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Introduction

The biogeochemistry of marine invertebrate
shells/skeletons is highly complex and prob-
lematic (summary and additicnal references
in Milliman, 1974; Dodd and Stanton, 1981;
Morrison and Brand, 1986a). Compiex shell
chemistries are usually a reflection of the
varied nature of life, where the organism and
its lile are greatly influenced by the physic-
chemical conditions of the ambient sea water.
For studies ot Recent invertebrates, the sea
water conditions can be monitored and
recorded, and taken into consideration when
evaluating the chemistry of Holocene organ-
1sms (e.g., Lowenstam, 1963; Dodd, 1965,
1967; Brand et a/., 1986). Besides water condi-
tions influencing the chemistry of inverte-
brate shells, the organism itself can compli-
cate matters by exerting a biological control
and metabolic effect over its trace element
and stable isotope compositions (e.g., Weber,
1968; Lowenstam, 1961; Brand and Veizer,
1980). Chemical trends due to biologic and
metabolic processes are difficult to define,
because they vary greatly between individu-
als of the same species as well as between
species (e.g., Weber and Raup, 1966a,b).
Dodd and Stanton (1981, p. 117) referred to
these processes as physiologic factors, which
**... under genetic control presumably have a
biochemical basis that could be explained in
physical chemical terms if they were ade-
qualely known'',

For fossils, the matter is further compli-
cated by the effects of diageness and by the
inorganic and organic evolution of the ter-
restrial biosphere. Diagenesis is the aitera-
tion of the pristine state which affects the

mineralogy of shells and skeletons of ter-
restnal and marine fossil invertebrates. Not
only is mineralogy affected by diagenesis,
but skeletal/shell microstructures and bio-
geochemistry are also unequivocally altered
during this process. In many instances,
morphological features of fossils are pre-
served while the original shell-carbonate is
replaced by either pyrite, silica, dolomite or
other secondary diagenetic minerals. These
wholesale mineralogical replacements gener-
ally obliterate depositional chemical charac-
teristics of carbonate fossils. Biogenic car-
bonates, in this instance fossils, precipitated
in marine waters usually experience some
physical and chemical changes in the pres-
ence of meteoric and submarine waters and
other diagenetic fluids during their burial over
geologic time {e.g., Brand and Veizer, 1980;
Baker et al., 1982).

In addition to diagenetic effects, fossils
and their biogeochemisiry are influenced by
evolutionary events. Extinctions or new
appearances sometimes cause a change in
the mineralogy, and consequently in the
chemistry of exo- or endo-skeletons of
organisms. An example of mineralogical evo-
lution is exhibited by the extinct rugose corals
with their calcitic skeletons which gave way 1o
the extant scleractinians with their aragonitic
exoskeletons (cf. Wilkinson, 1979). Along
with genetic evolutionary changes in organ-
isms, chemical and physical changes of
ancient sea water probably caused signifi-
cant evolution and adaptation in the mor-
phologies and biogecchemistries of shells
and skeletons of marine invertebrates. It is
difficult to assess these biogeochemical
changes when, in most instances, we are
compelled to derive interpretations based on
analogies with extant invertebrates or in
other cases to closely related groups for
extinct marine invertebrates. In the context of
geclogic time and biogeochemistry this can
be a most hazardous undertaking.

Interpretations are further biased by the
researcher, who selects certain invertebrates
over others, and has preferences for chemi-
cal methods and data evaluation. Selection of
one species over another by researchers is
usually dictated by the objectives of the
research. The greatest (apparent) chemical
variation resulls from the way in which the
data are calculated by the researchers.
Methods of reporting isotopic values follow
stnct rules and norms, whereas elermental
compositions are calculated following the
researchers’ preferences. This is the weak-
est point in comparing data of one researcher
to those of another. A uniform way of handling
data is urgently required and reporting on a
100% carbonate (insoluble residue-free}
basis 1s preferred over other methods. In this
approach, geochemical variations due 1o sil-
icification, pyritization, organic matter con-
tent andfor adhering foreign matter of the
fossil analyzed are minimized, which allows
for intersample correlation of the carbonate-
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bound tracers (cf. Brand and Veizer, 1980;
Veizer, 1974). Because of this, biogeochemi-
cal data of some lossils where the ‘‘geo-
chemical variation'' is of uncertain ongin and
difficuit to interpret will not be included in this
review paper. Furthermore, some fossil
groups will not be represented, which is sim-
ply a reflection ot the individual group’s
importance as a sediment contributor (cf.
Wilkinson, 1979), ease of unravelling past
environments, or as a result of researcher’s
preference.

Preservation

Preservation has a double meaning, one to
the paleontclogist and another to the bio-
geochemist. To the paleoniologist, a plant or
animat is considered preserved if some form
of its original morphelogical structure is found
intactin rock units. In contrast, the biogeoche-
mist requires for his study not only preserva-
tion of structural features but also that of the
organism’s skeletal or shell matenal.

Only a small fraction of organisms are pre-
served as fossils, and this low preservation
rate is to a large extent controlled by biologic
and geologic factors such as organic, physi-
¢al and chemical destruction by scavenging
organisms, weathering, erosion and dia-
genesis. According to Raup and Stanley
(1971, p. 3), “'not all plants and animals have
an equal chance of being preserved as fos-
sils, and not all geologic environments are
equally favourable for preservation'’.
Described fossil speciec represent only
about 9% of all living species described to
date. This discrepancy in numbers is striking
when we consider the fact that the fossils
represent the vast expanse of geclogic time,
and consequently, fossil species should out-
number their living representatives. Several
factors can explain this apparent paucity of
fossils. One explanation is related to the evo-
lution of life with its marked increase in diver-
sity and abundance, or another tc the greater
thicknesses and better exposure of younger
sedimentary rocks (Raup and Stanley, 1971).
Estimates put the number of preservable spe-
cies since life began on the earth, as high as 4
billion. Many different estimates have been
put forth by paleontologists, butitis clear from
the numbers that only a tiny fraction of preser-
vable species have been discovered. An even
smaller percentage of the preserved morpho-
species are also preserved in their original
skeletal and shell material.

The best preservation of fossils is assured
when they are encapsulated in materials that
effectively seal air, water and fluids out, and
prevent penetration of biological scavengers
and predators. Biological destruction of fos-
sils is recognized as an important factor in
limiting the fossil record. Ice, amber, tar and
chert are very effective sealants and fossils
found in them are often preserved in their
pristine state (e.g., the fossils of the Buck-
horn asphalt pits of southern QOklahoma;
Squires, 1973; Crick and Ottensman, 1983).
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Many of the Carboniferous fossils from the
Bucktiorn asphalt are not oniy preserved in
their original shell mineralogy and chemistry
but also show excellent pigmentation.
However, these environments ¢o not repre-
sent the normal habitat for most organisms,
especially marine invertebrates the preserva-
tion of which depends on rapidly deposited
sediments to protect them from post-mortem
biotogical, mechanical and geochemical
destruction.

Mineralogy of carbonate fossils plays only a
subordinate role in preserving ofiginal
morphochemical characteristics. Instead, the
lithology of the enclosing rock and lack of
interaction with diagenetic fluids play major
roles in preserving carbonate fossils. Coal
and shale, because of their impervious
nature, generally deflect water flow, thus par-
tially shielding the enclosed fossits from the
effects and contact with diagenetic fluids.
Furthermore, these sediments can be depos-
ited in biologically inhospitable environments,
which reduces the activity of predators and
scavengers. As long as the remains of marine
invertebrates reside in the marine environ-
ment. the skeletal matenial is relatively certain
to be preserved provided physical degrada-
tion and biclogical processes are minimal. In
this setting the different carbonate minerals,
such as aragonite, high-Mg calcite and low-
Mg calcite are relatively stable with respect to
the depositional waters. Physically degraded
shell and skeletal matarial may not be useful
for paleontological study, but these fragments
may still hold important clues to the ariginal
mineralogy, microstructures and bio-
geochemistry of the organism(s). However, in
the presence of diagenetic fluids such as
meteoric and/or burial waters and brines, ara-
gonite and high-Mg calcite are metastable
and alter readily to diagenetic low-Mg calcite
{e.g., Pingitore, 1976, 1978; additional refer-
ences in Brand and Veizer, 1980). Other min-
eralogies, such as low-Mg calcite and apatite
are relatively resistant to alteration by
diagenetic fluids (e.g., Veizer, 1983a,b). Pre-
servation of the pristine state of fossil carbon-
ate material is enhanced by the organic tissue
surrounding the individuat crystailites and the
periostracum covering the whole shell; thus
their resistance to alteration by diagenetic
fluids 15 increased (Hudson, 1967; Clark,
1980}

The biogeochemistry of the least-altered
fossil material is an invaluable aid in decipher-
ing the paleoenvironmental history of the
enclosing rock unit. Therefore, it is critical that
only the best preserved material be used,
however, its selection and refiability depend
in large part on the method(s) employed by
the researcher.

Diagenetic Evaluation

Evaluation of the degree of preservation is of
ulmost importance when dealing with fossils.
The following discussion addresses the sus-
ceptibility to aiteration of carbonate minerals

and biogenic apatite only, whereas other min-
eralogies and their state of preservation are
not addressed. This bias is a reflection of the
state of our understanding and knowledge of
the different mineralogies and of their interac-
tions with diagenetic fluids.

Apatite. Conodonts consist of a calcium
phosphate which belongs to the apatite
group, making them susceptible to dissolu-
tion by hydrochloric, sulphuric and nitric
acids. Chemical analysis of these organisms
shows that they are:

CagNag 14(PO4}s 01(CO3)s 16Fo 7atH2Oo s
which is the carbonate apatite, francolite
{Pietzner et al., 1968; Ziegler and Lindstrom,
1981). According to some studies, apatite is
relatively inert in the diagenetic environment
{e.g., Urey at al., 1951; Tudge, 1960). Because
of the apatite mineralogy, it is assumed that
conodonts are preserved in their onginal bio-
geochemistry. However, it is probable that in
the presence of acidic groundwaters, the min-
eralogy and chemistry of conodonts could be
altered or even totally dissolved (e.g.,
Lindstrom, 1964). Besides diagenesis, the
elemental as well as isotopic chemistry of
conodonts could be subject to biogenic frac-
tionation and vital effects as recorded in mol-
luscs {Sr}), brachiopods (Na), corals and

echinoderms (5'80 and &'3C; references in
Morrison and Brand, 1986a). Until full geo-
chemical criteria are established which define
the "‘least-altered’ specimen(s) and the above
mentioned effects are fully investigated, we
recommend that caution be used in anatyzing
and interpreting biogeochemical data of
conodants.

Aragonite. Diagenesis of aragonite is a myr-
jad of complex geochemical processes,
which can proceed in the presence or
absence of diagenetic fluids (e.g., Bathurst,
1975; Carlson, 1983). The dry process is
referred to as polymorphic inversion, and is
largly dependent on the temperature of the
diagenetic environment. At near-surface tem-
peratures (25°C), the inversion of aragonite to
calcite is a slow process and may take tens of
millions of years or more. Transformation
rates vary according to the type of aragonite
{organic, inorganic) involved in the inversion
process {e.g.. Land, 1966).

Wet transformation of aragonite to calcite is
much faster than the dry process. In this
instance, water acts as a catatyst by reducing
the activation energy of the transformation,
thus speeding its completion (e.g., Bathurst,
1975). Depending on the openness of the
system, the diagenetic calcite replacing the
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Figure 1 Variaton in magnesiurm content and mineralogy of originaily aragonitic molluscs with increasing
diagenstic alteration (from Brand, 1985, in press). Magnesium composition increases as the original
aragonite of the shell is repiaced by diagenetic calcite. Open circles are cephalopods, triangles are bivaives,

numbered symbols are represented by SEM pictures.
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Figure 2 Chemical diagenesis of biogenic aragonite.
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diagenetic pathway of originally aragonitic molluscs (data from Brand, 1985, in press). The x * s is the
mean and standard deviation of Paleozoic fossils and carbonates (in Brand and Veizer, 1980). The NCR
depicts the natural chemical range of Mn in originally aragonitic molluscs. Symbols as in Figure 1.
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Figure 3 Environmental control of chemistry in fossil shells. Mg-Mn scatter diagram of molluscs (@) from
the Breathitt Formation, eastern Kentucky, and field of Recent biogenic aragonite precipitated in normal
seawater (data from Brand, 1983). The Mn range defined for Recent molluscs has to be expanded (NCR field)
to include the well-preserved aragonitic molluscs of the Kendrick and Magoffin marine horizons.
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original material will retain, in degrees, some
of the original geochemical information. This
is also referred to as the size of the thin-film
between the aragonite and the diagenetic
calcite (e.g., Pingitore, 1976, 1978). Aragonitic
fossils altered in open systems are usually
replaced by clear calcite spar, whereas those
altered in less open diagenetic systems, the
skeletal/shell aragonite are usually replaced
by microspar, with more morphological and
geochemical information passed on to the
diagenetic product.

One way to determine the degree of preser-
vation of fossils is by using an x-ray diffrac-
tometer, and with this method the postulated
original mineralogy is based on an analogy
with those of Recent counterparts. Miner-
alogical changes can be easily traced in
mono-mineralic aragonitic fossils (Figure 1),
whereas this is considerably more difficult for
bi-mineralic fossils. The easiest way to detect
diagenetic effects in the latter, is to separate
the different mineralogical layers and to
examine them separately.

Usually, one method is not considered suffi-
cient to identify positively the state/degree of
alteration of fossil material. Further tests,
such as examining trace element concentra-
tions, are required to evaluate the fossils
properly. During diagenesis, the depositional
biogeochemistry of marine invertebrates is
altered as the calcium carbonate is dissolved
and subsequently reprecipitated as dia-
genetic calcite. In this process, minor and
trace elements are exchanged in ‘predict-
able’ ways, useful in deciphering the degree
of alteration for a particular fossil. For exam-
ple, Figure 2 shows that the Sr content
decreases, whereas the Mn content
increases in aragonite progressively altered
to diagenetic low-Mg calcite. Magnitude of
the elemental shift in biogenic aragonites dur-
ing diagenesis is greatly influenced by the
original biogeochemistry of the organism
under investigation.

It should be kept in mind that ranges of
elemental concentrations of Recent organ-
isms may not necessarily apply to ancient
counterparts. Chemical data of modern
invertebrates are most abundant for organ-
isms inhabiting normal marine environments.
Therefore, this limitation should be kept in
mind when analyzing and interpreting data of
fossil material. In more restricted environ-
ments, fossils may incorporate more of some
and less of other elements/isotopes into their
skeletal carbonate. For example, Veizer
(1977a) postulated that calcite precipitated in
equilibrium with reducing sea water would
contain more Fe and Mn than normal sea-
water calcite. This should also be the case for
aragonite precipitated in comparable
environments. Such considerations would
expand the normally expected Natural
Chemical Range (NCR)(Figure 3; Brand,
1983, 1984) for many trace elements,
especially Mn and Fe. The samples within the
NCR field are preserved as aragonite, but fall
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outside the field characterizing Recent
organic aragonite (Figure 3). Not knowing this
information, the high Mn values would have
been interpreted as alleration of the originat
carbonate material. This demonstrates that
diagenetic evaluations based on one method
may lead to false interpretations of the fossil's
diagenetic state. Thus a multi-method
approach (x-ray diffraction, scanning electron
microscopy, cathode luminescence, trace
element and stable isotope geochemistry) is
the only assured way to positively identify the
best-preserved fossil material.

Figure 4 summarizes the trends and mag-

nitudes recorded for the different elemenis
and isotopes during the alteration of ara-
gonite with diagenetic fluids (Brand, 1985, in
press). Generally these trends are as pre-
dicted by theoretical considerations
{Pingitore, 1976, 1978. Brand and Veizer,
1980, 1981), although the magnitudes can
differ significantly between theorized and nat-
ural conditions (cf. Veizer, 1983b, Fig. 14).
Some elements do not exhibit any change in
concentration with increasing alteration
{Figure 4: Ba, Zn, Cu, Ni, Pb), which is con-
trary to theoretical calculations. This demon-
strates how complex the natural situation is
and how feeble are the attempts to quantify it.
Al the same lime itunderscores the need for a
multi-method approach for identification of
diagenetic events.
High-Mg Calcite. Alteration of high-Mg cal-
cite follows a diagenetic pathway similar to
that of aragonite. Their solubilities in sea
water are similar at a temperature of 30°C
{(Weyl, 1967) and possibly in other fluids as
well. With progressive alteration o diagenetic
low-Mg calcite, the Mg and Sr concentrations
decrease (Figure 5). Initially, the Mg content
decreases while there 15 no signiicant shift in
the Sr concentrations. Samples that plot in
this area of the diagram have retained some
of their morphological integrity (e.g., the open
space of the stroma in crinoids). In crinoids
from other localities, both Mg and Sr con-
centrations decrease proportionally. This
does not imply a sequential decrease with
further alteration. Inslead, a particular sam-
ple population and its position represents dis-
tinctive diagenetic processes and fluid
chemistries.

Figure 6 shows the summary trends of the
different elements and isotopes during the
increasing alteration of high-Mg calcite (data
from Brand, 1986a). The 4'3C compositicn
can decrease or increase and the direction is
in part dictated by the type of solution
involved in the alteration process. In the pres-
ence of marine burial fluids, the carbon iso-
tope values increase (e.g., Baker et al., 1982),
whereas in the presence of meleoric water a
decrease is commonly, but not exclusively,
noted in the diagenetic product (Brand and
Vaizer, 1981). Except for Mg, the trends of the
alteration of high-Mg calcite to diagenetic
calcite are similar in direction to those noted
for the aragonite-calcite transformation (Fig-
ure 4). Ultrastructure as well as mineralogy
play an important role in the dissclution of
biogenic carbonates (e.g., Morse, 1983).
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Figure 4 Diagenatic trends for trace elements and stable isotopes dstermmned from direct measurements of
aragonitic fossil sampies showing direction, rate and magnitude of the alteration process (from Brand, 1985,
in press). Starting point was determined using well-preserved fossils, and the trends were computed using
progressively more alftered samples. No changes in chemical composition were noted for Ba, Zn, Cu, Ni and
Pb with chemical diagenesis. Note the divergence in the Sr contents of diagenetically aitered biogenic (Srp )
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Figure 5 Chemical diagenesis of biogenic high-Mg calcite. Mg-Sr/Ca scatter diagram for onginalfy high-Mg
calcite crinoids from numerous Carboniferous localities of North America. HMC field represents unaltered
Recent echinoderm samples {from Morrison and Brand, 1986a, Brand, 1986a); dots represent means and
bars ara the total observed chemical variation.
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Low-Mg Calcite. Low-Mg calcite is thermo-
HIGH-Mg DIAGENETIC dynamically the most stable of the calcium
CALCITE CALCITE carbonate species commonly found in extinct
and extant marine invertebrates, thus no sig-
Fe nificant alteration is to be expected in the
0% biogeochemical composition of fossils (cf.
Veizer, 1983a, b). This does not preclude the
Mn alteration of low-Mg calcite fossils, because
calcitic brachiopod shells can be replaced by
pyrite or silica. Generally no significant dif-
ferences in the Sr/Ca ratios are noted
between Recent shallow-water and ancient
brachiopods, especially if rigorous criteria are
followed in the selection and subsequent
evaluation processes (e.g., Al-Aasm and
Veizer, 1982; Popp et al., 1986). Microstruc-
turally, brachiopod shells are usually well pre-
6'30 served; signs of alteration, dissolution or
cement filling are lacking (cf. Morrison and
IOO Al,Zn, Cu, Brand, 1984). Thus, Morrison and Brand
Ni (1984) and Popp et al. (1986) stated that
brachiopods and their biogeochemistries
should be useful indicators of past ocean
8% chemistries and temperatures.

s8¢

ENRICHMENT

Fossil Mineralogy
In most instances, marine invertebrates and
their extinct representatives secreted shells
Sr or skeletons of similar mineralogy (Figure 7).
This degree of mineralogical certainty can be
Mg applied to the carbonate tests of coccoliths,
Na foraminifera, bivalves, gastropods, brachio-
pods, crinoids, echinoids, and coralline green
algae. Paleozoic corals precipitated skel-
|o'2 - etons consisting mostly of magnesian calcite,
EQUILIBRATION WITH DIAGENETIC WATER (S) whereas the majority of their Recent counter-
parts secrete skeletons of high-Sr aragonite.
Mineralogy of the ancestors of green algae
and bryozoans is uncertain, whereas evi-
dence is still lacking concerning the mineral-

DEPLETION

Figure 6 Diagenetic trends for trace elements and stable isotopes determined from direct measurement of
high-Mg calcite fossil samples showing direction, rate and magnitude of the alteration process (from Brand,
1986b). Computation of trends is based on progressively altered crinoid samples (cf. Figure 4). The §'3C

composition increases in samples altered by diagenetic fluids of marine origin, whereas alteration in the ogy for the carapaces of the extinct trilobites
presence of meteoric water brings about a negative shift in the original values. (Figure 7).
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Figure 7 Relative abundance and mineralogy of the major fossil groups for the Paleozoic, Mesozoic and Cenozoic (from McAlester, 1968; Lipps, 1970). Uncertainty of
mineralogy in various extinct fossil groups is indicated by a question mark.



Figure 8 Scanning electron micrographs of shell structures in molluscs, brachiopods, crinoids and rugose corals
tablets in the shell of a well-preserved mollusc from the Carboniferous Kendrick Member, Breathitt Formation of eastern Kentucky

A, B top and side views of nacreous

(cf. Brand, 1981).
crossed-lamellae, originally aragonitic microstructures observed in molluscs.
two-layer fibrous calcite in brachiopods from the Boggy Formation of Okiahoma (Brand, 1982).

crinoid (Carboniferous) with stroma filled by diagenetic calcite cement (e.g., Brand and Veizer, 1980).
rugose corals (Devonian); the original microstructure is disrupted (replaced by coarse calcite mosaic; lower half of picture), but in some specimens from the

Kendrick Member, original (?) trabecular structures have been observed by Sorauf (1977)
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Fossil Microstructures

Internal shell or skeletal structures (= micro-
structures) can also provide important in-
formation on the state of preservation of
carbonate fossils. Figure 8 shows some
microstructures encountered in well-pre-
served molluscs and brachiopods (Figure 8
A-D), and the usually altered features found

in crinoid and coral skeletal material (Figure 8
E-F). The first three plates show microstruc-
tures in fossil molluscs, which by comparison
with structures observed in Recent represen-
tatives are interpreted to represent original
biogenic aragonite. Figure 8D shows the
typical two-layer fibrous calcite noted in
brachiopods. This calcite structure closely
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Figure 9 Trend of anomalous cesium in conodonts from Cambrian to Jurassic time (modified from Wright,
1985). Bars represent variation in Ce contents, which diverge during the Jurassic. See text and Wright (1985)

for explanation of trends.
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Figure 10 Oxygen isotopic composition of conodonts and its variation with respect to values determined for
marine phosphates; dashed line (modified from Luz et al., 1984b). Deviation of conodont 5780 values from
those of marine phosphates is probably related to fractionation at the organism level. Bars represent range of

multiple analyses.

9

resembles the features observed in extant
brachiopods. In contrast, the depositional
microstructures of crinoids (Figure 8E) and
rugose corals are commonly obliterated by
coarse calcite mosaic. Thus, microstructural
analysis in conjunction with mineralogy can
give the researcher a good indication of the
state of preservation of fossil specimens.
But, further biogeochemical testing of
skeletal material is strongly advised so
researchers may be more certain about the
pristine state and preservation of fossil
remains.

Fossil Biogeochemistry

The following sections provide discussion of
the biogeochemistry of those fossil groups
which were either significant sediment con-
tributors, or played an important role in evolu-
tionary history.

Conodonts. Researchers working on the
geochemistry of conodonts believe that the
chemistry of the apatite has suffered no dia-
genetic alteration (e.g., Tudge, 1960; Urey et
al., 1951), and thus their elemental and iso-
topic compositions should reflect paleo-
environmental conditions of the ambient
water (e.g., Wright et al., 1987, Geitgey and
Carr, 1987, Wright, 1985; Luz et al., 1984b). At
this stage, it has not been proven une-
quivocally that the remains of conodonts are
free from diagenetic alteration. However,
some interesting observations have been
made concerning the relationship of colour
and organic geochemistry of conodonts
(e.g., Epstein et al., 1977). The change in
conodont colour is related to the thermal his-
tory of the rock and reflects the maturation of
organic matter within the conodont-apatite.
Conodonts belong to an animal of uncertain
affinity that roamed the seas from the
Cambrian until Triassic time (e.g., Epstein et
al., 1977, Wright, 1985).

The search for accurate paleoclimatic
indicators has increased the search for non-
carbonate samples that might fulfil this pur-
pose. Wright and co-workers (Wright, 1985;
Wright et al., 1987) demonstrated that the
REE content of conodonts, in particular
cesium, varies systematically through geo-
logic time (Figure 9). They postulated that
these trends reflect variations in the original
seawater composition, more specifically the
redox potential of the water. Using modern
fish debris analogues, Wright (1985) postu-
lated that Lower Paleozoic and Triassic
waters were generally reducing, whereas
during the Upper Paleozoic the water was for
the most part oxidizing (Figure 9). Further-
more, the Ce trend observed in conodonts
correlates with the 4%4S age curves of marine
evaporites through geologic time (Claypool et
al., 1980). Thus, the interpretations may be
more far-reaching than simply the redox
potential of ancient seas.

Another paleoclimatic application has
been developed using the oxygen isotope
composition of conodonts (e.g., Luz et al.,
1984b). Because of the scarcity of preserved
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Paleozoic carbonate fossils, the conodonts
may fill the gap for paleotemperature deter-
minations similar to the forams of the Meso-
zoic-Cenozoic. Figure 10 shows an apparent
trend in the 480 compositions of conodonts,
with highs during the Pennsylvanian, Mis-
sissippian and Upper Ordovician, and with
lows during the Devonian and Lower Ordovi-
cian (Luz et al., 1984b). These trends agree
with paleoclimatic curves based on analyses
of marine phosphorites. Comparing water
temperatures calculated with the 6120 of con-
odonts (Figure 11) and brachiopods (Table 1)
shows that there is a significant difference
between the two data sets. Those values
computed with the conodont data are usually
higher by about 10-20°C. We believe that if
conodonts are preserved in their depositional
chemistry, then the observed difference in
temperature values is probably related to
some vital effect in conodonts. Luz et al.
(1984a) found a vital effect in the isotopic
composition of mammalian bone-phosphate,
but whether this observation applies to the
apatite of marine conodonts is uncertain;
more specific research will have to resolve
this question.

In general, the reader is cautioned when
evaluating the chemistry of conodonts,
because the questions of diagenetic altera-
tion, biologic fractionation and metabolic
effects have not as yet been satisfactorily
resolved.
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Figure 11 Temperature variation graph of Carboniferous and Devonian conodonts. The 5'80 data of the
conodonts are from Luz et al. (1984b) and Karhu and Epstein (1986). The temperature equation (see page
104, equation 4 of this text) is from Karhu and Epstein (1986). Area around mean temperature values
represent ranges of calculated '#0 values, and these are significantly different from temperatures calculated
with 5790 data of brachiopods (e.g., Morrison and Brand, 1984; Veizer et al., 1986; Popp et al., 1986a).

Table 1 Paleotemperatures calculated with the 5180 of well-preserved brachiopods (B) and molluscs (M). The first set of temperatures
are determined without any corrections, whereas the second set was determined with a correction for the plausible secular variation of
5180 in seawater. For reference of data see Figure 27.
Age Fossil 5180 (%o, PDB) Temperature (°C)
X Low High X Low High Correction (%o) X Low High
Pleistocene M -2.2 -11.7 +0.7 26.4 16.1 63.7
Miocene M +0.3 -1.4 +25 17.4 10.5 235
Qligocene M =1:5 -3.2 +1.5 238 13.3 30.0
Paleocene M -0.3 -19 +0.5 19.6 16.7 25.3
Cretaceous M 2.2 -4.5 -0.3 26.4 19.6 34.9
Jurassic M -2.0 -6.5 +08 25.6 15.7 426
Permian B -3.6 -10.6 0.7 33.4 19.3 77.2 -1.5 258 13.0 66.6
Carboniferous B 5.2 -8.6 2.3 42.2 26.8 63.3 -1.5 339 19.8 53.6
-4.6 7.3 +0.5 353 16.7 45.7 -1.5 29.7 11.6 39.9
Devonian B 6.2 -10.7 -4.4 481 377 77.9 -4.0 26.3 18.0 51.1
Silurian B -6.5 -7.8 -4.4 499 37.7 58.0 -4.0 27.8 18.0 345
Ordovician B -4.9 -5.5 -4.5 40.5 38.3 440 -4.0 20.2 18.5 23.0
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Foraminifera. Isotopic compositions of for-
aminifera are an indispensible tool in Meso-
zoic-Cenozoic paleoceanography, and the
field has undergone rapid expansion since
the pioneering days of Emiliani (1955). In the
initial stages of foraminiferal geochemistry,
paleotemperature reconstructions and depth
assignments to the varous planktonic spe-
cies were the central theme of theses studies
(Emiliani, 1955, 1966). Subsequently, more
attention has been paid to possible biologic-
temperature-ice interactions, and lo extend
the work and concepts to Tertiary and Meso-
zoic foraminifera. Much of this work has been
summarized by Hecht (1976), Savin (1977),
Shackleton (1977) and Duplessy (1978).
Another theme was, and remains, the sepa-
ration of the temperature signal from that
induced by changes in the ice volume
(Shackleton, 1977; Imbrie et af, 1973;
Shackleton and Opdyke, 1973), and refine-
ment of the time scale for the Pleisiocene
(Broecker and van Donk, 1970). While more
detailed studies of Pleistocene glacial and
interglacial events proceeded, other
researchers evaluated the original assump-
tion that foraminifera as a group incorporate
stable isotopes into their tests in equilibrium
with ambient seawaler (e.g., Savin and
Douglas, 1973; Buchardt and Hansen, 1977;
Williams et al., 1977, Berger et al., 1978;
Kahn, 1979; Woodruff et al., 1980). These and
other studies suggest that disequilibrium
instead of equilibrium precipitation is the

norm for both benthic and planktonic for-
aminifera {Erez and Luz, 1982; Weler and
Berger, 1980; Vergnaud-Grazzini, 1976;
others listed above). The degree of isotopic
disequilibium can be complicated by niche,
habitat, depth migration, and growth stages
of foraminifera, and by seasonality and hori-
zontal advection of the water mass they live
in. These observations suggest that a
renawed interast in foraminiferal geochemis-
Iry is under way with many contradictory
results, and these may “... fan the flames of
controversy’’ (Berger, 1981, p. 5).
Foraminifera are unicellular organisms
that precipitate skeletons consisting of either
low-Mg calcite, aragonite or high-Mg calcite,
or tests agglutinated with detrital material
{e.¢.. Milliman, 1974). Generally, tests of
henthic foraminifera consist of high-Mg cal-
cite, whereas those of planktonic for-
aminifera consist of low-Mg calcite
{Blackman and Todd, 1959; Emiliani, 1955).
Under identical post-depositional conditions,
tests of benthic foraminitera would be subject
fo greater diagenetic alieration than those of
the planktonic group. Furthermore, studies
have demonstrated that benthic foraminifera
probably reflect more closely sediment pore-
water chemistry than bottom waters of the
sea, because of their tandency to establish
microhabitats within the top cenlimetres of
the sediment. Their 6'8Q composition has
been linked to water temperature and salinity,
and this correlation varies from locality to

locality, but not in conjunction with water tem-
perature (Kerr, 1986). With repect to 413C, the
composition of benthic forams, according to
Corliss (in Kerr, 1986, p. 427) *'... may tell
more about the biological productivity of over-
lying waters than about bottom water”. These
problems may be overcome by analyzing
vanous groups of foraminifera from different
habitats. Planktonic foraminifera, although
precipitating tests of more stable low-Mg cal-
cite, have special problems with their gec-
chemistry which can vary from core to core
and between size fractions (references and
discussion in Kerr, 1986).

Despite these discussed geochamical diffi-
culties with foraminitera, Figure 12 shows that
the atom ratios of Sr/Ca and Na/Ca of several
species of Upper Pleistocene foraminifera
vary within and between sample size frac-
tions. It is uncertain whether a biochemical or
a physiological process is responsible for the
observed variance. Bender et al. (1975)
detemined this correlation between relative
growth depth and Na/Ca, Mg/Ca and Sr/Ca
(atom ratios) of various species (Figure 12),
Similar observations were also made by
other researchers (e.g., Kilbourne and Sen
Giupta, 1973; Savin and Douglas, 1973). It has
been postulated that these variations are not
due to temperature changes, but are related
to the calcification rate, or other unknown
factors.

Emiliani (1955, 1966, 1971) demonstrated
the usefulness of foraminitera as a paleo-
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oceanographic tool. He related their isotopic
compositions to ambient water conditions,
and constructed a 6'80 curve for the
Pleistocene with isotope stages representing
the different glacial stages (Figure 13). The
pattern of the curve indicates rapid changes
from glacial to interglacial conditions
(Broecker and van Donk, 1970), and the sud-
den shift in the isotopic composition at Stage
22 has been correlated to the advent of conti-
nental glaciation. Emiliani (1955, 1966, 1978)
related these 6'80 changes to variations in
the water temperature during glacial and
interglacial stages. High temperatures are
reflected by negative §'80 values and vice
versa, while only a small portion in the iso-
topic variation was attributed to ice volume.
As early as 1967, Shackleton (1967, p. 17)
suggested that isotopic curves have to be re-
read, “... taking ‘cold’ to mean ‘extensive
continental glaciation’ and ‘warm’ to mean
‘glaciers reduced to their present level’.” This
concept has been redefined in the context of
non-linear ice-volume models (Mix and Rud-
diman, 1984), and despite all of these dif-
ferent models, the time sequence (isotope
stages) of the events remains relevant today.
Another important application of for-
aminifera and their stable isotope composi-
tions is in resolving temperature problems of
Cenozoic-Mesozoic seawater (e.g., Saito
and van Donk, 1974), provided the reader
keeps in mind the alternatives proposed to
the simple &'80-temperature interpretations.
Figure 14 represents the isotopic composition
of both planktonic and of benthic foraminifera
from mid (B) and low (A) latitudes. Water
temperatures apparently increased from the
Aptian to the Coniacian, and subsequently
decreased steadily during the rest of the
Mesozoic and Tertiary. Furthermore, Figure
14A shows that there were significant thermal
differences between the shallow and deeper
waters of the Central Pacific. This suggests
that surface temperatures at low latitudes
varied little, whereas high-latitude waters
varied greatly as reflected in the isotopic
compositions of the benthic foraminifera. The
changes in water temperature during the
Paleocene-Eocene and Miocene have been
interpreted to reflect the onset of glaciation
(e.g., Savin et al., 1975). It is difficult to argue
with these trends, but the reader should be
aware that an apparent metabolic effect has
been found in the planktonic foraminifera
Globigerinoides sacculifer by Erez and Luz
(1982), and in other planktonic and benthic
species (e.g., Savin and Douglas, 1973;
Kahn, 1979; Woodruff et al., 1980).
Molluscs. Molluscs are one of the minor
sediment contributors of Phanerozoic seas
(Wilkinson, 1979; James, 1984). Three groups,
the bivalves, cephalopods and gastropods,
are the major representatives of the molluscs.
Most of them precipitate shells consisting of
aragonite (Fig. 7; Wilkinson, 1979); fewer, but
still important, groups secrete shells of calcite
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Figure 13 Oxygen isotopic variation in Pleistocene benthic foraminifera. Peaks in &'#0 composition (positive
shifts) are related to the various Pleistocene glacial stades. Interglacials are identified by lighter values and
troughs. Isotope stratigraphy is that of Emiliani (1966). A significant change in amplitude and frequency of
isotopic trend occurs at the Matuyama-Brunhes boundary (approx. 700,000 B.P).
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and mixed-mineralogy (e.g. Morrison and
Brand, 1986b). Preservation of the meta-
stable aragonite mineralogy is limited to
specimens of Pennsylvanian age and youn-
ger, which of course greatly biases our data
collection as well as paleontological and bio-
geochemical interpretations. Data presented
in the following figures are mostly aragonitic
molluscs, atthough in many instances the
precise degree of preservation is uncertain
due to lack of information.

Figure 15 shows the Sr/Ca ratios of ara-
gonitic ¢cephalopods, bivalves and gas-
tropods from different time periods. The
strontium levels in the ancient molluscs are
similar, except for a few anomalous occur-
rences, to those recorded in Racent repre-
seniatives. The anomalous trends for the
Paleocens molluscs may be due, in part, to

the minor diagenetic alteration noticed in the
specimens {Buchardt, 1977). In contrast, the
high strontium levels found in the Jurassic
bivalves and the Carboniferous gastropods
are probably related to unusual environmen-
tal conditions. For the gastropods, Brand
(1986b) speculated that the high Sr levels are
related to efforts by the organisms to main-
tain iso-osmotic equitibrium between body
fluids and the ambient brackish seawater.
Similar trends were also noted in the mol-
luscs from the normai (western region, low Sr
levels) and brackish marine (eastern region,
high Sr levels) part of the Brush Creek {Mor-
rison ef al., 1985). Overall, the Sr discrimina-
tion effect observed in Recent molluscs (6.g..
Bathurst, 1975) was already well established
in their ancestors from the Carboniferous
(Figure 15; Brand, 1987b).
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Figure 14 Cxygen isotopic varration measured in Cretaceous-Tertiary foraminifera. The 5'80 compositions
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Figure 15 Strontium composition of aragonitic
bivalves (&}, cephalopods (@), and gastropods (I}
of different ages (data from Brand, 1981a, 1986b;
Buchardt, 1977; Buchardt and Weiner, 1981, Crick
and Ottensman, 1983, Hallam and Price, 1966, Kulp
et al, 1952, Lowenstam, 1963a,b; Marshall, 1981;
Morrison et al., 1985; Morrison and Brand, in press;
Pitkey and Goodell, 1964, Ragland et al., 1979;
Scherer, 1977, Turekian and Armstrong, 1961,
Weiner and Lowenstam, 1980). Symbols are
the mean vaiyes and the bars are the ranges
encountered in a particular group. Generally the
1000 St/Ca ratios of fossil molluscs are similar to
those encountered in Recent counterparts (area
defined by the dashed line, references in Morrison
and Brand, 1986a). Environmental andlor
diagenetic factors may accouni for the shght
deviation of the values from the norm (e.g.
Brand, 1983).
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In general, the magnesium levels deter-
mined in aragonitic fossil molluscs are similar
to those observed in their Recent counter-
parts (Figure 16). Only, the Cretaceous mol-
luses contain unusually high concentrations
of Mg, which may be related 1o diagenetic
alteration of the shells or 1o environmental
factors. Because of the invariance of the Sr
data (Figure 15} with the Mg data, a diage-
netic effect is discounted for the observed
anomaly. Caicitic bivalves show a wide range
of Mg concentrations, similar to the wide
vanation observed in their Recent counter-
parts {e.g., Miilliman, 1974; Morrison and
Brand, 1986a).

Sodium levels in the aragonitic and calcitic
molluscs, bivalves, gastropods and
cephalopods are higher than those expected
for their mineralogies precipitated in chemical
aquilibriurm with ambient seawater (Figure 17},
For low-Mg calcite, the normal Na concentra-
tion is about 230 ppm, which is easily
exceeded by the contents measured in the
ancient bivalves. A biolegical control is proba-
bly responsible for the anomalous ranges
observed in the Pleistocena, Cretaceous and
Carboniferous bivalves. Furthermore, accord-
ing to White (1977) inorganic aragonite should
contain about 2500 ppm Na, whereas the
aragonitic fossils have Na levels that range
from 1000 to 8000 ppm Na (Figure 17).
Okumura and Kitano (1986} determined that
the behaviour and state of Na+ for biogenic
mineratization may be different from that of
inorganic processes, and set a Na range of
2000 to 6000 ppm for molluscan aragonite
precipitated in equilibrium with ambient sea-
water. It is interesting to note that in two sets of
Carbonifercus cephalopods preserved asara-
gonite, the group from the normal maring
environment (Buckhorn, Oklahoma; Brand,
1987b) contains more Na in their skeletal
material than those molluscs from the
brackish marine setting (Breathitt, Kentucky;
Brand, 1987a). Sodium trapped in fluid inclu-
sions is not believed to be responsible for
the observed Na trends in the aragonitic mol-
luscs (cf. Gatfey, 1984), because il accounts
for only 5% of the observed variation in the
data (Brand, 1987a). In calcite, the distribu-
tion process is more complicated because
significant amounts of Na may be located
interstitially in lattice defects (Busenbergand
Piummer, 1985). Whether this observation
alsoapplies to biogenic calcite and aragonite
is not certain, but in any case caution is
advised when applying Na levels in molluscs
1o palecenvironmental problems and paleon-
tological and sedimentological evidence
should be consulted wherever possible.

The 5'80 of aragonitic molluscs steadily
decreasesfromthePleistocenethroughtothe
Carboniferous (Figure 18). This change to
lighter §'20 values has been ascribed to
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Figure 17 Sodium means and ranges for mofluscs of differant ages. The lowar Na content observed in the
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brackish marine environments (e.g., Brush Creek of Pennsylvania; Norton, 1975; Morrison et al., 1983).
Symbols, explanations and references as in Figure 15.
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Figure 18 Oxygen Jsotope means and ranges for molluscs of different ages. Dashed field represents
calcite/aragonite precipitated in isotopic equilibrium with ambient Recent sea water (references in
Milliman. 1974 and Morrison and Brand, 1986a). Additional data were obtained from Brand (1981b, 1982),
Hiligire-Marcel (1981), Keith and Weber (1964), Rothe el al. (1974), Stahl and Jordan (1969), Tan and
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Carboniferous moliuscs has been refated to {a) secular variation in the isotopic composition of sea water,
or (b} higher water temperatures of ancient seas. For additional explanations and symbols see Figure 15.
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1981). Fractionation at the species level by
some moiluscs may account for some of the
observed isotopic variation {(cf. Kiyashko,
1982, Brand et a/., 1987). Unfortunately these
problems have not been resolved at this time
and a decisich between the two alterna-
tives and fractionation is still open to debate.
Other factors have been identified, where
the extremely light 50 values of the
Pleistocens bivaives reflect flooding of inland
marine seas (e.g., Champlain Sea) by iso-
topically-light glacial meltwater (cf. Hillaire-
Marcel, 1977, 1981; Wassenaar et al., 1988). In
a more detailed study, Buchardt {1978) evalu-
ated the isotopic compositions of European
molluscs ranging in age from Danian to
Pleistocene (Figure 19). The oxygen isotope
data show that the waler tamperatures for the
shelf areas of the North Sea were higher
during the Paleocene/Eocene with subse-
quent and rapid cooling during early
Oligocene. Since the Oligocene, only minor
deviations have been recorded in the 3180-
derived water temperatures; more detailed
analysis for the Pleistocene, based on the
5180 of foraminifera, is presented in Figure
13. Thus, for unaltered sampies younger than
Carboniferous, the 680 values and calcu-
lated paleotemperatures provide first-order
approximations of thermal changes in
ancient marine waters.

Figure 15 shows the Sr/Ca ranges and
means for aragonitic molluscs as old as Car-
boniferous. Statistically no significant varia-
tion in the Sr/Ca content with geologic time is
found. Similarily, no age trend is apparant for
the 6'3C values of aragonitic molluscs (Fig-
ure 20), which, however, does not preclude a
frend in the 513C composition of sea water
with geologic time {e.g.. Veizer et al., 1980;
Holser, 1984). Detailed analyses and com- °
parisons between inorganic carbonates and
the data of unaltered moliuscs and other
fossil groups are required for better time reso-
ution and interpretations of &'3C secular
curves. The 413C ranges of Carboniferous
molluscs extend beyond the normal range of
0 to + 5% defined by Recent molluscs. It is
possible that paleoenvironmental factors (i.e.
changes in salinity, upwelling currents,
atmospheric CO,, etc.} may be respensible
for these variations.

Rugose Corals. Some Paleozoic corals
belong to the order of zoantharians called
Tetracoralla (Rugosa). These corals exhibit
sclitary or colonial growth forms (Moorea et al.,
1952). On most specimens of solitary rugose
corals, the outer wall consists of thick calcite,
atthough its original mineralogy is stillin doubt.
Some researchers (e.g., FlOgel, 1976; Oeken-
torp, 1972) belteve that Rugosa onginally pre-
cipitated aragonitic skeletons, whereas others
believe that they precipitated calcite skeletons
with varying amounts of Mg {(e.g.. Richter,
1972; Sorauf, 1977; Sandberg, 1975;
Lowenstam, 1961). These conclusions are
based, in large part, on the ditferent skeletal
structures and varnous states of preservation
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observed in the skeletal material (e.g., Kato,
1963; Sandberg, 1975).

The Mg and Sr chemistries of Silurian
rugose corals indicate that their original min-
eralogy must have been an intermediate-Mg
calcite, because the diagenetic trend (Figure
21) ditfers from that exhibited by the chemical
data for crinoids (Figure 5; Brand and Veizer,
1980, Figs. 57; Brand, 1981a, unpublished
data). For samples subjected to similar
hydrologic conditions during diagenesis, the
different chemistries of Silurian rugose corals
and crinoids support the assertion of dif-
ferent skeletal mineralogies for these two
groups. Because of their diagenetically
altered state, chemistry of rugose corals
provides no information toward unravelling
paleoenvironmental problems, but the data
provide a basis to compare it with that of other
fossils to determine original mineralogies and
degrees of alteration (Figure 22). In most
instances, rugose coral skeletal material is
biogeochemically better preserved than that
of crinoids at the trace element but not at the
stable isotope level (Figure 23; Brand, 1981b).
Crinoids. Fossil crinoids belong to the
phylum Echinodermata and are one of the
five major living groups. Their endoskeleton
encompasses the organic stroma and the
calcareous stereom, which consists of high-
Mg calcite (see references in Milliman, 1974,
Table 36). The organic tissue of the skeleton
decomposes quickly after death of the organ-
ism. Because high-Mg calcite is thermo-
dynamically metastable in the diagenetic
environment, crinoidal calcite is seldom pre-
served in its original mineralogy or chemistry
(cf. Figure 5; Brand, 1986a). Only in special
instances is the mineralogy and chemistry of
ancient crinoids preserved or slightly altered,
as is the case for the crinoids from the Buck-
horn asphalt of Oklahoma (Blake ef al., 1982)
and from the Brush Creek of Pennsylvania
(Morrison et al., 1985). In both cases, the
formations hosting the crinoids also carry
well-preserved aragonitic molluscan faunas
(references in mollusc section).

Strontium contents of ancient crinoids usu-
ally represent diagenetic values (Figure 22).
This is also evident for the 4'3C and 6'*0
values of crinoids (Figure 23). Weber (1968)
and Weber and Raup (1968) demonstrated
that the oxygen and carbon compositions of
Recent Echinoderms are controlled by meta-
bolic processes and are thus of little use in
reconstructing environments or calculating
water temperatures (c¢f. Brand and Veizer,
1981). Similar processes are also postulated to
have affected ancient crinoids (Brand, 1981b,
1982). Although this diminishes their useful-
ness as paleoenvironmental indicators, the
chemistries can still reveal important informa
tion aboutthe watersinvolvedinthediagenetic
alteration process (Blake et al., 1982).
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Figure 19 Variation in the 4780 of Cenozoic molluscs from northwest Europe. Degree of uncertainty is
defined by the length of the field. Trends suggest heating from Danian to Lutetian with subsequent cooling
and minor temperature fluctuations of the ambient sea water. Data and diagram after Buchardt (1978).
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Brachiopods. These maring invertebrates
probably developed during the Precambrian
and the first hard-parts (shells) are found in
Lower Cambrian rocks (Moore et al., 1952).
Of the two major groups recognized, the
inarticulate brachiopods have phosphatic
shelis (McConnell, 1963), whereas the articu-
lates secrete calcitic shells covered by a
chitinous periostracum. Shells of articulate
brachiopods are arranged in layers with cal-
cite fibres oriented parallel, or at an angle, to
the shell wall (Figure 8; Williams, 1966). Many
brachiopod species died out at the close of
the Paleozoic, but over 200 species are still
extant.

Brachiopods secrete low-Mg calcite valves
and their chemisliry is precipitated in elemen-
tal and isotopic equilibrium with ambient sea
water (e.g.. Lowenstam, 1961). However, the
equilibrium incorporation into shell carbonate
is in doubt for Na and carbon (Brand and
Veizer, 1980; Veizer et al., 1986). The relative
stability of low-Mg calcite in the presence of
diagenetic fluids makes calcitic brachiopods
and their shell biogeochemistries useful
indicators of depositional conditions for the
hydrosphere (e.g., Popp ef al., 1986a, b).

Figure 24 shows that the Sr levels of
brachiopods are in agreement with their origi-
nal low-Mg calcite mineralogy and that they
compare favourably with those recorded in
their Recent counterparts (Milliman, 1974;
Morrison and Brand, 1986a). From the uni-
form trend, we can speculate that most
brachiopod shells are mineralogically and
geochemically well preserved. The biological
fractionation of Na in brachiopods as deter-
mined by Brand and Veizer (1980) is clearly
shown by the data in Figure 25. Sodium is
enriched by 5-10 times in brachiopod calcite
compared to low-Mg calcite precipitated in Na
equilibrium with ambient sea water. The
reason for this uptake of excess Na into shell
calcite by brachiopods remains unresolved,
In a recent study, Al-Aasm and Veizer (1982)
showed that brachiopods shells can be
altered by as much as 20%. This conclusion
was based essentially on the high Mn ¢chem-
istry of specimens from the Crdovician Elis
Bay Formation of Anticosti Island. Other
studies have demonstrated that the Mn con-
tent in fossils is strongly influenced by facies;
those from shales are always enriched in Mn
relative to their counterparts from limestone
lithologies (Veizer, 1977b; Morrison and
Brand, 1984; Mornson et al., 1985; Brand,
1987a, b}. Thus we feel that the brachiopods
from Anticosti Island are not altered, inslead
the higher than normal Mn levels observed in
most fossil brachiopods is related to the oxy-
gen lavel and amount of Mn present in the
depositional environment (Figure 26). The
basis for our statement is the excellent cor-
relation of the Sr contents, lack of diagenetic
features noted in SEM micrographs and the
co-variance of Mn contents with the host
lithology (Brand, 1987a, b).
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Oxygen-18 compositions of brachiopods
represent equilibrium conditions and, there-
fore, the values should represent ambient
water conditions (composition and tempera-
ture: Lowenstam, 1961}. A bimodal distribu-
tion is apparent from Figure 27, where
Mesozoic brachiopods fall into the heavy
180 group, and the Pakeozoic brachiopods
fall into the light '20 group. This suggests
that either variation in seawater temperature
or secular variation in seawater-'8Q are
responsible for the lighter oxygen values
observed in the Paleczoic brachiopods (Fig-
ure 23; e.g., Knauth and Epstein, 1976; Brand
and Veizer, 1981). Al present, the two pos-
sibilities are debated by various researchers.
Several studies have applied the 620 com-
position to palecenvironmental problems,
and Lowenstam and Epstein {1954} showed
that water temperature for the Cretaceous
gradually increased from the Albian to the
Coniacian/Santonian with subseguent and
continual cooling toward the end of the Cre-
taceous Period (Figure 28). Veizer et al.
(1986) and Popp et al. (1986a) showed similar
5180 trends for Paleozoic brachiopods.
Recent studies have demonstrated that mod-
ern brachiopods may exert a vital control over
their §'3C compositions (discussion and
references in Veizer et al., 1986). The data
compiled from various sources (Figure 29)
suggest that ancient brachiopods probably
incorporated 43C into shell carbonate in iso-
topic eqilibrium with ambient sea walter, and
the observed trends have been linked to sec-
ular variation in seawater-'2C. In summary,
because of their relatively stable mineralogy
brachiopod shells should prove to be useful
tools in paleoceanographic studies.
Belemnites. Among the dibranchiates, the
belemnoids were important during Mesozoic
time. These molluscs secreted massive skel-
etons composed of four parts, of which the
phragmocone is most important, both paleon-
tologically and geochemically {Moore et &l.,
1952). Belemnite phragmocones consist of
low-Mg calcite which most researchers
believe to be its original mineralogy, but
diagenetic alteration seems to affect these
skeletal components {¢f. Veizer, 1974; Veizer
and Fritz, 1976). If this observation is cofrect,
the isotopic compositions of belemnites and
the resuiting interpretations are severely
questioned (e.g., Spaeth et al., 1971). We
recommend more rigorous studies into the
diagenetic stability and preservation of
belemnite phragmocones (Stevens, 1971).

In general, the few trace element and sta-
ble isotope data available for belemnites fol-
low the trend exhibited by that of the low-
Mg calcite brachiopeds (Figures 24-29). A
biological control for Na found in the
brachiopods is also displayed by the belem-
nite values (Figure 25), although diagenetic
alteration of the phragmocones cannot be
ruled out in this case. Belemnite calcite simi-
jar to that of brachiopods is enriched in Mn for
those from shales relative to skeletal material
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Figure 21 Diagenetic aiteration trend of lower Phanerozoic rugose corals. Progressively altered samples
contain less Mg and Sr. The held for Recent high-Mg calcite crinoids 1s included for reference. The least-
altered coral sample(s} contains less Mg and Sr than the crinowd material. On this basis an originai
intermediate-Mg calcite mineralogy is postulated for the extinct rugose corals (cl. Brand and Veizer, 1980;
Brand, 1981a; Milinkovich and Brand, 1984).
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Figure 22 Strontium distribution diagram of crinoids (@) and rugose corals (®) of different ages. Sofid bar
rapresents Sr range expected in intermediate- and mgh-Mg calcites (references in Morrisen and Brand,
1986a). In general, the corals contain more Sr than crinoids coilected from the same formation. This in part
supports the assertion of the more stable mineralogy postulated for rugose corals compared [0 that of
crinoids.



Geoscience Canada Volume 14 Number 2

6!3 C (%., PDB)

-8 -6 -4 -2 0 +2 +4 +6
T T T L T T

o—
CARBONIFEROUS '
DEVONIAN -

._
SILURIAN

——

6'80(%..PDB)

-12 -10 -8 -6 -4 -2 9] +2
T T T T T T
4
CARBONIFEROUS
¢
DEVONIAN —_—
—_——
SILURIAN
—.——

Figure 23 Carbon and oxygen isotopic distribution in Paleozoic crinoids and rugose corals of diffarent ages.
The dashed lields represent calcite precipitated in isotopic equilibrium with ambient sea water (data from
Webar, 1368, Weber and Raup, 1968; additional references in Morrison and Brand, 1986a). The 5'3C values of
the better praserved specimens suggest that fossil crinoids and corals probably exerted a biological controf
uven {hEn (CICEIC sompooitions o arditinn the negative 8720 values suggest further that the original
compositions of thase specimens have been diageneticaily altered (ci. Brand and Veizer, 1981, Brand, 1983).
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found in limestones. A strong facies control is
also advocated by this co-variance. With
respect to the stable isotopes, belemnites
have 6'3C and 4'80 values that tend 1o be
slightly heavier than those of brachiopods
(Figures 27-29). Lowenstam and Epstein
(1954} studied brachiopods and belemnites
of Europe and their results are presented in
Figure 28. Temperatures calculated with
820 values of the belemnites are consis-
tently lower than those calculated with
brachiopod data. Several possibilities can
explain this phenomenon. One explanation
suggests that the brachiopods are diagenet-
ically altered, although this possibility is dis-
counted for reasons discussed in the
brachiopod section. Another possibility is that
belemnites, as a group, controlied their iso-
topic compositions, but ne concrete evidence
is available to support this assertion. Another
possibility is that the mobile belemnites spent
part of their lives in cool and deep walers
whereas the brachiopods seem to prefer
shallower and warmer waters.

Isotopic Applications

Tha geochemistry of unaltered fossil mate-
rial, if not originally controlled by biological
and metabolic processes, should reflect the
physiochemical conditions of the ambient
sea water, Of the different geochemical tech-
niques, oxygen isotope determinations are
the best known and most widely applied in
solving palegenvironmental as well as diage-
natic problems (e.g., Brand and Veizer, 1980,
1981; Popp et ai., 1988a,b; Lowenstam, 1961;
Epstein et al., 1953; just to mention a few
studies). In most instances, metabolic effects
can be characterized for fossil groups based
on studies of Recent representatives, and
malerial showing such effects can then be
avoided. Diagenetic alteration of fossils can
usually be recognized by the methods
explained earlier. Once all of these factors
have been identified and isolated, the iso-
topic chemistry of fossils should reflect
the physiochemical characteristics of the
ambient depositional water. The first paleo-
temperature determinations were published
by Urey et al. {(1951).

The isotopic composition of a sample is
always measured relative to a known ratio of
a standard, and values are usually reported
in & {delta or del) values in per mil (%e)Faure,
1977). This relationship is defined as:

0 = 1000 x n
[ (80r18Q) - (180 18Q)
[ sample

[ (‘BOI‘BO)standard !
Calcite values are usually reported relative to
PDB (belemnite specimens of Belemnitelia
americana from the Peedee Formation of
South Carolina), whereas waters are referred
to the SMOW standard (Standard Mean
Ocean Water). Secondary standards, which
have been calibrated to the original stan-
dards, are used today in most laboratories.

standard
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Temperature. Oxygen atoms are incorpo-
rated into carbonate i isotopic equilibrium
with the oxygen atoms in the water in which
the skeleton formed. Studies show further
that the '80/18Q ratio of the carbonate is not
only related to the oxygen ratic of the water
but also 1o its temperature (Urey et al., 1951,
Epstein and Mayeda, 1953, Faure, 1977).
Epstein et al. (1953} determined the relation-
ship between 60 in molluscs and growth
temperature by analyzing organisms grown in
carelfully monitored laboratory and natural
expenments. Other applications and condi-
tions of isotopic vanation are fully discussed
by Faure (1977), Dodd and Stanton (1981},
and Anderson and Arthur (1383). The follow-
ing equations are the results of studies by
Urey and his co-workers as well as other
researchers.

Ambient seawater temperature can be cal-
culated using the &0 composition of
unaltered fossils that preciptated aragonitic
shells n 1sotopic equilibrium with the sur-
rounding water and the following equation:

TeC = 19.0 - 3.52(a-bw) +
0.036,-50F ()

where the &, is the '80/'SQ of the fossil
carbonate {(PDB). and the 5, is the 120/ 80 of
the water, which in most instances 1S
assumed 10 be (P (SMOW, Grossman and
Ku, 1981). For originally calcitic and unaltered
fossils the following equation 1s used:

TOC = 169 - 0.21(5c-by) +
01(c-50P  (3)

where 5. and b, are the '80/'90 of the fossil
(PDB) and water (SMOW), respectively
(Epstein et al., 1953). For biogenic phosphate
{e.g.. conaedonts), Karhu and Epstein (1986)
presented the following equation:

ABO(PO,-H,0) =
217 X 108/T? - 1.94 4

where T is in degrees absolute
(0°C = 27315K), and the '80/1%0 of the
phosphate and water is in SMOW. Great
uncertainty is introduced in calculating paleo-
temperatures using eguations 2, 3 and 4,
because the water composition cannot be
measured directly for ancient seas. Salinity
{evaporation, mixing with isotopically light
fresh water) directly influences the 4'80 com-
position of sea water. A 5 ppt shift in salinity
causes a corresponding change of 1%e in
5180 of sea water and consequently the ¢ar-
bonate of marnne invertebrates (Epstein and
Mayeda, 1953). In turn, this changes the cal-
culated temperature by about 5°C. Thus fos-
sils from hyposaline or glacial environments
may give temperatures that can be anoma-
fous by about 20°C (e.g., Pleistocene fossils;
Table 1). Without any correction facters, cal-
culated water temperatures are ancmalously
high at about 77 .7°C (Devonian brachiopods;
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Figure 24 Stronlum composition diagram of low-Mg calcite brachiopods (@) and belemnites (A} from
various ages and localities (Veizer, 1974; Morrison and Brand, in press. Al-Agsm and Veizer, 1982; Brand,
1982; Lowenstam, 1961; Popp, 19871, Veizer etal., 1986! Popp etal., 1986a). The sokd fieid represents fow-Mg
caicite precipitated in chemical equihbrium with ambient seawater (references in Mornson and Brand,
1986a). Large variation in Sr content is related to possible environmental controls.
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Figure 25 Sodium composition diagram of brachiopods and belemnites. Soiid field represents inorganic
low-Mg calcite precipitated in chemical equilibriurn with ambient sea water freferences in Morrison and
Brand, 1986a} Large deviations from equilibrium contents are related to a biological control by the
brachiopods at the species level (cf. Brand and Veizer, 1980; Morrison et al., 1985; Morrison and Brand,
1986a). Other explanations and symbols as in Figure 24.
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Figure 26 Manganese composition diagram of brachiopods and belemnites. Sofid bar represents low-Mg
calcite precipitated in marine waters of normal dissolved oxygen levels. The larga range in values is related to
lithology of the host formation, with high Mn levels observed for brachiopods from shale lacies and fower
concentrations for those from limestone lithologies (cl. Morrison and Brand, 1984; Morrison ot al., 1985).

Other explanations and symbols as in Figure 24.
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Figure 27 Oxygen isotopic variation in brachiopods and belemnites (Bowen, 1961, Bowen and Fritz, 1961;
Fritz, 1965, Longinelli, 1963, Rao and Green, 1982; Spaeth el al,, 19771; Stevens and Clayton, 1971; Tan et al.,
1970; Urey et al., 1951, Vieizer and Fritz, 1976, other references and symbois as in Figure 24). The shift toward
kghter vaiues has been related to the secular variation of ocean chemistry or highar water temperatures

(e.g.. Veizer et al., 1986, Knauth and Epstein, 1976).
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Table 1). Even with a secular variation correc-
tion factor for seawater-180, the calculated
water temperatures are still scmewhat high.
Glacial or salinity effects could account for
these values (Brand, 1984; Wassenaar et af.,
1986). Thus, until the question of the &,, value
can be answered unequivocally, calculated
palectemperatures using the §'20 of fossils
are subject to serious interpretational flaws.
Salinity. Mook (1971) proposed that the
413C composition of molluscs ¢an be used to
gauge the salinity of the ambient sea water
(Eisma et al., 1976). Although definite trends
have been identified, major deviations may
occur because of the complex interaction of
seawater TDC (1otal dissolved carbon} and
DOC (dissolved organic carbon; cf. Anderson
and Arthur, 1983). Using a different approach,
a salinity-trace element correlation was
found in some aragonitic molluscs and sea-
water salinity (Brand, 1984). Many studies
have tried to find trace element and water
satlinity relationships in mollusc shell material
with variable success (good discussion in
Milliman, 1974; Dodd and Stanton, 1981).
Many problems persist with this relationship
and it is advisable always 10 consider sedi-
mentological as well as paleontological infor-
mation with biogeochemical data for water
salinity interpretations.

Final Comment

Itis hoped that the reader has gained a fuller
understanding of the complexity in the bio-
geochemistry of fossils and of the problems
that remain to be solved with respect to origi-
nal skeletal mineralogy, diagenesis and
palec-oceanography. Only the major refer-
ences were used in this paper to limit its
length, and the texts referred to in the paper
should be considered starting points in the
search for fossil biogeochemistry.
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Figure 28 Paleotemperatures for the Cretaceous of western Europe using the 550 of brachiopods (dark
pattern) and belemnites (light pattern)after Lowenstam and Epstein, 1954). Values indicate a warming trend
for the Albian-Santonian interval with subsequent cooling towards the close of the Cretaceous period. Lower
temperatures calculated with the belemnite data suggest that these organisms probably inhabited the deeper
and cooler waters, exerted a biological control over their isotopic compositions, or the brachiopod samples

are diagenetically altered.
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range encountered in Recent brachiopods, which suggests that these ancient counterparts probably

incorporated 5'7C into shell carbonate in isotopic equil
symbols as in Figures 27, 28.

librium with ambient seawater. References and

References

Al-Aasm, |. and Veizer, J., 1982, Chemical
stabilization of low-Mg calcite: and example of
Brachiopods: Journal of Sedimentary Petrology,
v. 52, p. 1101-1109.

Anderson, TF. and Arthur, M.A., 1983, Stable
isotopes of oxygen and carbon and their
application to sedimentologic and paleo-
environmental problems, in Arthur, M.A., org.,
Stable isotopes in Sedimentary Geology,
Society of Economic Paleontologists and
Mineralogists, Short Course 10, p. 1-1—1-151

Baker, PA.. Gieskes, J.M. and Elderfield, H., 1982,
Diagenesis of carbonates in deep-sea
sediments- evidence from Sr/Ca ratios and
interstitial dissolved Sr2+ data: Journal of
Sedimentary Petrology, v. 52, p. 71-82.

Bathurst, R.G.C., 1975, Carbonate sediments and
their diagenesis: Elsevier, Amsterdam, 2nd ed.,
658 p.

Bender, M.L., Lorens, R.B, and Williams, D.F., 1975,
Sodium, magnesium and strontium in the tests
of planktonic foraminifera: Micropaleontology,
v. 21, p. 448-459.

Berger, W.H., 1981, Oxygen and carbon isotopes in
foraminifera: an introduction: Palaeogeography,
Palaeoclimatology, Palaeoecology, v. 33, p. 37

Berger, WH., Killingley, J.S. and Vincent, E., 1978,
Stable isotopes in deep-sea carbonates: box
core ERDC-92, west equatorial Pacific:
Oceanology Acta, v. 1, p. 203-216.

Blackman, PD. and Todd, R., 1959, Mineralogy of
some foraminifera as related to their
classification and ecology: Journal of
Paleontology, v. 33, p. 1-15.

Blake, D.F., Peacor, D.R. and Wilkinson, B.H., 1982,
The sequence and mechanism of low-
temperature dolomite formation: Calcian
dolomites in a Pennsylvanian echinoderm:
Journal of Sedimentary Petrology, v. 52,
p. 59-70.

Bowen, R., 1961, Paleotemperature analyses of
Mesozoic Belemnoidea from Germany and
Poland: Journal of Geology, v. 69, p. 75.

Bowen, R. and Fritz, P, 1961, Oxygen isolope
paleotemperature analyses of Lower and Middle
Jurassic fossils from Pliensbach, Wurthemberg
(Germany): Experientia, v. 19, p. 461-478.

Brand, U., 1981a, Mineralogy and chemistry of the
Lower Pennsylvanian Kendrick fauna, eastern
Kentucky, 1. Trace elements: Chemical Geology,
v. 32, p. 1-16.

Brand, U., 1981b, Mineralogy and chemistry of the
Lower Pennsylvanian Kendrick fauna, eastern
Kentucky, 2. Stable isotopes: Chemical Geology,
v. 32, p. 17-32.

Brand, U., 1982, The oxygen and carbon isotope
composition of Carboniferous fossil
components: seawater effects: Sedimentology,
v. 29, p. 139147

Brand, U., 1983, Mineralogy and chemistry of the
Lower Pennsylvanian Kendrick fauna, eastern
Kentucky, U.S.A., 3. Diagenetic and
paleoenvironmental analysis: Chemical
Geology, v. 40, p. 167-181.

Brand. U., 1984, A salinity equation: chemical
evaluation .of molluscan aragonite: Society of
Economic Paleontologists and Mineralogists,
Book of Abstracts, v. 1, p. 16.



Geoscience Canada Volume 14 Number 2

Brand, U., 1985, Quanttication of the aragonite-
caloite transformation process: Society of
Economic Paleontologists and Mineralogists,
Book of Abstracts, v. 2, p. 14.

Brand, U., 1986a, Quantfication of the high-Mg
calcite-diagenatic calcite transformation
process: International Association of
Sedimentologists, Book of Abstracts, p. 41-42.

Brand, U., 1986b, Palecenvironmental analysis of
Middle Jurassic (Callovian) ammonoids from
Poland: Trace elements and stable isotopes:
Journal of Paleontology, v. 60, p. 293-301.

Brand, U., 1987a, Depositional analys:s of the
Breathitt Formation’s marine horizons,
Kentucky: trace elements and stable isotopes:
Isotope Geoscience, v. 65, p117136.

Brand, L., 1987b, Biogeochemistry of nautiloids and
palegenvironmental conditions of Buckhorn
seawater (Pennsylvanian), southern Oklahoma:
Palaeoecology. Palaeoclimatology,
Palasogeography, v. 62.

Brand. U., (in press), Quantification of the biogenic
aragonite-calcite transformation: study of
Pennsylvanian meltluscs: (Sedimentology).

Brand, U., Mornison, J.O., Brand, N. and Brand, E.,
1986, Biogeochemical differentiation of marine
invertebrates from Cape Beale and Lucy Island:
Brock University, Studies in Sedimentary
Geology, Senies 27, p. 15-40.

Brand, U., Morrison, J.0., Brand, N. and Brand, E..,
1987, Isotopic variation in the shelts of marine
invertebrates from the Canadian Pacific coast:
Isotope Geoscience, v. 65.

Brand, U. and Veizer, J., 1980, Chemical diagenesis
of a multicomponent carbonate system -1: Trace
elements: Journal of Sedimentary Petrology,
v. 50, p. 1219-1236.

Brand, U. and Veizer, J., 1981, Chemical diagenesis
of a multicomponent carbonate system -2:
Stable 1sotopes: Journal of Sedimentary
Petrology, v. 51, p. 987997

Broecker, W.S. and van Donk, J., 1970, Insolation
changes, ce volumes, and the '"Q record in
deep-sea cores: Revue Geophysics and Space
Physics, v. 8, p. 169-198.

Buchardt, B., 1977, Oxygen isotope ratios from shelt
matenal from the Damsh Middle Pleistocens
{Selandian) deposits and their interpretation as
paleotemperature indicators. Palaeogeography,
Palaeochmatology, Palaeoecoiogy, v 22,
p 209-230.

Buchardt, B., 1978, Oxygen isotope paleo-
temperatures from the Tertiary period in the
North Sea area: Nature, v. 275, p. 121123,

Buchardt, B. and Hansen, H.J}., 1977 Oxygen
isotope fractionation and algal symbiosis in
benthic foraminifera from the Gulf of Elat, Israel’
Geological Society of Denmark, Bulletin, v. 26,
p. 185194

Buchardt, B. and Weiner, 5., 1981, Diagenesis of
aragonite from Lipper Cretaceous ammonites: a
geochemical case study: Sedimentology, v. 28,
p. 423-438.

Busenberg, E. and Plummer, L.N., 1985, Kinetic and
thermodynamic factors c¢ontiolling the
distribution of SO,2- and Na* n calcites and
selected aragonites: Geochimica el
Cosmochimica Acta, v. 49, p. 713-725.

Carlson. W.D . 1983, The polymorphs of CaCO, and
the aragonite-calcite transformation, in Reeder,
R J.. ed., Carbonates: Mineralogy and
Chemistry. Reviews in Mineralogy, v. 11,
p. 191225,

Clark, G.R., 1980, Techniques for observing the
organic matrix of molluscan shells, in Rhoads
D.C. and Lutz, RA._. eds., Skeletal growth of
aquatic organisms: Plenum Press, v. 1,
p. 607612

Claypool, G E., Holser, WT., Kaplan, |.R., Sakai, H.
and Zak, 1., 1980, The age curves of sulfur and
oxygen isotopes in manne sulfate and thesr
mutual interpretation: Chemical Geology, v. 28.
p. 199-260.

Cnck, R.E. and Ottensman, V.M., 1983, Sr, Mg, Ca
and Mn chemistry of Skeletal components of a
Pennsylvanian and Recent nautiloid: Chemical
Geology, v. 39, p. 1479163,

Dodd, J.R.. 1965, Environmental control of
strontium and magnesium in Mytilus:
Geochimica et Cosmochimica Acta, v. 29,
p. 385-398.

Dedd, J.R., 1967 Magnesium and strontium in
calcareous skelelons: a review: Journal of
Paleontology, v. 41, p. 1313-1329.

Dodd, J.R. and Stanton, R.J., 1981, Paleosecology,
Concepts and Applications: John Wiley and
Sons, New York, 559 p.

Duplessy, J.C., 1978, Isotope Studies, in Gribbin, J.,
ed., Climatic Change: Cambridge University
Press, London, p. 46-67

Eisma, D., Mock, W.G. and Das, H.A., 1976, Shell
characteristics, isotopic composition and trace
elemeant contents of some euryhaling molluscs
as indicators of salinity: Palaeogeography,
Palaeoclimatology, Palaececalogy. v. 19.
p. 39-62.

Emiliani, C., 1955, Mineralogical and chemucal
composition of the test of certain pelagic
foraminitera: Micropaleontology, v. 1,
p. 377-380.

Emiliani, C., 1966, Paleotemperature anciysis of
Caribbean cores P6304-8 and P6304-9 and a
generalized temperature curve for the past
425,000 years: Journal of Geology, v. 74,
p. 109126,

Emiliani, C., 1871, The amplitude of Pleistocene
climatc cyches at low latitudes and the isotopic
compasition of glacial ice. i Turekian, K.K., ed.,
The Late Cenozoic Glacial Ages: Yaie University
Press, New Haven, p. 183197

Emdiani, C., 1978, The cause of the ice ages: Earth
and Planetary Science Letters, v. 37,
p. 349-352.

Epstein, A.G., Epstein, J.B. and Harns, L D., 1977
Conadont color alteration — an index to organic
metamorphism: United States Geological
Survey Professional Paper 995, 27 p.

Epstein, S., Buchsbaum, R., Lowenstam, H.A. and
Urey, H.C., 1953. Revised carbonate-water
isotopic temperature scale: Geological Society
of America, Bulletin, v. 64, p. 13151326,

Epstein, S and Mayeda, T, 1953, Variation of 40
content of waters from natural waters:
Geochimica et Cosmochimica Acla, v. 4,
p. 213-224,

Erez, J. and Luz, B., 1982, Temperature control of
oxygen-isotope fractionation of cultured
foraminifera: Nature, v. 297 p. 220-222.

Faure, G., 1977, Pnnciples of Isotope Geclogy: John
Wiley and Sons, New York, 464 p.

Fligel, HW., 1976, Ein Spongienmodell fir die
Favositae: Lethaia, v. 9, p. 405-419.

Fntz, P, 1965, '8Q/'Q-lsotopenanalysen und
Paleotemperatur Bestimmungen an Belemniten
aus dem Schidwbischen Jura: Geclogische
Rundschau, v. 54, p. 261-269.

105

Gatfey, S5.J., 1984, Fluid inclusions in skeletal
carbonates and their loss duning diagenesis:
Society of Economic Paleontologists and
Mineralogists. Book of Abstracts, v. 1, p. 33,

Geilgey, J.E. and Carr, T.R.. 1987 Temperature as a
factor affecting conodont diversity and
distribution, in Austin, R.L.. ed.. Conodonts:
Investigative Techmiques and Applications, Ellis
Harwood Ltd., Chichestet, p. 241-255.

Grossman, E.T. and Ku, T.L., 1981, Aragonite-water
isotopic palectemperature scake based on the
benthic foraminifera Hoeglundia elegans:
Geological Society of America. Abstracts with
Program, v. 13, p. 464,

Hallam, A. and Price, N.B., 1966, Strontium contents
of recent and fossil aragonitic cephalopod
shelis: Nature, v. 212, p. 25-27

Hecht, A.D., 1976, The oxygen isotope record of
foraminifera in deep-sea sediment, in Hedley,
R.H. and Adams, C.A., eds., Foraminifera, 2:
Academic Press, London, p. 1-43.

Hillasre-Marced, C., 1977, Les isotopes du carbone et
de I'oxygene dans les mers post-glaciaires du
Québec: Géographie Physique et Quaternane,
v. 31, p. B1-106.

Hillaire-Marcel, C.. 1981, Paleo-cceanographie
isotopique des Mers Post-glaciaires du Guébec:
Palaeogeography, Palaeoclimatology,
Palaeoecology, v. 35, p. 63-119.

Holser, W.T., 1984, Gradual and abrupt shifts in
ocean chemistry duning Phanerozoic time, in
Holland, H.D. and Trendall, A.F., eds., Patterns
of Changs in Earth Evolution: Springererlag,
Berlin, p. 123-143.

Hudson, J.D., 1967, The elemental composition of
organc fraction, and the water content of some
recent and fossil mallusc shells: Geochimica et
Cosmochimica Acta, v. 31, p. 2361-2378.

Imbrie, J., van Donk, J. and Kipp, N.G., 1973,
Paleocchmatic investigation of a late Pleistocene
Carribbean deep-sea core: comparison of
isotopic and faunal methods: Quaternary
Research, v. 3, p. 10-38.

James, N.P, 1984, Introduction to carbonate facies
models, in Walker, R.G., ed., Facies Models,
Geoscience Canada Reprint Series #1:
Geological Association of Canada, p. 209-211.

Kahn, M.I., 1979, Non-equilibrium oxygen and
carbon isolopic fractionation in tests of hving
plankionic foraminifera: Qceanology Acta, v. 2,
p. 195-208.

Karhu, J. and Epstein, S., 1986, The implication of
the oxygen 1sotope records in coewsting cherts
and phosphates: Geochimica et Cosmochimica
Acta, v. 50, p. 17451755,

Kato, M., 1963, Fine skeletal structures in Rugosa:
Journal of Facully of Science, Hokkaido
University, v. 11, p. 571-630.

Keith, ML, and Weber, J.N.. 1964, Carbon and
oxygen isotopic composition of selacted
limestones and tossils: Geochimica et
Cosmochimica Acta, v. 28, p. 17871816

Kerr, R, 1986, Shaping new 1ools for
paleoceanographers: Science, v. 243,
p. 427-428.

Kilbourne, R.T. and Sen Gupta, B.K., 1973,
Elemental composition of planktenic
foraminiferal tests in relation o temperature-
depth habits and section solution: Geological
Society of Amenca, Abstracts with Program,
v. 5, p. 408-409.



106

Kiyashko, S.1., 1382, Biclogic fractionation of stable
oxygen and carbon isotopes in shells of marine
bvalves: Doklady Akademi Nauk SSSR, v. 264,
p. 712-714 (in Russian).

Knauth, PA. and Epstemn, S., 1976, Hydrogen and
oxygen Isotope ratios In nodular and bedded
cherts: Geochimica et Cosmochimica Acta.
v, 40, p. 10951108,

Kulp, J.L., Turekian, K.K. and Boyd, D.W, 1952,
Strontium conlent of limestones and fossils:
Geological Society of America, Bulletin, v. 63,
p. 701-716.

Land, LS., 1966, Diagenesis of metastable skeletal
carbonates; Unpublished Ph.D. Thesis, Lehigh
University, 141 p.

Lindstrém, M., 1964, Conodontz Elsewvier
Publishers, Amsterdam, 196 p.

Lipps, J. H., 1970, Plankton evolution: Evolution,
v. 24, p. 1-21.

Longinelli, A., 1969, Oxygen-18 variahons in
belemnite guards. Earth and Planetary Science
Letters, v. 7. p. 209-212.

Lowenstam, H.A_, 1961, Mineralogy. '#80/180 ratios,
and strontium and magnesium contents of
Recent and fossil brachiopods and their beanng
on the history of the oceans: Journal of Geology,
v. 69, p. 241-260.

Lowenstam, H.A., 1963a. SriCa rato of skeletal
aragonites from the recent biola at Palau and
fram fossil gastropods, in Crawg, H et al. eds.,
tsotopic and Cosmic Chemstry: North Halland
Publishing Company, p. 114-132.

Lowenstam. H A., 1963b. Biologic prublems relating
to the composition and diageness of sediments,
i Donnelly, TW., ed., The Earth Sciences -
Problems and Progress in Current Research,
University of Chicago Press, Chicago.
p. 137195,

Lowenstam, H.A. and Epstemn, S., 1954,
Paleotemperatures of the post-Aptian
Cretaceous as determined by the oxygen
isotope method: Journal of Gealogy, v. 62,
p. 207-248.

Luz, B., Kolodny, Y. and Horowitz, M., 19844a.
Fractionation of oxygen isotopes belween
mammalian bone-phosphate and environ-
mental drinking water: Geochimica et
Cosmochimica Acta. v. 48, p. 1689-1693.

Luz. B.. Kolodny, Y. and Kovach, J.. 1984b, Oxygen
1sotope variations in phosphate of biogem:
apatites, I. Conodonts: Earth and Planetary
Science Letters, v. 69, p. 255-262.

Marshall, J.D., 1981, Zoned calcites in Jurassic
ammonite chambers: trace elements, isotopes
and neomorphic arigin: Sedimentology. v 28,
p. B67-887

McAlester, A.L., 1968, The History of Life: Prentice-
Hall, Englewood Chitfs, N J., 151 p.

McConnell, D , 1963, Inorganic constituents in the
shell of the living brachiopod Lingula:
Geological Society of Amenca, Bulietin, v. 74,
p. 363-364.

Milinkavich. T. and Brand, U., 1984, Dolomitization
and Luminescence stratigraphy of the
Irondequott Formation, Ontano and New York:
Geological Association of Canada—
Mineralogical Association of Canada, Program
with Abstracts, v. 9. p. 89.

Miliman, J.D., 1974, Manne Carbonates: Springer-
Verlag, New York, 375 p.

Mix, A.C. and Ruddiman, WF., 1984, QOxygen-
isotope analyses and Pleistocene e volumes:
Quaternary Research, v. 2%, p. 1-20.

Mook, W.G., 1971, Paleotemperature and chlorinities
from stable carbon and oxygen isotopes in shell
carbonate: Palaeogeography.
Palaeoclimatology. Palasoscology. v. 9,
p. 245-263.

Moore, R.C., Lalicker, C.G. and Fischer, A.G., 1952,
Invertebrate fossils: McGraw-Hill, 766 p.

Morrison, J.O. and Brand, U., 1984, Secular and
gnvironmental variation of seawater: an
example of brachiopod chemistry. Geological
Association of Canada—Mineralogical
Association of Canada, Program with Abstracts,
v. 8 p.o

Morrison, J.Q. and Brand, U., 1986a, Geochemistry
ot Recent marine invertebrates: Geoscience
Canada, v. 13, p. 237-254.

Morrison, J.0. and Brand, U., 1986b,
Paleoceanography of the Upper-Mid
Cretaceous Interior Seaway of Canada’
Geclogical Association of Canada—
Mineralogical Association of Canada, Program
with Abstracts, v. 11, p. 104.

Morrison, J.O. and Brand, U., (in press),
Chemostratigraphy of the Upper Cretaceous of
Western Canada; {Isotope Geoscience).

Morrison, J.O.. Brand. U. and Rollins, H.B., 1985,
Palecenvironmental and chemical analysis of
the Pennsylvanian Brush Creek fossi
allochems. Pennsylvania, U.S.A., 10th
International Carboniferous Congress, Madrid,
Sept. 12-17, 1983. Compte Rendu (Madrid), 2,
p. 271-280.

Moarse, J.W., 1983. The kinetics of calcium carbonate
dissolution and precipitation, in Reeder, R.J.,
ed.. Carbonates: Mineralogy and Chemistry:
Reviews n Mineralogy, v. 11, p. 227-264.

Norton, C.W., 1975, Foraminiferal distribution and
pateogeography of the Brush Creek marine
event (Missounan: Pennsylvanian} in the
Appalachian Basin: unpublished Ph.D. thesis,
University of Pittsburgh. 146 p

Oekentorp, K., 1972, Sekundarstructuren bet
paldozoischen Madreporaria: Munsterische
Forschung fur Gealagie und Paldontelogie.
v 24, p. 35-108

Okumnura, M. and Kitano, Y., 1986, Coprecipitation of
alkali metal 1ons with calcium carbonate
Geochimica et Cosmochimica Acta, v 50
p. 49-58.

Perry. E.C. and Tan, F.C., 1972, Sgniicance of
oxygen and carbon isolope vanations in Early
Precambrian cherts and carbonate rocks of
southern Africa: Geclogical Society of America,
Bulletin, v. 83, p. 647-664.

Pietzner, H.. Vaht, J.. Werner, H. and Ziegler. W.,
1968, Zur chemischen Zusammensetzung und
Mikromorphologie der Conadonten:
Palasontographica, v. 128, p. 115-152.

Pilkey, O.H. and Goodell, H G , 1964, Comparison of
the composition of fossil and recent mollusk
shells: Geologicat Society of Amenca, Bulletin,
v. 75, p. 217228

pingitore, N.J., 1976, Vadose and phreatic
diagenesis:Processes, products and their
recagnition in corals: Journal of Sedimentary
Petrology. v. 46, p. 985-1006.

Pingitore, N.J., 1978, The behaviour of Zn2+ and
Mn + dunng carbonate diagenesis: Theory and
Applications: Journal of Sedimentary Petrology.
v, 48, p. 799-814.

Popp. B.N., 1981, Coordinated textural. 1sctopic, and
elemental analyses of constituents in some
Middie Devonian limestones: Unpublished
M.Sc. Thesis, University of lllinois-Urbana,
136 p.

Popp. B.M.. Anderson, TF. and Sandberg, PA.,
19B86a, Brachiopods as indicators of eriginal
isotopic compositions n some Paleozaic
limeslones: Geologica! Society of America,
Bulletin, v. 97, p. 1262-1269.

Popp. B.N.. Podosek. F.A., Brannon, J.C.
Anderson, T.F., Piar, J., 1986b, 87Sr/#65r ratios
n Permo-Carboniferous sea water from the
analyses of well-presarved brachiopod shells:
Geochimica et Cosmochimica, v. 50,
p. 13211328,

Ragland, P.C., Pilkey. O.H. and Blackwelder, B-W.,
1979, Diagenetic changes in the elemental
composition of unrecrystallized mollusc shells:
Chemical Geology, v. 25, p. 1123134.

Rao. C.P. and Green, D.C.. 1982, Oxygen and
carbon isotopes of Early Permian cold-water
carbonates, Tasmania, Australia: Journai of
Sedimentary Petrology, v 52, p. 11111125,

Raup, D.M. and Stanley, S.M., 1971, Principles of
Paleontology: Freeman and Co., San Francisco.
388 p.

Richter, D.K., 1972, Authigenc quariz preserving
skeletal material- Sedimentology. v. 19,
p. 211-218

Rothe, P, Hoefs, J. and Sonne, V., 1974, The 1Isotopic
composition of Tertiary cabonates from the
Mainz Basin: an example of isotopic
fractionatios in ‘closed basins': Sedimentology.
v. 21, p. 373-395.

Saito. T. and van Donk, J., 1974, Oxygen and carbon
isotope measurements of Late Cretaceous and
Early Tertiary toraminifera: Micropalsontology.
v. 20, p. 152177,

Sandberg, PA.. 1975, Bryozoan diagenesis: beanng
on the nature of the original skeleton of rugose
corals: Journal of Sedimentary Petrology, v. 49,
p. 587-606.

Savin, 5.M., 1977, The hustory of the Earth’s surface
temperature during the past 100 million years:
Annual Review of Earth and Ptanetary
Sciences, v. 5, p. 319-355.

Savin, S.M. and Douglas, R.G., 1973, Stable-isotope
and magnesium geochemistry of Recent
planktonic foraminifera from the south Pacific:
Geological Society of America, Bulletin. v. 84, p
2327-2342.

Savin, S.M. and Yeh, H.W., 1981, Stable isotopes in
ocean sediments: in Emiliani, C., ed., The Sea,
v.7. The Oceanic Lithosphere: Wiley-
Interscience, New York, p. 1521-1554.

Savin, S.M., Douglas, R.G. and Stehh, F.G., 1975,
Tertiary marine paleotemperatures: Geologwcal
Society of Amenca, Bulletin, v. 86, p. 1499-1510.

Scherer, M., 1977, Preservation, alleration and
multiple cementation of aragonite skeletons
from the Cassian beds (U. Tiassic, Southern
Alps): Petrographic and geochemical evidence:
Neues Jahrbuch fir Geologie und
Palacniologe, Abh. 154, p. 213-262.

Shackleton, N.J.. 1967 Oxygen isotope analyses
and Pleislocene temperatures re-assessed:
Nature, v. 215, p. 15-17.

Shackleton, N.J., 1877, The oxygen isotope
stratigraphic record of the Late Pleistocene:
Royal Society of London, Philosophical
Transactions. v. 280, p. 169182.



Geoscience Canada Volume 14 Number 2

Shackleton, N.J. and Kennett, J.P., 1975, Late
Cenozoic oxygen and carbon 1sotopic changes
at DSDP site 284. implications for glacial history
of the northern hemisphere and Antarctica, in
Kennett, JP, Houtz, RE ef al, eds., Intial
reports of the Deep Sea Drilling Project, v. 29, p.
801-807,

Shackleton, N.J. and Opdyke. N.D., 1973, Oxygen
1Isotope and paleomagnetic stratigraphy of
equatonal Pacific core V 28-238: oxygen isotope
temperatures and ice volumes on a 105-year
and 10%-year scale: Quaternary Research, v. 3,
p. 39-55,

Sorauf, J.E., 1977 Microstructure and magnesium
content i Lophophyllidium from the Lower
Pennsylvanian of Kentucky: Journal of
Paleontology, v. 51, p. 150-1680.

Spaeth, C., Hoefs, J. and Vetter, U, 1971, Some
aspects of isotopic composition of belemnites
and related paleotemperatures: Geoclogicai
Society of America, Bulletin, v. 82, p. 3138-3150.

Squires, R.L., 1973, Burial environment, diagenasis,
mineralogy and Mg and Sr contents of skeletal
carbonates in the Buckhorn asphaht of Middle
Pennsylvarman age, Arbuckle Mountains,
Oktahoma: Unpublished Ph.D. Thesis,
California tnstitute of Technology, 184 p.

Stahl, W. and Jordan, R., 1969, General
considerations on isotopic palectemperature
determinations and analyses on Jurassic
ammonites: Earth and Pianetary Science
Letters, v. 6, p. 173-178.

Stevens, G.R., 1971, Relationship of isotopic
temperaturas and faunal realms to Jurassic-
Cretaceous paleogeography, particularty of the

South-west Pacific: Journal of the Royal Society -

of New Zealand, v. 1, p. 145-158.

Stevens, G.R. and Clayton, R.N., 1971, Oxygen
isotope studies on Jurassic and Cretaceous
belemnites from New Zealand and their
Biogeographic significance: New Zealand
Journal of Geclogy and Geophysics, v. 14,
p. B29-897

Tan, F.C. and Hudson, J.D., 1974, Isotopic studies on
the palececology and diagenesis of the Great
Estuarine Senes (Jurassic) of Scotland: Scottish
Journal of Geology, v. 10, p. 91128,

Tan, F.C., Hudsen, J.D. and Keith, M.L., 1970,
Jurassic (Callovian) paleotamperatures frem
Scotland: Earth and Planetary Science Letters,
v. 8, p. 421-426.

Tudge, AP, 1960. A method of analysis of oxygen
isotopes in ortho-phosphates — its use in the
measurement of palegctemperatures:
Geochimica et Cosmochimica Acta, v. 18.
p. B1-93.

Turekian, K.K. and Armstrong, R.L., 1961, Chemical
and mineralogical composition of fossil
molluscan shells from the Fox Hills Formation,
South Dakota: Geological Society of America,
Bulletin, v. 72, p. 18171828,

Urey, H.C., Lowenstam. H.A., Epstein, 5. and
McKinney, C.R., 1951, Measurement of
patectemperatures and temperatures of the
Upper Cretaceous of England. Denmark, and
the southeastern Umted States: Geological
Society of Amenca, Bulletin, v 62, p. 399-415.

Veizer, J.. 1974, Chemical diagenesis of belemnite
shells and possible consequences for
palectemperature determinations: Neues
Jahrbuch tir Geologie und Pationtologie,
Abh. 147 p. 91111,

Veizer, J., 1977a, Geochemistry of lithographic
imestones and dark marls from the Jurassic of
southarn Germany: Neues Jahrbuch far
Geologie und Paldontologie, Abh. 153,
p. 129-146.

Veszer, J.. 1977b. Diagenesis of pre-Quaternary
carbonates as indicated by tracer studies:
Journal of Sedimentary Petrology, v. 47,
p. 565-581.

Veizer, J.. 1983a, Chemical diagenesis of
carbonates' Theory and application of trace
element technique, in Arthur, M.A., organizer,
Stable isotopes in Sedimentary Geology:
S.E.PM. Shert Course No. 10, p. 31—3-100.

Veizer, J., 1983b, Trace elements and stable
isotopes in sedimentary carbonates, in Reeder,
R.J., ed., Carbonales: Mineralogy and
Chemistry: Reviews in Mineralogy,
Mineralogical Society of America, v. 11,
p. 265-299.

Veizer, J. and Fntz, P, 1976, Possible controi of post-
depositional afteration in oxygen
paleotemperature determinations: Earth and
Planetary Science Letters, v. 33, p. 255-260.

Veizer, J., Fntz, P. and Jones, B., 1986,
Geochemistry of brachiopods: oxygen and
carbon isotopic records of Paleczoic oceans:
Geochimica et Cosmochimica, v. 50,
p. 1679-1695.

Veizer, J., Holser, W.T. and Wilgus, C.K., 1980,
Correlation of 3C/'2C and 245/928 secular
variations: Geochimica et Cosmochimica Acta,
v. 44, p. 579-587

Vergnaud-Grazzini, C., 1976, Non-equilibrium
isotopic composttions of shells of planktonic
foraminifera in the Mediterranean Sea:
Palasogeography, Palaeoclimatology,
Palaeoecology, v. 20, p. 263-276.

Walls, R.A., Ragland, PC, and Crisp, E.L., 1977,
Experimental and natural early diagenetic
mobility of Sr and Mg in bicgenic carbonates:
Geochimica et Cosmochimica Acta, v. 41,
p. 17314737

Wassenaar, L., Brand, U. and Terasmae, J., 1986,
Geochemical and paleocceanographic
investigation using marnine molluses of the Late
Quaternary Champlain Sea, Ontario and
Québec: Geological Association of Canada—
Mineralogical Association of Canada, Program
with Abstracts. v. 11, p. 142,

Wassenaar, L., Brand, U. and Terasmae, J., (in
press). Geochemical and paleoceanographic
investigation using marine molluscs of the Late
Quaternary Champlain Sea, Ontario and
Quebec. (Geological Association of Canada,
Special Paper}.

Weber, JN., 1968, Fractionation in the stable
isotopes of carbon and oxygen in calcareous
marine (nvertebrates-the Asteroidea,
Ophiuroidea and Crincidea: Geochimica et
Cosmaochimica Acta, v. 32, p. 33-70.

Weber, J.N. and Raup, D.M , 1966a, Fractionation of
the stable isotopes of carbon and oxygen tn
marine calcareous organisms — the Echinodea.
Part I. Variations of 3C and '8Q content within
individuals: Geochimica el Cosmochimica Acta,
v. 30, p. 681-704.

Weber, J.N. and Raup, D.M., 1966b, Fractionation of
the stable isotopes of carbon and oxygen in
marine calcareous organisms — the Echinodea.
Part 1l. Environmental and genetic factors:
Geochimica et Cosmochirmca Acta, v. 30, p.
705-736.

107

Weber. J.N. and Raup, D.M., 1968, Companson of
C12C and 180/ 160 in skeletal calede of recent
and fossil echinoids: Journal of Paleontology, v.
42, p. 37-50.

Wefer, G. and Berger, WH.. 1980, Stabie isotopes in
benthic toraminifera: seasonal vanation in large
tropical species: Science, v. 209, p. B03-805.

Weiner, S. and Lowenstam, H.A., 1980, Well-
preserved fossil mollusk shells: characterization
ol milg diagenetic processes, in Hare, PE., ed.,
Biogeochemistry of amino acids: John Wiley
and Sons, New York, p. 95-114,

Weyl, P.K., 1967 The solution behaviour of
carbonate minerals in seawater. Studies in
Tropical Oceanography, v. 5, p. 178-228.

White, A.F., 1977, Sodium and potassium
coprecipitation in aragonite: Geochimica et
Cosmochimica Acta, v. 41, p. 613-625.

Wilkinson, B.H., 1979, Biomineralization,
paleoceancgraphy and the evolution of
calcareous organisms: Geology, v. 7.
p. 524-528.

Williams, A., 1966, Growth and structure of the shell
of living articulate brachiopods: Nature, v. 211,
p. 11461148,

Wiliiams, D.F., Sommar, M.A. and Bender, M.L.,
1977, Carbon isotopic compositions of Recent
planktonic foraminifera of the Indian Ocean:
Earth Planetary Science Letters, v. 36,
p. 391-403.

Woodruff, FW., Savin, SM. and Douglas, R.G..
1980, Biological fractionation of oxygen and
carbon isotopes by Recent benthic foraminifera:
Marine Micropaleontology, v. 5, p. 3-11.

Whnght, J., 1985, Rare earth element distribution in
Recent and fossil apatite: implications for
paleoceanography and stratigraphy:
Unpublished Ph.D. Thesis, University of
QOregon, 259 p.

Wright, J.. Miller, J.F. and Hoiser, W.T., 1987,
Conodont chemostratigraphy across the
Cambrian-Ordovician boundary: western U S A,
and southeast China, in Austin, R.L., ed.,
Conodants: Investigative Techniques and
Applications: Ellis Harwoed Ltd., Chichester,
p. 256-283.

Ziegler, W. and Lindstrom, M., 1981, Chemical and
mineralogical properties, in Clark, D.L. ef al.,
eds., Treabise on Invertebrate Paleontology, Part
W. Miscellanea, Supplement 2, Conodonta, p.
W52-W60.

Accepted, as revised, 15 May 1987



