Geoscience Canada Volume 18 Number 3

PALEO:CENE 12,
Benthic macrofossils as
paleoenvironmental
indicators in marine
siliciclastic facies

Ron K. Pickerill

Department of Geology

University of New Brunswick
Fredericton, New Brunswick E3B 5A3

Pat J. Brenchley

Department of Earth Sciences
University of Liverpool

Liverpool L69 3BX United Kingdom

INTRODUCTION

Fossils commonly play an important role in
environmental analysis and can be utilized to
distinguish important variables, such as sa-
linity and oxygen levels, substrate consisten-
cy, elc., that are not readily recognizable by
traditional sedimentotogical approaches.
The significance of fossils as paleoenviron-
mental indicators does, however, vary great-
ly according to the sedimentary facies being
considered. In some facies, there are dis-
tinctive bedding characteristice and sedi-
mentary structures that constrain the fikely
depositional environment guite closely, but
even s0, increased resolution can, in most
circumstances, be significantly improved by
examination of contained faunas. More im-
portantly, in other facies, particularly the
more pelitic ones, sedimentological evi-
dence Is more problematic and fossils are of
utmost importance in paleoenvironmental
analysis. At the simplest level, the impor-
tance of fossils can be in distinguishing ma-
rine from non-marine strata, shallow marine
from deep shelf, and shelf from slope and
basinal environments. Although these are
extremely broad distinctions, anyone who
has worked on the paleoenvironmental inter-
pretation of Precambrian sequences will
have wished for a few fossils to help con-
strain environmental interpretations made
solely on sedimentological observations.

A pervasive problem with the use of fossils
as paleoenvironmental indicators is that uni-
formitarian principles are of limited value.
The distribution of modern faunas amongst
different environments can be used in de-

tailed paleoenvironmental analysis only for
sediments deposited in the past few million
years, as few modern species existed much
beyond the Pliocene. The CLIMAP pro-
gramme (mapping the climatic patterns for
various times during the Quaternary using
the distribution of foraminifera in conjunction
with stable oxygen isotopic studles, see
Cline and Hays, 1976) is an excellent exam-
ple of taxonomic uniformitarianism, which is
based on the proposition that the ecology of
present organisms is the key to those of the
near-recent past (Dodd and Stanton, 1981).
However, it is widely appreciated that the
confidence and applicability with which mod-
ern biotic distributions can be used de-
crease backward through the Phanerozoic.
Progressively, fossil species per se cannot
be utilized specifically as paleocenvironmen-
tal indicators and, instead, interpretations
must be based on such considerations as the
state of preservation and overall taxonomic
composition of assemblages, the functicnal
morphology of their constituent species, fau-
nal diversity and abundance, efc. Even at
higher taxonomic levels, many organisms
have changed their habitat through time. For
example, many benthic (bottom-dwelling)
stalked crincids, common within Paleczoic
and Mesozoic shallow water palecenviron-
ments, have subsequently migrated to the
deep sea (Hallam, 1984} and therefore strict
application of the taxonomic uniformitarian
approach would be misleading.

In this brief review, we concern ourselves
mainly with the commoner macroscopic
shelled fossils (i.e., those seen without the
use of a microscope) preserved in Phaner-
ozoic siliciclastic facies deposited in marine
environments. The geological history and
palecenvircnmental distribution of terrestrial
faunas have recently been elegantly re-
viewed by Gray (1988) and there is little nead
for repetition. We emphasize macrofossils
as they are easily observed and collected by
the non-specialist. Because of space limita-
tions we do not discuss the palecenviron-
mental distribution of microfossils in any de-
tail and texts such as Haq and Boersma
(1978), Brasier (1980) and Bignot {1985)
should be consulted for general palecen-
vironmental considerations of such groups.
Additionally, we emphasize that this contri-
bution stresses benthic as distinct from pe-
lagic, i.e., nektlc (free-swimming), planktic
{drifting) or epiplanktic (attached to floating
objects, organic orinorganic, = pseudoplank-
tic of Wignall and Simms (1980)) organisms,
because benthic organisms provide a more
realistic assessment of the paleoenviron-
ment in which strata accumuiate. We will
attempt to discuss the role that analysis of
the functional morphology of benthic macro-
fossils can play in deciphering palecenviron-
mants, demonstrate how the taphonomy of
shell concentrations reflects the hydro-
dynamics of the sedimentary environment,
and show how community or benthic assem-
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blage analysis has contributed to palecen-
vironmental and paleogeographic recon-
structions and record bathymetric changes
in siliciclastic sedimentary sequences. Addi-
tionally, we will discuss how faunal diversity
and blomass can be utilized as an aid in
palecenvironmental analysis and finally how
macrofossils can be employed in the identi-
fication of specific aspects of the palecenvi-
ronment.

FUNCTIONAL MORPHOLGGY

The study of functional morphology (or adap-
tive functional morphology) in assessing pa-
lecenvironments relies on the fact that the
construction and behaviour of living organ-
isms are well suited or adapted to the natural
circumstances in which they live. Conse-
quently, detailed morphological analysis of
benthic macrofossils can be an important
predictive tool in palecenvironmental analy-
sis. As outlined by Dodd and Stanton (1981),
three methods can be utilized to study the
functionat morphology of a fossil organism.
These are: (1) H the fossil belongs to an
extant species or is closely related to a living
species, the relationship of morphology to
function can be observed directly, This is the
methed of homology. (2) The function of the
morphologic feature in the fossil may be
explained by analogy to similar morphologies
in extant organisms that are not closely re-
lated to the fossil. {3) The function of the
morphologic feature may be indirectly deter-
mined through use of the paradigm approach
which first proposes a likely function for a
structure (e.g., ribbing on a shell) and then
compares that structure with the “ideal
structure” for performing the function, which
might be determined by mathematical mod-
alling or an analysis of engineering design.
The closer the simllarity between the actual
and the ideal, the more likely it is that the
function has been correctly identified (Rud-
wick, 1964).

Morphological adaptations to environ-
mental factors are shown in most fossil
groups. For example, Stanley (1370, 1972)
showed how the form of bivalves reflects
their mode of life and indicates whether they
are apifaunal or infaunal (respectively fiving
on or within the substrate), whether they are
deep or shallow burrowers, and, in some
circumstances, whether they are adapted to
fast burrowing. An adaptation to rapid bur-
rowing is commonly shown amengstbivalves
thatlive in mobile substrates. A deep burrow-
ing mode of life is found amongst bivalves
that live in unstable nearshore environments,
including shifting sand substrates and inter-
tida! areas where exposure is a problem. A
study of Corallian {= Oxfordian, Jurassic),
mainly carbonate, environments by Flrsich
{1976) has shown that the proportion of
bivalves with different modes of life varied
between environments. In an analysis of Si-
turian brachiopods, Flrsich and Hurst (1974)
showed how features such as strength of
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ribbing, size of pedicle opening and shape of
the pedicle valve may reflect degree of tur-
pulence and nature of the substrate. A com-
prehensive examination of Cretaceous
brachiopods from Denmark by Surlyk (1972)
provides an excellent example of the princi-
ples, methodology and importance of func-
tional morphology to paleoenvironmental
analysis. Other references to the application
of functional analysis amongst various
groups are given in Table 1.

TAPHONOMY

Palececology is the study of the relationship
of ancient organisms to their planetary en-
vironment, and how these organisms func-
tioned within their habitat and toward each
other {Copper, 1988). Since the appearance
of important summaries by, for example,
Hedgpeth (1957), Ladd (1957), Schéfer
(1962, 1972), Ager (1963), Imbrie and Newell
{1964) and Hecker {1965), a plethora of pub-
lications on the palecenvircnmental distribu-
tion and palececology of single species (pa-
lecautecology) or mixed populations (pateo-
synecology} of benthic marine organisms
has appeared in geological literature. For
many years, a major concern of paleontolo-
gists was the recognition of whether or not
the preserved biotas were in situ (syn-
onymous with autochthonous, life assem-
blages, biocoenoses of various authors) and
therefore clearly a reflection of the environ-
ment in which they lived, whether they were
transported {synonymous with allochtho-
nous, death assemblages, thanatocoe-
noses) and therefore indicative of the en-
vironment in which they finally accumulated,
or whether they reflected a situation be-
tween these two extremes and were parau-
tochthonous (disturbed neighborhood) as-
semblages representing essentially in situ,
but locally reworked, organisms. Within ma-
rine siliciclaslic strata, particularly siitstones
and sandstones, it is only under exceptional
conditions that in situ faunas are preserved
and, instead, most have been transported
and mixed to differing degrees by various
sedimentological and biological processes.
Atthe simplest level, it is therefore important
that an evaluation of the degree of transpor-
tation and mixing of the macrobenthos must
be undertaken in any palececological analy-
sis. Such an analysis is part of the science of
"taphonomy", which, according to Efremov
(1940}, who coined the term, is the “science
of the laws of burial” and typically involves a
recognition of both information loss and in-
formation gain (see Thomas, 1986; Wilson,
1988; Donovan, 1991, for reviews). Informa-
tion loss occurs through a range of bio-
stratinomic processes (biostratinomy is pre-
servational history) such as decay of soft
parts, transportation and fragmentation of
shell material, and secondary post-burial
processes such as disturbance by burrowers
and diagenetic modification, so thatthe pre-
served fossil assemblage may be a poor

reflection of the original biocoenosis. On the
other hand, there can be information gain,
particularly where the manner of preserva-
tion provides valuable evidence about the
depositional environment, and it is this as-
pect which will now be considered.

Fossils commonly occur in shell con-
centrations that may have a predominantly
biotogical origin {in carbonate substrales,
reefs are an extreme example), as sedimen-
tary accumulations, or may be formed by a
combination of biological and hydrodynamic
processes. Each type of accumulation may
be subsequently modified or transformed by
diagenesis (see Kidwell, 1986; Kidwell et al.,
1986, for reviews of the classification of shell
concentrations). The degree and manner of
reworking of shells provide valuable evi-
dence about the hydrodynamic conditions
and, in some situations, the frequency of
events and rales of sedimentation atthe site

of deposition. The diagenesis, particularly
the presence and type of pyrite, may add
additional evidence of environmental condi-
tions, particularly in low energy, oxygen-
poor, situations (Brett and Baird, 1986).
The nature of a fossil concentration can be
defined by a range of preservational fea-
tures, the most important of which are: (1)
orientation of fossils, including life orienta-
tion; (2) relative degree of articulation; (3)
degree of fragmentation; (4) proportion of
different elements of a skeleton, for example
pedicle to brachial valve ratio of brachi-
opods, left or right valves of bivalves; (5)
convex up to convex down ratio of shells; (6)
degree of abrasion, corrosion or bioerosion
of skeletons; (7) type of shell fillings or coat-
ings, (8) evidence for early dissolution of
skeletons; and (9) any unusual feature of
preservation (Brett and Speyer, 1980). Fossil
concentrations that have consistent preser-

{Corals)

Bryozoa

Brachiopods

Molluscs

Arthropods

Echinoderms

Table 1 Selected references to studies of the adaptive functional morphology
of various macroinvertebrate groups (modified from Dodd and Stanton, 1981,
1990).
FOSSIL GROUP REFERENCE
Sponges Bidder, 1923
Stearn, 1984
Coelenterata Philcox, 1971

Stearn and Riding, 1973
Hubbard, 1974

Graus and Macintyre, 1976
Kershaw, 1984

Condra and Elias, 1944
McKinney, 1977
Rider and Cowan, 1977

Rudwick, 1961

Ager, 1967

Grant, 1972

Firsich and Hurst, 1974

Trueman, 1964

Jefferies and Minton, 1965

Stanley, 1970

Carter, 1972

Westermann, 1973

Chamberlain and Westermann, 1976
Linsley, 1978

Peel, 1978

Skelton, 1979

Savazzi, 1989

Clarkson, 1969
Benson, 1975
Campbell, 1975
Schmalfuss, 1981
Jaanusson, 1984

Lane and Breimer, 1974
Smith, 1978

Welch, 1978

Seilacher, 1979
Stanton et al., 1979
Smith, 1984
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vational properties can be referred to par-
ticular taphonomic facies or taphofacies
(Speyer and Brett, 1986; Brett and Speyer,
1990}, which, briefly defined, consist of
suites of sedimentary strata characterized
by particular combinations of preservational
features of the contained fossils (Brett and
Baird, 1986). For example, the different lev-
els of four taphonomic parameters, namaely,
(1) disarticulation ratio, (2) reorientation and
sorting, (3) fragmentation, and (4) corrosion/
abrasion (= corrasion), were used by Speyer
and Brett {1988) to define seven taphofacies
refated to differences in turbulence, sedi-
mentation rate and oxygen levels (Figure 1}.
The highest disarticulation ratios, best sort-
ing, highest fragmentaticn and highest cor-
rasion levels defined taphofacies 1 and were
related to extremely high turbulence, low
sedimentation rate and high oxygen levels.
At the other extreme, taphofacies 7 showed
low levels of the four parameters, suggesting
low turbulence and relatively lower oxygen,
but higher overall sedimentation rates (Fig-
ure 1). Between these two extremes, tapho-
facies 2 to 6 exhibited variable levels of the
four parameters, reflecting different levels of
turbulence, oxygen and sedimentation rate.
The concept of taphofacies does, however,
need to be applied with caution, because in
some instances where there has been rapid

TAPHOFACIES 1
High |

low

transportation and deposition, several as-
pects of shell preservation, such as dissolu-
tion, breakage and abrasion, are more a
reflection of the environment in which the
shells initially accumulated than of their final
environment of deposition. The hydrodyna-
mics of the {atter are likely to be reflected in
the slze sorting, fabric and orientation of the
shells (Davies et al., 1989). Additionally, of
course, individual species of most major
groups will possess, to varying degrees, dif-
ferent morphologies (e.g., heavy/strongly
hinged versus delicate/weakly hinged, or
variations thereof, brachiopods) and there-
fore will exhibit variable responses to simitar
hydrodynamic regimes. As Brett and Speyer
(1990) have suggested, the concept of ta-
phofacies requires further testing, but it may
provide a usefu! framework for environmentat
interpretation, bearing in mind the intrinsic
complexity of natural systems.

One of the clearest relationships between
the nature of shell concentrations and the
hydrodynamics of the environment occurs on
wave-dominated shelves (Norris, 1986). In
such environments, it is possible to recog-
nize three general zones. (1) a nearshore
zone above fair weather wave base, approxi-
mately equivalent to the shoreface (~5-15m
water depth); {2) the generally muddy shelf
between fair weather and storm wave base

high
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(~5 m to a maximum of 200 m water depth,
but more commonly ~5-100 m); and (3) the
shelf below storm wave base, where ecologi-
cal assemblages predominate (~50-200+ m
water depth) {(Norris, 1986). Inthe nearshore
zone (Zone 1), sequences are generally
sandy, sedimentary structures are com-
monly well preserved and shells are likely to
be repeatedly reworked and belong to tapho-
facies 1. Shell concentrations may occur as
cross-stratified shell beds formed by near-
shore currents, as concentrations in topo-
graphic lows between dunes, giant wave rip-
ples, sang waves (cf. Wilson, 1986} and other
badforms (Figure 2a1), or on storm affected
shores they may accumulate in the swales in
amalgamated hummocky cross-stratified
saquences (Figure 2b1}.

The value of shell concentrations is great-
er in shelf environments of Zones 2 and 3
where the background sediment is mud and
environmentally significant information is
contained in shell accumulations. Where
shelves are affected by storms, shells may
be concentrated by current or wave activity
(Figures 2a2-2a5 and Figure 3) and two
types of storm influenced beds can be recog-
nized: a first type in which there is little
sediment transport, but strong wave winnow-
ing, and a second type in which there is a
substantial degree of offshore transport of

TAPHOFACIES 2
High

/7?7

Low //’ //‘ 7%

o
2
7
-
o

é\gic

High TAPHOFACIES 6

7

Low | %

Low
D RS F C
High
TAPHOFACIES 7
Low
D RS F C

Figure 1 Generalized taphofacies recognized from Paleozoic shelf sequences, where seven distinct taphofacies are differentiated on the basis of shell disarticutation
(D). reoriemtation and sorling (R/S), fragmentation (F) and corrasion = corrosion/abrasion (C). Generalized anvironmental conditions of individual taphofacies, as
reflacted by parameters of sedimentation rale, turbulence and oxygenation, are indicated accordingly. (Modified from Speyer and Brett, 1968; Brelt and Speyer. 1990).
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sand that is subsequently reworked by storm
waves (Figures 2b2 and 2b3).

Beds of the first type vary according to the
degree of wave winnowing and resuspen-
sion. In shoreface and inner shelf regions,
storm waves are capable of eroding down a
decimetre or more and the resuspended
sedimentis commonly deposited as a crude-
ly graded bed {(Kumar and Sanders, 1976;
Kreisa, 1981, Kreisa and Bambach, 1982
Aigner, 1982) that may have a basal con-
centration of shells (Figure 2a2). In the more
offshore shelf regions, Miller ef af. (1988) and
Parsons et al. (1988), working with Devonian
shelf sequences, identified shell concentra-
tions with an overlying mud blanket (cf. Fig-
ure 4) which showed an onshore to offshore
gradient of decreasing thickness and com-
plexity reflecting the waning influence of
storm waves (Figures 2a3-2a5). Mid-shelf
shell beds were referred to as complex shell
beds, with commonly erosional bases and
tops typically possessing some articulated
shells (Figure 2a3). Internally, there are thin
discontinuous mud layers suggestive of re-
peated episodes of accretion and winnow-
ing. The implication is that these beds may
have accumulated over a long period, that
there may have been a physical mixing of
shells from different periods of accumuiation
and therefore that the assemblages were
“time-averaged”. Time-averaging, the mixing
of skeletal elements of non-contemporane-

~.

ous populations, or communities, by sed-
mentological, biological or rarely diagenetic
factors, is becoming Increasingly recognized
as a substantial influence on the structure of
faunal groupings. Fiirsich and Aberhan
{1990) have recently provided a concise re-
view of the causes, recognition and signifi-
cance of time-averaging in various marine
environments and Table 2 summarizes their
main conclusions. Further offshore, such
beds may be blanketed by several centi-
metres of rapidly deposited muds and shell-
beds become simpler (Figure 2a4) and gen-
erally consist of an erosional base covered
by a layer of finely comminuted shell debris
followed by well-preserved, commonly artic-
ulated, shells toward the top. Finally, even
further offshore, the shell beds consist of
pavements and stringers with commonly ar-
ticulated shells lying one deep onh bedding
planes {Figure 2a5). As the shell beds be-
come progressively thinner offshore, the
overlying mud blanket thins too. The offshore
shell pavements appear to represent ecolo-
gical beds which have been litlle modified by
deep storm waves. Generally, along the
same onshora to offshore gradient, as shell
beds become thinner and the effacts of
storm waves wane, shells within the inter-
vening muddy sediments are more likely to
be articulated (Figure 5).

Beds of the second type are sandstones
that typically possess hummocky ¢ross-

stratification reflecting the ability of storm
waves to rework sand on the sea floor. Shell
concentrations usually ocour as a basal lag
to the sandstone bed or as a cogquina filling
scours on the base (Figure 6) and reflect
vigorous wave activity. Such fossil con-
centrations may be similar in taxonomic
composition to those in the adjacent muds
(Walkins, 1979; Cherns, 1988. Brenchley
and Pickerill, 1991) suggesting winnowing of
nearby sediments, or they may show a quite
different composition (Pickerill and Hurst,
1983) indicating substantial transport. It is
clear that where fossils are being used forthe
study of ancient benthic assemblages or
communities, coquinas at the base of storm
sandstones should be used with caution.

In environments of Zone 3, below storm
wave base, shells tend to be dispersed, artic-
ulated and are generally sparse. In these
deep shelf environments, the development
of pyrite in the sediment and in association
with fossils may give valuable information
about sediment geochemistry and oxygen
levels. In general, in anoxic environments,
pyrite is randomly dispersed and fossiis are
not preferentially pyritized {see Oxygen). In
dysaerobic settings, pyrite is abundant and
may be nodular, tabular or fill fossil cavities,
such as ammonites, to produce steinkerns
(Brett and Baird, 1986; Fisher and Hudson,
1987). In aerobic environments, authigenic
pyrite is likely to be rare.

Increasing wave reworking

Fair weather wave base

A
Storm wave base

Shoreface coquinas

Storm coquinas

Flgure 2 Shell accumulations related fo storm processes across a sheff,
{#) Predominantly in situ reworking of shell material with litile addition of sediment. {a1) Cross-stratified current-raworked shell bed, and wave-reworked shelis in an
erosional hollow. (a2) A graded nearshore shell bed. (a3) A complex shell bad with mud partings, reflecting multipie storm events. (a4} A simple storm bed with bioclastic
material af base and in situ preservation of articulated brachiopods, trilobites, etc. (a5) Shell pavements and stringers representing only siight rewarking of living shelf

assemblages.

- ~ WSS AT --
€A -~ (> ~o a2 - 2 oﬁ
<

Graded shell bed Complex shell bed Simple shell bed Shell pavernent

and stringer

(b) Shell accumilations in association with sand deposited during storm events. (b1) Shell coquinas in the swales of hummocky cross-stratification. (b2) and {b3) Shell
concentrations at the base of storm sandstone bads which internally have hummocky cross-stratification.
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Table 2 Predictive model of the relative abundance and significance of various types
of time-averaging in contrasting marine environments, where A = abundant, C = com-
mon, O =occurs, R =rare and c = continuous, d = discontinuous, vi=very low, I=low,m=
medium, h = high and vh = very high (modified from Fiirsich and Aberhan, 1990).

BEACH | ESTUARY | TIDAL | DELTA | LAGOONS,| SUBTIDAL | NEARSHORE | OFFSHORE | DEEP SEA
FLAT BAYS BARS SHELF SHELF

Energy levels h I-h I-h I-h 1 h m-h 1 1
Net sedimen- o % 1h e ;] ] - 1
e ot l-m m-h I-vh m-h 1 m-h I-m v
No time- .
averaging R R o] o} R (0] R
Allochthonous i
ph veraging A C c 0 (o] 0
Autochthonous
timeaveraging | - Rd R | Ocd | Oc . 0d 0c Re
short(<10* yrs)
long (>10* yrs) - - - . = Rd Re Oc Ce

Figure 3 (left) Erosively based, fine-grained
sandstone layer containing abundant disarticulated
brachiopod shells interlayered with bioturbated
muddy siltstones from the Siluro-Devonian Arisaig
Group (Stonehouse Formation) of northeastern
Nova Scotia. This particular shell concentration
resulted from deposition by storm activity on a shelf
in an area belween fair weather and storm wave
base. Bar scale = 15 cm.

Figure 4 (left) Cleaved mudstones preserving
two sub-vertically oriented crinoid stems (arrowed)
from the shallow marine Siluro-Devonian Arisaig
Group (Moydart Formation) of northeastern Nova
Scotia. The fabric dipping from left to right
represents the fracture cleavage. These crinoids
are preserved in situ and suggest that a relatively
thick mudstone blanket was deposited rapidly,
thereby preventing disarticulation and reworking of
the stems by wave and current activity. Bar scale =
5cm.




124

Although we have emphasized the impor-
tance of taphofacies in the diagnosis of shelf
regimes, taphonomy may yield important en-
vironmental information in a wide range of
other environments. For example, a study of
Cretaceous lagoonal sediments (Flrsich
and Kirkland, 1986) showed how the taphon-
omy of shell beds reflected the energy condi-
tions of the lagoon. Shell bed distribution,
faunal distribution and faunal diversity all
showed similar vertical changes in the se-
quence, reflecting changes in sedimentation
rate, intensity of storm reworking and the
salinity of the lagoon.

COMMUNITY/BENTHIC ASSEMBLAGE
PALEOECOLOGY

A community (fossil community, paleocom-
munity, biofacies) refers to assemblages of
organisms inferred to represent a distinct
biological entity and normally related to a
specific (paleo)environment. In the fossil rec-
ord, a community is commonly represented
only by remains of skeletized organisms be-
cause soft-bodied components, which can
be an important constituent of such faunal
groupings, are generally not preserved (see
Lawrence, 1968). As a result, such faunal
groupings have been referred to as associa-
tions rather than communities in both the
fossil record (e.g., Watkins, 1979; Hurst and
Pickerill, 1986) and Recent environments
(e.g., Persson, 1982), though there is still no
general agreement on the nomenclature.
Several texts (e.g., Valentine, 1973; Parker,
1975; Scott and West, 1976; Boucot, 1981)
have addressed such nomenclatural de-
bates, but, for the purposes of this contribu-
tion, we refer to such groupings as
communities.

Communities are normally recognized by
rigorous sampling of the faunal elements
followed by application, in increasing com-
plexity, of univariate, bivariate or multivarate
numerical analysis which, as recently sum-
marized by Jones (1988) and Harper and
Ryan (1990), can now easily be undertaken
utilizing microcomputers. A vast array of
benthic marine communities (and associa-
tions) have now been described from marine
Phanerozoic siliciclastic sequences (e.g.,
Boucot, 1975; McKerrow, 1978; Gray et al.,
1981). Typically, though not universally, these
communities have been named after a
group, genus or species characteristic of the
particular community or after the habitat
they occupied. The resultant proliferation of
community names, particularly those de-
scribed from Paleozoic strata, from where
many pioneering studies were undertaken
with respect to ancient sequences, prompt-
ed Boucot (1975) to conceive the term
Benthic Assemblage (B.A.) for a group of
communities that occurred repeatedly in dif-
ferent parts of a region and in the same
position relative to shoreline. Boucot (1975)
recognized six benthic assemblages, simply
referred to as B.A1 to B.A.6 inclusive (Figure

7), that he regarded as highly correlated to
water depth (but which, he suggested, were
also probably temperature controlled) and
each of which contained different commu-
nities depending upon other environmental
controls.

The pioneering work by Petersen (1913,
1915), who suggested that modern marine
animals on level bottom clastic substrates of
the Baltic Sea are distributed into several
communities along an onshore to offshore
gradient, provided a uniformitarian basis
for paleoecological investigations into the
environmental distribution of ancient marine
communities. Thorson (1957) developed

Petersen’s work and suggested that it was
possible to distinguish broadly similar,
though not taxonomically identical, parallel
communities on a global scale. In contrast,
other authors have emphasized the vari-
ability and patchiness of communities that
may be strongly influenced by substrate
(Bloom et al., 1972, Flint, 1981, amongst
others). These different viewpoints are
echoed in paleoecological studies, some of
which emphasize the depth-related nature
of benthic communities (e.g., Ziegler, 1965;
Ziegler et al., 1968; Noble, 1976), whereas
other workers note the complexity of eco-
systems and urge restraint in emphasizing

Figure 5 Articulated brachiopod shells preserved in situ within generally massive mottled silly mudstones of
the Siluro-Devonian Arisaig Group (Moydart Formation) of northeastern Nova Scotia. Bar scale = 5 cm.

Figure 6 Storm-influenced sandstone bed with a basal coquina infilling and directly overlying a scoured basal
surface from the Siluro-Devonian Arisaig Group (Moydart Formation) of northeastern Nova Scotia. Bar scale

=5cm.



Geoscience Canada Volume 18 Number 3 125

Increasing distance from shore

Increasing
water ‘
depth Sea level
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L3S loudontniivntunumuntunivetontions L T
3
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5 | — — o — —_—— e — and shoals
&
Quter shelf —=|-.L Mid shelt ~{: Inner shelf——»

Sands
- Oxic muds

1-6 Benthic assemblages

Figure 7 Schaemaltic reprasentation of the depth-related Benthic Assembiages (B.A.) 1 to & of Boucot (1075) across a shoreline to slope profile. We have chosen an
arbitrary water depth of ca. 100 m for mean severe storm wave base, though we do recognize il can be deeper as indicated by the solid arrow. Thus, we place mean
severe slorm wave base within B.A. § (cf. Baarfi, 1988} whereas othars (e.g., Mbller, 1989) have piaced it at the B.A. 4-5 transition. Eckert and Brotf (1989) also note that
severe storms would extend to B.A, 5, and thal the "average” storm would affect B.A.3 and B.A.4 assemblages. Mean fair weather wave base is arbitraniy placed in a
waler depth of 5-15 m following Walker { 1984a). Waler depth estimales for B.A. 1-6 are difficufl to assess realistically; however, those by Johnson (1987) are reasonable
and are: BA. 1, 0-10m; B.A, 2, 10-30m; B.A, 3, 30-60m; B.A. 4, 60-30m; B.A. 5, 50-120 m; B.A. 8, > 120 m. The pholic zone is placed at the lower boundary of B.A. 3 by
Boucol (1975) and between B.A. 4 and 5 by Johnson (1987), Johnson et al. (1989) and Eckert and Brett {1989). Note that the posilion of the shelf break and the shelf width
may vary considerably from 18 m to 915 m and from a few to more than 1000 km, respectively (Bouma et al., 1982). The interplay of shelf morphology, meteorological
regime, magnitude of fluid energy, latitude, elc., will also determine mean storm and fair weather wave base.
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Figure 8 (a) A schemaltic represeniation of the upper Llandovery succession on the Midiand Platform, England. The upper Liandovery is divided into informal
stratigraphic unils C1 to C6. The beds with a Lingula community and an Eocoelia communily at the base are not pracisely dated. The communily succession reflects
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({b) A paieogecgraphic map for C1 times, showing the progressive distribution of a nearshore Lingula community to increasingly desper Eocoelia (E), Pentamerus (P)
and Stricklandia {§) communities and to a Clorinda community (C) at or near the platform edge. Graptolites (G) occur on the slope and inner margins of the basin floor.
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the simple correlation of community distribu-
tion with depth {¢.g., Benedict and Walker,
1978; Watkins, 1979; Pickerill and Hurst,
1983).

The problem with adopting paleocom-
munities as environmental indicators is that
the environmental position of each paleo-
community has to be initially correctly identi-
fied before it can be used as a palecenviron-
mental guide elsewhere. The relationship
between communities and environment is
best established in transgressive or regres-
sive sequences where, according to Wal-
ther's Law, the vertical succession of facies
and faunas reflects the horizontal distribu-
tion of facies and biofacies at the time of
deposition. This methodoiogy is well ex-
emplified by Ziegler's (1965) study of upper
Llandovery communities in the Welsh Bor-
derland of Great Britain, where communities
are arranged in a regular vertical sequence
in the transgressive Llandovery rocks and
had a similar horizontal distribution across
the Llandovery shelfin any one period of time
(Figure 8). The pattern of community dis-
tribution identified by Ziegler (1965) and co-
workers (Cocks, 1967, Ziegler et al., 1968}
was relatively simple and was interpreted as
being depth related. Other researchers,
working in the Ordovician or in post-Llan-
dovery time, more commonly recognized
more complex community patterns (Bowen
et al., 1974; Pickerill and Brenchiey, 1979,
Brenchley and Cocks, 1982) that were
broadly depth related, but were also influ-
enced by local facies variations. The vari-
ability of faunas, evenwithin a single environ-
ment, has been noted by Cherns (1988}, who
emphasized the role of opportunistic species
in dominating some assemblages and so
increasing the heterogeneity of the commu-
nity.

Based on their correlation with particular
depth zones, the Llandovery communities
have been widely used to identify depth
changes in vertical sequences and to con-
struct bathymetric curves for the Llandovery.
On this basis, several deepening and shal-
towing ¢ycles have been identified that ap-
pear to be of the same age on different plates
(recorded in USA, Norway, China, etc.) and
hence may be interpreted as eustatic (Rong
et al, 1984, Johnson et al., 1985; Baarli,
1988). Until recently, the Ziegler model of
depth-refated communities had not been
lested in any detail with respect to the sedi-
mentological record. However, Baarli (1988)
plotted independently communities and
proximality trends for storm sandstones from
the Silurian of Norway and found a good
correlation.

Detailed studies of faunal change in the
relatively uniform dark grey shale facies of
the Devonian Hamilton Group (New York
State) have been successful in identifying
progressive faunal changes and periodic
shifts that are interpreted as symmetrical
deepening and shallowing cycles that are

recognizable basinwide (Brett ef al., 1986).
Depth changes indicated by the variations in
diversity and taxonomic compasition are
supported by changes in the taphonomic
nature of the shell concentrations {see
Taphonomy).

Faunal gradients on a horizontal scale of
tens of kilometres and a vertical scale of
metres to tens of metres have been studied
by Cisne and Rabe (1978) using gradient
analysis, They suggested that, where com-
munities intergrade along an onshore to off-
shore profile or In a vertical section, it is
better to relate them to a continuous scale of

similarity {e.¢., gradient analysis) rather than
partition them arbitrarily into communities.
In this study of faunas from the Ordovician
Trenton Group of New York State, a good
correlation between sections was efiected
by bentonites, and the relative abundance of
different brachiopods and trilobites was
shown to change faterally at each strati-
graphic level (Figure 9a). The progressive
shifts in faunal composition and faunai abun-
dance were measured by gradient analysis
using a variety of ordinations. The polar or-
dination position shown in Figure 9b is a
method for ordinating samples on a scale of
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Figure 9 (a) Relative abundance of taxa along a time parallel transecl, eslablished using a bentonite marker
horizon down 8 Middie Ordovician slope (Trenton Group, central New York, USA}.

(b) Polar ordination position of points along the transect based on gradient analysis. The ordination curve is
derived by direct polar ordination of samples with respect to replicate samples at each end of the lransect (R =
0.0 km upstope and R = 33.6 km downsiope). The ordination position reflects position along the depth

gradient.

{¢) Isocoene (“equal commonality”} diagram for part of the Trenton Group, New York. The horizontal axis is
the downslope transect, the vertical axis represents a standard vertical section through the sequence. The
solid lines are positions of equal ordination values. Low ordination values represent upslope faunas; fugh
values, deeper downsiope faunas. The curves show the changing distribution of faunas in space and lime,
from which depth changes can be inferred (for further details, see Cisne and Rabe, 1978).
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{e) Total macrofaunal diversily in Campanian to Maastrichtian sequences of Seymour Island, Anlarctica
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environmenls.
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0 to 100 according to their similarity values
relative to two endpoint members {see Cisne
and Rabe, 1978, p. 354). Polar ordination
values derived from faunas at several strati-
graphic levels are shown in Figure 9¢, which
demonstrates both the lateral gradients and
the shifts of these gradients with time that
define deepening and shallowing cycles. It
can be seen that, in favorable circum-
stances, gradient analysis is a powerful tool
for the investigation of vertical and lateral
faunal change and the position of faunas
within that spectrum.

The epifaunal benthic faunas of the Paleo-
zoic seem to provide a clearer relationship
between depth and community type than the
motlusc-dominated faunas of the Mesozoic
and Tertiary that appear to be more influ-
enced by the nature of the substrate (e.g.,
Hallam, 1976; Firsich, 1976). Nevertheless,
there are taxonomic differences between
nearshore and offshore communities (e.g.,
Hallam, 1976) and the overall increase in
diversity from nearshore to the deep shelf
widely recognized in the Paleozoic seems to
hold for the Mesozoic (Macellari, 1988).

DIVERSITY AND BIOMASS GRADIENTS
IN BENTHIC FAUNAS

In spite of the variability of ecosystems, it is
possible to identify general gradients in
benthic assemblage or community charac-
teristics along a nearshore to offshore tran-
sect. One important cross-shelf gradient is
that of faunal diversity. Diversity is the num-
ber of species forming a community and
living in a particular area of the shelf. Unfor-
tunately, the total poputation is never com-
pletely sampled by either the marine biolo-
gist or the paleontologist, and the number of
species in a collected sample is seriously
affected by sample size, i.e., larger samples
will generally have more species than small-
er ones. Various corrections for sample size
have been used in paleontological studies,
but one commonly used diversity index is

where S = number of species in the sample
and N = number of specimens. Magurran
(1988) has provided a useful summary of the
extensive literature on the measurement of
diversity and on otherindices that have been
proposed, their properties, and their relative
measurements.

In siliciclastic strata, several studies of
Ordovician and Silurian benthic commu-
nities, particularly the brachicpod compo-
nent, have demonstrated a progressive in-
crease in diversity across the shelf and then
a rapid decrease at the shelf margin (Figure
10). The shape of the diversity curve
depends upon the taxonomic group studied,
though detailed data are not generally avail-
able. Peak diversity amongst rugose corals
appears to be in the mid-shelf region, while
the diversity of trilobites remains high at
least to the shelf edge (Ludvigsen, 1975,
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1978). A similar trend has not been widely
identified in the Mesozoic, but Macellari
(1988) showed a broadly similar diversity
change in Late Cretaceous siliciclastic sedi-
ments (Figure 10). Onshore to offshore di-
versity trends are interpreted to be a re-
sponse to progressively more stable environ-
ments in an offshore direction (Sanders,
1968). Accordingto this interpretation, diver-
sity should remain high into deep-basin
water rather than decreasing sharply at the
shelf edge as it does in the Paleozoic. It has
been shown that modern faunas do have a
high diversity to depths as great as 4500 m,
but aithough diversity starts to decrease at
depths greater than 2000-3000 m, they have
alow abundance (i.e., number of individuals}
and biomass (Sanders and Hessler, 1969},
probably because nutrients are in small sup-
ply. Nutrient supply may have been a more
severe limiting factor in the past and there is
evidence that many groups have colonized
deeper water environmenits later in their evo-
lutionary history (Jablonski et al., 1983).

Diversity not only changes with depth but
also with latitude. In general, species, gen-
era and family diversity decrease from the
tropics to the polar regions (Fischer, 1960,
Stehli, 1968), though there may be consider-
able deviations from this simple pattern. Al-
though exceptions do exist, the presence of
low diversity shelf faunas in successions
lacking limestones is an indication that the
sediment may have been deposited in high
latitudes.

In general, biomass {the amount of living
material in a particular area, stated in terms
of the weight or volume of arganisms per unit
area or of the volume of the environment)
exhibits a decrease with distance offshore
and with water depth, to show very low val-
ues in abyssal waters (see Levinton, 1982, p.
384). The main exception to this pattern is
the rich and varied faunas found around vol-
canic vents and “smokers” in deep water
over mid-oceanic nidges. The distribution of
biomass in marine waters is reflected
amongst fossil assemblages by fessil-rich
benthic faunas from nearshore zones. The
distribution of faunas in nearshore facies
can, however, be patchy because very
mobile substrates, particularly those associ-
ated with migrating dunes, are typically al-
most devoid of living organisms (Wilson,
1986). Biomass remains relatively high in
hospitable environments out to the mid-
shelf, whence it declines with depth so that
outer shelf faunas tend to be sparse even
though they may be highly diverse.

IDENTIFICATION OF SPECIFIC ASPECTS
OF THE ENVIRONMENT

The distribution of species inthe ecosystem
is controiled by many physical and biotic
parameters and Hedgpeth (1957), Boucot
(1981), Gaill {1983) and Robertson (1989),
amongst others, have provided reviews of
several of these environmental factors. Nor-

mally, the controls are complex and a spe-
cies will live within certain ranges of the
absolute values of many of these parameters
and will also be affected by biological interac-
tion with other species (e.g., Tevesz and
McCall, 1983). A wide range of physical pa-
rameters controls the environmental dis-
tribution of a species. Where a particular
parameter starts to approach or exceed the
limits of tolerance of the species it is said to
be a "limiting factor”. In general, it is difficult
to isolate any one influence on the distribu-
tion of a species or community, but in special
circumstances one constraint may be para-
mount. In these circumstances, certain spe-
cies or species associations may help to
identify particular, usually extreme, condi-
tions, such as those found in hypersaline or
dysaerohi¢ environments.

Some environmental parameters, such as
turbulence and substrate, can be evaluated
from field observations. Turbulence is an
extremely important environmental parame-
ter with respect to the distribution of species
or communities, as reflected in Boucot's
{1875) subdivision of {particularly) B.A1 to
B.A.3 inclusive into “guiet water” and “rough
water” assemblages. Substrate, andits over-
all characteristics, is also an important limit-
ing factor, though its exact role in determin-
ing species or community distributions is
imperfectly understood in most instances
and has been disputed by both marine ecolo-
gists and palececologists (see McCall and
Tevesz, 1982, Brenchley and Pickerill, 1981).

Other limiting factors cannot be easily in-
ferred from direct observation, but can be
assessed by careful analysis of macroben-
thos (or traces of their activity) in marine
siliciclastic facies. We consider the more
important of these to be light, salinity, oxy-
gen, temperature, sedimentation rates and
water depth, each of which is considered
below.

Light

Light is an extremely important environmen-
tal parameter as it contrels primary produc-
tivity and hence the availability of organic
matter to the food chain. In present-day
seas, lhe depth to which light penetrates the
water column, the photic (or euphotic) zone,
depends principally on latitude and turbidity.
In clear waters of the tropics, it lies at 250 m,
rising to 185 m on seamounts at 47°N, and to
90 m on oceanic plateaux at 59°N. Shelf
areas like the North Sea have photic limits of
22-45 m, though this shaliows to less than 1
m in estuaries (Farrow, 1990). Light is ob-
viously a physical parameter that is ex-
tremely difficult for the paleontologist to es-
timate and all that can be assessed realis-
tically is whether or not faunas inhabited
the photic as distinct from the subphotic {(or
aphotic) zone {Boucot, 1981).

Although more rarely observed in silici-
clastic strala compared to their carbonate
equivalents, the following may be regarded
as indicative of the photic zone:

() The presence of benthic marine algae as a
rasult of their primary requirement of light as
an energy source for photosynthesis. Calcar-
eous green algae (e.g.. dasyclads) absorb
more strongly in the red part of the spectrum
than red algae (rhodoliths}), which are
adapted to blue-green wavelengths; the for-
met are therefore indicative of bathy-
metrically shallower conditions within the
photic zone (Farrow, 1990).

(i) The presence of endolithic microborings
as a result of symbiotic algal infestation of
calcareous exoskeletons. Marine-bering al-
gae normally flourish in extremely shallow
waters of the littoral zone. In progressively
deeper waters, the abundance and diversity
of algal microborings markedly decrease,
until the compensation depth of algae {depth
at which photosynthesis equals respiration,
i.e., lower level of the photic zone) is ap-
proached. Within the photic zone, enddlithic
algal microborings may also exhibit bathy-
metric zonation, different types characteriz-
ing particular watar depths (Golubic ef al.,
1975). Useful reviews of algal microborings
are provided by Bromley (1970}, Golubic et
al. {1975) and Kobluk and Kahle (1978).

(iii) The presence on the surface of shells of
distinctive grazing patterns produced by or-
ganisms feeding on photosynthetic algae in-
festing those shells. These grazing marks
have been given specific ichnogeneric
names which include Grathichnus Bromiey,
produced by regular echinoids, and
Radutichnus Voigt, produced by gastropods
or chitons (see Bromley, 1975; Voigt, 1977).
(iv) The presence of colour patterns (dots,
stripes, concentric banding, zig-zags). which
are very common in calcified marine organ-
isms in today's oceans and are essentially
restricted to the pholic zone {Boucot, 1981;
Blodgett ef af., 1988), particularly, though not
exclusively, in tropical marine waters. Such
palterns have been recorded from many in-
vertebrate phyla from Mesozoic and Ceno-
zoi¢ sequences, but also from Paleozoic
strata, as recently reviewed by Kobluk and
Mapes (1989).

We emphasize that, particularly in silici-
clastic facies, these features are not univer-
sally developed and their exclusion does not
necessarly indicate formation of strata in
the subphotic zone. Being rather uncommon
in siliciclastic sequences, it is the presence
of one or more of these features rather than
their absence that is more important and
indicative of photic zone conditions.
Salinity
Evidence for salinity levels tending toward
hypersalinity at one extreme or brackish
water at the other (see Figure 11 for a classi-
fication of salinity levels) comes from com-
parison with modern coastal faunas or from
shell geochemistry. Most marine animals are
marine stenochaline, in other words, they are
restricted to a narrow salinity range. Such
groups as corals, cephalopods, articulate
brachiopods, echinoderms, bryozoans, and
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ptanktic and larger benthic foraminifers are
rarely found outside normal marine waters
and when found fossilized together are good
indicators of normal marine salinities.
Brackish waters are virtually universally in-
habited by faunas dominated by bivalves,
gastropods, ostracodes and smaller benthic
foraminifers and characteristically exhibit
low diversities. The members of a brackish
fauna are typically normal marine species
that are euryhaline (have a broad salinity
tolerance) and so can loierate brackish
water, though are not confined to it. The
identification of brackish water conditions
from fossil assemblages must therefore be
made with some caution because low diver-
sity marine faunas, though common in areas
of reduced salinities, can also occupy some
nearshore environments with normal marine
salinities (Bames, 1989). Reiatively few ani-
mals have adapted to a freshwater environ-
ment, butthose thathave are typically steno-
haline. Most Mesozoic and Tertiary fresh-
water faunas are broadly similar tax-
onomically to modern equivalents. Lagoonal
and estuarine brackish environments are
commonly nutrient-rich and faunas can be
very abundant. Because these nearshore
environments are very variable geo-
graphically and temporally, the preserved
facies commonly reflect different environ-
ments with different salinity levels, and fau-
nal sampling needs to be closely spaced.
Faunal evidence of brackish or fresh water
can be supported by stable isotope data

using unaltered shell material, based on the
assumption that the shell carbonate was
precipitated in equilibrium with the ambient
water (see Dodd and Stanton, 1990, for a
review). 180/180 values in normal seawater
are relatively constant {—1%e to 0%}, but will
deviate from zero in brackish or hypersaline
waters. In general, meteoric water is de-
pleted in 130 (-3%0 in humid sub-tropics) so
180/1¢0) values in brackish water are low;
however, this generalization must be treated
with some caution because evaporation of
fresh water can preferentially remove 100
and hence increase the '30/1%0 ratio in
some humid freshwater lakes. Dissolved bi-
carbonate in seawater is normally 13C rich
relative to '2C. Bicarbonate in rivers and
lakes usually contains bicarbonate derived
from 12C-rich organic material so brackish
waters and fresh walters tend to have a low
13C12C ratio (Mook, 1971).

The taxonomic uniformitarian approach to
palecsalinities appears to be broadly valid in
post-Paleozoic time, but should be applied
with extreme caution to Paleozoic faunas,
The Isotopic composition of Paleozoic sea-
water may have been different (Hudson,
1990}, so the stable isotopic compaosition of
shell material can only be used with caution,
Oxygen
Ecologists have particularly emphasized the
importance of oxygen availability with ro-
spact to the distribution of marine benthic
organisms. Unfortunately, there is no direct
method to measure oxygen levels immedi-
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ately above or below the sediment-water
interface in the ancient record. Generalities
can, however, be made by employing faunal
and ichnofaunal data, providing these data
are employed in conjunction with sedimen-
tological cbservations. The oxygen content
of seawater varies between 0 mL+L-'and 8.5
mLsL-1, being mainly inthe range of 1 mL-L-1
to 6 mL-L-' (Thompson ef al, 1985). Cur-
rently, five oxygen-related zones or biofacies
are recognized in both modern and anclent
marine sequences. These, and thair diag-
nostic characteristics, are (see Rhoads and
Morse, 1971, Byers, 1977, Savrda and Bottjer,
1986, 1987, 1989; Bottjer and Savrda, 1990):
Aerobic (> 1.0 mt+L-" Oy). Contains divetse
assemblages of relatively large calcified
body fossils and strata are intensely biotur-
bated by infaunal biota.
Dysaerobic (0.21.0 mL-L-1 Q;). Contains
low diversity assemblages of small, less
heavily calcified body fossils or, toward lower
O, values, benthic faunas may be absent.
Trace fosslls or bioturbation are typically
present.
Exaeroble (01-0.2 mL:L-? O,). Recently de-
fined by Savrda and Bottjer (1987) for strata
deposited transitional to the dysaerobic/
anaerobic boundary. Characterized by
laminated, non-bioturbated strata with
anomalous occurrences of shelly faunas.
Anaerobic (<01 mL-L * O;). Macrobenthos
absent, though benthic microfauna such as
foraminifera may be present in addition to
subtte microbicturbation of essentially
varve-like primary lamination.
Anoxic {no O,}. No in situ macrobenthos or
microbenthos, no bioturbation, delicate
varve-like primary lamination preserved.
Strata deposited in anaerobic or anoxic
conditions wilt therefore contain no in situ
macrobenthos, no megascopic bioturbation
or trace fossils and will be delicately
laminated. Such strata, typicaily, but not uni-
versally, black shales, may, however, pos-
sess preserved remains of nektic, planktic
and epiplanktic fossils or benthic organisms
introduced by sediment gravity flows. Inter-
estingly, Wignall and Simms (1990} have re-
cently reviewed Phanerozoic pseudoplank-
ton reported from black shale sequences
and have re-interpreted many examples as
truly benthic forms that were opportunistic
colonists, exploiting slightly and tempaorarily
increased oxygen fevels within generally
anoxic environments. Such occurrences
may therefore be indicative of exaerobic or
largely dysaerobic conditions. Characteris-
tically, anaerobic or anoxic sediments will
possess high free carbon, pyrite and or-
ganic material (Boucot, 1981), as well as
elevated authigenic uranium values (Wignall
and Myers, 1988). Anoxic biofacies may be
distinguished from anaerobic biofacies by
the absence in the former of in situ micro-
fossils and microbioturbation (Bottjer and
Savrda, 1990). At the opposite end of the
spectrum, aerobic biofacies will be charac-
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terized by abundant and diverse epifaunas
and infaunas and both bioturbation and dis-
crete ichnofaunas will be common. Bioturba-
tion may be so intense that primary sedimen-
tary fabrics are completely destroyed and
the sediment is effectively homogenized.

The presence or absence of macroben-
thos and biogenic structures, particularly in
fine-grained siliciclastic strata, can therefore
be a definitive indicator of paleo-oxygen lev-
els as, respectively, aerobic or anaerobic/
anoxic. The recognition of dysaerobic bio-
facies in the ancient record is, however, more
problematic. Dysaerobic biofacies, when
originally defined by Rhoads and Morse
(1971), were believed to be dominated by
soft-bodied infaunal organisms of low spe-
cies richness capable of producing extensive
bioturbation, in addition to low diversity as-
semblages of poorly calcified organisms.
However, based on a modern study of macro-
benthos from offshore central California,
Thompson et al. (1985) demonstrated the
presence of calcareous faunas associated
with highly bioturbated sediments deposited
in waters with oxygen levels down to 0.3
mL-L 1. Between 01 mL-L-'and 0.3 mL+L-"
dissolved oxygen occurred in a zone pos-
sessing soft-bodied infaunal organisms,
consistent with the proposal of Rhoads and
Morse (1971). Thus, while it still remains true
that, under decreasing oxygen conditions in
the dysaerobic biofacies, a gradual reduc-
tion in species richness, biomass and body
size will occur concomitant with the gradual
disappearance of calcified organisms
(Rhoads and Morse, 1971, Thompson et al.,
1985), the absolute values of dissolved oxy-
gen with respect to these patterns still re-
main to be more accurately defined. Further-
more, data provided by Thompson et al.
(1985) suggest that employing characteris-
tics of the macrobenthos alone to recognize
dysaerobic biofacies in the ancient record
must be undertaken with caution.

An attractive alternative approach has
been provided by Savrda and Bottjer (1987,
1989) who, based on the original predictions
by Rhoads (1975), have utilized various as-
pects of ichnology to evaluate the relative
degree of oxygenation within the dysaerobic
biofacies (see also Bromley and Ekdale,
1984; Jordan, 1985). Utilizing both modern
and ancient settings in clastic sequences,
these authors have demonstrated that trace
fossil diversity, burrow size and penetration
depth all decrease with decreasing levels of
oxygen concentration. This approach is par-
ticularly useful in vertical successions as it
can be employed to demonstrate both long-
and short-term temporal fluctuations in oxy-
gen levels, which are commonplace in both
basinal and relatively shallow-water epeiric
seas (Wignall and Myers, 1988). Further re-
search is, however, required with respect to
these particular aspects of ichnology, as sim-
ilar patterns of decreased size and diversity
of trace fossils have also been correlated to

reduced salinity rather than oxygen con-
centrations (Hakes, 1985).

Finally, the exaerobic zone or biofacies of
Savrda and Bottjer (1987) is an extremely
subtle subdivision of the redox continuum
and, in most instances, may well be difficult
to recognize in the ancient record. It may,
however, provide a reasonable explanation
for the occurrence of calcified organisms in
laminated, non-bioturbated strata that are
interlayered with lithofacies indicative of
temporally fluctuating anaerobic and dys-
aerobic conditions (see Savrda and Bottjer,
1987 fig. 1, p. 54).

Temperature

Factors influencing the vertical, geographic
and temporal distribution and variation of
temperature in today's oceans are extremely
complex (e.g., Kennett, 1982) and presuma-
bly were equally so in the past. The influence
of temperature on a particular species is
equally as complex and affects organisms in
a variety of ways, such as inducing death at
different values and affecting reproduction,
larval success and competition (Boucot,
1981). An approximate index of paleotem-
perature can be made utilizing the relative
diversity of macrobenthic faunas occurring
within a typical marine assemblage. For ex-
ample, Parker (1964) found from five to ten
times the number of species on tropical level
bottoms than were found on cold climate
bottoms. More accurate and realistic esti-
mates of paleotemperatures can be made by
utilizing well-preserved calcified organisms
and determining the 180/160 ratios. Such
ratios are based on the premise that the
difference in 80/'60 ratios of calcium car-
bonate and the water from which it precipi-
tates is a function of temperature. There are,

however, many difficulties and assumptions
involved in such procedures (Savin, 1977,
Shackleton, 1984; Anderson, 1990). The
180/186Q ratio of seawater has probably
changed over Phanerozoic time (Hudson,
1989; Anderson, 1990) and has certainly fluc-
tuated markedly during glacial to interglacial
intervals. The latter is more a result of chang-
ing ice volume and the resultant change in
ocean water composition than it is a result of
temperature change (Shackleton and Op-
dyke, 1973). Further, cemented or partially
recrystallized fossils will give erroneous val-
ues because secondary carbonates reflect
the temperature and isotopic composition of
diagenetic solutions. Dodd and Stanton
(1981) have provided a number of criteria that
can be utilized to detect such alteration. As
also noted by Parker (1979), it is important to
have some knowledge of the paleoautecology
of the organisms being studied as, for exam-
ple, it would be erroneous to base average
paleotemperatures on forms that might have
been fresh water, brackish, or more intertidal
than subtidal in habitat. Consequently, a sig-
nificant degree of controversy still remains
concerning interpretation of oxygen isotope
data and there are several areas of uncertain-
ty, so that even specialists cannot agree with
each other (Shackleton, 1984).

Despite the inherent difficulties, a vast
literature has now accumulated on paleo-
temperatures, particularly from Tertiary and
Late Cretaceous siliciclastics from Deep
Sea Drilling Project cores, utilizing isotopic
data obtained from both planktic and benthic
foraminifera. As noted by Anderson (1990),
diagenetic alteration of foraminiferal tests is
minor and relatively easy to determine
microscopically and therefore these taxa are

Figure 12 Example of an “escape structure” or Fugichnion from a tempestite in the Carboniferous Albert
Formation of New Brunswick. As with many other previously described or figured Fugichnia, this structure is
interpreted as having been produced by a bivalve migrating vertically in response to rapid sedimentation.
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ideally suited for isotopic analysis. Paleo-
temperature estimates have also been made
utifizing a variety of macrofaunas, most com-
monly molluscs {particularly belemnites and
bivalves) and brachiopods (see Dodd and
Stanton, 1981, table 3.2, p. 172).
Sedimentation Rates

There has been increasing awareness in re-
cent years that rates of deposition are both
variable and episedic and that there are fre-
quent hiatuses in sedimentary successions,
Nevertheless, it is usually difficult to be pre-
cise aboul either sedimentation rates or the
amount of time unrepresented by sediment
at an hiatus. The recognition that many
sandstone beds in shelf sequences can be
interpreted as tempestites, deposited from
storm-generated flows, has identified these
units as being rapidly deposited, probably
over a period of hours to days. It is the
intervening mud intervals that are more dif-
ficult to evaluate. The analysis of shell con-
centrates {see Taphonomy) has provided a
qualitative basis for recognizing rapidly ac-
cumulated beds from complex beds repeat-
adly winnowed over “a long period of time”.
Various authors have reported fossils that
seem to have been partly buried in mud
within their own lifetime (Figure 4), and Par-
sons ef al. (1988) provide interesting evi-
dence that rapidly deposited mud blankets
are common. On the other hand, slow sedi-
mentation rates are reflacted by shell mater-
ial that is bored or encrusted post mortem by
other organisms or has associated authi-
genic glaucony (sensu Odin and Matter,
1981), phosphate or iron minerals.

Relative sedimentation rates can also be
broadly assessed by examination of the de-
gree of disturbance of primary sedimentary
fabrics by organism activity, i.e., bioturba-
tion. The relative degree of bioturbation has
been classified by Droser and Bottjer (1986}
in terms of ichnofabrics (bioturbate textures)
varying on a scale from one, non-biotur-
bated, to six, completely bioturbated. In gen-
eral, increased bioturbation reflects pro-
gressively slower sedimentation rates, but
the reverse may not hold true, because other
environmental parameters, such as low oxy-
gen levels, may preclude habitation by
benthic faunas so that even though sedi-
mentation rates may be slow there will be no
bioturbation. Extremely high rates of deposi-
tion can be inferred by the presence of “es-
cape structures” or Fugichnia (see Ekdale of
al., 1984), which are generally interpreted as
structures formed by the upward movement
of infaunal organisms in response to rapid
burial (Figure 12),

Water Depth

The depth of deposition of marine siliciclas-
tic facies has always held great interest for
sedimentologists and paleontologists, and a
variety of approaches, including both macro-
faunal and ichnological studies, has been
utilized in order to provide an assessment
{o.g., Hallam, 1967). For benthic organisms,

water depth is a passive factor and is unlikely
to have limited their distribution during life.
Nevertheless, other critical “limiting factors”,
such as wave energy, light and temperature,
commonly exhibit a broad correlation with
depth and therefore, in a broad sense,
qualitative and even semi-quantitative esti-
mates of water depth can be made by utiliz-
ing benthic macrofossils. Caution must, how-
evear, be exercised in employing single spe-
cies or types of organisms, extinct or extant,
as many taxa have a broad bathymetri¢ dis-
tribution (Figure 13) and are restricted in
their occurrence by one or several limiting
factors rather than water depth per se. As an
example (and there are many others), in the
1950s and 1960s, /n situ infaunal lingulid
brachiopods were considered by both ecolo-
gists and palececologlsts as indicative of
intertidal or shallow subtidal conditions.
Subsequent research, howeaver, in both Re-
cent {e.g., Emig et al., 1978) and ancient
(e.g.. Cherns, 1979; Pickerill of a/., 1984)
successions has extended their bathymetric
range to include outer sheff, slope and even
basinal environments.

A more attractive approach to estimating
palecbathymetry is the utilization of commu-
nities or benthic assemblages whose semi-
quantitative depth ranges are indicated in
Figure 7 As discussed previously, however,
taphonomic information must initially be
carefully assessed, and application of the
community or benthic assemblage paradigm
must then proceed with care. For example,
following careful sedimentological and ta-
phonomic analysis, Pickerill and Hurst
{1983) described faunal associations that
elsewhere are more typical of Benthic As-
samblage 1, occurring seaward and in pre-
sumed deeper water than faunas of Benthic
Assemblage 2 from the Liandovery {Silurian)
of Nova Scotia.

An alternative approach was provided by
Seilacher {1964, 1967), who, as reviewed by
Frey and Pemberton (1984), formulated a
series of spatially and temporally recurring
and broadly depth-related ichnofacies, each
named after a characteristic trace fossil
genus {ichnogenus). Since the original re-
search by Seilacher, nine, and possibly ten
(see Lockley et al, 1987), recurring ichno-
facies are now recognized (Frey ef al., 1990,
Bromley and Asgaard, 1991). In the marine
realm, seven ichnofacies typify soft or firm
substrates and, providing caution is ex-
ercised, can serve as broad palecbathy-
metric indicators. These are (see Frey and
Pemberton, 1984; Frey ef al., 1990, Bromley
and Asgaard, 1991):

Psllonichnus Ichnofacles (supralittoral to
moderate- or low-energy marine). Typically,
a coastal, low diversity, but variable density,
assemblage of vertical suspension- or de-
posit-feeding burrows produced essentially
by crustaceans As noted by Bromley and
Asgaard (1991), howsver, this ichnofacies is
ecological and its usefulness as a paleo-
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environmental indicator has yet to be fully
tested.

Glossifungltes Ichnofacles (firm, unlith-
ified omission surfaces, commonly iittoral
and shallow sublitioral, but bathymetrically
variable and more dependent on the pres-
ence of firm substrates). Low density, verti-
cal cylindrical, U-shaped or protrusive
spreiten-bearing burrows.

Skolithos ichnofacies (littoral to infralit-
toral). Low diversity, but commonly high den-
sity, vertical or U-shaped dwelling burrows
produced essantially by suspension feeders.
The ichnofacies characterizes environments
of high hydrodynamic energy and low envi-
ronmental predictability.

Cruziana ichnofacles (infralittoral to shal-
low circalittoral). High diversity and abun-
dant, vertical and horizontal feeding and
grazing traces produced by vagile deposit
feeders in lower energy and more stable and
predictable environments.

Zoophycos ichnofacles (circalittoral to
bathyal). Low diversity, commonly high den-
sity, grazing and feeding traces produced by
deposlt feeders resulting in relatively deep
horizontal, vertical to inclined spreiten struc-
tures. The ichnofacies develops in soft sub-
strates in environmentally stable situations.
Nereites ichnofacles (bathyal to abyssal).
High diversity, low density assemblages of
geometrically complex horizontal grazing
traces and patterned feeding-dwelling struc-
tures produced by deposit feeders, scaven-
gers or harvesters.

Arenicolites ichnofacles (infralittoral to
bathyal). High density, low diversity, vertical
or U-shaped burrows produced by pioneer-
ing opportunists in event beds (storm or tur-
bidite sands) in normally incongruous en-
vironments. This ichnofacies was recently
defined by Bromley and Asgaard {1991), who
discuss differences from the taxonomically
similar Skolithos ichnofacies.

Although these ichnofacies are broadly
applicable in assessing water depth, most
ichnologists now agree that they are best
viewed in the context of actual depositional
conditions or environmental gradients where
they occur {Frey et al, 1980) and are not
necessarily universally reiated to paleo-
balhymetry (Bromley and Asgaard, 1991).
Therefore, one should not be surprised to
find nearshore or shallow-water ichnofacies
in offshore or deeper water strata {(e.g.,
Crimes, 1977), and vice versa (e.g.,
Bjerstedt, 1988), if these accumulated under
conditions otherwise like those preferred by
the trace-making organisms (Frey et al,
1990) and other environmental parameters
(e.g., substrate consistency, hydrodynarnic
regime, salinity, efc.) were of more critical
importance than water depth per se. Never-
theless, the relative scale of bathymetry has
proven useful in numerous applications and
the ichnofacies concept works well in most
situations.
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CONCLUDING REMARKS
Paleoenvironmental analysis of marine silici-
clastic strata is ideally best achieved by con-
sideration of all sedimentological, geochem-
ical, paleontological and ichnological data
and the spatial and temporal distribution of
these data within the particular rocks under
consideration. The quality and availability of
these data do, however, vary considerably in
siliciclastics so that, for example, it is not
uncommon to encounter successions that
are devoid or virtually devoid of benthic
macrofossils and interpretations must be
made utilizing alternative information. Con-
versely, however, in other situations, macro-
fossils are common or abundant and, as
previously discussed, can provide important
details on several aspects of the paleoenvi-
ronment.

In the previous sections, we have at-
tempted to outline the kind of information
that macroinvertebrate fossils can yield
about the environment. In this final section,
we propose a broad methodology for analyz-
ing fossiliferous beds in siliciclastic se-
quences and how particular environments
might potentially be identified. Prior to any
detailed analysis of fossil assemblages, it is
important to appreciate their actual position
within a siliciclastic lithofacies sequence and
the nature of the particular lithofacies in
which they occur. This involves the standard
procedures of facies analysis as described in
detail elsewhere (e.g., see Walker, 1984b,
Anderton, 1985). In extremely favourable cir-
cumstances, the lithofacies will yield reason-
ably unequivocal evidence of the depositional
environment; however, where the lithofacies

do not yield diagnostic evidence, hopefully
fossils may provide important information re-
garding environmental interpretations.

Normally, the first consideration is that of
the taphonomy of the assemblage, as it is
important to determine whether the fossils
are in situlife assemblages, disturbed neigh-
bourhood assemblages, or substantially
transported assemblages. The nature of the
shell concentration (the taphofacies) will
provide important information about the hy-
drodynamics of the environment, rates of
accumulation, efc.

The second important consideration is the
identification of the component taxa within
the assemblage. The more precise the iden-
tifications are (ideally to species level), the
more information can be extracted from the
assemblage. Nevertheless, quite crude tax-
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Figure 13 Bathymetric distribution of present-day macroinvertebrates. (Modified from Heckel, 1972).
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onomy can also yield useful information and
the taxonomic composition of the assem-
blage can be analysed in different ways:

(1} it can be utilized to define or recognize a
particular community. If other comparable
community studies have been completed on
rocks of a similar age, the defined communi-
ty may well identify a particular benthic as-
semblage and hence its relative location on
the shelf.

{2) The dominance of particular groups of
taxa may also be significant. For example,
spire-bearing spiriferoid and atrypoid brachi-
opods charactenistically occur in offshore
environments in the Ordovician and Silurian;
an abundance of attached bivalves suggests
the availability of hard substrates; deposit-
feeding nuculoid bivalves most commonly
occur in offshore muddy facles, eilc.

(3) The overall taxonomic diversity of the
assemblage can be utilized to suggest the
relative environmental position on the shelf.
The data are best treated as both total diver-
slty, and diversity corrected for assemblage
size.

(4) A qualitative assessment of abundance
can also prove to be useful. It is best to
consider the abundance of fossils in a few
metres of sediment (vertically) rather than in
a single layer, as shells probably accumu-
lated in the latter as a result of current or
wave concentration.

Other observations may also be significant.
For example, if the shells have encrusting
epifauna, they probably lay for some consider-
able time on the sea floor; crinoids preserved
in vertical position suggest high sedimenta-
tion rates, efc. It is important to carefully ob-
serve the nature of the fossils themselves,
particularly in in sfu life assemblages, be-
cause they may provide evidence of the ani-
mals’ reaction to the environment. For exam-
ple, corals may show episodic growth, reflect-
ing times of normal growth interrupted by
episodes of rapid sedimentation.

Taking a broad view, in marine conditions,
henthic macrofaunas change progressively
from the shoreline across the shelf into slope
and basinal environments and can be parti-
tioned into several broad bands occupied by
their distinctive faunas — the benthic as-
semblages of Boucot (1975 and Figure 7).
These onshore to offshore gradients can be
analysed by qualitative or quantitative gra-
dient and diversity analyses, by recognition
of taphofacies, by traditional community pa-
leoecolegy, and through ichnolegy. Particu-
lar end-member environments (e.¢., hyper-
saline) can sometimes be recognized by
their distinctive faunas.

Nearshore shoreface and inner shelf
zones are the most spatially heterogeneous,
with many environments and sub-environ-
ments preducing a wide range of facies. Typ-
ically, the lithofacies and their characteristic
sedimentary structures provide the best evi-
dence for paleoenvironmental interpretation
though fossil concentrations and ichno-
facias may offer complementary evidence.

Faunas are, however, commonly of major
importance in identifying fresh water or
brackish water in coastal areas. It is in the
middle and outer shelf regions that macro-
fossils play a major part in environmental
analyses. Here, used in conjunction with
sedimentolegical evidence, such as proxi-
mality Indices of storm sandstones, macro-
fossil remains and ichnofossils allow a
broad bathymetric subdivision of the shelf,
summarized In Table 3 (see p. 134-135). In
vertical successlons {e.g., Easthouse and
Driese, 1988), this may even provide a basis
for recognizing deepening and shallowing
cycles and correlation between them.
Faunas are also beginning 1o provide impor-
tant evidence of changes in sedimentation
rate and the location of hiatuses in sedimen-
tary sequences.

The prevalence of cyclicity on a range of
scales from small-scale cycles (~1-5 m thick}
{Goodwin and Anderson, 1985) to seismo-
stratigraphic sequences (tens to hundreds of
metres thick) (Vall et al., 1977) are now being
widely recognized. Although cycle bound-
aries and changing bathymetry within cycles
are commonly reflected by facies changes,
important information about sea-level
change may also be provided by paleon-
tological evidence. Communities and
changes in thair diversity may help to identify
the shape of the bathymetric curve, as in a
study of cyctes in the Rochester Shale {De-
vonian) where sea-level change was shown
to be symmetrically deep-shallow-deep (Mil-
ler ot al., 1988). Shell concentrations may
play an important role in sequence stratigra-
phy, where they help to define hiatuses. Shell
concentrations may in particular help to lo-
cate the boundary of a sequence when they
occur as transgressive lag deposits at the
base of a coarsening-upward cycle or they
may occur as a thin bone bed or shell con-
centrate in the “condensed section” formed
later in the transgressive phase when sea
level reaches its maximum flooding surface
(Kidwell, 1989). Paleontotogy might be ex-
pected to be particularly helpful in sequence
stratigraphy in the more offshore parts of the
cycles, where the lithotogical definition of
cyclic sequences is less clearly expressed.
Here, careful community paleoecology and
taphonomic studies should be helpful in defi-
ning bathymetric trends and hiatal surfaces.
Ristorically, palececology has been under-
utilized in environmenta! analysis, so we
hope this brief review will encourage others
to use palececological information in con-
junction with sedimentology for a full envi-
ronmental interpretation of sedimentary
sequences.
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Table 3 Summary of general iithologic, taphonomic, macroinvertebrate and ichnolegic characteristics
of brackish lagoonal, shoreface, sheif and slope and basinal siliciclastic environments.

BRACKISH LAGOONAL ENVIRONMENTS

Context Commonly associated with terrestrial, barrier bar, estuarine, marsh or shallow marine shoreface facies
(see Reinson, 1984),

Lithology Typically shales though siltstones, sandstones and less commonly coarser grained sediments may be
introduced by tidal or storm processes in flood-tidal deltas and washover fans.

Taphonomy Dispersed in situ or disturbed neighborhood assemblages typically {though not universally, e.g., Lang,
1972) as thin shell concentrations. Tidal and storm processes may introduce allochthonous assemblages

from shoreface and inner shelf environments.

Taxonomy/Diversity In situ faunas typically restricted and of low diversily; usually ostracodes, bivalves and gastropods.
Abundance Variable, commonly low in thin shell accumulations, but high in thick, typically monospecific, shell beds.
ichnology Imperfectly described; low diversity assemblages of the Psifonichnus, Glossifungites, Cruziana and

Zoophycos ichnofacies may each oceur depending on energy and salinity levels, grain size, substrate
consistency and specific depositional environment within the lagoon.

SHOREFACE ENVIRONMENTS
Context Nearshore and associated beach facies, distinguished from inner shelf deposits by a change in gradient

from a gently sloping shallow subtidal tract of variabie width to the virtually level inner shelf (McGubbin,
1982). Shoreface facies commonly cap upward-coarsening shallow marine cycles.

Lithology Typically sandstones with locally developed mudstones (Howard and Frey, 1984). Sandstones exhibit
planar- or cross-stratification formed by wave, tidal or wind-forced currents, or hummocky cross-
stratification formed by combined flow.

Taphonomy Allochthonous shell concentrations that may occur as coguinas, on bedding pianes or as lags in cross-
stratified foresets.

Taxonomy/Diversity Paleozoic assemblages characterized by brachiopods, bivalves and gastropods. Mesozoic/Cenozoic
assemblages characterized by varied bivalves (including deep burrowers, attached forms) and
gastropods. Taxa affected by substrate mobility (e.g., corals) are rare. In sitts faunas rare. Diversity,
though still generally low, can be elevated by introduction of allochthonous faunas by storm, tidal and

wave activity.

Abundance Generally low; however, in more subdued shoreface environments shells may be relatively common in
coguinas. Cenozoic strata typically possess more abundant remains.

fchnofogy Typically Skolithos, more rarely Psilonichnus and Cruziana, ichnofacies depending on substrate mobility
and subtle gradients in hydrologic, sedimentologic and ecologic parameters. Diversity typically low.

INNER {SHALLOW) SHELF ENVIRONMENTS

Context Facies subject to normal fair weather waves and tidal processes, commonly occurring below shoreface
sandstones and above mid-shelf sequences in coarsening-upward cycles.

Lithology Sandstones dominate, but may occur in equal abundance with interbedded shales. Storm-influenced
facies exhibit hummocky cross-stratification; tidal facies may exhibit herringbone cross-stratification,
sigmoidal cross-stratification or mud drapes.

Taphonomy Allochthonous or disturbed neighborhood assemblages at the base of storm sandstones, typically as
coquinas. Tidally influenced sandstones commonly exhibit transported assemblages or shell lags
distributed along foresets. Shales possess disarticulated and dispersed shells and bedding plane
assemblages. In situ faunas rare or absent.

Taxonomy/Diversity Paleozoic strata dominated by moderately but variably diverse assemblages of brachiopods, particularly
orthoids and strophomenoids; Mesozaic/Cenozoic strata typically possess variable infaunal and epifaunal
bivalves. Representatives of other benthic macroinvertebrates may occur.

Abundance Generally moderate, but high in coquinas. Faunas can, however, be generally sparse where a freshwater
influence is established, as, for example, in inner shelf environments in front of deltas.

ichnology Typically moderate to high diversity assemblages of the Cruziana andfor Skolithos ichnofacies.
Mudstones commonly intensely bioturbated and possess trace fossils typical of the Cruziana ichnofacies;
associated sandstones conlain representatives of the Skolithes ichnofacies providing substrate mobility
does not result in their destruction,
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Table 3, continued

MIDDLE SHELF ENVIRONMENTS

Context

Lithology

Taphonomy

Taxonomy/Diversity

Abundance

ichnology

Commaonly form portions of upward-coarsening sequences, but may also form part of a predominantly
mudstona sequence. Below fair weather wave base, above storm wave base.

Mudstones, typically intensely bioturbated, and interbedded sandstone tempestites with hummocky
cross-stratification being common.

Mudstones may contain in situ clumped or dispersed shells that are stif commonly articulated, or as thin
stringers or locally reworked disturbed neighborhood assemblages. Sandstones commonly contain
allochthonous lag assemblages or coquinas that are taxonomically similar or dissimilar to those
assemblages within the associated mudstones.

Paleozoic strata possess high diversity assemblages dominated by brachiopods represented by several
orders. Crincids, bryozoans, corals, trilobites and gastropods also common. Mesozoic/Cenozoic strata
dominated by varied infaunal and epifaunal bivalve assemblages with gastropods, echinoderms,
bryozcans and less commonly brachiopods also present.

Generally high.

Similar to inner sheif environments with high diversity assemblages typical of the Arenicolites ichnofacies
in sandstones, typically as opportunists following storm activity, and intense bioturbation by members of
the Cruziana ichnofacies in associated mudstones.

OUTER (DEEP) SHELF ENVIRONMENTS

Context

Lithology

Taphonomy

Taxonomy/Diversity

Abundance

fchnology

Mudrock-dominated sequences in association with shallow shelf or slope/basin environments. Below or
above storm wave base.

Bioturbated mudstones with uncommon, and where present typically thin, distal siltstone or sandstone
tempestites.

in situ dispersed, articulated faunas predominate. Thin stringers and bedding plane assembtages also
common; disturbed neighborhood assemblages may occur. Distal tempestites may contain allochthonous
shells, though not commonly.

Paleozoic strata dominated by brachiopods and trilobites; Mesozoic/Cenozoic strata by bivalves,
particutarly infaunal species — nuculoids are very common. Other groups also occur but in lower
numbers. Pelagic forms (e.g., graptolites (Paleczoic), ammonites, belemnites {Mesozoic)) alsc commonly
present. Diversity variable depending on parameters such as nutrients, oxygen levels, efc., but can be
high, then typically markedly decreases at the shelf edge.

Typically low.

Discrete ichnotaxa commonly difficult to recognize as a result of intense bioturbation. Representatives of
Cruziana, Zoophycos or rarely Nereites ichnofacies may predominate depending on specific
environmental conditions. Bioturbation intense though diversity commonly low to moderate.

SLOPE AND BASIN ENVIRONMENTS

Context

Lithology

Taphonomy

Taxonomy/Diversity

Abundance

ichnology

Mudrock-dominated sequences with associated sediment gravity flows, particularly, but not exclusively.
turbidites. Submarine canyons and associated fans commonly occur in association with slope and
continental rise sequences. Contourites also common on slope and continental rise environments
{reviewed in Stow and Piper, 1984).

Pelagic and hemipelagic mudstones, turbiditic sandstones, and siltstones. Canyons and fans typically
possess coarser grained lithofacies.

Autochthonous faunas, typically dispersed and articulated, in pelagic/hemipelogic mudstones.
Allochthonous faunas introduced particularly by turbidity currents,

Dominated by pelagic macroinvertebrates {e.g., Paleozoic — trilobites, graptolites, nautiloids; Mesozoic
— ammonites, belemnites). In situ forms include Paleozoic trilobites, hyolithids, efc. and Mesozoic/
Cenczoic bivalves, gastropods and crinoids. Other groups may occur but are uncommon. Diversity is low.

Very low, but can be higher in sediment gravity flow deposits.

Variable, with representatives of the Skolithos, Aranicolites andfor Glossifungites ichnofacies commonly
occurring in association with well-oxygenated submarine canyens and fans, Zoophycos ichnofacies with
slopes with restricted circulation or low oxygen levels and the Nereites ichnofacies in more stable,
classical flysch-like settings in generally quiet, but oxygenated waters.
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