essentially an infinite volume of solution, and that in

which the pore space of the sediment is filled with solution.

Environment I-sediment Particle in Contact with an
Infinite Volume of Water

ExAMrLES. A calcareous test sinking to the bottom of the ocean;
ffne grained carbonate sediments brought into dilute suspension by
physical (".9., by wave action) or biological (e.g., by fish) forces;
coarser grained sediment particles saltating over the water-sediment
interface.

In this environment, the aqueous phase can be considered an open
system, and its bulk composition will be controlled by large-scale
physical, biological, and chemical processes. Dissolution of, or pre-
cipitation on, the sediment particle will affect the water only in a very
limited zone of difiusion about the particle.

PnoBLE\4s, In this environment, we must determine (a) the degree
of supersaturation or undersaturation of the water with respect to the
sediment particle; ( b ) the rates of precipitation or dissolution; and
(c) the morphology of the precipitate or the leached product.

Environment Il-sediment with Interstitial Water

- EXAIIPLES. A carbonate sand beneath the sea; a lime mud below
the sea; a limestone-dolomite mixture below the water table.

. In this environment, most of the matter present, other than water, is
in th_e solid phase. For example, a calciuri carbonate sediment which
has 50% porosity, which contiins I mole % of magnesium and stron-
ttum, and *hoie pore space is filled with sea *it"r, will have the
rullowin g composition :
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Concentration, \'Iiliirnoles'/cc Sediment

I^n Solicl Liquid

c"ii" 13 -23 o oo5o
r r -21 -  0 .135  0 '0260
t r r F  

n  1 a i  0 . 0 0 0 1
sr l+  0 .135

Tota l  o0z  13 .5  o .oo12

The water composition rvill adjtrst to the soiid phases present' The

Eh and pH of th" *;;'';ii uJ tu" re-su1t of che'mical changes taking

;i#;r"il ,.iiJ-rtq"td ;;;;i*"' and of biolosical (bacterial) reac-

iio.rr. The Eh 
""d 

;H ; dependent'.rather than indepenclent' vari-

ables. For example,t;" pt";;;ce of calci'm carbonate will adjust the

pH to some equiliU'i"ttuof""' Thc presence of calcium carbonate

is not the result 
"r 

irr" pu of the intJrstitial water. It is important

to stress this point, b""uit'" some rvriters give the impre-ssion that pH

and Eh u." itta"p"ii""t""J"f'f"s similai to the physical variables'

temperature' and Pressure:

A good many chemical reac-tions tyli"! influence the diagenesis and

morphology of sedime'nts';;"';;i;;;;J uy tt'" '"aox potential' 
- 

The redox

notential deterrnines the physiological activitf oi bncteiu (ZoBell' 1946) '

""lr*,ri'.,ffi l;;#"*;'1i",1':"ll"dt"ili?*l'"'i"J:"iiii$:''ltttJf
The pH and Eh of the water are symptoms' Changes in these vari-

ables i id icat" t r 'o t " r ' " - ica lorb io l 'og ical react ionsi retak ingplace '
il;;"-pi ;, a ch a;;;,;1. n u 3 t- 1y, jffi1:"il ;?ffi1 J "+*:6:
r?.3;il"#T;ili:":?i'"Jx;,T:o#H;;;;;;iY",''1e61)
A chanse i" nr, -"i"r'; ;";*"1; "f.b";;;i 

activitv' For example'

sulfate-ieducing balt"'ia mav Uu '"att"i"f tf-t" 
"tigi"^' 

sulfate in the

;mr;':;i.,1;'il:fil"Til: l'll"l " u'* "'t, the c omp o s ition or the

'vatlr mav be changetl by diffusio. dtt" t;;;;Jo'igtuai"nts and

tt"i:t*fru 
The original sediment rvill be a mixture of many irnpure

pil;;;,**:T;i+T*Til1Hlfj::ffii"ffi :T","fi lil3"ilflil:
isms Present and

The organi" "o*'ii"";; 
;;11 ;;"d"";;Jit;s 

containitrg varvitg

amounts "t 
-"gt*"t'*'"nJ' o'"gonites "i--;;;"g impurit! 

content'

The phvsical for""' may or may not ;"i;"i;ltdt'lar'size fractions'

i'r'"#,1;.'."p-d;i".i';ti:l-t-":::*[:-f"#1"ffi"i*ru*:;
librium. At Ln arbitrary magnesrum'
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nne 3r1d only one of these impure cllcium carbonates can be the least

-"i"frf" and thus be the stable phase. A particular calcium carbonate
"^l,r L.,orti.ular dolomite can coexist in thermodynarnic equilibrium

:;;i 
" 

particular calcium-to-magnesium ratio' Since the sediment

),,uot""ifu is not an equilibrium assemblage, 've should like to be able

:;'?;;i;, the final e{uilibrium product and the kinetics of recrystal-

i;"1;;". How rvill this rec.ystallization alter the mo':Fhology of the

,.,atrr"t ti If the interstitiai rvater is in motion in the direction of

,"ilririfny gr.adierrts, how much cementation or leaching 
"vill 

take

place?

The Physics and Chemistry of Solution Alteration

Conseroation of Mass

Excerrt for the radioactive elements' the mass of each of the chemi-

cal elcnirents in a closed system must be conserved. This basic, princi-

rrle is a powerful tool. it permits us to relate a change in chemical

iou.,noritic,n to the riet n*o.*t of material transportcd into the system.

l,Ieclmnisms of Tronsport in Solution

N{aterial can be transported in the interstitial water either by difru-

sion or by fluid florv. In diffusion, the ions move through the water

ltecause of concentratiorr gradients, and the transport is prop-ortional

to the concentration grrrdicnt. The rret amount added by diffusion

to ir giYcn volume element of the sediment is proportional to the sec-

ond space derivative of the concentration. The following larvs apply
to diflusion in a porous medium:

i:frvc
ac  - 'D  r t c+1
At 0l; O

rvhere 
i is the mass of material difiusirig across unit cross-sectional

area of the sediment in unit time,
D is the difiusion constant (of the order of 10 5 cm/sec2 for

ions in aqueous solution),
F is the formation resistivity factor (the ratio of the resistance

across the solrrtion-filled sediment to the resistance of a
similar geometry in the free solution),
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C is the concentration of the solution in mass per unit volume,

{ is the fractional porosity of the sediment'

A is the mass of material dissolving per unit time per unit

volume of the sediment ( -A is precipitation ) '

y is the gradient oPerator

a .a  a
; . - - 1 1 - + k -' 0 u  "  0 9  0 z

V2 is the Laplace operator

a 2 , a 2 , o '
ar ' *  u f  -  * '

In the case of fluid fow, the amount of cementation or leaching

clepends on the first space derivative of the concentration:

U:  -o ' vC
at

where rn is the mass of solids per unit volume of the sediment'

g is the flow vector in-volume per unit sediment area per unit

time.

These equations will apply to the total mass of dissolved matter in

the water as well ut to 
""y 

one chemical constituent which is con-

served.

Solubtltty of Minerals

Of primary importance in solution alteration is the solubility of the

various constituents oi afr" sediment in the interstitial solution' An

idealized version 
"f 

iiri, p."Ufem has U""" ti"ii"d by the.physical

chemist, who studies the iquilibrium of a heterogeneous system con'

sisting of two or more pha-sbs. A- Pha'" is a honiogeneous mass hav'

ing uniform physical a.id 
"h"mical 

^Properties 
which"is separated from

other phases in the ;;; ;t-;"f aJn""J usunding s,lrfaces. For

example, a piece ot pure calciie in an aqueous solutioi is a two'phase

system; one phase is the calcite; the othei is the solution' The bouno-

ary between th" t*;';;; is the 'oua-Jtttion interface' when

the phases ur" b.orrgit G;;"i; either the calcite rvill dissolve or Pre'

cipitition will take fi*"'""aii the two phases are in equilibrium'

Upon dissolving, the'calcite will b" 
"o"'u""tJio ""l"itt- 

aid carbon'

ate ions in solution. The law of mass u*io" states that 
" :*iI

:'TJ:il#':J,iliil; ;J:i':H' "1[";i;;" i"" ""'i'i'ies in soru'
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tion divided by the activity of solid calcium carbonate will be a con-

stant, the equilibrium constant, which depends only on the tempera-

ture and pressure of the system. The theory implicitly assumes that

any precipitate formed on the calcite will have the same chemical

composition as the original calcite.

The activities involved in the equilibrium constant are thermo-

dynamic concentrations. They differ from the actual concentration

by a factor-the activity coefficient. At infinite dilution, the activity

coeficient approaches unity. For most waters of geologic interest,

horvever, the activity coefficients differ significantly from one and de-

pend on the detailed composition of the solution and on the tempera-

ture and pressure.
A possible approach to the study of the solution equilibria of min-

erals is to determine the equilibrium constants of the various miner-
als as a function of temperature and pressure. In addition, one must
be able to determine the activity coefficients of the various ionic spe-
cies in any geologic waters as a function of temperature and pressure.
This approach has been pursued by many investigators and has been
developed most rigorously by Garrels (1960). It is the classical ap-
proach of the physical chemist to the study of solutions. As geolo-
gists, we wish to obtain specific answers to geological problems and
are not primarily concerned with understanding the details of solution
chemistry. We must therefore ask to what extent the classical ap-
proach has obtained answers to geological problems and to what
extent this approach gives promise of obtaining such answers in the
tuture.

Let us now consider how the classical approach can be used in a
specific case and what alternative methods are available. Assume
that we are standing on a carbonate sand beach of a tropical island.
The sea water is miving over the strand line in waves lnd is con-
stant_lf moving the sand farticles about. We should like to determine
whether calcirm carboriate is being precipitated on the sand or
whether it is slowly being dissolved b"y tir" ,"" water-in other words,
whether the sea water iJ over- or undersaturated with respect to the
carbonate sand. The fact that there is beach sand indicaies that the
sea water is not either grossly supersaturated or grossly undersatu-

1a1ed, If it were gtossl! .rnd"rr*i.,ruted, the sand would have dis-

::1":g 
Jong ago. IT it were highly supersaturated, the precipitationwould have cemented the sarrd iirto a so'lid rock. The dilieren^ce fromsaturation must therefore be slight.

- 
r o determine the difierence from saturation by the classical method,we proceed as follows:
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L Obtain a sample of the carbonate sand, and determine its phase

-calcite, aragonite, or impure calcite of what composition-'

2. Look up"th" solubiliiy product of the carbonate at the particular

water temperature. If it-has not previourly !-""1 
determined, meas-

ure it by 
^determining 

the solubility in distilled water plus carbon

dioxide.
3. Obtain an analysis of the major constituents of the sea water.

If we were dealing with normal sea water, this would not be necessary.

4. Determine the pH of the water.

5. Determine the total CO, content of the rvater'

6. Look up the ffrst and iecond dissociation constants of carbonic

acid at the temperature of the r.vater.

7. Look up 6r determine the activity coefficients of carbonate, bi-

carbonate, aird dissolved CO, at the temperature of the water. Due

to the specific interaction of carbonate with cations, particularly cal-

<,i.rm an'd magnesium, the activity coefficient is not merely a function

of the ionic strength of the solution'

8. Look up or"determine the activity coefficient of calcium in the

water and compute the calcium activity.
g. Compute ihe activity product of calcirrm carbonate in the water,

und 
"o*p'n.e 

that prod.rct iith th" equilibrium constant of the solid

calcium carbonate on the beach.

10. Make a detailed error analysis to determine whether the dif-

ference between the equilibrium constant and the activity product is

significant. If it is, we have determined whether the water is over-

or" undersaturated and by approximately how much' If it is not'

within the errors of our det&minatiot r ih" water is in equilibrium.

In view of the many constants involved in the calculation, the error is

likely to be quite large.

It can be seen that the classical procedure is very involved' It is

still relatively simple in the case of iea water, be"at'se the analysis of

sea water is well frrottn and much work has been done on the estima-

tion of the activity coefficients in sea water' In different types of

water, however, thl procedure is much more complicated'

What alternative 
'fro""dur" 

is available? Usin-g the, carbonate

saturometer techniqu6 (Weyl, 1961 ), we can proceed as follows:

Using a *odifi"aiio.r'of ihe pH meter, *" tnk" a sample of water

at the beach and place it in our portable saturometer' We set the

potential reading to'-"oi, d.op u- iu-pl" of the carbonate sand into

the water sample, and note thi chang6 in potential' . 
If it is-positive'

the water is supersaturated; if it is riegative, the water is undersatu'

rated. From the deflection, we can estirnate the difieren ce trotrj

i

' I

ii
I

i l

i;
liir
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saturation. With sea water, an approximate calibration has been pub-

lishcd. If we are dealing with a different water, we must perform a

calibration. The saturometer technique is quick and straightforward.
With sea water, we can determine differences from saturation of I
part per million. What do these measurements show?

First, we take a sample of the sand from the surf zone and find a
slight supersaturation of a few parts per million. Next, we take a
sample of the sand higher on the beach and find a supersaturation of
slightly over 10 parts per million in the same water. Apparently, the
immediate history of the carbonate particles afiects their solubility
in sea water. The grains that have recently been contacted with fresh
sea water (Environment I ) show little supersaturation, whereas those
that have been quiescent on the beach (Environment II) show a much
larger supersaturation in the same water. This observation is in con-
flict with the simple solution chemistry model. If we are dealing with
a distinct carbonate phase in sea water at a particular tempei-ature
and pressure, there should be only one solubility independent of the
past history.

The empirical saturometer measurement has t]rus demonstrated
that nature is not so simple as we might have hoped. This fact would
never have been discovered by the classical solution chemistry ap-
proach. X-ray analysis of the carbonate sand from the surf 

"on" 
und

from higher up on the beach would have shown the same bulk phase
to be present. Thus, we would have assumed that their solubilities in
sea water are the same.

The saturometer measurements indicate that the carbonate sedi-
ment particle is not a single phase as defined by the chemist. Appar-
ently, the c.lcium carbonate precipitated differs in apparent sotutitity
from the previously precipitited iolid. Nature thui violates the re-

.q.,]t:.rn:"t of homogeneity. Although we do not yet understand the
detailed mechanism of caibonate p.iipitutio' on tfie beach, it is clear
that we cannot hope to investig:ate it by the classical methods of
solution chemistrv. 

^

Solution fin"ti", of Carbonates

-- 
Irr addition to knowing the equiribrium sorubility of carbonates,we must know somethin[ about'the rates at whicir equilibrium is

ll":h:d. From a study "of the solution kinetics of calcite in watercontaining CO, (Weyl, 1g5B), the rate of solution was found to be'qtrrr€d only bv the rate of diffusion of the sorute away from the sorid-ttquid inteiface where the sorution was saturated. work with thesaturometer 
in sea water, however, has shown that thinqs are much
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more conplicated: the rates of equilibration are much slower than

wor-rld be expected if erpilibration were limitecl only by the rate of

diffusion. In addition, the past history of the carbonate particles

a{Iects the apparent solubilitY.

Recrystnllization in a Carbonate Sediment

A carbonate sediment consists of various organically or otherwise

derived pieces of calcium carbonate in an intimate, fine-grained mix-

ture. This mixture should recrystallize to the thermodynamically

most stable phase(s). Ultimately, recrystallization takes place, since

after a few hundred million years only relatively pure calcite and

dolomite are found. Recrystallization is obviously a very important

mechanism in the transformation of carbonate sediments into carbo-

nate rocks. At rvhat rate should this process take place? Let us first

consider an idealized system consisting of a fine-grained mixture of

calcite and trragonite.

C alcit e - Ar a go n it e M ixtur e

Assume a mixture of calcite and aragonite grains of 0.5-mm size,

and a small difierence in solubility of I ppm in the interstitial water.

If each aragonite grain has at Ieast one calcite grain adjacent to it

rvith a separation of 0.2 mm, the concentration gradient will be 5 X

10-1/gm Jm3/cm. If rve assume that the rate of recrystallization de-

pendi only upon the rate of diffusion from the aragonite to the cal-

iit" rrrfa"e, then, during each second, the grain will loose 1.25 X 10-11

gm. Since it contains 3.5 ; 1O-+ gm, recrystallization will be com-

pleted in about 3 X 10r scconds, or about 1 year.

This model suggests that recrystallizati,on in a sand-s ize, mixed

carbonate sedimcnt should take place rvithin about a year' Finer

grained sediments should recrystallize even faster' Although recrys'

iallization from aragonite to calcite does take place, the time required

is more on a scalJ of tens of thousancls to millions of years' Our

simplifiecl model thus results in a precliction that is grossly in error'

\Ve must therefore conclude that ihe rate of recrystallization is in-

hibited by mechanisms other than diffusion.

M agne sian C alcit e -C alcit e M ixtur e

Recent experiments in carbonated rvater and sea

Chave, Defi1yes, and Weyl, 1962) have shown
rvater (Garrels'
that magnesian

The Solution Alteration of carbonate sediments and skeletons 355

calcites are considerably more solubre than pure calcite. A sedi-
ment composed of a mixture of magnesian iarcite (fragments of
red algae) ancl relatively pure calcite would tencl to recry"stallize to
p're calcite. 

^ Ih" 
solubility contrast in this case is m'ch iarger than

in the case of the aragonite-calcite conversion. For the same size of
sedimert particles, recrystaiiization shourrl tnke place even faster.
Dtrring recrystallization, magnesium carbonate lvill be added to the
interstitial rvater.

Lct .s ass*me that each cc of sediment cont*ins 0.5 cc interstitial
rvatcr, 0.25 cc pure calcite, and 0.25 cc calcite containing 16 more %
r.ragnesium carbonatc. If all of the magr.resium carbonatJ r-emains in
s.l.tion 

_after 
recrystallization, the waler will have the following

r ' , , rn los i t ion:

r

Ion

Ca2*
xIg'+
Total COr

Conccntrat ion, I l i l l imolesT,cc Sediment
Initial \\-ater Final \Vater

0.0050 0 .0050
0 . 0 2 6 0  1 . 1 0 6
0 . 0 0 1 2  1 . 0 8 1

' r i

ll
rir
I

The nragncsiu'r carbonate concentration in the *,ater after recrystalli-
zation would thus be enormous. Long before recrystailization has bcen
c'nrpleted, the solubirity of doromite must be exceeded. we rvourd
thtrs expect a-ra31d recrystallization of trre mixed sediment to a mixtureof calcite and dolomite. Again, the geologic evidence indicates that,

:lll:::*n 
recrystallization e"veni,rally"does" take place, the time in_volvecl are' very much longer than would have beJn predicted.

Conclusion

,,_ll ,Otr."":ring 
the solution alteration of carbonates, I have done

;;;'j: :.".^ 
rl,a.re my ignorance with you. Let us hope that a knorvl_'rr5t'.,r olrr lgnorancc is the first step towa^rd u'deritanding. It ap_p*ears that thJmeans by wliich ,rut.rr"'trunrforms carbonate sedimentstnto l imesto'es and doromites or" ,,oi-ul 'simple as we -ighi-lrur,"

l:p"4. \\'e 'ave much to l"ar' b"for" ..,n 
" "u' 

make reliable predic_trons and become true prophets.
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The Replacement of Aragonite by Calcite

in the Molluscan Shell Wall

b1 R. G. C. Batlrurst Department of ceology' Utti'oersity

of LiaerPool, Engl.and

ABSTRACT

Where the aragonite of molluscan shells has been replaced- by cal-

cite, it can be sh"own that the resultant fabrics have evolved in one

;iil ways: by solution, yielding a mold which was subsequently

nffJ Uy aiurt of drusy calcit"; oiby recrystallization in situ. Solu-

tion-dcposition is indicated by the drusy fabrics of the calcite mosaic

a.,d thJ coilapse of micrite envelopes that have partly replaced many

shells. Recrfstallization in. situ 1s apparent fiom the absence of

drusy fabrics and the preservation of lamellar structure. These everrts

are ielated to the ,"{n"n"" of shell fracture during compaction and

the early and late stages of cementation'
It is also suggested that solution of molluscan aragonite can remove

large quantitiJs"of shell debris without trace, yield important amounts

of dissolved carbonate as a source of calcite cement, and cause a sig-

nificant development of secondary porosity. A new criterion, the

enfacial juncti6n, is put forward for the recognition of granular

cements and drusy mosaics.

Introduction

Although it is rvidely believed that many fossil molluscan shells are
now 

"o*posed 
of a calcite mosaic that has replaced the primary

It has been my particular good fortune to havc been able to discrrss the
question of drusy replacement with Heinz Lorvenstam and Grant Gross
in the Californiri Inititote of Tcchnology; and with Lloyd Prriy, Jack
Wray, Coy Squyres, Phil Choquette, and Alrrn Horowitz of the Nlarathon
Oil Company. I acknorvledge u'ith pleasure my wife's help in the
writing of the manscript and the valuable advice of ]ohn E. Hemingu'ay
of ttlJ University of Durham, and Philip Brown of Continental Oil

Companv.

O D T
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aragonite, there is no general agrcement, about the process> or proc-

;;:;';;'fi;h ih" 
"i"go"ite 

was supplanted' opinions favor' for

,h";.J, part, either sot-.ttio" with repLcement !Y 
drusy' calcite or

inversion of aragonite in the solid state' Yet no body of fabric' evi-

dence has been ollered in support of these contentions' no criteria

developed ,yrt"-oti"ully fo' titi recognition of the resultant fabrics'

Above all there i, 
";;i 

for a methoJ of distinguishing between the

calcite mosaics fornred in the shell wall by different djagenetic proc-

esses. So prodigiou, i, trr" role of molluscan shells in lirnestone build-

ing that this neglect"J n"ta of diagenesis marks a serious gap in the

;t:" ;i or,r und-erstu'"tai'-tg' This I particularly-serious because the

most common process,'6lttt iot '-deposition' involves lnass ttansport'

and. the development of secondary- porosity and release of calcium

carbonate in solirtion on a very large scale'
".-i; 

ah* paper fabric criteria are proposed by which the processes

ot-"rugonii"'."ploc"'rr""t can be cliermlned in general terms' Data

from the -oll.,r""t 'J"ll' 
"*''"t'i'-tecl 

confirm to a large extent the

e a r . l i e r v i e u , s , t h a t o n e o f t w o p r o c e s s e s o p e r a t e d l e i t h e r s o l u t i o n -
deposition or recrystallization in situ' In 

'most 
of the shells' the

"ri*"ri" 
arr.ot.r"a'"J!on",ir" to a molcl (secondary porosity). The

;;i;;;t;il"" mr"J *iti a cast of drusy calcite' In others' calcite re-

rrlaced the aragonite in sitrt, thcre was no cavity stage' and various

il;;;i;"f ,t?rr"ttt'"' are now preserved' It is not at the moment

possible to say whether this secolfo process is inversion' that is to say'
^a 

tr,t e polyt t''rorplric f ransf ormatiolr'

The results p,","ti"J lt"t" u'" based mainly on the examination of

acetate peels and thitt '""tio"s of Purbeckiai (top of Jurassic) and

Dinantian (N'lirrir';;;;u"i tt*""ones of the Britisfr Isles' A less de-

tailed study h", b;';;;tia" tf Cambrian to Recent limestones from

*.ioo, pnri, of the Miriclle East and the United States'

'Drusy nrosaic arises- in- the same,'uol, ?-'.::T."1t:--r):::lT::l:"Y #:ff:1

"L::':!"#::;:,i':;T''::13""'11Kt".iffi"#;;;"''"il;i::$,mi"::I:;t
tion, 

'7cement" is applied to material which bln-ds parucres or scu''u"' 'aterial

Therefore some other t".r""it--"""a9a,to-,dac;ib" :T..,:":l*tt:;,';;;;';it 
"."to." 

,o*" oili"t term is needed to desc.be tr1€ cryst'rur"' --' 
,", oi

(otherwise itlentical *tti' ""-""i1 .';tllc|,l]I'^i:'*":l:It:i",ln"'n"*olT::l'J#;i#ili;"i;X$:l::::1":'i;^""u,"ff ill,'j*"'l'r,$;;il':,';:Jl"Til'l#i1illi';i:::#"i'ffi \_1ii;i::;jl',:::"..'l,1':l,i;' iabric- is clefined in the A.G.l. ulossary ( rvuv'r d) 1' 
enta{

r.Dgement and orientatiol ."r.;"rt 
;-131::"^t':,I'n"ttt"r crystirls or sedml
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pressures, in the stability field of calcite, it is metastable and inverts

io calcite on heating (Johnston, Merwin, and Williamson, 1916;

Lander, 1949; Jamieson, 1953; 1957; N{acDonald, 1956; Clark, 1957).

During inversion, rvlrich is a solid-state reaction, the CO3 groups ro-

tate and the Ca ions change their positions. The presence of vvater

is irrelevant. In considering the possibility that inversion may have

occr-rrrcd in some calcitised molluscan shells, there are two factors

that should be taken into account. For a sediment at the surface
of the earth, the only imaginable pressure change is a positive one
through burial, and this would serve to increase the stability of arago-
nite. Heat as a cause of the inversion seems improbable because
unaltered and altered molluscan shells occur in adjacent beds. It
appears, then, that a lattice reorganization brought about by changes
of pressure or temperature is unlikely to be the means by rvhich the
molluscan shells acquired their calcite-unless other factors rvere
involved. It is significant that aragonite skeletons, in rocks as old as
the C:rrboniferous, havc been isolated from meteoric r,r':rter.

Replacement by Drusy Calcite

General

In most limestones studied, secondarv calcite mosaics in the mol-
luscan walls show a remarkable uniformity of fabric (Plate 1, Figures
l and 2) with the characteristics of drusy mosaic (Bathurst, 1g58-, pp.
14-20, or summarized in Bathurst, 1959o, b). ffiey grew, therefore,
on frc'e surfaces in supersaturated solutions. Of th; two forms of
drusy mosaic, only on" h", so far been found in the shell rvalls. Un-
like racliaxial moiaic (Bathurst, 1g5glr, p.51I), rvhich u,as not seen,
the^crystals in this mosaic have plane iritercrystalline bouridaries and
rtniform (as distinct from undult]se) extinction. This kind of chemi-
c'ally.dt'posited mosaic, typical of cement and cavitv fillings in general,
\vrrr ror converience be called paro-arial mosaic (plate l, plate 2, plate
3 ) to distinguish it frorn the less common radiaxial rnosaic.

.r, 1to,lt". -line of evidence also points to the need for a cavity stage
ttttting 

_replacemcnt. N,Iany shell-s rvere replaced, before burial, bv-atntn micrite (Folk, lg5g, p.8) envelope. Seen nor,v in thin section({c. an'angement of the broken pieces of some of these envelopes

TLi"o.:t 
that they have collapsedinrvard (plate 2, Figures 1 andl).r nts evidence is discussed in detail later.
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Plnte 1 Fig. 7 Test of gartropoil, replaced b^y drusy calcite' in.calcilufita'

Mississippi'an. Nao Me'xii'<i'"af . iig z P'art of " taall of . 
gastropod' ra'

pul"na'iv drusy carcite,.- i, )t"niuu (Eonon*i*rirrrj;:""1,d";, ntf;l'angles 
by arro-ra. lllississippian' Neu - Mcxt

1, iT n n' o1 m o lt u s c a n'ilii,'' i "ii" * a i i a *' v ;g2i :; "::fI :' 
or 
ri?, ; : "X1 g: 4'uutopn, 

in cement. Inferior Oolite, Iurassic' ql""':t:":t::::..'::::r: .*riittd
ir"[^r"tt of molluscan'inII (^o"y boreil)' replaced bu drusa calcite' en,

in micrite enaelopes, in cement. lnferior oani,""i"*1tti"-"iirt.ttttr" $lice)'

l^:: 
, 

ljp -, Col!^apsed. miuite enaelope (arrous) enclosing u;hat remains of
7^7ru.sy-fllcd caaity o,nce occupied by a fragment of molluscai shell, in cement.'!!!"o: 

^oolite, Iurassic. Yorkshirb GieI). Fig. 2 sune es Fig. i.

I.1.1',,t 
Sr:ltu as Fig. 7, bti showing one fragmint of enoelope thrust otscr

i"o,l!l (bg arrow). Fig. 4 Caoi{g in caliilutite ioofecl originaily bg atamellibranch oolae uahici was Intei dissolaeil. Knoll-reef in VarbiniferousLimestone. Lancashire.

. , , 4

Figure 2Figure I Figure 1 Figure 2

Figule 3 Figure 4
Figure 3 Figure 4
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The Mosaic

The criteria which have been most useful in the recognition of para-

axial drusy mosaic are described below and illustrated in Plate l,

Figures I and 2.

1. The mosaics show an increase of crystal size inward from the

outer margins of the shell wall. Particularly noticeable is the sudden

change in size near the margin, so that around the periphery of the

mosaic there is commonly a concentration of little crystals'

2. Single crystals extinguish uniformly. (unlike those in radiaxial

drusy misaic which show undulose extinction )'

3. The intercrystalline boundaries are made up of-a^mmber of

plane interfaces (comprsrni.se boundaries of Buckley [195]' p' 127]

and ovetgrown crystal faces ).
+. In addition io these criteria which have been catalogued before

( B a t h u r s t , 1 9 5 8 , p . 1 8 ) , t h e r e i s a n o t h e r t e x t u r e t h a t c a n b e u s e d '
i study was -adi in two dimensions of the places where three inter-

crystaliine boundaries meet, using magnifications of at least 450X with

pJ"t, 11'uUt" t;. In drusy moiaics, more than hatf of these triple

iunctions have one of the ihree angles equal to 1800 (Plate 1, Figure

;f In grain growth mosaic (Bathurst, t9s!, gt 24) 
-and.in 

the calcite

mosaic ;.,ol.'"-il i,n situ from aragonite shell walls ( as described

later), the proportion of 180o triple junctions

l4P is thJ result of a geometricai coinci{e1jj

ffi :#;ffi ;il-?;;;;;;;;;, u ? *wlrul u u)r' Lw u uurrryr vt .be

PO, happened to form a continuout ltl." tl^i.o

;;;#;;;,;h; oJd, ug^i,,,t tTs bl:i#
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raBr-r l. Triple iunctions u'ith angles of 780", in calcite mosaics

Number of Number of
Horizon, Location, and Triple Junctions Triple Junctions

Typc of Cataloguc Number with All rvith One
],Iosaic of Sample Angles < 180" Angle : 180"

Purbeckian, Dorset, England
(20,225)

Callovian, Isle of \Vight,
England (25,638)

Bajocian, Lincolnshire,
England (13,964)

I lajocian, Lincolnshire,
England (13,660)

Ilajocian, Lincolnshire,
England (13,661)

Lorver Carboniferous, Anglesey,
\Yalcs (B 451)

Lolver Carboniferous, Yorkshire,
I lngland (13,979)

) I i ss iss ipp ian ,  Ne iv  n lex ico ,
u.s.A. (E 24)

Locali ty unknorvn (CT 1)

Purbeckian, Dorset, England
(20,225)

Baj ocian, Lincolnshire,
England (13,661)

Nl iss is " ipp ian ,  Nes '  N lex ico ,
u.s.A. (E 24)

Wealden, Sussex, Engiand (8327) 79
Purbcckian, Dorset, England l7l

(21,786)
I'urbeckian, Dorset, England 174

(18,700)
Purbeckian, Dorset, England 177

(21,766)

Pcnnsvlvanian, Nerv X{exico, 174
U.S.A.

LorverCarboniferous,Yorkshirc, IZ4
England (4453 A)

Lol'er Carbonifcrous, Yorkshire,
England (1453 B)
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is less than 5% (Table 1).

It follows, therefore, from the data in Table

1, tliat a new textural criterion is available for

the recognition of para-axial drusy mosaic'

This tcxtire has been found in the secondary

calcite mosaics of the molluscan shells here

being considered.
TIie formation of the 1800 triple junctions

can be discussed with the help of Figure I'

where the plane intercrystalline boundaries

MO, NO urla fO ,"Pu.ut" the crYstals a' P'

and y. MP is a straight l ine. . l
ettno.rgf, it is theZretically possible, M

Fig. 1 Enfacial iu'nc-
tion: LIP being a face
of the crYstal a, and

NO either a comPromi^se
boundary betuoeen crYs'
tals P and 7, or a face
o f P o r T . l'":'""*:;" ffi;;;"""; 

-?.i'"-"rY t'igl''
175
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Similarly it is unlikely that MP consists of a face Mo and a compromise

boundaiy PO (or vice versa). It is also improbable that MO and PO

are the faces of the crystals B and y, which were overgrown 
.by 

a'

such coincidences are by their very nature exceedinglyrare and can-

not account for the observed high frequency of 1B0o triple junctions in

para-axial drusy mosaic. There is, however, one other possible event

it i"t, does sa[isfy the conditions. The boundary MP _can be a face

of the crystal d which did not grow while crystals F Ttd.v-were 
grow-

ing against it. Under these conditions, the tace MP (of crystal a)

*o"ld have been a stationary barrier during the development of the

intercrystalline boundaries Mo and Po. This event is the only one

which is not dependent on an improbable geometrical coincidence.

It will be assumed, therefore, that such an event was responsible for

the growth of this special kind of junction. This 1B0o triple_ junction,

in a'chemically deposited fabric, will be called an enfacial junction

(from the French en,Latin in, meaning "against").

Support for this interpretation of the enfacial junction_comes from

,r-r"uriri"*"nts of the angle between the optic axis of the crystal c

(Figure 1) and the pole of its_ supposed face, d::^gl.the-angle be-

i*"!r, this pole and cleavage which is parallel to (1011). Data from

a drusv 
"ui'ity 

of calcite in the Carboniferous Limestone of Great

Orme,'Denbiglishire, are given in Table 2. Bearing in mind the ac-

rerr-n 2. Crystallographic orientations of the face MP ol

the crysta l  a (F igure 7) .

Measurements rvith Universai Stage Nearest Common tr'ace
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curacy of measurements with the universal stage (c within 20 to 30

according to Turner, 1949), the identiffcation of the crystal faces is

clear for nine out of the ten results where the measured angle is within

3o of the expected. Even the value for I is probably ut ilor" as can

be expected, considering that the errors of two angular measurements
are involved.

In the location of optic axes Turner (1949) was followed (cApole
of face was determined on a stereographic net ) .

The Micri.te Enaelope and its Rupture

In many limestones some or even all of the skeletal particles are
confined in thin envelopes of calcite micrite (Plate 1, Figures 3 and
4). This enclosing sheath is commonly between 10 and 50 p thick
(true thickness ). In its undamaged state it adheres to the shell wall.
It is of special interest that these envelopes clothe both brachiopods
and mollusks, irrespective of whether the mollusk is still aragonite or
has been replaced by drusy calcite or has been calcitized in situ.
Whole particles are entirely enclosed, but the envelope only covers
those fracture surfaces which were made before deposilion. Fracture
surfaces which developed during compaction ar" f.e". It is the
spatial relationship of this envelope to the enclosed drusy calcite that
is germane to the understanding of the process of aragonite replace-
ment.

The micrite envelope differs from an oolitic coat in that it is not an
encrusting addition to the shell, but is a replacement and cuts across
the original shell fabric where this is pieserved. Also it is un-
laminated. Where only poorly developed, it consists of a collection
oJ tubes filled with -i"rlt". This arringement is closely similar to
that seen in modern Bahamian skeletal saids, and a detailed compari-

:?l 
*it made_ with grains from Bimini lagoon. In rhese, the boring

atgae invade the skeleton and, when they die, the tubes are filled with
fine--grained carbonate. This process can lead eventually to the totar
replacement of the skeletot by'a greyJooking micrite.

^_ft I 
important to note that th'e micrite Jrrv"lop" is unlikely to be

an alteration product of molluscan aragonite as both molrusks andotachiopods are afiected. It is also clei.r, from the sharpness of itsrracture surfaces, that the envelope was rigid and brittle.

,,llr,o"I 
envelopes are fragmentary, and the broken pieces have beenutsplaced, showing signs of inward collapse. This inldicates the exist-

"n:" "a 
some time of cavities within the-se envelopes. These signs ofcollapse are absent from the envelopes uro.,rrJ;rt-i"ht"pJd,."'iri"r" u

c A Pole of Face Face A Cleavage

(o) 88"
(b) 59'30'
(c/
(d)
(e) 25"
(/) 55'30'

@) 44"
(h)
(d)
(j) 47"36',

Prism: 90"
(3584): 59'55',
( 1011 )
(1011 )
(01 12)  :  26 '15 '
(3594): 59'55'
(1011 ) :  44 '36 '
(1011 )
(1011 )
(101i) :  44"36'

J

1 Dli

Data from drusy cavities in Carboniferous Limestone, Great

Orme, Denbigshire (means of five readings)'
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also evidence of another kind of rupture which, although it could be

interpreted as exfoliation from a solid shell r,r'all, is also absent from

the envelopes of brachiopods.

TNWARD COLLAPSE. Where fragments of the micrite envelope are

clisplaced in such a way as to indicate that they now lie within the

rcgion formerly occupied by the solid shell wall, it is concluded that

they collapsed into a cavity (Plate 2, Figures I and 2). Except for

fracture, the envelope is entire. It does not show the reduction of

volurne which would be expected if its fragrnents had been forced

into the solid shell wall during pressure solution nor does it interrupt

the drusy fabric of the v'all. In many examples the inward displace-

mt>nt of the envelope can be seen to coincide with the juxtaposition of

another detrital particle (e.g., an oolith). This is so placed as to

suggest that it forced the envelope inward and so caused the rupture.

Yet anotlier pattern shows displacernent of a kind which can only
h:ive evolved by the thrusting of one part of an envelope over another
(Plate 2, Figure 3 ). Care is needed here to insure that the disturbance
arose by thrusting in the envelope alone and not by thrusting of one
niece of solid shell wall over another.

Where broken pieces of envelope have early cement crystals on
their outer and inner surfaces, but not on the fracture surfaces, it is
corrcluded that fracture took place after cementation had started both
on the outer micrite surface and within the mold (Plate 4, Figure 4).

ABSENCE oF coLLApsED ENvELopEs oN BRAcHropoDS. The envelopes
around brachiopods are not displaced. Otherrvise they have similar
textures and thicknesses to those on mollusks. This is consistent with
the hypothesis tl'rat solution of the molluscan shell wall preceeded
collaps^e.

ourwARD DTseLAcEMENT oF THE ENVELorE. Commonly some broken
parts of a molluscan envelope have been displaced outward away
frorn their apparent original 

^position. 
The dificulty about this type

ot evidence is that it could be interpreted as showing exfoliation of a
loosely attached envelope. Yet, heie too, displacem"ents of this kind
ar'€) not seen on brachiopod shells, on which the envelope is firmly
fixed 

.everywhere. This evidence is consistent with, though it does
not clinch, the arqument that solution of the molluscan sheJl released
a thin and readilf shattered micrite envelope. The case for solution
rs, however, strengthened by the fact that outwardly displaced enve-
lopes and those sho,uving i.ward collapse occur together.'i., the sam"
thiri section and even at"dif{erent p1"""', on and in the same moiluscan

]U": Tl-rey differ simply in thi direction of displacement of the
t'nvelope. The general impression, in thin section, ii of an accumula-

Plnte 3 Fig. 1 Fragment of molluscan '^.'', '"lY\"! 
ol'"""ff::f.O';::U::{,!f, ,,fr!",:i,":";':,!,,^iii,'J"f !"x'{,'"riii:tr!;;* j"rri,rijrm'^,(arrou) in molluscan s

IT,,,)'::"n,'"'";,L",;i,,ili;ff i";i":::,;r#:i:{i,;iffiifl ffi';'Tr::r.n'rf"i;:, ";!ir'rr", Ju'rassic- rorkshbe "<"i*Tf'"' ')i' i'- rig*'
;"i;;;;;',i,nltt,rnpto"n,I"ii i,-ii-""t"tt;:inootitn'(r"nr)' 

Eis' q L'..6""- 

ru

Figure 2

Figure 4Figure 3
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Ptate 4 Fig' 1 Part of shell uall of the fresh-water gastropod Viviparus' re'

;:::::):::;';ix",,:'xl!ii:\l:i:A'i""frr,;'!::f it;*;''.':;:;r',W
r,i!,)lr:i,:l,i"l,iitr:iij:1ri:::::i'{::M+t,{::;;:.:WT::ii
i:;*"::";ii"',:,!i:il:!:,:/,irl::,u7"y,"rT:i;ffi i:;""1?::#{s":;;'
e n ct o s in g th e r e m ain s "f 

' 
; ; ; ;i'I " q 71yy,< a 

fii 
i ̂ 7 a iv"ii u tt o " "t y"!I::';

yli:#i"i'-::iti'i*{:',:i:";k,::'t"',ff ",,2i'"J"'iil;ff1**T"'i'o'u
(PeeI ) .
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tion of envelopes, some undarnagcd, but others shattered by compac-

tion and showil,g a complex arrangement of fragments depending on

rr,hether they burst inrvard, outward, or both'

It[olltrscan Valacs Linittg Caaities in Calcilutite

These yieid useful evidence of replacement by solution-deposition.

Irr plate i, Figut" 4 a molluscan valve DEFCtsC (norv all cnlcite) lies

nartly embedded in calcilutite. under a part of the valve, horvever,

il.,"r" i. no calcilutite but, instead, the drusy filling of a cavitv ABCHII

of unknorvn origin, The following evidence shows that the valve was

removed in solution, giving rise to a continuous cavity r,vith rvalls

(par.tly outside the figure) ABCDEFCHII rvhich rvas later filled with

pala-axial drusy calcite.

1. Everyrvhere along tire line ABCDEFCIIU there is an increase

in cr'1'stal size av'ay from the calcilutite.
2. All the tnosaic rvithin the line ABCDEFCLIII exhibits plane

intercrystallin e boundaries.
3. The small, earlv drusy crystals lining the cavity along the rvalls

AB, GII, and U are indistinguishable in appearance from those pro-
jecting downward from the uPper margin of the valve DE and up',vard

from its los'er margin along CB and CF.
If the valvc had ahvays been solid, then the roof of the cavity must

have lain along BG. Yet the small, early drusy crystals which would
havc adhered to this roof are absent.

Absence of Relics of lnternal Structu're

Cases of recrvstallization in situ of the molluscan shell are described
Iater. Intelnal structures are preserved in these shells which are
relics of those in the original aragonite shell. The absence of this
kirrd of relic in tire replaced artrgonite shells considered here is con-
tistent lvith the action of a process u'hereby internal structures are
removed, as, for exarnple, by solution.

Discttssion

. The existence, at one tirne, of an empty mold in place of the arago-
nite shell wall is indicated, first of all, by the drrisv appearance of ihe
secondary calcite. Nevertheless, it might be argued that there may
exist some process of calcitization in sitrt which acts in much the same

ttgute z
Figure 1

Figure 4
Figure 3
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way as dolomitization, and give-s a mosaic which mimics drusy fabric.

1.rr't o, sorne dolomite crystils develop plane compromise boundaries,

,o 
"lso 

rnight this secondary calcite. If the calcitization rvere to

snread inwird from the malgins of the shell rvall, then competition for

siace might give rise to an lncrease of crystal size in the same direc-

tion. Yet this hypothesis will not stand examination on two counts.

After dolomitization of limestone, relic structures commonly remain,

but there are no relics in the shell walls in question. Even more

important is the impossibility of equatin-g any hypojh-esis of calcitiza-

tion in sifrr rvith thJ evidence for inward collapse of the micrite enve-

lope. These collapse structures form, with the drrsy fnbrics, the

-"in fo.r.rdations ior the hypothesis of solution-deposition. Useful

evidence also derives from-the fabrics of replaced mollusks which

once formed the walls of cavities in calcilutites'

There is other evidence which, though not conclrrsive, is consistent

rvith this hypothesis. This evidence includes the absence of collapse

structures on brachlopods, the outward displacement of envelopes on

molluscan shells, and the absence of relic structures in the secondary

calcite.
Taken together, tl'rese seem to be reasonable grounds for concluding

that the arXgonite shell rvas dissolved and that its mold was wholly

or partly sup"ported by ihe surrou-nding micrite envelope or the matrix

of calciiutite and later filled rvith drusy calcite'
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Z). Concentrations of these around the margins of the shell wall
lead to an untidy gradation between micrite and drusy mosaic. The
larger bores are, in places, very clearly encrusted by a laver of small
crystals like those of the early drusy mosaic in the rest of the shell
,tutl. The filled bores were 

"ppare"tly 
sufficiently cemented and in-

soluble enough to remain when the aragonite went into solution.
Sections of walls consisting mainly of this micritic material are
interpreted as glancing sections nearly parallel to the wall surface.

The results of solution-deposition are visible in mollusks with mixed
aragonite and calcite layers. Plate 3, Figure 3 shows a rounded mol-
luscan fragment with the original calcite intact but r.r'ith an adjacent
Iayer of drusy calcite which, it must be assumed, has replaced arago-
nite. The fragment is enclosed in a micrite envelope and is exten-
sively bored along its margins.

Where the drusy-replaced mollusk has no micrite envelope and is
embedded in cement, its outline is revealed either by a dust line or
by the position of the small early drusy crystals. These lie against
the early crystals of the neighbouring cement.

Recrystallization In Si,tu

General

A few of the molluscan walls rvhich were studied are without drusy
characteristics, although they are composed of a calcite mosaic. This
mosaic is undoubtedly secondary since there is no trace of the finer
structure describecl by BBggild (1930) for the N4ollusca, by Neu,ell
(1942) for the late Paleozoic Pelecypoda, or fig.red for the \{ollusca
by Piveteau (1952). In many, 

"' i in"u, 
pattlern of inclusions cuts

across the mosaic (Plate 4, Figure l), continuing with no cleviation
across the intercrystalline boundaries. These patterns are seen in sec-
tion either as hnes of inclusions in a clear morai" or as rines of higher
or lower density of inclusions in mosaics which are otherwise uni-

llttl{ 
dusty with inclusions. Linear arrangements of intercrystalline

tloundaries also occur. AII the patter's oirin", are simirar io tliose
t:":. it sections throtrgh the lamellar structures of unalterecl molluscansnell walls' It is assu'red, therefore, that thcy are relics of originalstructure. It follows that the shell has been recrystallized in situ.

The Mosai,c

The characteristics of this secondary calcite mosaic in thin sectionand peel are given below and illustrat"d in plut" 4, Fig.rres i--3.

Recognition of the drusy filling of the shell mold is in some instances

rather iiffi".rlt owing to ihe loial absence of a sharp boundary b":

tween the micrite envelope a.cl the drusy mosaic. There is, instead,

a graclational passage ̂ id tlt" picture i-s oft"tt complicated by the

prJr".t"" of a iood 
"deal 

of ,nic.ite mixed up with the drusy --"t:::

bome micrite [atches float in two dimensions in the drusy mosalc

(Plate 1, Figuie 4; Pi.;; t, Figure l)' ,These 
areas of micrite within

the shell *ofl *"r" regardecl' i"n the early course of this work' as pos-

sible relics of primari shell structure showing that recrystallization

had occurre d i,n sittt,. The true nature of the" pattern bec-ame clear

rvhen Dr. Grant Gross showed, at the California'Institute of Technol-

ogy, sections of Pleistoc"n" -oiltt'"an shells in which the distribudons

of micrite-filled bores (perhaps algal ) closely- resenbled th:t,",,ilril 
I

in the Dina'tian 
"".1 ij;;;t; 

tr*iit ht*"t'Jd h"t"' The similarity r'

betrvcen ancient micrite envelopes ^"a n""""i o""' fot-"a bylhiji;

lrositirrrr rrf micrjte in algal bor". *n, noted later and has alteady beer '::

mentioned. Careful examination of many tntt '""tt""s and peels 
il ,:|ffi,

ll*:::r: ilt""'nT:i, *I* . ul J*"ff:*"T,"'11'ffi ru,such as would U" t"r-"iUy bores filled?ltn #"tit" (Plate 3' F

fir
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1. The crystals vary in-maximum visible diameter mainly from 10

to 300 p when 
"qttu"tt, 

the colurnnar crystals havirrg lengths up to

;;t;. 
'In 

,or,g" tit" 
"'y'tnl 

sizes are simiiar to those in drusy mosaic'

2. The smallest crystlls are commonly' but not invariilllly' concen-

trated along the margins of the shell wall'

3. The intercrystallirre boundaries are either consertal' gently

curved or, uncommonlY, Plarre'
4. Triple jtrnctions iuith o"" angle equal to 1800 are rare (see

Table 1).
5. The patterns of inclusions are described above' They stop

abruptlv aithe broken edge of a sheil wall' 
r rj ^^-!..' 

;. il'r;;" *"ff, afr"rJ u." ctrrved lines, commonly discontinuous

"J 
,""ghf/ parallel to the wall nrargins' rvhich are formed of a

broken series of i,tt"'c'y'talline boundiries' each of which forms a

part of the curve. The'line is made up of the intercrystalline boun-

daries of tt or" 
"ly'iui' 

'"tti"ft touch it but clo not cross it' Other

"tttiit 
it" 

""ros 
ih" line so causing it to be discontinuous' It is not

dear whether the ;il; lof .r,hi"fi the rine is a section) obstructed

the growth of crystals o' u"t"d as a starting -P]ace jor growth' or both'

Its function as a starting place is suggested by the concentration' in

sorne shells, of ,*ori"ffi"'t' ng"i"tt ih'i' 
""fu""' 

Indeed' the coarse-

ness of the n-rosaic 
"o--o"ly 

iit"'""u"' a-*'ay from these lines'

7. In some tt oU.t'""'"" *oit' f" g ' of thc i'urbeckian irr the south of

England) th" -o'"i" is pale t:&l and pleochroic' J' D' Hudson

(1963), who is ,n'o'kittg iJclepenclently-on tirese fabrics in great detail'

has discover"a ,nutirri 
""i"r'i, 

related to the nature of the inclusions'

8. Some crystals have undulose extinction' A crystal 150 p long

may have a maximum rangl.of extinction of as much as 10o'

9. There is, in some shells, a preferrecl orientation of the longer

ulrilrt" axis normal to the margins of the wall'

10. Commonly, *;;;; 'h"li' It""" u""" utoL"t' after deposition and

their parts ,"pu,o'J,1L";;t""tt ot' 
"ithetl'icle 

of the fraiture would'

if reunited, form contintto* l"tti""'' Thi' -"o"' that re-crystalliza-

tion took pla"e befJr"-f;i;r" and before 
"""."*"ai"" 

had made the

necessary movement rSPossible' 
^^^r r- micrite envelopes, like those

11. Where the shells ale encasecl rn

described earlier, th"''" 
"'lu"topes 

do not shorv collapse structures'

Discussion
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Brorvn (1961 ) has recorded molltrscan walls consisting of a secondary,

coarse aragonite mosaic (Purbeckian of Dorset, England). This may

be iln earlier stage. The process seems, at least in some limestones,

to have begun before the sediment was cemented to a rigid frame-

work, while shell fracture rvas still possible. The mechanism of the

process is not obvious and it would be irnproper to describe it as il-

version without more evidence. Replacement of aragonite by calcite

via a water film across wliich material moves in solution is a possi-
bility.

Time

An order of events is apparent for both processes of replacement.
TIre fracture of shells after their calcitization in situ indicates that the
replaccment rvas cornpleted before cementation had yielded a rigid
framework. At this stage, also, some shells in rnicrite envelopes dis-
solved and their errvelopes collapsed under load. The fracture sur-
faces of both the recrystallized shells and of the envelopes are usually
unaclorned by small, early cement crystals, even thdugh these are
present on the shell wall and on both outer and inner surfaces of the
envelope (Plate 4, Figure 4). The corollary that fracture occurred,
in both cases, after the early stages of cemerrtation but before the final
deposition of the coarse cement, emphasizes the duration of this im-
portant, though little understood, interval of time in cementation
history.

This interval of time between early and Iate cementation, in lime-
stones generally, is revealed in other wavs. It is accentuated by
chemical difierences lvhere, for example, the late cement is relatively
iron-rich. It is also clear that the larger crystal size of the late-stage
cement is not simplv a result of survival in the competition for space
ot a ferv, more favorably oriented crystals of the early-stage cement.
Where shells or micrite envelopes have been broken after deposition
of early stage cement, as in PLte 4, Figule 4, the later cemintation
on the fracture surfaces has not proceeded by growth of many tiny
ct'ystals (as in the early cement). This is in spite of the manv avail-
ablc nrrclei in t lre fracture surfaces of t lrese mrilt icrystall ine materials.
In,other u,ords, there was a lower nucleation density in the later stage,
atthorrgh the rvall (shell or envelope) was similarly fine grained at
t;otlt stages. Is it, instead, possible that the coarseness of the late
cenent is a product of reduced suppiy of dissolved carbonate, brought

ll:ut 
by lr lovrering of permeability cluring early cementation? Or

r) late-stage nucleation hindered because of chemical differences be-The fabric details shorv that the calcite mosaic has evolved in situ;

whether directly o,,riu u. intermediate 
"";;,-ittr 

not possible |osay' ,'L"l'rur
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tween late and ear.ly cement so great that one will not grow syntaxia\

on the other? :,r^ .^^ ^^,,^I^--
Where a drtrsy cast of a shell wall now lies with no envelope' sim-

olv encase<l either in c"me"t or in calcilutite' the aragonite can only
tiilil;H;;i;J;f* enough cement had been laid down to sup-

o."- "- "t"fa 
Doubtless complete cementation was unnecessary'

^Er",, 
,ulrer" the ,lr"li hJ a mii.ite envelope.some degree of cemen-

;;; ;;)' have been necessary to give this the support to resist

"tTll?"r".ion of molluscan aragonite is strikingiy demonstrated in

limestones by the g'""t-uoltttrr" oi d""y replacements' The sight of

ffi;,-;r-"da:::*t"1;-*;;;:$;;;i""tTff #"l:lT,'trthat enormous quantr

"*'f"""i"g 
evJn this record of their former presence' It is necessary

to consider tlort,oo'li-'i"t" '"'t'ou"d in soluiion before a viable mold

had been developed 
jnit"tiy ifte-fornration of a micrite envelope' the

cementation of n 
""iil.rila",'* 

the deposition of pore cement' The

,resent moiluscan content of limestones may be v&y small,compared

ffiffi"'il,r"i"""a"*, much of r,vhich has gone without a trace.
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solved and drusy calcite deposited. The example of the Late Pleisto-

cerre N{iami Oolite (Ginsberg, 1957, p. 96) is one of a growing number

of records which illustrates this principle. where the oolite "is still

in the marine environment or above the ground-water table it is so

friable that it can easily be broken down into individtral ooliths."

At the exposed surface or u'here it is below the ground-water level

it is "thoroughly cemented by calcite" (Ginsberg, 1957, p. 96). The

restriction of this solution-deposition process to limestones of initially

high permeability is probably related both to their accessability to

griund-water and to the free movement of solutions through the pore

iystem. N{axrvell (1960) has recently experimentally demonstrated

the greater effectiveness of flowing solutions over static ones dtrring

compaction of a quartz sand by solution and redeposition.

How far do the ions migrate before rcdepo.sition? Is the distance

to be measured in microns or feet? These are problen-rs still to be

solved, N{uch n.rust depend on the distribution and quantities of

araqonite and calcite as well as on the rate of movement and chemical

composition of the solution, and variations in temperature and pres-
sure. trVhat does appear certain is that a great deal of calcite cetnent

must have been derived locally from molluscan shells, many of which
have disappeared. There is also the further possibility that, in a per-
meable limestone, the dissolved molluscan carbonate may be carried
right away from its parent sediment, so leading to a major develop-
ment of secondary porosity.

The Cavity Stage in Pleistocene Limestones: A Postscript

Nlore than a year after this paper had been subn.ritted the author
was shown a collection of thin sections of Pleistocene limestones frorn
Bermuda, by Gerald Friedman, in the laboratories of the Pan Americarr
Petroleum borporation, Tulsa, Oklahoma. Here, for the first time
s.ince the concept of the empty micrite envelope had been rvorked out
( on the basis of fabrics in fully cemented Carboniferous and Jurassic
limestones), the author saw cavities in all stages of solution and re-
deposition. In these Iimestones the molluscan aragonite had begun
to dissolve while the skeletal grains were still only lightly cemented
with calcite about their points of contact. Where the micrite enve-
lopes were empty, the ce-mentation of the primary pores was no more
advanced. Filling of the envelopes u'ith drusy calcite was also well
advanced or complete before the primary pores u'ere fflled.

The stages of'fnbri" evolutioi agree-rvell rvith Friedrnan's min-
eralogical data (1964). These indicite a change from a sediment of

Space: Aragonite Solution and the Growth of Calcite

The movement of large quantities of dissolved aragonite' out of the

developing molds.l"t" ?iftlt q""1."f the sediment' has implications

which must nol o" 
"*^*i'.'"d' 

There is no doubt that some molds

werc totall1' emptied 
"i 

'"fia material' because some micrite envelopes

;;;;; io 
"r,rrh"d 

that their opPosing sides met'

The carbonot" ,"ai-lrr",-i" ,i;,t"f, iroll.rscan debris is replaced in

this way, may be 
"t;;;;;d 

crucle'ly ̂ t 
"';;;;t 

of aragonite and cal-

cite. As aragonit" i;;; mot" 'olttble polymorph' thJ p-ore water is

likely to be saturated ;;; ;i; *i""'ul u'1tl"t'p""uturata for calcite'

There will, theretorJ t" u t""'a"ttcy for ions to leave aragonite sur-

faces a'd to grow 
";ilt* 

;;'ii"! ""r"i" 
i*t""t or to Torm fresh

calcite nuclei. There is no questiot" h"'""1f'"'i"""t"f t"l::]o: of 
"ll

the carbonate. Th";;;t1i ""i"it"-'rt"t".o"' 
"ho* 

"o 
sign of solu-

tion. In some ,"dt-5;;';" "iJ^"t 
irt" Permian the aragonite is pre-

served intact, ,rt""gn 
""ry-*r'"* 

tft" 'h"[t;;;;' Jt:?'*^l'ln"*

of low perrneability' ;J-""fit' tft-f"' or pitch' 11 -i5 
also pre'

served (with little or no calcit" 
""'t"''t 

j' ; ti;;; carb-onate sedi'

ments containing connate pore water, 
"t1a^i"-ift*e 

which Iie above

the meteori" *"t"''i;;; 
ti*' 

*r'"'" ;*:J;J"t t'u' been irn'

mersed in ground *"i"''ia"'iu"d f'o- t"ltl' ^ttg""n" hu' b""n dis- '*ru
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mixed aragonite and high-magnesium calcite to a fully cemented

lirnestone of nearly pure low-rnagnesiurn calcite. In the field, the

least altered material rvas splashed by sea spray. The most altered

limestones were inland and only wetted by rain water.
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Skeletal Durability and Preservation

b2 Keith E. Chaae Lehigh Unioersity, Bethlehem, Pennsyl-
oania

Introduction

Paleontologists and paleoecologists deal with fossil assemblages.
In aln.rost every geological situation at least part of the original life
assemblage has been lost. It is common to accept the fact that the
soft parts of organisms normally are missing from the fossil record.
It is also common to assume, perhaps without being conscious of it,
that all or most of the mineralized skeletal parts are preserved. The
data presented in this chapter suggest that this is generally not
lvarranted.

Laboratory experiments, aimed at testing the resistance of various
types of skeletal materials to destructive forces, have been carried out.
Ficld studies on Bermuda, Campeche Bank, and elsewhere have been
trsed to check the validity of tlie results. Quantitative and qualitative
clata have been obtained which indicate wide ranges of skeletal dura-
bilitv under difiering types of physical, chemical, and biological
attack. Physical destructive processes have been studied in the labo-
ratory by Lrse of tumbling barrels. Studies of chemical destructive
torcc.s have been limited to experiments on the solubility of skeletal
matelials in aqueous solutions. Biological destruction of skeletal ma-
terials has been observed and described by many writers, but no
signiffcant quantitative work has, to date, been repoited upon.

Pliysical Destruction

.. It rutr.rr", physical destruction of skeletal materials is largely lim-

l:.t t" depositional environments. Under marine conditionsf most of
this destruction probably takes place in shallow rvater and is accom-

This research has been supported by the Petroleum Research Fund of
the Arnerican Chemical Societv.

. t l  I
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plished by the action of waves and strong- currents' . 
The actual

t;;;k"p Jf ,k"l",nns is, for the most part' due to particle-against'

par t i c leabras ion .Labora torys tud ieso f t t ' " res is tanceofske le ta l
;;;;;i;;;;;"i destruction have been carried out using tu1bllg
tu"rr"r, 

,Jri*"r",e the efiects of waves and currents and provide the

purii"f"-uguinst-particle abrasion' Some of the results of these experi-
'ments 

Lu.7" U""t reported ( Chave, 1960 )'--- 
ilrr"" series of &periments were performed. In the first, skeletal

p";;-;";; ptu""d ii. a o"e-attd-one--half gallon porcelain-tumbling

iruo"l, with'chert pebbles and tap water adjusted- !o pH 8 with

X"tfEO, *a t.r-Ui"d at the relatively slow rate of 30 rpm' Peri-

odically the contents of the barrels weie sieved' weighed' and exam-

i.,"J #"totcopically, and then returned to the barrel for further tum-

;ilg. So*"'of the results of these experiments are shown in Figures

1 and 2.- 
ih" ffgures illustrate the percentage. of skeletal carbonate larger

than a ,ri- n, a function of iumbling time on u log ::ub; 
Initially'
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Tumbling barrel experiments
Abrasion with chert pebbles

P€lecypods
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379

100
E
E
s q n
a " "

=
9. -^
6 b u
d

o

7 A n
c - v
6

E

o  - '

0
t0  100

Time in hours (log scale)

Fig. 2 Durability of pelecypods (see caption to Fig. I).

;il";pi"; were larger 1h3n a.*'' In",*o",,d5il9 
*nj""'*

;;'1;*;;;;;; 
^i"i*ra"i 

and supratidal snail' Nerita' After 183
,  -  L - - t  - ^ - , ^ - r L ^ I ^ " "war L'e uv'rycv! srt 

hat worn but nevertheless
hours of tumbling the shells were sornew 

-, r ! -r,--^Lr^ r^ffi.
qp""in" identific#on 

- 
was still possible' The least durable forms

1C00

Time in hours (log scale)

Fig. 1 Durabllitg of nonpelecypods' P,e1:ent1ge of original samPle rc'mainitr€

laiger than 4 mnt after uo'io"' periocls of 
.time .*"fJ 

'i'^'ii''i'"g io"Lt' Nunbus

follouing skeletal ,*^u o'u 'ongL o1 size of specinrens in inches'

tested were filamentous calcareous alqae and bryozoa. which were re-
duced to unrecognizable particles in l lss than onl hour. Intermediate
in durability were various pelecypods, gastropods, corals, and echi-
noids. Acropora ceraicornis, the itaghoin coral, botli clean and en-
crusted rvitli lithothamnioid algae, wa--s tumbled in order to determine
if the encrustation influences dirrability; apparently it does not.

A second series of experiments .'ur 
""rri"d 

out using silica sand in
place of chert pebbles; 

^otherwise 
the conditions were lhe same as in

tne previous experiment. In these runs, the rates of skeletal destruc-
tlon were slower than with the chert pebbles, but the relative rates
were m'ch the same. In one experiment, a mixture of typical shallow-
water skeletal types from Corona del Mar, California, ias turnbled
wtth silica sand. Some of the results of this experiment are shownin Figure 3. The skeletons and. their original *"ightr, were: Mytilus,

,i3t.:9, 
48 gm; Al_etes, a colonial gastrofod, 23 gil; Haliotis, n,l 

"bu-
i::-":t 

gm; Tegulo. a turban rt"il, 9 !-; ,u.ii.,, species of small
;':lp:,t, 

6 gm;- Strongylocentrotus, an ecf,inoid, g gm)piaster, a star_
lit;^l 

g.:,"nd Corall.ina, a red calcareous a\ga,7 im. At th; end of
;".n::tt.the 

echinoids, starfish, and algae *""r" ,rJ longer present inrrre greater than 2 1m- cla1s, _yet the mollusks *"r""orrfy slightlyworn' At the end of the 18i-liour experiment, two of the musselswere nearll whole, but had holes neai the hinge; the third was in
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Tlre least durable are calcitic Anomi.a, echinoids and Corallina, and

aragonitic bryozoa and Spisula (small size ).
The third conclusion that can be reached is that the size of the

skeletal part has some effect on physical durability, but it is not a con-

trolling factor. For instance, specimens of Anonti,a, Mytilus, and

Spiuila of approximately the same size and weight performed quite

differently in the tumbling barrel. This is illustrated in Table 1.

Lfytilus is clearly the most durable form. On the other hand, "large

Spisuld' (1.7 to 3.0 in, ) is much more durable than the smaller rep-

resentative of the same genus ( 1.0 to 1.6 in. ), as seen in Figure 2.
Apparently the major factors controlling the resistance of skeletal

nraterials to physical destruction are the microarchitecture of the shell
and the disposition of organic matrix among the crystals of carbonate.
Dense, fine-grained skeletons are the most durable-Neri,ta, Spixia,
L[ytilu.s, etc. Of intermediate durability are the hard, somewhat
porous structures of the corals and the organic-rich, coarsely crystal-
line shells of the oysters. The least durable forms are those with
much openwork and organic matri.x-echinoderms, bryozoa, algae, etc.

It appears, from the data presented, that in shallow, agitated en-
vironments, complex life assemblages of skeletal types can be modi-
fied by physical abrasion to produce a simple assemblage of durable
skeletons which may be preserved in the fossil record. The ffnal as-
semblage may not be a good representation of the life assemblage
or of the environment from wliich it came. An example of what ap-
pears to be the result of these processes, from the geologic record, is
illustrated in Plate 19 of the United States' Geological Suraey, Pro-
fcssional Paper 795 (Woodring et al., 1940). The illustration shows
a slab of coarse sandstone containing fairly well-preserved robust
gastropods, I'letserita and Olioella, and fragments of less robust pele-
c1'pods, Anadara and Vokella. No other fossils are evident, althoush
it appears probable that the Iife assemblage from which this fosiil
assemblage s'as derived contained other more fragile forms. Paleoeco-

tasre 1. \\leiglt pucentoge of original shell material larger than
4 mm ofter be ingtumbled uith chert pebbles

Genus
Number of Average Time Tumbled (hours)
Specimens \\'eight (gm) 1 5 lZ g6

o
G
E
6
c
@

o

@

183 hr

20

0
40 hr

Fig. 3 Physical destruction of skeletal ,assemb.Iage fron Corona del Mar' CaIi-

fornia. Percentage o7 original sample larger thuln 
'2 

n'* olter 2' 40' and 183
'Inurs 

of tumbling.

several pieces. 
'fhe Aletes c-ol9ny rn'as re<luced to half-size' but was

easily recognizable. The abalone was broken in several pieces'

Tegula and the fi"'p"tt'*"'" 'uo"l but probably could have been

\;ttff 3 iil: "r;r"i""r' of experiments, skeletal -parts w,,e - 
t-11bled

alone in the water, abrasion ieing caused by skeliton-against+keleton

contact. Again a u'ide range of <lurabiliti"l'*nt oUt"*"a' The order

of destruction was somewh-at different from the previous experiments

because the size and weight of the 'k"r"ti p'"'it""n""i"a thi force of

impact, ancl therefore the durability' ials to

Although experiments on the resistance of skeletal matert

physical destructive lorces are still in p'ogt""' several conclusions

^appear 
valid' pi"t o"d forcnrost' tf-t" 

-a"ioUifity 
of skeletal mate'

rLls varies widely, more rvidely tlt"" *itil oi}'"t types of sedirnentar/

mineral grains' s""""a' skelial -i""'oio!y"doJ" ''ot -exert 
a clear

influence on physical iurabiiity'- Th" ;;i a"t^ui" form' studied'

Nerita,is composedol "ut"it" ""d "'ugo"it"'- 
ff.r" next most''dvtable

are calcitic Crassostrea' mixg$ calcitic' il; "4;;;'y 
ttyl-11 tr"1;!

aragonitic fotlnlces, ipi'uto 1lu'gt size)' T'egclus' and several M
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logic interpretations of such assemblages may be, to say the Ieasg
hazardous.

Chemical Destruction

Chemical destruction of skeletal materials in nature may occur in
both depositional and postdepositional environments. Skeletal car-
bonates are dissolved both on the sea floor (Chave, 1962), and in the
rocks after uplift. Chemical durability of skeletal carbonates is con-
trolled mainly by mineralogy and the chemistry of associated waters;
microarchitecture is of secondary importance.

Carbonate skeletons are composed of the minerals calcite, aragonite,
and a spectrum of magnesium calcites (Chave, f952). The mineral
vaterite has been reported as a skeletal material, but at best its oc-
currence is rare. Phase equilibrium studies of the systems CaCO, and
MgCO. by Jamieson (1953), Harker and Tuttle (1955), Graf and
Goldsmith (1955), and others, indicate that only calcite, low in mag-
nesium, is stable under near-surface pressure-temperature conditions.
Aragonite, vaterite, and calcite, which contains more than about 4%
MgCO, in solid solution are unstable phases.

The unstable carbonate minerals are common as skeletal materials
of marine organisms. In fact the stable form, calcite, is relatively
rare in most environments. Present knowledge of the mineralogy of
carbonate skeletons of marine organisms is summarized in Table 2.
The data are from Meigen (1903), Bgggild (1930), Chave (1954),
Lowenstam (1954), and others. The most common skeletal minerals
are aragonite and magnesium calcite. fn some groups, mixtures of

minerals occur within single organisms or colonies. The stable mineral
calcite composes only skeletons of pelagic Foraminifera, some articulate
brachiopods, representatives of three 

-or 
four families of pelecypods,

some ostracods and barnacles, and pelagic algae, such as the coc-

colithophores.
The instability of skeletal minerals affects preservation in the fossil

record. Minerals which are unstable change with time. The mecha'

nism of change or stabilization exerts a strong influence on the nature

or degree of preservation.
It ii conve.rtional to assume that the calcium carbonate of aragonite

and magnesium calcite becomes stabilized in nature by inversion

to calciie. The inversion may be observed in the Laborutory' \
inversion is responsible for most of the stabilization, well-preserved

evidence of many unstable skeletons should occur in in" fotiit rccotd' ,,,
It is notable thaiamong Tertiary and Quaternary fossils (i.e., those t"A
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which prediction of original skeletal mineralogy is, perhaps, reason-11,") j, is common tnlt ,t"i"io; .h";
:ll1::i T *l:n a g,, e, i u m car ci t e ;;" ;; "T:i; ry},ii}, J"3i" illlp..h"p;;;;;i,"iJ::::i:i:iiil*;::J:f},Ji:,^,,,ggoi,,r,",
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of unstable carbonate minerals are signiffcantly mor e- soluble in

natural waters than those composed of the stable fonn' Thus' mineral

stabilization may occur by soiution- and either dispersion of the dis-

,oir,"d ions or redeposition as stable calcite' Stabilization by this

mechanism could pr6vent a great deal of skeletal material from being

preserved in the geologic_record'' 
It hu, been sirggeied that aragonite and magnesium calcite are

being dissol',r"d oi"th" sea floor (Chave, 1962)' The importance of

this process, in terms of volume of skeletal material' is not known'

Solutjon of skeletons in seclimentary rocks after uplift appells to be a

.ig"in"u"t mechanism of destruction of fossil evidence. If the en-

"lZri.rg 
sediments are firm at the time solution takes place' a cast

mold ?i11 be preserved' If, on the other hand' solution occurs in an

unconsolidated sediment, evidence for the existence of the fossil may

be lost.
An interesting example of what ]Ppears 

to be the effect of solutional

removal of shell material by ground ivater occurs in the upper Navesink

formation of the UpPer Ct""tu""ottt of New Jersey' --Al \lt: 
Creek

?Ston f, second a&, l*t Annual Atlantic Coastal Plai'n Field Trip

i;i;r;;"ir,1960), tire fauna collected by the writer a'd 12 graduate

students included:

Exogyta costata Choristothyris plicata

Exoglra cancellota Paranomia sP'

Ostreamesenterica Belenmitellaamericona

Gtgphaeaconlexa pelagicForaminifera

Pecten sP' ostracodes

Also included were a few poorly preserved casts and molds of gastro-

pods and other pelecypods' . rr -^)^- +nut
The fossil f".,nu 

"orrtuins 
representatives of all modern taxonomlc

g r o , r p r w h i c h d e p o s i t s t a b l e , ^ c a l c i t i c s k e l e t o n s ' w i t h t h e e x c e P -
tion of the barnacle, u,td tire pelagic algae' The- original min-

;;;i"gt of the belemnites is unlinow-n' There are here no repre-

sentatives of tu*o.ro--i" ;;;";t which today deposit unstable- minerals'

The rock from which ihe iossil o""*blog"--:"t: ::]T:T: fi"l$l:
friable; thus casts and molds are rare' It seems,u*1{ 

itf^"'11 ..irrrot-
Upper Cretaceous fossil assemblage from New Jersey ls tne'

uble residue" of a much larger, diverse fu""u 
""a'g*"' 

most of which

has left no record.

I t is in terest ingtonotethat theonly loramini ferarepresented, to
any extent, at this locality are pelagic' 

'fr": 
paleoecologi:--1Lt:*t"t"'

tion based upon a ;J;"ff;h;?t; fo.amir,liferal ratio would place

this shallow-water- oyster-bank fauna in the deep sea. The enigma
appears to result from the fact that pelagic Foraminifera have testi of
low solubility calcite, and benthic F oraminifera have tests of more solu-
ble magnesium-calcite and occasionally araqonite.

It appears that a life assembl"g" of sketital materials can be dras-
tically altered by solution in natural lvaters, producing a strangely
biased fossil assenrblage. Destruction of the skeletal remains, in ihis
case, is controlled by original mineralogy. Erroneous paleoecologic
interpretations may be made of such assemblages.

Biological Destruction

Biological destruction of skeletal materials occurs mainly in dep-
ositional environments. 

_ Destnrctive processes include the dropping
of shells on rocks by sea birds; the gnarving activities of fish, crabi,-^nJ
other animals; boring activities of sponges, algae, pelecypods, and
snails; burrowing activities of sediment-feeding *ottttr, molrusks,
and echinoderms; and bacterial destruction of organic integuments
within calcareous skeletons. The effects of rnany of th"r" n".o""rr",
have been discu.ssed by Ginsburg ( 1957).

There are essentially no qurrntitative data in the literature on the
irnportance of biologic destructive processes in nature. Little is

In:*n, 
even qualitatively, aborrt the 

^ecologic 
factors controlling bio-

Iogic destruction. NIany of the activities of sediment feeders and
bttrrorvers^are irnPressive to observe. sediment i 'gestion by holo-
th.r'iirns, for instirnce, is quantitatively enormous, 

- 
( Crozier, lglg;

Mayor, 1924; Ginsburg, 1gB7; and others). Nonetheless, the only
quantitative data available that indicate significant effects of holo-

llirr;ans 
on m.ineral grains-are-tr.vo_ poorly d"escribed experirnents by

nla)'or. crozier, o' the other hand, after qualitative obiservations of
holothurians conclucled.that.the effect of passage of sediment througli

llt: 
g.:: rvas quite small. Actually, it ."iuld ?pp"o, thai 

"rrry-atic
,:::tl-1:ai." 

of or.ganic nutrients from carbonate s6diments at a Iow pHlvould bt' a vcry inefficient process. A large a'rotrnt of energy worrJdoe required to maintain_a low pH, even locally, within the gu[. It ap-pears most probable that organic nutrients are obtainei from the

::"tf:."ar 
at a pH of about B, and therefore the only possible efiectutt tlre sediment *'.'ld be mechanical abrasion a"iing the passagethrougli the animal.

,__1.,.:o*t^trg worms, mollusks, and echinoderms, as well as such
:oYsrng 

torms as parrot ffsh, process large amounts of skeletal sedi_'ttentsr/ material tr obtain food. At the present time, it is not clear
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whether these activities have a major role in the destruction of skeletal

nlaterials, a minor one, or none at all' Likewise, the boring activities

of mollusks, sponges, and algae have nevel been investigated quanti-

tatively. Th,is tlie over-all importance of these Processes is not

knorvn.
Processes of biologic destruction of skeletal materials are readily

observed in ntany ,rJtutal environments' Their significance in terms

of the overall probt"* of skeletal preservation and fossilization, how-

ever, is ,-,nk.ror.in. This field is ripe for quantitative investigation'

Summary

The fossil record does not provide a cornplete picture of a life as-

semblage or an environment. soft parts are, of course, commonly de-

stroyed" early. In many depositional and postdepositional environ-

.r'r".rtr, mineralized hard'parti are also lost from the record'

Skeietal materials exhibit a wide range of durabilities. Calcareous

skeletal parts are destroyed by physical processes in the high-energy

environnlents of shallow water. 
- 

Physical durability is controlled by

the microarchitecture of the shell. Chemical solution may occur in

both depositional and postdepositional environments. chemical dura-

Uitiiy ir' controlled by skeletal mineralogy. Biological durability is

complex, and at present not understood'
pa'leoecologic interpretations of fossil assemblages {rom rocks rep-

resenting ttlgtt-"n"rgf depositional environments and from rocks of

high peime#nty # aid".,tt because of selectivity of destruction of

skeletal elements. Paleoecologic interpretations of assemblages from

relatively irnpermeable rocks or tepietettting low-energy environ-

ments may, in nrany cases, be more satisfactory'- --
At besi'p"leo"ctlogical interpretations are difficult and the factors

of selective destructiSn should^be kept in mind in order that valid

interpretations might be made.
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Preservation of Primary Structures
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ABSTRACT

Several mechanisms serve to illustrate that dolomitization does

not universally destroy all primary structures and fabrics and that the

nature of the'clolomiiizing'*at"''rnay detcrmine' in part' the degree

of preservation or appar"n-t pt"t"tu"tion obtained'

b.rri l tg dolomitizaiion. thi growth of new crystals witlt in a.l imestone

commonly shows a strong te""clency to replace carbonate and to avoid

ure-existing void space. 
"Thi' p'"f"'"""" fot growth by replacement

5;;;;;dt,;;[;lii 
", ""-"r,ihas 

been interpreted as indicating that

the hilomite gie* by *se of locally derivcd cartonate ion. Preference

fo, ,"plu""-"Itt by iolomite 
"ut""' 

the preservation of original cavities

in o.j*rri.-r, forsil molcls formed prioi to dolomitization' and inter-

particle voids in 
""-",tt-ft"" 

or slightly cemented carbonate sands'

"d;;;"i;"""" r.t t=pr"""*""t this reproduces the.original fabric

or structure in dolornite' Organisms that resist dolomitization in

early stages, ,.t"h o, l-ri,to,tl p?;', mal.be f'"'"'u"tl as excellent molds

Uy 
-irrr"?"aion 

of the skeletal material aJ part of the dolomitization

process. Internal J;";il;" of both skeletai and nonskeletal particles

i ssomet imesp rese rvedas inc l r r s i onsw i t l r i n rep lacemen tdo lom i te
crystals. Excellent preservation is.sometimes achieved because of dif-

f"l"n"", in dolomite'crystal size, orientation' and clarity' - '

Zoned dolomite 
";il;i; 

l*rtiuitl"g clear rims and cloudy- centers

may be ,,'irint"rptltil; ;-t"Ptu"?a 
"ut'uonate-pellet 

sand fabric'

The wlitcr gratcfully acknorvledges^lhe generous assistance given bv his

colleagues "' 
ii*ri''n"""i;;;""i c"-ri"v a"'ing th" foirulation of

thcse idcas Lrnd prepnretion of the -""'L'iit'" ii"it "tp""*1y "q"b::j
to F. J. 

"'"',il#' 
rf'il;;'n' 

j' it."i"'l I i' wit'o"' R' ilezak' ano

K. S. Dcffer"es'
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These clear rims are believed to result from excess dissolution of

CaCO" by volume over precipitation of dolomite in the immediate area

of the grorving dolomite rhomb. Such excess dissolution should occur

drrring local-source dolomitization.

Introduction

It is not uncomrnon to find statements in the literature that
suggcst that the growth of replacement dolomite in carbonate rock
causes total obliteration of primary organic and inorgarric structures
and fabrics. This is certainly true in some examples. Indeed, it
would be unrealistic to expect that a rock subjected to any alteration
process r'vould emerge with as clear a record of original features as
the original material. However, it is also clear that many of the
originai or predolomitization features are often preserved in dolomite,
thus permitting the gathering of data useful in reconstructing paleo-
ecologic and other aspects of depositional environments. This point
is amply documented by many dolomitized specimens, both organic
and inorganic, that may be found in any study collection, and by many
classic paleoecologic studies of carbonate rock bodies which include
abundant dolomite; for example, the Niagaran reefs of the Great
Lakes area (Lowenstam, 1950), the Permian reef complex (Newell
et al., 1953), and the Ellenburger group of central fexas (Cloud
and Barnes, 1948) illustrate such studies. It is doubtful that, had
these a'thors been given their choice. thev u,orrld have chosen to have
had their rocks alteied bv ertensive growth of replacement clolomite.
hr each_study. the authors have recognized the lfinitations placed on
the study by whatever loss of preseivation had taken placie. Hor,v-
ever, because of some preservation of original features, it has been pos-
sible to make contributions to our knowledge of original carbonate
sediments and sedimentary environments. Tf,is pr"r"riation has com-
monly bccn in the form of delicateiv preserved iossils or fossil mords
and sedimentary structures and fabrics.

...an" 
p".p:r: of this paper is to examine, and advance interpretations

ror, some of the common mechanisms by which some primari, features
arc J)rcser\ed or alrpear to be prcse'ved in clol,mite.'The iiscussion
ttas been dividcd into sections on skeletal remains and inorganic sedi_
:lcnlary struct.res. This distinction is usecl only to separite the ex-amples; the fact is recogniz-ecl that the cause of prese.iation may be
more' d-ependent on the co'ditions of dolomitizatio-' than on tlie oiiginot the feature.

388
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Preservation of Skeletal Remains

Selectioe Replacement of Skeletal Nlaterial with PreserDation of
Organic Voids

Colonial organisms, such as tabulate corals and bryozoans, that

build skeletons of calcium carbonate are commonly dolomitized with

a distinct preference for replacement of the original carbonate' Dol-

omite has grown by replacement in existing calcite or aragonite and
has not grown as new crystals in existing void spaces' This type of
preservation is especially good when the cavity is considerably larger

than the dolomite rhomb size. In the tabulate corals, the cavity

within the corallite is commonly preserved as a void, with only termi-

nations of crystals that began growth within the skeleton penetrating

into the original cavity. Such a preference for replacement produces

a fairly accutate gross reproduction of the organism. The preference

for dolomite to grow by replacement of existing carbonate and to

1 inch

Fig. 1 Syringopora: This completelg dolamitized colony exhibits grouth ol

cloktmite uithi,n the sedintent bet-^een the 
"ornil\inr. 

"';;:" 
;"dv 

-;iokun" 
ond

corallites arc oery ueII preserxed as aoids.

1  inch

Fig' 2 Favosites: rhe 
.sfetet2y ru,s been contpretcry doromitizecr, ut;.itrr ltesen:a-'l;: 

,;'"":#":.rightot 
aoirts' rt'u'n uoid^ ;;;;;e; iore than r,ai tr.u',Iu*u oy

av,oid the growt' of n-ew crystals in pre-existing void space has bcenttttcrpretcd (Murrav, 1960) as indica^ting thut ?n""aorff; g1-* t yutilizing a local ,o.,r"" 
"f 

;;;;;;-r"": sp""iff;Jlr if'a"r?_n,r"_tion is accomplished by a water r"rutiu"ty ro*.in_totar co, with respect
lli: I'd Yg, o1a"r".iu"a Ly ffi"i1nuo;, rocal trtiliiation of car_oonate in volume-for_volume-replacement rhould 

"""";. 

--_ 
F;;t 

".*or",qT"*Jh of a replacement dororiit" ,homb shourd,be 
"*"-f"ri"a uyqtssolution of carcium carbonate b*yonJ the voltrme of trie rhomb.This excess dissolution provides trr" 

"irbo.rute 
necessary for growing asoLd dolomite crystal. 

^ 
The 

".";;, 
;;;;

:^";:.:ilt" ;g,f .;r;'''i" rs% mor e ""rb.#";; ii ;:::'Ttj:"il';calcite' and because the solid d"r"-ii";;;b often occ'pies a volumetnat had s-ome Pore space and thus was a"n"l"r,t in carbonate. underthese conditioni, the rhomb.rro,rii gro**;"." that carbonate is avair_aolc' namely' rvitrrin pre-existi 'g circite or aragonite by re'racementand not within the rarger void spice 
", "l* "ryr,"rr. 

Doromite cementqoes occur both as .rirerg.owtlis on earlier crystals and sometimes as
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new crystals' However' in the vt'riter's experience' the latter is rela-

tively uncommon' fi'""u'" many spccta"ttlar examples of pre-exist-

ing ioid space preserved after dolornitization'

Paleozoic "*u-p'"'"oI 
iiti' typ". of plllervation in corals are shown

in Figures r and 2. c"il., tido+, p. 40g, Figs. 62-64) discusses and

illustrates several examples of this yp" :f 
ireferential replacement

in the dolomitized #i'-lo""a in Funafutiboring' His Figure 62

has the follou'ing caPtion:

Colirl substance cortverted into dolomite;-:lult'"t enrpty' except'for a lining

of clerr clolonrite crystals' separated from the recrystaliised coral by a well-

marked "dirt line"'

Where calcite or aragonite cement,has been deposited prior to

dolomitizatio" o' *Ul'T 
""tU""^t" 

sediment is introduced into the

colonv, as in the 
"";; 

;i;;g;p*. (Figure 1)' this carbonate may

also be rePlaced bY dolomite'

Selectiae Replacement of Carbonate Rock Matrix with Preser-

oation of Fossil Uaat OeuelopeiL Prior to Dolomitization

Dissolution of skeletal material, particurarly of those organisms or

tarts of organisms ;;;';;;; 'osi"ptlbt" to sohrtion alteration' may

o"cn, p.ioi t" a"ft-itil"ti""' Molds'p'oa"""a by selective dissolu-

tion are common i-fi-"'to""' When-a-litrr"'to'-'e with fossil molds is

dolomitized, it i' #;;;;;"" for dolomite to grow within the ex-

isting rock and to avoid growth of new 
"tyttdt 

as"clolomite cement in

void-space. The evidenc-e necessary tt p;;;;;t"cltrsively that the de-

,"i"p,i, ""g ?l .h: ii" p' :sl;,,r'i, *i:li'jlil^:::i l',il"*iru[i:
obtain. Blthtrrst (1958) discusses tlre c

and aragonit" t"id;ii;i "'",''*t1 
o:q' o' s.ch' is a useful reference

for rvorkers attempting 6 establish. thi' i;p;';i time relationship' If

the mord is lined with-a drusy calcite or liogonit" rnosaic which grew

into pre-exist'"g t;;; ';"""' "nd 
dolomite h"as replaccd the drusy ce-

mcnt, the *ora oi'i""1;';;J;'.tr'" i'r"-lti'itio" of the cement'

This interpretation ;fl;"' time relatio"';;;'il;;n'*:lu and dolo-

mitizrtion is valid, because the mold h^;'i; Jst at the time of depo-

sition of tlie calciuni.,uruo.rut" ar.,ry -olui.""ir *"rat of a particular

organism formed';;; tt dolomitizati;;'t;-il;'-"rat'''tld 
also

exist in n,'o"iut"dPi*"*"" U"{'' - 
fftit't'o"fa U" true if the lime-

stone which *"' ;;;;;';;d o"d that'which was not rvere originalV

similar, and if bJ;#;;; '"u1"*"a'io p'edolornltization leaching'

Many mold' 
"i'r'*"ruopods' 

g-"t"p"ai' 
-a"d 

""pltnlopods' 
com'
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monly with internal casts of dolomitized sediment, exist. These in-

ternal casts of dolomitized sediment or the outer surface of the mold

itself may be used for identification purposes. If formation of the

motd by dissolution precede dolomitization, preferential growth of

dolornite by replacernent as opposed to grorvth as cement may permit

preservation of the mold.

Selectiue Remooal of an Organism that is Resistant to

Dolomitization

Dissolution of skeletal material to produce molds may accompany
dolomitization or may follow partial dolomitization. The latter case
would require selective replacement of the rock by dolomite that
avoided growth within a particular organisrn. The organism, still
calcite or aragonite, would be available for later selective dissolution,
leaving a mold in the dolomitized rock. This selective dissolution
might be accomplished during exposure to weathering on an outcrop.
This postdolomitization leaching may be poorly selective, producing
poor preservation. The imperfect preservation may result from dis-
solution of some dolomite.

Perhaps the most comrnon example of production of molds of fossils
that selectively resist dolomitization is the preservation of crinoid
columnals and calyxes in completely dolomitized rock. fn such rocks,
other skeletal debris, such as bryozoan material, which may be less
resistant to dolomitization is commonly replaced. N{urray ( 1960 )
and Lucia (1962) have noted that these single-crystal skeletal
particles are observed in all stages of incomplete dolomitization and in
associated limestone. Lucia has reported evidence for dissolution
of lirne mud that existed bet',veen crinoid particles rvith preservation
of the crinoid particles as calcite in limestone associated with dolo-
mite. Holever, in associated rocks that have been completely dolo-
mitized, the crinoid particles either have been removed to form molds
or have been -replaced as single crystals of dolomite. The suggestion
ha.s been made that, in the early stages of dolomitization, the dolo-
*if5 S-."i"r preferentially within carbonate mud between the particles
with slight impingement of the crystals on the particles. In ihe later
stages of local-source dolomitization, the calcite in some of the crinoid
rragments is removed to provide carbonate for production of additional
oolomite. The res'lt is the preservation of these organisms as molds.
These molds are marred o"ly by internal surfaces of inpinged rhombs.
lhe preservation of these ciinoid molds results from the fact that the
oolomite avoids these single crystals in the early stages of dolomitiza-
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orientation (Figure 4). This appears to be especially true when
the rock is replaced by relatively fine-size doromiie 

"ryrt"lr. 
specif-

ically, the more important relationship is the size of the rhombiwith
respect_ to the- size -of the structure t-o be preserved. Many workers
have observed, and have efiectively used,- this type of prlservation
rvhere it exists. Holvever, there appears to be ]ittle evidence for the
cause of differences in crystal size.

Replacing _rhombs tend to,grow with their crystallographic axes
oriented, within the limit of observation, coincident with"thise of the
replaced calcite. This coincidence is observed in dolomite that has
replaced drusy calcite or aragonrte cement or single-crystal crinoid par-
ticles' where fine dolomite re_places a relatively coarse drusy cement,
the mass of dolomite often shows a suggestion of wavy Lxtinction
similar to that of the original cement. crinoids are often replaced as
single dolomite crystals, with the optic_axis of the dolomite Jppearing
coincident with that of the original calcite. If the orientation of thi
rhomb was controlled by an original calcite crystar in a lime mud, the
orientation of the mass of rhombs may appear random. This would

t---ififfi--r

Fig. 3 Cri'noid' ltlolds: These mold's are founil only in compl-etely dol'omitizeil

crinoid.-mud' rock. The external surfaces o1 tnn 
"ii"*ils 

and' iniemal casts ol

the axial canals are u"ell preseraed'

tion, and from the utilization of these particles as sources of carbonate

to form the final additional dolomite. rrr" t"t"rt ir ih" d"''"lopment of

crinoid molds as part of the dolomitization Process' The-preservation

is sometimes quite remarkable, with exteinui ,"tfu"" ditail readily

available. Internal casts of axial canals 
"t"'"ft"" 

pt"s9rv.1d through

dolomite replacement of lime mud that was deposiied in these open'

ings prior tJ dolomitization ( see Figure 3 ) '

Delicate Replacement of Skeletal Carborwte

Dolomite sometimes reproduces details of shell structure by delicate

and subtle di.fierences in crystal 'i'"' 
"1u;it;;^;;J-;tr*itograpbte ri,nru

2 m m

l:f: 
O" Gastropod-Delicate preseroation: The organisrn has been replaced.rsery fine dolomite, oith preseroation of the original shell microstnrcture,

by
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be true because the orientation of the original particles where the

rhombs begin grorv'n 
'-"f 

U" random' . 
itl" t"ul"ct of clarity of

dolomite crystals *"o'i#i'a"J "tutoiul 
will be disetrssed later'

It cannot b" o""*"i'ittlilirtt"t" delicate preservations do not exist

in a dolomlt", o'gu"i'ms were p-t"::ll ^u"& 
hon" been obliterated

iil*il1?YrT:',ruktJ*i,"$*';";",1'"'J'.i:'*il"ffJl?
;1il:,".':HtJ#Xl,T l;;;iu,,"., of organic remains. Indeed, rocks

interpreted u, rtnuingT"Jn;;;:+t"1"t1"'-" muds with relatively few

orgarric satrd-size o' i*'g"' p"iti"l"' are co'mmonly dolomitized' Such

ob-servations "o,t 
ftt'il3'' ai"f't on th-e-all too common interpretation

that organic '"-"""'oi*" ""U*a 
and have been obliterated by dolo-

mitizattn when the loiJ,ir"a secliment mav originally have been

Iime mud' This point becomes svs11 fllor€ credible when delicate

sedimentary ,t"'"tt'"'' "t"tt 
ot burrowing and lamination' are pre-

served or rvhen fi*"'t"'* aeposited 
"'iitrr" 

muds can be traced

laterally into clolomit" *iiit "o"tjnuity 
of bedding and structures'

It rvould, of 
"ottt'"' 

b" dutg"tous to interfret any dolomite ap-

oarently clevoid 
"f 

;;;";;" t;;";r as having^been deposited as an

irnfossiiiferous time ;f;." d;; ir-,iopr"tation"in itself has signiffcance

rvith respect to original sedinrentary ""ui'o"*""t' 
However' it would

be equally aong"tott'1o-u""-" obliteration of organisms by dolomiti'

zationwithout ""'"i"f"JttlJy 
of tn" dolomite for tf,e more subtle q4)es

"i 
pt"t"t"^tton of original siructures and fabrics'

Preseroation of Skeletal Msterial as Inclusions within

Dolomite CrYstals

Perhaps the most common example of this phenomenon is the

preservationofinternalstructurepatternswithind.olomitecrystalsthat
irav" r"pla""d ""h;ffi";;;l"tl4l "'vtt"r' 

(Figure 5)' These

..pseuddmorph," ;;;;'j"I""i"a i,, tl",ii ;;,"ii;" *h"i-'"u"' their size

ii relatively ru'g"'iiii ;*p;;t to th" 
'l;i;tt" 

rhomb size' Lucia

!::::*":3"'li:,:ffi T^",":i::i1',il;l#i*rix"iilgJr#ffi1
Praseroation of Organic Remattns in Chert Prior to

Dolonuitization

Delicate preservation of skeletal carbonate t" t"ptl:^:f:tll "ffi

*int""a"i"itr" rt"t-r'"en noted- and used bv rnany worKe

preservation -uy u"* '"r"ctive to tn" otgl";*":";;;y permit removar

Primary Structures and Fabrics in Dolomite

Ln#

Fig. 5 Eclilnoderm Pat"ticle: The internal structure of this echinoderm part is
ueII preseraerl u^ithin the single dolomite crystal

of the organism by acid dissolution of the surrounding dolornite. In
addition, there may be delicate preservation of the internal structure
of the organism. In such cases it must be assumed that deposition
of the chert preceded dolomitization, because preservation is more
perfect in the chert than in the dolomite. Had dolornitization pre-
cecled silicification, preservation within the chert would be at best
equal to that in the dolomite. In attempting to observe the original
fabrics and structure in dolomite, it is oft".r-r"rlrn.ding to r"ut"li fot
small silica replacement patches. Caution must, of 

"orrrre, 
be exer-

cised in interpreting the total rock on the basis of observations made in
lenscs of relllacenrent chert. It is possible that the chert rnay be se-
tectively replacing a specific organisrn or microfacies. Exarnination
ot. the shape and boundary of the chert mass often proves helpful in
c lnr inat ing th is  possib i l i tv .

Preservation of Inorganic Sedimentary Structures in Dolomite

Preservation of many inorganic sedirnentary structures, and thus
such environmental iniicatori as bedding, Iamination, burrows, and
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mud cracks, often occurs in dolomitized limestone by subtle difierences

in crystal size, orientation, or clarity in much the same way as delicate

pr"rJruution of organic structures' Two particularly interesting modes

#';;;;i*, Et,"t-ttted previously in. section on Preseroation of

Skeletot Remains, u'"-'"p'odttctions of original carbonate sand fabrics

f 
""u.,r" 

of preference foi tepl"cement of the particles'and. any'carbon-

ate cement that may have ixisted at the time of dolomitization' and

pr"r"ruutlon of the internal sttucture of oolites as inclusions in single

iolomite crYstals.

Preseroation of a Carbonate Sand Fabric

Analogous with the preservation oi the tabulate coral skeletal pat-

tern is the preservatiori of a carbonate sand fabric that has been only

Lzi#

Fig. 6 Dotomitizetr carbonate pellet sand': ,o^:^o\i'"]:;"tr!".'^?#t"Hflii,'
a'""'1v ""'""1 .!::..0,:^".:ffT:3t?rl:i "J"!l;;,,"i,7,:",)i"a r"rf:,"[,:h

"'Sn"'#rrlir*ii:;nr:r*':;:,fiiiif {";Yffi :'m
drufl cement-
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slightly cemented with calcite or aragonite prior to dolomitization

( Figure 6 ). In such cases it is not uncommon to find the particles

and early drusy cement replaced by dolomite and the interparticle

void space preserved. Such a preference for replacement results in

good preservation of the fabric of the rock. For example, an or-

iglnally crossbedded carbonate sand may appear as a crossbedded

dolomite. Without careful study, such a rock might be misinterpreted

as having been deposited as a sand composed of dolomite grains.

However, the grains are commonly replaced by several crystals which

individually exhibit evidence of replacement of discrete original CaCO,

particlcs. This type of preference for replacement of pre-existing car-
bonate with the retention of voids relatively larger than the crystal
size of the replacing dolomite crystals may also be interpreted as in-

dicrrting that the dolomite gtew by utilizing locally derived carbonate.

Presensation of Carbonate Sand Particles as Inclusions in

Dolomite Crystals

Outlines of particles and the internal structure of particles such as
ooliths are sometimes preserved as inclusions within single dolomite
crystals. Illing (1959, plate 1, fig.5) and Folk (1959, plates 4243)
illustrate examples of this phenomenon. Figure 7 illustrates an oolite
partially replaced by large dolomite rhombs with irrperfect, but per-
ceptible, preservation of tlie oolite rings as inclusions within the re-
placing rhomb. The inclusions have high birefringence and appear
randomly oriented. Because they occur within the area of the oolith,
they are assumed to be calcite or aragonite. Recognition of the iden-
tity of the particles and the original fabric of the rock where preserved
as inclusions may permit interpretations of the original sedimentary
environment.

Cl e ar -Rimm e d, Cl o u dy - C e nt e r e d D olo mit e C r y st al s

Figure 7 also illustrates a phenomenon commonly observed in dolo-
mite-clear rims and cloudy centers. The cloudy center re.sults from
nondolomite inclusions, and, because of the preservation of the pat-
tern of the oollte, these inclusions are interpreted as nonreplaced
patches of oolite. The clear rim, despite the fact that it exists within
the realm of the oolite and representsleplaced oolite, is essentially de-
void of visible included material. This phenomenon has been noted
by many workers-for example, Cullis (tbO+, p. 408), pettijohn (1g57,
plate 29D), Williams, Turner, and Gilbert (1954, ffg. IlgA), and Folk
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(I959)-and commonly the term "zoned crystal" has been applied.
These cloudy centers have sometimes been interpreted as original
discrete particles of carbonate sand or silt, and the sediment has been
interpreted accordingly. This is rather difficult to understand, con-
sidering the rhombic outline of the cloudy centers and the common
observation of such zoned crystals existing as discrete porphyroblasts
in lime mud and within individual particles such as the illustrated
oolith.

When dolornite i.s studied in reflected light, the pattern produced
by abundant dolomite crystals with clear rims and cloudy centers is
sometimes mistaken for that produced by a carbonate-pellet sand de-
posited free of interstitial lime mud (Figure 8). The cloudy centers
appear to be particles when the rhombic outline is obscured at low
magnification.

The origin of these clear rims and cloudy centers offers an interest-

bl-,'n-

Fig. 7 Inclusions uithin a Dolomite Rlnmb: 'l'his dolomite rhomb has grown

Tritiotty uithin tuo ooliths and paftially uithin the interoolith area' Inclusio.rs
'uithin"the 

interoolith part of the rhomL 'tttggest lhQt some clear calcite existea

there prior to iLolomitization antl lns been ,i7rlornd.. The rings of the .oolith 
arc

reprod,uced cruclelg as inclusions uithin the'ooliths. Note tlle clear tim on the

rhomb uithin tlrc area of tlrc two oolitlzs.

Primary Structures and Fabrics in Dolomite

H
Fig' B Pseudocarbonate- sand Fabric i, Doromite: This g_rantiar-appearing fabricmight be misinterpreted as a clolomiti"na 

"ori,orot" 
pet-let sanil.,,Ti,e opparentgrains are zoned dorontite crystak that rtaie re.tla"ed. a carbonate mucr. Thelarger patches are srains oi tiglrtty pyritized ik"rntor ,,r;";;;;;;'l).rrornn,

Ttarticles that once floated within ,iu'riu,a'.--'Note that ,ir" e*rii*grains eristcoett witlin the pyritized skeletal pafticles,

iff^l::bt"'l:.Why did.the grystal fait to include parts of the original
"T.ll::_:,9tr.ing growth of the outer part of the crystal?.,otomitization bv use of a Iocal ,oir"" of carbonate (Murray, lg60;
-Weyf f960) ,,,gg"rtr,n possible hypothesis (see Figrrre g). \Vhen arJromb grows by replaciment by'irsing local-source carbonate, car-bonate minerals muri b"-dirsorv"6 r"""iiy outside as wet as inside thevolume of the final rhomb, thT pr-";idhg th" 

"a'rborrna" """"rr"ry 
1",g.owi.g solid dolomite rhombs"that wiTt 

ryt ;;;;-*"* pr"?""rfyexisting within the vorume of trre .it"*u *"o providing trre carbonate
l","::tnry to ofiset the t2 to 13% vorume diiur"rr"". rf this excess dis-s,olution of calcite is concentrated in the volume immediately outsidetle rhomb at anv stage in its growth,.rr" *i"i," ffiffi"ii li,rru"the rhomb shoula !"quir" a higher porosity as rhomb growthprogresses' Indeed. it is not u'r"u"ronubie that urtimatery, when therhomb has achieved a certain size, amoat of void space *ight develop
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locally around the growing rhomb' This' moat should progressively

widen as growth pt;;tt?t:^ fu"] such circumstances' the outer

ffii;h""rh# JhiJ;."* atmo_st as nricro-void-fflling cement and

ih,rs cl"a, of in"lt"io"l'" ?il'""*prete moat were to form' the rhomb

would fall to ttt" uoiio-^6-gtuint' g::*n asrmmetric clear rims'

Because of the 
"nuff 

ai'tu"cJ i'ivoln"d' proieitions of the calcite might

extend across tr'" *oJt'li;il fi"' to ti'" gio*iig'h"il*Lileeping

the rhomb centered' iit"^ 
"""atttons 

foi forming a moat would not

be met if compactio" "i^irt"'iitt*tone 
kept pacJ with growth of the

I'',n",l,l!,i,""rr'; ';'",'1,:,i,'?'L';1;' ;':r':{,f;.' 'i;f":"::li'"iii^'t##!E't",",i'X,"i,a i'; "',' .pi;';1;;;r;:"rri:;;:::,:"'oi:::!::,!"1'"i't'":;X,?#i:J;
?!i:i"i"i',itili:i#i.'i;#i::r'i:ii;:,'r,#*"t!rt'i,r:,i;:""r'#*t'{#*":;;:,,i{;p";tii:?::,1rn,",!i},T:;.:::'lit":iiril' 

.i,,"-;::f ,":f,':';i:::x:;2?#ti,":!i:,i,fii!,;;"ij;i:.;:::;':.1"!r;::;Ii2#'
the high PorositY zone

ffitr
ffi
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rhomb. If this interpretation of the origin of clear rims and cloudy

centers is true, and it is extremely difficult to test, the ffnal stage of

dolomite replacement occurs in local-source dolomitization without a

single plane interface between the replacing and replaced phase, and

some of the meaning of the word replacement is lost. Support for the

hypothesis Iies only in the fact that "Iocal-source" dolomitization should

produ"" such a phenomenon as clear rims and cloudy centers in re-

ilacement dolomite crystals, and such crystals are common in nature'

Later addition of dolomite in optical continuity on dolomite rhombs

either within sucrose dolomite or on crystals that line voids may either

enlarge earlier clear rims or produce clear dolomite rims on pre-existing

cloudy crystals.
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Factor Analytic Moclel in Paleoecology

b2 John lrnbrie Columbia (Ir-ixersity and, Anterican Museum
of Natural History, New york

Introduction

Purpose

Paleoecology is a complex subject, as anyone who has tried to make
e'vironmental interpretations of ancient fossiliferous rocks is aware.
Advances in understanding come primarily from lines of approach
exemplified by other papers in thii volume-that is, bv 

"arii.,l 
ob_

servation and theoretical analysis both of modern orgorrir-, and en-
vironments and of ancient fossils and rocks. If this"is so then it is
lpPropriate to ask whethe' or not it is reasonable, at this stage in the
development of the discipline, to attempt the applicatio,r o? mathe-
matical or statistical methods. The purpise of this'paper is to demon-
strate that it is precisely bccause oi the complexitj, of tn" paleoeco_
s1'stem ('see p' 2) and our meager lever of underitanding of it triat
mathematical models are- essentiil adjuncts to other upproi"h"r.

. 
orving to limitations of space and of the competency of this author,

it is impossible to attempi here a generar ,"^rri"* of mathematical

::q"k 
as applied to pal6oecology. 

"Instead, 
afteruo-" g"rr"r:nl ,"_

marks on mathematical rnodels, one partic'lar model will"be briefly
described and a theoretical exampl e aialyzed.

The Role of Models

The rarv data of any science are extraordinarily complex, and the

lltfl:.i:U.of 
science is to discover sirnple, general priuciples lyinguentnd surlace appearances. Newton's gravitational iaw is'a classifcxample of the power of a simple concept to make clear a werter of

This research was-supported by the petroleum Research Fund of the
American Chemical Societv.

,;UUuuil
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data (Figure l). Simplifying concepts.in geology commonly take a

;;-tl;;:;;Jo,*, bt'i they i'" ''o less imnortant on this account' A

more fundamental ;; 
"#;i;titti" 

ain*"nce between theories in

physics and geology (or ecology) concerns the identification of mean-

l;;tui;;'?,"rrl' In the phiiit"l sciences' one knows a ptiori many

of the quantities trrat musi Lc'specifiecl-nrass' force' charge' distance'

temperature, p,""tt'", 

^"i"-*ftif" 
in the natural sciences this is rarely

the case.
The term mod'el is a ctrrrently fashionable name for a simplifying

concept which is put forth rather more tentatively tlian a theory and

with a greater ,"o"^itn of its incompleteness as a representation of

;ilt;. "'i""nt"t tft"-digttity of a theoiy' it can serve as a trial balloon

*iift f"r. embarr"assing "i"teqttettces 
if punctured'

Anv mathe*uti"olo "pft"i"tt 
to nitrtre implies a. model' Such

;;,],, 
"t" "ri"" "r 

gt";ii*pottance in natural science in spite of their

crudeness u, upp'o"i*Jot" of reality' The normal curve is a case in

point. This model l;"q";;ry distritltion' although never found in
-nature, 

nevertheless repiesents a conspicuous tendency' The normal

curve is thus an 
"rr"",i;ii;; 

in the 
'geologist's 

mental too.l b.ag eoen

if no numerl'rot oul"luilon' o'n *n\u' Similarly' simplifying con-
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cepts such as the factor model outlined belolv represent important
aids to thought about relationships in paleoecological data.

The Factor N4odel

H i.st o r i c aI b ock gr o un d

The origins of the model presented here go back to the early years
of the present century when Charles Spearman (1904) and a school of
investigators developed the essential concepts of factor analysis as a
tool for psychometric research. Thurstone and a group of American
workers added significantly to the theory and practice of factor analy-
sis, notably by increasing its generality (1931), by rigorous organiza-
tion and analysis (Thurstone, 1947; }J.olzinger and Harman, 1941),
and by developing practical computing techniques (Harman, 1960).

The second source for this model is the theory of path coefficients
developed for the solution of certain problems in genetics. The funda-
mental work in this field is that of Wright (1921). Li (1955) pro-
vides a lucid presentation and summary of the method.

Applicability of the Model

The mathematical model described in this paper is designed to aid in
the interpretation of observational data, particularly in problems where
(1) pertinent information is intrinsically numerical or can be appro-
priately coded in numerical form; (2) the volume of inforrnation is
large; and (3) a priori knowledge of causal relationships is inadequate.
These conditions are commonly found in paleoecology. Depending
on the nature of the problem and the kind of data, the first condition,
however, may be a severe limitation. This point is stressed in Figure
2 where two types of geological information (numerical and geo-
metric ) are distinguished. If the essential information is geometrical,
tactor analysis can be explicitly applied only if convenient, meaningful
coding schemes are employed. If basic data are in numerical form,
horvever, such as a table of species abundances, then the model is
directly applicable.

Description of the Model

Observational data are taken to be numerical measurements of n
paleoccological variables observed at each of l/ localities or in N field
samples. The variables may be any combination of petrologic, chemi-

Simplifying concePr

Fig. 1 The role of theories as sintplifying conccpts in plqsics and geology'
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cal, or paleontological cbaracteristics. These data are aranged in
tabular form with n rows and N columns. In matrix notation, this is
an n X N matrix [4i], in which rir represents the ith variable at the
I t h l o c a l i t y  ( i  :  7 , 2 , 3 ,  .  .  .  n ; i  :  I , 2 , 3 , .  .  .  N ) .

The paleoecosystem of which the observations are a reflection is
assumed to consist of rn causal influences (or sets of causal influences)
C t U : 7, 2, 3, . . , m). These influences may be any combination
of primary, penecontemporaneous, or postdepositional causes. They
may, in addition, be either randomly related to each other or exhibit
correlations due to common causes acting at a more remote level.

The notion of cause and eflect is defined strictly as a mathematical
concept: If m * I causes be held constant and a variation allowed in
any one cause, then a proportional variation is observed in an effect
rj. Such a model does not exclude the possibility of numerous causal
steps intervening betvi'een cause C, and effect r, in a minutely struc-
tured chain. hence this definition does no violence to nonmathematical
formulations of the causal relation. All cause-and-effect relationships
ultimately resolve into a simple "if A then B" relation ( Reichenbach,
1954, p. 157).

Each variable r, is assumed to be completely and linearly deter-
mined by the tn causes Cr. The relative importance of the cause C,
on variable r, is indicated by a coefficient crr. Thus,

r i :  c i r C r *  c i z C z * qvcy I ci-C,,

The objective of a paleoecological study is thus threefold: (1) to deter-
mine tn, the minimum number of causal influences needed to account
for the observed variation; (2) to identify these causal influences, C,.;
and (3) to specify for each variable the relative importance of each
cause.

The linearity of the causal relation assumed above should be care-
fully noted. If the underlying relationships are in fact not linear,
this will cause a discrepancy in proportion to the deviation from
linearity. If the relationships are not linear but are monotonic, then
some simple transformation of raw data can usually be found to solve
the problem. In the case of nonmonotonic relationships, however,
where a parabolic or other peaked function is involved, the problem
demands a more elaborate transformation procedure. In empirical
tests of the model it is surprising to find how useful a linear or log-
linear model can be. At the present stage of development the pos-
sibilities of this simple model should be explored further before taking
rnore elaborate schemes into account.
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Numerical' ExamPle

In Figure 3 a hypothetical p-ath model is shown with four causes

(m:4): S, T, trt, and D' 
'S 

i' tok"tt to be the average salinity

;;;.# 
"",'ulrr*u", 

of localities over a marine basin; ? is the mean

il;;;;;i,h" botto* water; and trI the per cent of sand on the

sea floor. p is tar.en as a diagenetic factor wfiich acts on fossil shells

and causes differential preservation--^ 
ift" aotUle-headed'utto* indicates that causes T and M are cor-

."1;;;l (r : 0.84) owing to a common control of T and M by depth'

The correlation is not pe'?"ct, hence remote factors other than depth are

;;;;fi;;- i una fu. No other correlations occur among the four

"i,rr", 
(7*, : r"" : rso lrro 7 

t.ur,: 0)'

Note that other p#ibte 
'iLtatioriships_ 

could have been postulated

among the four causes, including c-olPlete independence" Correla-

,*"':*oig. i*-"alo'"'"auses S' 
"T' 

M' ind D.imply .a 
causal structure

".-rd';;; 
higt 

", 
level (remote causes). A consideration of these

relationships is an important-part of the factor model' just as it is

;il;"n unulyti"g-"o*p16" systems in nature where correlated

causes are involved' "Munf disclssions of causal relationships in

;;i;;y and paleoecology erily oyerllking this feature-

Given the four 
"^.rr;i 

and iheir interrelitionships, the next step is

topos tu la teu"ou 'o l - "hentere la t ing theef fec tvar iab lesr ; to the i r
immediate causes. Nine variables hiving ^a causal t"h".*" indicated

in Table t are po,t.tiated' Variable rt'"fol example' is equally in-

Factor Analytic Model in Paleoecology 4r3

resr-r 1. Causal scheme relating c&uses S, T, M, D, to nine aariables
depenclent on them

s  0 . 2 5  0 . ' 1 0  0 . 1 0  0 . 5 0  0 . 7 0  0 . 1 0  0 . 0 0
T  0 . 2 5  0 . 3 0  0 . 2 0  0 . 2 0  0 . 1 0  0 . 1 0  0 . 1 0
M  0 . 2 5  0 . 2 0  0 . 3 0  0 . 2 0  0 . 1 0  0 . 7 0  0 . 1 0
D  0 . 2 5  0 . 1 0  0 . 4 0  0 . 1 0  0 . 1 0  0 . 1 0  0 . 8 0

0 . 1 0  0 . 0 0
0 . 8 0  0 . 5 0
0 .  1 0  0 . 5 0
0 . 0 0  0 . 0 0

fluenced by all four causes as specified by the entries in the table. As
an equation,

c r : 0 .255  +0 .257  +0 .25X1  +0 .25D

Variable r' however, has a different causal scheme:

rz : 0.40^5 + 0.307 + 0.20M + 0.10D

and is more strongly infuenced by salinity than the other calrses.
Note that each species or petrographic character is completely ex-
pletined by the four causes, but that each has a difierent causal pattern.
In the path model ( Figrrre 3 ) an arrow is used to represent a causal
relation betrveen a cause and an effect.

In the first four colurnns of Table 2 values of the causal infl.uences
are assumed for each of eieht localities. These values were created
arbitrarily, subject to trvo lestrictions. First, they conform to the
pattern of intercorrelations mentioned previously, with rr- : 0.84 and
other correlations equal to zero. Second, the scale of each causal
variable is adjusted by a linear transformation so that its variance is
equal to unity. Although this step is not necessary, it makes the
results of computations easier to understand.

From the ffrst four columns of Table 2 and the assumed causal
structure given in Table 1, the last nine columns corresponding to the
nine variables are calculated.

Application of Factor Analysis to tlrc Numerical Example

Up to this point in the discussion rve have assumed the role of an
all-knowing paleoecological gremlin. Knowing the variances of each
cause and each effect, and the causal sc]remes among the causes and
Iinking the causes rvith the efiects, such a gremlin c-ould construct a
path coefficient model. In such a model a number is assigned to each

-

'lill

at9f 8r 2

f 9

D

\

M

Y Y
t

$

.c

l '
I
t t

7 = 0.84

Fie.3 Path moilel for the nunterical erample of this papcr" t' l ' l i,:tr!i '

reiresent causes (salini'iit,'"t"^'in'lo'ure' sand' and diaeenesis)' Double-l

arrow indicate, o ,o"aol'ion"';':;;';;;;;;'rro (o'sa) 
-Fetnccn 

T and M' x" r"'

. . . ts rcptesent ,"" #"'fr'J;' ;tr;;';' t)'oi'' linking causes and effects

sumb olize causal inflitence'
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exactly the reverse: given the correlations an-iong effects, we wish to

derive a causal scheme. The techniques of factor analysis provide a

means by which this can be done.

The remainder of this paper is thus concerned rvith dernonstrating

the derivation of a ca.tsal icheme from raw data using factor tech-

niqtres. Two cases will be taken up in turn. case 7 asslrmes that the

paieoecologist has made measurements proportional to all those con-

iained in Table 2. For the nine variables this r.r'ould be no problem.

For the four immediate causes, horvever, we must assume that the

scientist in question has been unusually astute, not only in guessing

what the urrderlying causes are but in finding observable properties

exactly proportiona[ to them. lVe further assutne that he does not

know for certain either the number or the identity of the causes.

Cnse 2 will assume that he has measured only the nine variables.

The justification for considering Case 7 is to demonstrate that even if

the investigator is able to measure rock properties linearly related to

the actual 
-"u.,r"t, 

a mathematical model is needed to clearly demon-

strate his success and to evaluate the true relative importance of each

cause. A step-by-step procedure under Case 7 is given below'

srrp 1. Callculate from the raw data of Table 2 a matrix of correla-

tion coeficients. An extract from this 13 X 13 matrix is given in

Table 3. Note first the intercorrelations among the four causes.

Only one correlation is greater than zero, as postulated in the causal

s"heme. Also, note the correlations between r, and other elements in

the table. From our causal scheme rve knorv that r, is in fact equally

controlled by all four causes-and yet the correlation r, with causes

S, T, M, urrd D are respectively 0.420,0.772,0.772' attd 0'420' The

TABLE 3. Extract of correlation matrix for numerical example' En-

tries are product mo,ment comelations computed f or each pair of ca'uses

and aariobles

o . 6 3 2  o ' 1 5 8  o ' 7 8 4
0 . 7 3 9  0 . 7 r 4  o ' 5 7 7
0 . 7 1 4  o ' 7 3 9  o ' 5 7 7
o r5R 0 '632 0 '157
o. i l i  o. e4i o ' 878
1.ooo o  77L o '975
o. i ; r  L000 0 '678
o gis 0.078 I  .ooo

Factor Analytic Model in Paleoecology 4L7

ft
-9
6 -' t

o

T,3L tD]IT

o I 
salin2rtv rst 

3 4

Fig. 5 Relotionship betueen aariable x, and cause S.

high correlations of the variable with ? and lt{ are due to the correla-
tion between the causes T and ll1. Here is a useful caution to the in-
terpretation of correlations in paleoecology, whether they are expressed
in numerical form or intuitiaely comprehended in the field. In con-
sidering the relation between any efiect and an assumed cause we must
consider the possibility that other causes are correlated with the
asstrmed one. Note that if no measurement of l{ were taken. the cor-
relation /rr would remain unchanged.

Another point of interest in the'table is the low level of the correla-
tion between r, and cause S. The observed correlation (0.420) is a
statistical p;eneralization of the random-appearing relationship plotted
in Figure 5. We must beware of assuming that no causal relation
exists even though observed correlations are low. In this particular
case it is worthwhile to note ihat rvith a samnle size of 8 the correla-
tion in question is not significantly difierentlrom zero. This points
up an essential difierence between a mathematical and a sirictly
statistical model.

srrp 2. Perform an orthogonal factor analysis on the correlation
matrix. The procedures involved here are algebraically complex, but
are well described elsewhere (see Harman, 1g60). Computer pro-
grams are available for performing an entire analysis from raw data to
finished product. The present exarnple was run on an IBN{ 70g0 in
less than three min'tes. As there are various varieties of factor anary-
sis possible, it is appropriate to mention here the system used in this

I

s  1 .000  0 .000
T  0 .000  1 .000
M 0 .000  0 .840
D 0 .000  0 .000
n r  Q .420  0 .772
s 2  0 . 6 3 2  0 . 7 3 9
.Ds  0 .158  0 .714
n4  0 .784  0 .577

0 .000  0 .000  0 .420
0 . 8 4 0  0 . 0 0 0  0 . 7 7 2
1  .000  0 .000  0 .772
0 .000  1 .000  Q .420
0  .772  0 .420  1 .000
0 . 7 1 . 1  0 . 1 5 8  0 . 9 4 1
0 . 7 3 9  0 . 6 3 2  0 . 9 4 1
0 . 5 7 7  0 . 1 5 7  0 . 8 7 8
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study. The principal components method was employed, using high-

est torrelations as initial communality estimates. Eight iterations

were automatically performed to converge on the true values, Four

orthogonal factor axes accounted for 100% of the variance. Four

factor-s were therefore rotated by the varimax criterion' The varimax

matrix is given in Table 4.
Inout to these calculations is the rarv data, and no assumptions are

-odl n, to the number of ir.rfuences (factors ) or as to the identity of

the casual variables. The factor analytic system employed here

correctly discovered that four causal infuences are sufficient to ac-

count ftr the observed variance @ : 4. In addition, the varimax

matrix (Table 4) provides a means of identifying the four vectors

(variables) which lie at the extremes of the vector configuration in

rn-space-that is, those which are statistically the most independent'

ThJse four extremes are correctly identified as (causes ) S, T, M, and

D. The procedure by which this is done is explained elsewhere

(Imbrie, 1963 ).' 
srrp 3. Having identified the most independent variables (in this

case, cclrscs) the next step is to resolve each of the other nine vectors

rABLE 4. Rotated. (oarimax) factor matrix for nttmeri,cal example,

Entries are proiections of each oariable on orthogonal reference axes

81,8", 8", and" Bt. h2: communality: sLtrmof squares of elements

in each row

Factor Analytic Model in Paleoecology

rerr-n 5. Oblique proiecti,on matrix.
aalues are proiections of aariables on
axes S, T, M, D

419

tvlT

Tabled
obltque

D

s
T
t r

D
:f,1

g 2

r 4

1 . 0 0 0
0. 000
0.000
0. 000
0.420
0.  632
0.  158
0.784
0. 956
0.  126
0 . 0 0 0
0 . 1 1 3
0.000

0 .000
I  . 000
0.  000
0 .000
0 .420
0 . 4 7 4
0 . 3 1 6
0 .  3 1 4
0 .  137
0 . 1 2 6
0 . t22
0 .898
0 . 5 2 2

0.000
0.000
1 .000
0.000
0.420
0 . 3 1 6
o . 4 7 4
0 .  3 1 4
0 . 1 3 7
0 . 8 7 7
0.122
0 . 1 1 3
0 . 5 2 2

0.000
0.000
0.000
1 .000
0.420
0.  158
0.  632
0. r57
0.  137
0.  126
0.973
0.000
0.000

Faotor Axes

representing variables into the four vectors representing the assumed
causes and lying obliquely at the extremes of the configuration. The
oblique projection matrix (see Imbrie, IgG3) given in lable 5 shows
the projection of each of the nine variables onto each of the four
assumed causes. The entries in this matrix are algebraically identi-
cal to the path coeffcients that could have been calculated from
the known causal structure. In addition, each rorv irr this table is an
objective statement of the relative importance of each cause in in-
fluencing each variable. Note, for example, the causal structure cal-
culated for variable rr. It is equally influenced by each cause-as
is in this case knorvn to be true. For convenience, each rorv can be
summed and each element in the row expressed as a fraction of that
sum. This is done in Table 6, which tius represents precisely the
causal structure originally postulated.

Our hypothetical, astute paleoecologist at ihis stage would be able to
congratulate himself on havinq discovered a causal scheme which will
account precisely for all of the variance in his table of data. In addi
tion, he knows that no more than four causes are necessary to account
for the data, and can evaluate accurately the relative importance of
each cause.

case 2 is a more realistic model in which the investigator has onry
ordinary sagacity. Here rve ass.*e he has measured the ni,e vari-

lL'BtB3B2D
D 7

T
XT
D
r l

T 2

:I:3

I 4

tr6

T 8

I 9

-0 .0E8
0.957
0.  950

-0 .058
0 . 7 3 9
0.  689
0.702
0 . 5 2 0
0.  168
0 . 9 3 5
t r . l / 5
0 .956
0. 99.1

0. 995
0 . 0 8 8
0. 085
0 . 0 3 9
0. 507
0.704
0. 250
0.840
0.9s0
0.2 t5
0 .059
0. 200
0.090

0 .044
-0 .052
- 0 . 0 5 3
-0 .  998
-0.441
- 0 . 1 7 1
- 0.  665
- 0 . 1 5 4
- 0 . 1 0 8
-0 .  173
- 0 . 9 8 3
-  0 .047
-  t . t .  uD:)

0.00.1
-0 .271

0.295
-0 .003

0 . 0 1 0
- 0. 033

0.053
0 . 0 1 0
0.007
0.225
0.000

- 0 . 2 1 0
0 . 0 1 2

1 .000
1 .000
1 .000
1 .000
1 .000
1 .000
1.000
1.000
1 .000
1 .00Q
1 .000
I .000
1.000
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rABLE 6. Oblique proiection matrix (Table 5)

recalculated' to expiess'eaclt' entry as Per cent of

total in row

in paleoecology. The relatio-nships postulated in it are assumed

to lperate p#cisely, and influeni"s 
^oth"t 

than the four assumed

"u.rr6, 
ur" .tit considered. Randorn error is eliminated' Considering

the realities of the fossil record and the imperfection of our recording

techniques, this simple-minded model can frardly- be expected to work

perfectiy in the reai world. The question for future work to deter-

inine, therefore, is the extent to which the factor model approximates

reality.
unpublished studies on materials from the Great Bahama Bank in-

dicate that the model fits this relatively simple modern ecosystem

quite well. Results of application of th-e *odel to data from the

ilor"nu shale (Permian)^in Nebraska, Kansas, and Oklahoma (see

Imbrie et al., 1959), are encouraging. Thirty-one variables were

measured on 74 samples, including abundance data on fossil groups'

petrographi" -"ur.,rl, such as tlie frequency of burrows'. and the

io*p"orruott of the rock in terms of major minerals and oxides' Ap-

oroximately 607" of the variance was explained u'ith rn : 5' K"y

iariables identified as the most independent of the 31 are: crinoids,

burrows, fusulines, dolomite, and oncolites. What ultimate infltrences

or sets of influences do these key variables reflect? some hints can be

io""a Uy noting those variables which tend to associate closely lvith

each key variatle. These reaction groups (associations) are tabled

beIow.

Factor Analytic Model in Paleoecology

Group 2 GrouP 3 GrouP 4 Group 5

42t
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x[

00
00

i00
00
25
20
30
20
10
70
10
10
50

00
100
00
00
25
30
20
20
10
10
10
80
50

100
00
00
00
25
40
10
50
70
10
00
10
00

T
n f

D
, t l

al2

r g

I4

& 6

r 9

00
100
00

100
25
10
40
10
10
10
80
00
00

ables but has not measured variables directlv proportional to the real

causes. The proced"* l' la*tical to that above^except that a 9 X 9

correlation matrix is 
"o*p"t"d' 

T!" tabled entries in this matrix are

of course identical," il't;;;*tpo"ai"g elements in the 13 ! 13 matrix

il;l;;n1".,1rted- 
Furthei, the riumber of dinrensions (factors)

needed to account tor 100% of the variance in this case is still four'

An orthogonul fu"to' ar'ot'is *o"ltt pick out the four most extreme

?ii'u"o""t",tli t"""r'r"s oi the vector configuration' These are vari-

ables rr, 16, 17, srlcl f,8 corresPonql"g i" 
tt'3 

"o* 
unknown causes S'

M, D, and T, respectively ( see Table 1) ''"il;il 
nl".tf,"a-ii'l'")tt"-" "ariable'' 

the paleoecologist now re-

views the nature 
"t:i;";;-;;;i"ut"' ""d 

frott' all available evidence

postulates a carrsal structure' He may tJ tnit posttrlatc by-seeking

mcas.rable 'ariables llkely to b," *ol1 ;L;"iy'Pt:Po.rtional to the

underlving causes' i;;i ";;"'"i1 
*ir1 rt*" u" ot'1""tive measure of

the complerity oi the paleoecosyst"'''t ""1""'*'uta1l-tttut 
is' he rvill

k n o r v t h a t m : 4 , a n d c a n g u a r d a g a i n r , - o u " r " * p t o i n i n g o r u n d e r '
explaining his data'

Factor Moclel in the Real World

The numerical example just cxplained was designed'to'il lustrate

in a concrete way ,"*5'if..i,"*,i"if i-pi""ai"n, of"tn" factor model

burrows fusulines dolomite oncolites

Euom.ph.alus corals SOI echinoids
ComPosita

Group 1

crinoids
Derbyia
clams
subulitid snails
Bryozoa

other indications come from noting the geographic and stratigraphic

distribution of samples dominated by each reaction group. Informa-

tion other than that used in calculation can, of coulse, also be con-

sidered. Cephalopocls, for example, were not numerically tabulated

in this study but are known to be associated with Group 2'

From a c'onsideration of the lines of evidence just indicated, the ffve

Florena influences are tentatively identified as follows:

cnoup 1. Shallow, prodelta, nutrient-rich waters overlying a marl

bottom.
cnoup 2. Quiet, deeper waters with unrestricted access to open

water and a marl bottom.
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cRouP 3. Shallow, nutrient-poor, carbonate-bottom shelf-lagoon

with restricted circulation but wilh salinities near norma]'

cnoup 4. Hypersaline, marl-bottom shelfJagoon'

cnoup 5. Tui'bulent, clay-free, subtidal shoal'
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