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Abstract. Sr/Ca ratios in modern brachiopod shells reflect variations in ambient seawater,
whereas their Na contents show no relationship with water depth or habitat. Their Mn and
Fe contents are controlled, in part, by leaching of these elements from oxide coatings or the
low input/sedimentation rate of detrital material into depositional areas such as Quatsino
Sound.

For most Carboniferous brachiopods from North America, the Mn and Fe contents are
similar to those recorded by their Recent counterparts. The high Mn and Fe contents in the
brachiopods from shales suggest several possibilities for these levels. One possibility is the
leaching of Mn and Fe from oxide coatings/matrix which was not completely removed in the
cleaning process, or the high levels in part reflect unusual depositional conditions (some degree
of anoxia) for the local shaly environments.

The Sr/Ca ratio of brachiopods and, by inference, complementary seawater, did not vary
significantly during the Carboniferous. The Sr/Ca minimum observed in brachiopods of
Mississippian age coincides with a dip in the ¥Sr/*Sr curve and correlates with the Hercynian
orogeny. This is attributed to the cycling of seawater through mid-ocean ridge basalts, and
postulated exchange reactions account for variation in the composition of seawater-Ca. The
unidirectional trend of heavier §'°C values from the Devonian to the Permian is intricately
coupled with the evolution of the terrestrial biomass. In addition to expansion of terrestrial
plants, burial of reduced carbon in the form of coal (organic matter) contributed to the
observed shift. The start of the Permo-Pennsylvanian glaciation is marked by a negative
excursion of the secular carbon trend, which is linked to weathering of reduced carbon and
its return to the oceanic reservoir with its oxidized carbon. The oxygen isotope values reflect
the unidirectional trend towards higher values of the carbon data with decreasing geologic age.
Negative excursions of the trend may be related to extensive weathering of terrestrial and
submarine rocks, whereas positive excursions may be related to hydrothermal alteration of
submarine rocks and dehydration of oceanic crust during times of active sea-floor spreading.
Oxygen-calculated water temperatures of unaltered brachiopod material are unrealistically
high for all of the Devonian, and the Chesterian-Meramecian, Desmoinesian-Missourian, and
Artinskian Epochs. During these times maximum water temperatures of 42° to 56 °C are well
above the thermal threshold of protein denaturation. This process, which is lethal to most
higher organisms, demands an adjustment in oxygen of —2.5%o for samples older than
Missourian, and of — 1.25%o for samples spanning the Missourian-Artinskian interval. With
these adjustments and salinity considerations made prior to calculations, water temperatures
become reasonable for the Late Paleozoic epeiric, tropical seas of North America.
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Introduction

Modern articulate brachiopods secrete low-Mg calcite (LMC) shells with
MgCO, concentrations of about 0.5 to 7mol% (Lowenstam 1961; Morrison
& Brand 1986). Shells consist of prismatic and fibrous layers of calcite
crystallites covered by organic matter referred to as the periostracum (John-
son 1951; Williams 1971). This microstructural arrangement, except for the
periostracum, is preserved in many fossil brachiopods. Geochemical com-
positions of brachiopod shells generally reflect complex depositional con-
ditions during the calcification process which may or may not be related to
fractionation/vital effects exerted by the organism. Lowenstam (1961) found
a correlation between increasing ambient water temperature and the Sr and
Mg contents in shells of modern brachiopods. But in a subsequent paper, he
demonstrated that brachiopods physiologically control their Sr chemistry
(Lowenstam 1963). Brand & Veizer (1980) argued that brachiopods also
control their Mg and Na contents by disciminating against the uptake of Mg
while Na is preferentially incorporated into their shell carbonate. These
discrimination effects are well established in brachiopods as old as Ordovi-
cian (Brand & Morrison 1987). Lack of data allows no conclusion to be
reached for Cambrian brachiopods. Apart from a few studies, isotopic data
of modern brachiopod material are very limited (cf. Epstein et al. 1953;
Lowenstam 1961; Wefer 1985) but suggest that these organisms incorporate
oxygen into shell carbonate in equilibrium with ambient seawater and the
0"0 values reflect variations in seawater composition and/or temperature.
A similar relationship was also assumed for the carbon composition. How-
ever, Wefer’s (1985) observations, based on specimens from Bermuda imply
that brachiopods possibly discriminate against the incorporation of *C by
about 4-5 %o.

In addition to these physiological characteristics, the LMC shells of
brachiopods are considered by some researchers to be quite resistant to
diagenetic alteration under most conditions (e.g., Brand & Veizer 1980,
1981; Popp et al. 1986a, b), whereas others challenge this resistance, suggest-
ing that (LMC) brachiopod shells may be extensively altered during burial
(e.g., Al-Aasm & Veizer 1982). The purpose of this study is to evaluate the
diagenetic stability of brachiopod LMC and define criteria for recognizing
unaltered material from different depositional environments. Only material
which is unaltered is useful in evaluating the physicochemical properties of
Mg, Na and "C in brachiopods. Finally, unaltered material identified in this
study is used to examine secular trends of seawater Sr/Ca, carbon isotopes,
oxygen isotopes and temperature for the Permian-Devonian interval of
North America.
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Localities
Recent

Recent brachiopods can be divided into groups inhabiting deep- and shal-
low waters. Shallow water brachiopods are from depths of less than 100 m,
whereas deep water specimens are from depths greater than 500 m (Table 1).

Carboniferous

Pennsylvanian and Mississippian brachiopods of North America were coll-
ected from outcrops located within 20 degrees of their respective paleoequat-
ors (Fig. 1). Based on host rock lithology, the samples can be divided into
limestone and shale populations (Table 2). For detailed descriptions of the
lithology and fauna of formations the reader is referred to the authors listed
after each locality.

Methods

Brachiopod material was manually separated from its enclosing rock matrix
and then leached with 15% (v/v) HCl to remove any matrix remaining in the
shell crevices and oxides coating the shell carbonate. After cleaning, a
fragment of each sample was coated with gold-palladium in a sputter-coater.
Fracture surfaces of fossil fragments were evaluated for structures of the
shell layers using an ISI scanning electron microscope. Mineralogy of the
fossil and rock samples was determined with a Picker X-ray diffractometer
using Cu-K, radiation, and an aragonite standard was used to calibrate the

Table 1. Locality and depth information of Recent brachiopods (Coppers pers. comm. 1982).

Species Locality Depth (m)
Gryphus vitreous Sardinia, Ttaly 150-160
Laqueus vancouverensis Port Alice, British Columbia 12
Liothyrella notorcadensis Arthur Harbour, Antarctica 15
Magasella sanguinea Steward Is., New Zealand ?
Magellania (A.) macquariensis 54°30'S, 158°59'E 112-124
Neothyris lenticularis Antipodes Is., New Zealand 103
Terebratulina septentrionalis Nantucket, Massachusetts 3
Tichosina floridensis Gulf of Mexico, Florida 3
Chlidonophora incerta SE of Puerto Rico =~ 3940
Gyrothyris mawsoni antipodensis Antipodes Is., New Zealand =~ 510

Neorhynchia profunda off Baja California 3750
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Fig. 1. Sampling areas of the Mississippian and Pennsylvanian brachiopods in Canada and the
USA. Sample sites are all within 20 degrees of the respective paleoequators (from Dott &
Batten 1971; Scotese et al. 1979).

diffractometer. For additional details of X-ray analysis, procedures and
errors see Milliman (1974, pp. 22-29).

A total of 268 (23 modern and 245 fossil brachiopods) samples were
analyzed. Approximately 0.5 g of each sample was digested in 18 mL of 5%
(v/v) HCI for 5h; this method limits leaching of elements from the non-
carbonate portion still adhering to the samples (Brand & Veizer 1980). All
samples were analyzed for Ca, Mg, Sr, Mn, Na, Al, Fe, Ba, Zn, Cu, Ni and
Pb on a Varian 1475 atomic absorption spectrophotometer. Average acc-
uracy compared with recommended values of N.B.S. (633, 634, 636) stan-
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Table 2. Formation, age, locality, lithology (L = limestone, S = shale) and reference information of
North American Carboniferous brachiopods

Formation Age Locality Lithology  Reference

Shawnee M. Virgillian Kansas S von Bitter 1972

Kiewitz L. Missourian Nebraska S Mudge & Yochelson 1962
Brush Creek E. Missourian Pennsylvania S Norton 1975

Naco L. Desmoinesian Arizona S Brew & Beus 1976

Boggy M. Desmoinesian  Oklahoma L Squires 1973

Oswaldo Atokan New Mexico L Spencer & Paige 1935
Magoffin E. Atokan Kentucky S Dennis & Lawrence 1979
Kendrick L. Morrowan Kentucky S Jillson 1919

McCully L. Morrowan Oklahoma L Sutherland & Henry 1977
Sausbee E. Morrowan Oklahoma L Sutherland & Henry 1977
Great Blue Chesterian Utah L Lindsay 1977

Bangor E. Chesterian Tennessee L Smith 1890

Monte Cristo Meramecian Nevada L Langenheim & Webster 1979
Lake Valley Osagean New Mexico L Meyers 1974

Banff L. Osagean Alberta L Bamber et al. 1981
Codroy/Windsor L. Osagean Nova Scotia L von Bitter & Plint-Geberl 1982
Codroy/Windsor L. Osagean Newfoundland L von Bitter & Plint-Geberl 1982
Edwardsville L. Osagean Indiana S Lane 1973

Burlington M. Osagean Missouri L Harris & Parker 1964
Shunda E. Osagean Alberta L Bamber et al. 1981

Pekisko L. Kinderhookian  Alberta L Bamber et al. 1981
Lodgepole E. Kinderhookian Montana L Sando et al. 1969

dard rocks, and average precision based on duplicate analyses were: Ca (4.1,
3.3), Mg (3.9, 2.5), Sr (2.8, 2.6) Mn (3.2, 1.8), Na (8.8, 7.5), Al (12.3, 5.4),
Fe (6.7, 5.3), Ba (15.1, 14.8), Zn (11.2, 6.1), Cu (8.9, 5.8), N1 (11.2, 4.9), and
Pb (14.1, 12.7), relative percent, respectively. Average precision of the
insoluble residue (I.R.) by gravimetric determination exceeded 5.0 relative
percent. All discussion in the text is based on elemental concentrations
recalculated on a 100% carbonate (insoluble residue-free) basis.

One-hundred and twenty-nine fossil and eighteen modern samples were
also analyzed for carbon and oxygen isotopes on a V.G. Micromass 602D
mass spectrometer. These samples were selected after careful evaluation of
fabric and trace element data. Approximately 10mg of powder of each
sample was reacted with 100% phosphoric acid at 50 °C for } h. The isotopic
ratios are expressed in the conventional (3) notation relative to PDB in %eo.
The O correction of Craig (1957) was applied to the data. Average acc-
uracy and precision of data (duplicate analyses) as compared to recommen-
ded values for N.B.S. 20 (Solenhofen Limestone) standard rock (cf. Craig
1957) were: 680 (0.2, 0.1) and 6"C (0.12, 0.1) %o, respectively.

Tables of geochemical data are available for a nominal charge from the
Depository of Unpublished Data, CISTI, National Research Council of
Canada, Ottawa, Ontario, Canada K1A OS2.
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Recent brachiopods

Biogeochemistry of recent brachiopods shows several interesting features
related to habitat (water depth) of the studied organisms. Data in Fig. 2
show that there are significant differences in the Sr/Ca ratios but not the Na
contents, between shallow- and deep-water brachiopods. The deep-water
brachiopod Neorhynchia profunda exhibits Na levels similar to that of the
other deep-sea specimens, but its Sr/Ca ratios are lower than that of the
group and do not fall on the general regression line. This deviation from the
norm way may be related to unusual depositional conditions prevailing on
the abyssal plain off Baja California. This assertion may be, in part, further
supported by the trends observed in the Mn and Fe contents of the brach-
iopods (Fig. 3). The Fe contents of the shallow-water and deep-water
brachipods are significantly different at the 95% confidence level (Fig. 3),
whereas their Mn contents are similar. It is possible that the different Fe
contents observed in the two brachiopod groups are related to the redox
state of the ambient water or to input and sedimentation rate of detrital
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Fig. 2. Geochemical distribution diagram (Sr/Ca-Na) for Recent brachiopods. Two popula-
tions, based on water depth, are recognized and show a significant difference in the Sr/Ca
ratios but not in Na contents.
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Fig. 3. Geochemical distribution diagram (Fe-Mn) for Recent brachiopods. Elemental con-
tents are influenced by acid-soluble components from oxide coatings and possibly by physi-
cochemical conditions of the ambient seawater (cf. Veizer 1977; Morrison et al. 1985; Brand
1987a). B.C. refers to specimens from Port Alice, British Columbia.

material into the depositional environment (Veizer 1977, Morrison et al.
1985; Brand 1987a). Oxide coating-derived Fe and Mn (Sherwood et al.
1987) are discounted because of the extensive cleaning of the specimens prior
to chemical analysis. Diffusive conditions near the sediment-water interface
are probably responsible for the elevated Fe and Mn levels observed in the
brachiopods from water depths greater than 3700 m (Thomson et al. 1986),
whereas the intermediate elemental levels are from a brachiopod collected at
a depth of about 550m (Fig. 3). The higher than normal levels probably
relate to the breakdown of metastable Mn/Fe oxyhydroxides, diffusion of
Mn and Fe towards oxic conditions and subsequent incorporation into
calcite (Thomson et al. 1986). In contrast, the intermediate to high Fe and
Mn levels in the shallow-water brachiopods from Port Alice, British Colum-
bia are probably influenced by either influx of detrial material into the fjord
or organic waste material from the pulp and paper mill, or both (Fig. 3).
Generally, the brachiopods, of this study from normal, open, shallow mar-
ine environments contain less Fe (X = 71, 20-260 ppm) and Mn (x = 12,
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Fig. 4. Histogram of Sr distribution in Carboniferous brachiopods from shales and limestones.
The “Recent” represents the range of Sr contents observed in unaltered Recent brachiopods
(Morrison & Brand 1986; this study). The “Alteration™ trend represents direction of Sr
changes with post-depositional alteration of low-Mg calcite, and an upper limit for well-
preserved brachiopod material (Veizer et al. 1986).

4-50 ppm) than their counterparts from fjords (e.g., Port Alice, Quatsino
Sound; X = 385, 190-610ppm Fe; X = 200, 5-460 ppm Mn), or deep

waters (X = 417, 270-550 ppm Fe; X = 58, 30-80 ppm Mn). None of the
studied specimens show any signs of diagenetic alteration.

Fossil brachiopods

Diagenetic evaluation

Reliable methods and criteria are needed to select least-altered fossil mat-
erial of different ages, host material and diagenetic histories. Al-Aasm &
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Fig. 5. Histogram of Mn distribution in Carboniferous brachiopods from limestones and
shales. Explanations for Mn of “recent” and ““Alteration” as in Fig. 4.

Veizer (1982), and Veizer et al. (1986) used trace element compositions to
select the best-preserved brachiopod material. They assumed that samples
with Sr contents less than 900 ppm and Mn of more than 70 ppm are altered,
and as such, unsuitable for further analysis. If we use these exacting criteria,
then a majority of the Recent brachiopod samples would have to be rejected
because of apparent alteration effects (lower Sr and higher Mn contents; Figs.
4, 5). Also, if we followed this rationale, a large proportion of Carboniferous
samples would be eliminated from further analysis because of their low Sr
and high Mn contents. This would certainly apply to most brachiopods from
shales and a great number from limestones (Figs. 4, 5), because their
contents do not fall into the range of concentrations observed in inorganic
calciate preciptitated in equilibrium with modern seawater. This assumes
that ‘all’ brachiopods lived in normal, shallow marine environments, and



Fig. 6. Microstructures in Recent and Carboniferous brachiopods. (A) shows the two-layer
structural arrangement in a brachiopod from the Boggy Formation (Pennsylvanian), (B)
shows trabecular calcite fibres in Neothyris lenticularis (Antipodes Island, New Zealand), (C)
is a top-view of calcite fibres in a Neospirifer sp. from the Shawnee Group (Pennsylvanian),
(D) is a top-view of trabecular calcite fibres in Composita sp. from the Naco Formation
(Pennsylvanian), (E) transverse view of trabecular fibres in a spiriferid brachiopod from the
Banff Formation (Mississippian), (F) are trabecular fibres in a specimen of Spirifer gorei from
the Sausbee Formation (Pennsylvanian).
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ignores the possible effects of oxide coatings and detrital input/sedimenta-
tion rate on the Mn and Fe contents of inorganically as well as organically
precipitated carbonates (Veizer 1977; Morrison et al. 1985; Brand 1987a).
The assertion that Sr contents of less than 900 ppm and Mn of higher than
70 ppm imply alteration disagrees with data of Carboniferous brachiopods
with high Mn and Fe contents from shales which also contain a well-preser-
ved aragonitic molluscan fauna (e.g., Breathitt and Brush Creek Forma-
tions; Brand 1987a; Morrison et al. 1985). Furthermore, microstructures
(Fig. 6a, c, d, e, f; these are representative of the majority of specimens) in
these brachiopods are similar to those recorded in their modern counter-
parts (Fig. 6b). Not only are the textures/shell fabrics similar, but dissolu-
tion, diagenetic alteration and cementation features are lacking in a large
majority of the brachiopod shells. These results suggest that diagenetic
interpretations of fossils of many ages and formations treated as a group
and irrespective of host lithology, leads to serious misinterpretation and the
unnecessary deletion of valuable material.

Popp et al. (1986a) used fabric criteria in conjunction with cathode
luminescence to determine the state of alteration of brachiopod calcite. They
assumed that nonluminescence of carbonate brachiopods implied low Mn
contents, whereas segments with high Mn contents luminesced brightly and
therefore represented diagenetic cement or diagenetically altered primary
carbonate (Popp et al. 1986a, b). However, Machel (1985) and Fairchild
(1983) found that luminescence is not simply a consequence of either low or
high Mn contents, but, it reflects a complex interaction of different elements
present in various concentrations in the studied carbonate (Frank et al.
1982). If we accept, despite the caution by authors, the argument that
luminescing brachiopod-calcite represents diagenetically altered material,
samples from deep seas or areas of high detrial input or shales could easily
be interpreted as altered (Figs. 3, 4, 5). Similarity of fabrics and the retention
of the integrity of the individual crystallites in the layers suggest a high
degree of preservation of pristine material in both Recent (shallow and deep)
and fossil brachiopod shells (Fig. 6).

These findings have important implications in evaluating the state of
diagenetic preservation of fossil material; especially that from shales (Brand
1987a; Morrison et al. 1985; Veizer 1977). The multi-faceted approach and
criteria used to differentiate between altered and unaltered brachiopod shell
material will be discussed extensively in the following sections.

Trace element evaluation

Factor analysis (Nie et al. 1975) of the North American Carboniferous
brachiopods shows that three factors explain the observed geochemical
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Table 3. Factor analysis (varimax rotated factor matrix; Nie et al. 1975) of the brachiopod
trace-element data (N = 220). Diagnosis is based on applied and theoretical geochemical
considerations (cf. Brand and Veizer 1980)

Factor 1 Factor 2 Factor 3 Communality
log IR 0.62543 * * 0.42158
log Ca * * * 0.19768
log Mg 0.45712 * * 0.23856
log Sr * 0.70472 * 0.56255
log Mn 0.67379 * * 0.63422
log Na * 0.76904 * 0.62830
log Al 0.81404 * * 0.70094
log Fe 0.86933 * * 0.83303
log Zn * * 0.62991 0.39703
log Cu * * 0.64082 0.48512
Log Ni * * * 0.08470
Factor Eigenvalue Percent of Diagnosis

variation

1 2.88983 55.9 Facies control/Laboratory leaching
2 1.49781 28.6 Environment/Diagenesis
3 0.80406 15.5 Essential nutrient control (?)

* < =+ 0.40000 (non-significant value), IR is insoluble residue, underline corresponds to
variables identified with specific interpretation (Factor 1).

variation (Table 1; cf. Brand & Veizer 1980, 1981), and the loading of the
elements on the factors is similar to that observed by Al-Aasm & Veizer
(1982, Table 1) and Veizer et al. (1986, Tables 1, 2, 3). However, it is in the
interpretations of these factors that we differ. Some of this may be related
to differences in population size, cleaning procedures, digestion method, or
other unknown factors.

Factor 1 of the data base has two interpretations (Table 3). The correla-
tion between IR and Al represents laboratory acid-leaching of this element
from matrix (limestone or shale) still adhering to the specimens. Although
Mg, Fe, and Mn are also loaded on this factor, their overall correlation with
IR is insignificant (Fe, mean = 0.45, range = 0.01-0.97, Mn,
mean = 0.44, range = 0.04-0.88). Correlation for both Fe and Mn with IR
is significant only for specimens from the McCully Formation (0.97; 0.88,
respectively), unpaired significant coefficients are recorded for specimens
retrieved from the Magoffin (0.90, Fe; 0.53, Mn), Kiewitz (0.49, Fe; 0.56,
Mn), and Bangor Formations (0.76, Fe; 0.14, Mn). Coefficients of all other
data are less than 0.68, and show no correlation of Fe and Mn with IR.
Therefore, following the assertion of Brand (1983, 1987a) and Morrison et
al. (1985), the Mn and Fe contents of fossils, in part, were probably controll-
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ed by soluble oxide coatings (Sherwood et al. 1987), or sediment leached-
diffused oxyhydroxide and calcite adsorbed metal fractions (Thomson et al.
1986), or redox conditions of the ambient depositional waters (Veizer 1977),
or all of them.

Figure 7 shows the distribution of Fe and Mn contents in the brachiopods
with respect to their host lithologies. All of the material with high Fe and
Mn contents, which fall outside the limits of the field, would be tentatively
regarded by researchers as altered. This demonstrates that the best-preser-
ved fossils must be selected on the basis of other criteria in addition to
chemical limits of Mn and Fe, and limited to individual formations/outcrops
(Fig. 8). The application of mineralogical, microstructural and geochemical
tests on fossils from individuals outcrops/formations easily identifies the
material which is diagenetically altered (Popp et al. 1986a; Brand 1987a, b).
Otherwise, there may be considerable overlap in the geochemistry of unal-
tered and altered fossil material, which may reflect variations in lithologies,
paleoenvironmental settings or post-depositional histories (Fig. 7; cf. Veizer
1977; Brand 1987a).

According to the results of Recent brachiopods, only a few Carboniferous
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Fig. 7. Distribution diagram of Fe and Mn contents of Carboniferous brachiopods. The
chemical range of Recent brachiopods is included (from Fig. 3). Some extensively altered
specimens are not included in the diagram (e.g., Great Blue brachiopods).
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Fig. 8. Diagenetic trend of Sr/Ca and Na for the brachiopods from the Codroy Formation.
Post-depositional alteration lowers the Sr/Ca ratios and Na contents of low-Mg calcite
brachiopods. Mg is also lower in the altered specimens, whereas Mn and Fe show significantly
higher contents than their unaltered counterparts (not shown; Geochemical Table).

specimens lived in waters that can be classified as open, normal marine (Fig.
7; Mn and Fe less than 100 ppm). Instead, the data of brachiopods from
limestones fall into the field depicting lower redox or high-detrital input
conditions, and most specimens from shales fall outside this area. Data are
significantly different for both Fe and Mn contents of the brachiopods from
the limestone and shale facies (Fig. 7), which supports the assertion of a
strong environmental control over the concentrations of these elements in
ancient marine invertebrates (Veizer 1977; Brand 1981, 1987a; Morrison et
al. 1985; Sherwood et al. 1987). These results imply that Carboniferous
epeiric seas of a restricted nature such as the eastern Brush Creek Basin
(Norton 1975) were less oxic than modern shallow or deep oceans (Figs. 3,
7), and some ancient brachiopods thrived in these near dysaerobic waters
and in environments with high detrital input.

Factor 2 is loaded exclusively by Sr and Na, and is interpreted to represent
an environmental control (Table 3). Brand & Veizer (1980) postulated that
brachiopods controlled the Na compositions in their shells, and an apparent
physiological control for Sr was advocated by Lowenstam (1963). Group
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analysis reveals that Sr-Na contents correlate significantly only for
specimens from five formations (Rundle, 0.93; Monte cristo, 0.96; Windsor/
Codroy, 0.97; Buckhorn, 0.85; and Bangor, 0.93). The level of significance
decreases when only unaltered specimens are considered in the calculations.
For example, the high correlation of Sr and Na for the Windsor/Codroy
specimens is lowered to 0.71 with removal of the altered brachiopod
specimens (Fig. 8). In contrast to the unaltered brachiopods, altered
specimens exhibit disrupted fabrics (calcite crystallites are replaced and
cement filled) and unusually low (Sr, Na, Mg; Fig. 8) and high (Mn, Fe)
elemental concentrations. The non-correlation between Sr and Na and the
equilibrium values of Sr encountered in the (Brand & Veizer 1980), negates
a biological control over Sr by the organisms. Instead, the significant
difference in the Na contents of the brachiopods from shales and limestones
(Fig. 9) suggests a primary environmental control over the incorporation of
this element into shell carbonate. Environmental parameters such as tem-
perature, salinity, or water chemistry may be responsible for the observed
co-variance which is similar to that observed in modern brachiopods (Fig.
2). Therefore, factor 2 and the loading of Sr and Na is partly explained by
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Fig. 9. Distribution diagram of Sr/Ca-Na contents of Carboniferous brachiopods. Extensively
altered specimens are not included in this figure.
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diagenetic alteration of the brachiopods (Fig. 8), and partly, by environ-
mental controls (Fig. 9; Lowenstam 1961; Brand & Veizer 1980).

Factor 3 is loaded by Zn and Cu, and is the most difficult to interpret
(Table 3). Tentatively, a nutrient control is postulated for the observed
co-variance. Critical data from Recent brachiopods are lacking to define the
possible controls of these two elements in their shell carbonate. The low
communality and eigenvalue cast doubt on the significance of this factor and
the elemental co-variance (Table 3).

Stable isotope evaluation

Only unaltered brachiopod material, based on undisturbed fabrics (e.g., Fig.
6) and concurrent high levels of Sr, Na and Mg (e.g., upper right of Fig. 8)
and low levels of Mn and Fe (not shown), was used in the following
evaluation of stable isotope trends. Figure 10 shows the distribution of
oxygen and carbon of well-preserved brachiopods, which represent about
53% of the studied population. Most of the data fall outside the field which
defines calcium carbonate precipitated by brachiopods in equilibrium with
ambient modern seawater (Fig. 10; Lowenstam 1961; Wefer 1985; this
study). In this case, data suggest a vital effect was asserted by Carboniferous
brachiopods over their §"*C and 6O similar to the carbon control pos-
tulated for modern brachiopods by Wefer (1985). Interestingly, most of the
8"*C values fall within the range suggesting incorporation and precipitation
in equilibrium with ambient seawater (Fig. 10). Diagenesis cannot account
for the light 6O values, because only the best-preserved brachiopod mat-
erial, based on fabric and trace element data, was used to construct Fig. 10.
Figure 11 shows the 68O distribution of brachiopods from the Codroy,
Great Blue and Banff Formations. The Codroy samples identified as altered
from trace element evaluations (lower left of Fig. 8) show an enrichment in
3C and depletion in '®O with progresive post-depositional alteration. This
distribution of isotope values suggests a marine-derived origin for the
diagenetic fluids (e.g., Baker et al. 1982; Elderfield et al. 1982). In contrast,
some of the samples from the Great Blue and Banff Formations show
enrichment of the light isotopes in progressively altered material, which
suggests alteration of the calcium carbonate in the presence of meteoric
waters (e.g., Land 1970; Brand & Veizer 1981).

Thus, the 6"”C and 60 values of the Carboniferous brachiopods re-
present isotopic composition and/or temperature of the depositional sea-
water (Lowenstam 1961). Computations suggest that the 5"*C of brachiop-
ods from limestones and shales are significantly different at the 99.95%
confidence level (Fig. 10), and the confidence level changes little if salinity
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Fig. 10. Distribution diagram of isotopic compositions of Carboniferous brachiopods. In the
initial data set, the 5'30 values were not adjusted for environmental factors (p < 0.001), but
with salinity corrections applied to Breathitt and Brush Creek brachiopods (Brand 1987a;
Morrison et al. 1985), significance of population data changes drastically (p < 0.33). No
significant difference in the p value for §"*C was observed with or without salinity corrections.
The “R” represents modern calcite precipitated in equilibrium with ambient seawater (Lowen-
stam 1961; Milliman 1974; Wefer 1985; this study). The solid and open data points are
brachiopods from shales and limestones, respectively.

and other environmental parameters are considered in subsequent computa-
tions. In contrast, the confidence level (99.9%) of dissimilar 6'3O values of
the limestone and shale brachiopod-populations changes to a non-signifi-
cant level (67%) when corrections for low salinity (Epstein & Mayeda 1954)
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Fig. 11. Diagenetic trend of oxygen and carbon for the brachiopods from the Codroy
(postulated marine water diagenesis; closed circles) and the Great Blue Formation (meteoric
water diagenesis; open circles). Enclosed field represents calcium carbonate precipitated in
isotopic equilibrium with ambient Carboniferous seawater (Brand 1982).

are made to the brachiopod data from the Brush Creek and Breathitt
Formations (Morrison et al. 1985; Brand 1987a). Thus, depositional factors,
such as salinity, are considered primary controls in the variation of §'*0 in
brachiopods from different environments, whereas these had a secondary
influence on 6"*C observed in ancient brachiopods.

Summary

Theoretical and applied elemental and isotopic re-distribution diagrams are
available depicting the fluid-controlled-dissolution or open system exchange
(Veizer 1983) and diffusion-controlled-dissolution or closed system ex-
change of organic and inorganic aragonite as well as high-Mg calcite with
diagenetic water(s) (Brand & Morrison 1987). Figure 12 depicts the re-
partitioning of trace elements and stable isotopes during the post-deposi-
tional alteration of brachiopod low-Mg calcite. Because of the overall
preservation of depositional geochemical signatures in the diagenetic
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product, this represents an example of closed system recrystallization of
low-Mg calcite in diagenetic fluids of both marine (e.g., brachiopods from
the Codroy Formation) and meteoric (e.g., specimens from the Great Blue
Formation) derivation. Magnitudes and shifts of elemental compositions in
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the diagenetic low-Mg calcite are similar and independent of type of
diagenetic fluid (Baker et al. 1982). In contrast, the magnitudes and shifts of
the stable isotope re-distributions are strongly dependent on the water type
(Figs. 11, 12). As expected, 6"°C values become heavier with alteration by
marine-derived waters, whereas '*O and "*C decrease in carbonates altered
in the presence of meteoric waters. 6O also decreases in low-Mg calcite
altered by marine-derived waters, but the magnitude is different from mat-
erial altered by meteoric waters (Figs. 11, 12). No significant trends were
observed for Ba, Zn, and Cu with post-depositional alteration of low-Mg
calcite (Fig. 12). Similar observations were also made for these and a few
other elements during the progressive alteration by diffusion-controlled
processes of aragonite and high-Mg calcite (Brand & Morrison 1987).
Explanations of this invariance must be sought in the water chemistry of
depositional and diagenetic waters as well as the partition coefficients of
these elements.

It is advocated here that evaluations of preservation/alteration of fossil
material be carried out on small populations characterized by specific spe-
cies/genera, lithology and locality data (e.g., Figs. 6, 8, 11). Evaluations of
large sample bases, which disregard lithologic and other pertinent fossil
information, leads to gross misinterpretations of the state of preservation/
alteration of fossil shell/skeletal carbonate (e.g., Figs. 4, 5, 7, 9). Precise
elemental/isotopic limits can not be set to differentiate between altered and
unaltered material as has been done by many authors, because rigid limits
fail to account for chemical variation induced by the biological and/or
depositional systems (Brand 1987a, b). Furthermore, al/l elemental and
isotopic trends (e.g., Fig. 12) (not just of Mn) and all fabric information
should be used to separate altered and from unaltered material. Neverthe-
less, with the available textural information and chemical data we can
identify not only altered material, but we can also determine the degree and
type of alteration and the waters/fluids involved in the diagenetic process.

Secular variation of seawater

The secular isotopic variation of seawater composition over geologic time
for carbon, oxygen, sulphur, and strontium are documented with qualified
success. Secular trends of carbonates (matrix) are fraught with a major
problem, because this material is rarely preserved in its original mineralogy,
and, therefore, its isotopic composition, at best, reflects different degrees of
diagenetic alteration (Popp et al. 1986a). Fossils accord the best material
and geochemical data, provided they are extensively tested for their state of
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preservation by detailed textural, elemental and isotopic work (Lowenstam
1961, 1963; Pingitore 1976, 1978; Veizer & Fritz 1976; Brand & Veizer 1980,
1981; Popp et al. 1986a; Veizer et al. 1986; Brand & Morrison 1987).
Following this testing procedure is imperative, because even ‘‘ther-
modynamically’ stable low-Mg calcite brachiopods can contain up to 20%
diagenetic calcite in their shells (e.g., Al-Aasm & Veizer 1982). Similar
degrees of alteration were also observed by Popp et al. (1986a, b) in shell-
carbonate of Late Paleozoic brachiopods from North America, Europe and
Asia.

Strontium/calcium

The concentration of Sr is quite uniform throughout the modern oceans,
and this is also assumed for the ancient oceans and seas because the re-
sidence time of Sr in seawater is orders of magnitude greater than the mixing
time (Holland 1978). The shell content of organisms, if it is not influenced
by biological factors, should reflect the water composition of the ambient
depositional environment. Furthermore, if the contents of organisms have
not varied significantly as a result of evolutionary processes, then the Sr/Ca
of shells can be used to define first-order variations of the Sr/Ca ratio of
ancient seawater (e.g., Turekian 1955; Lowenstam 1961; Holland 1984;
Brand & Morrison 1987).

Amounts of Sr in brachiopod low-Mg calcite have remained relatively
constant for the Ordovician-Pleistocene interval (Brand & Morrison 1987;
Fig. 24; Lowenstam 1961). The Sr content of seawater is not particularly
sensitive to seawater cycling through hot or cold basalts at Mid-Ocean-
Ridges (MOR), and the Sr (trend r = 0.22) of the Carboniferous brachiop-
ods (Fig. 13) supports the postulated conservative behavior of Sr for mid-
Phanerozoic seawater (Holland 1984). However, the Ca content of seawater
increases with cycling of seawater through MOR basalts at elevated tem-
peratures. Thus, it can significantly influence the Sr/Ca ratio of seawater and
of organisms incorporating these elements in equilibrium with their ambient
medium. It is interesting that the decrease in Sr/Ca ratio observed in mid-
Mississippian brachiopods (Fig. 13) corresponds to the dip observed in the
¥Sr/*Sr ratio of seawater (Burke et al. 1982), which coincides with the
Hercynian orogeny. Changes in the ¥’Sr/*¢Sr ratio of seawater are related to
the cycling of seawater through, and, reaction with basalts at MOR’s
(Staudigel et al. 1981; Burke et al. 1982; Holland 1984). The observed trend
in the Sr/Ca ratio of Carboniferous is considered a primary feature, but
more data and additional evidence from other geologic periods are required
to test the apparent Sr/Ca-*Sr/*Sr covariance.
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Fig. 13. Secular variation curve of seawater strontium with geologic age (North America). No
significant trend is defined by the well-preserved brachiopod data. Solid dots are means and
shaded area is the range of data; open symbols are means of several populations from the same
time period. Deviations of Sr from mean curve are probably controlled at the generic/species
level and/or by environmental conditions.

Carbon

Wefer (1985) suggested that carbon isotopic compositions in modern and
ancient brachiopods are subject to a vital effect at the species and genus
levels. The data base for modern brachiopods is so small that it does not
provide unequivocal proof of a vital effect for carbon. A re-examination of
the data contained in Veizer et al. (1986) shows that the 6 C of Atrypa from
the Bird Formation but of different ages (Eifelian-Emsian) are not signifi-
cantly different (t-value = —0.353, p = 0.727). In contrast, the §°C of
Atrypa are significnatly different for samples from different formations (Bird
and Hay River Formations; t-value = —4.049, p = 0.0005). Similar ob-
servations are also made on other brachiopod species from various locali-
ties, formations and ages. Generally, the means of similar species but of
different ages (A®C = 0.49) show smaller deviations from the norm than do
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their standard deviations (Z'3C = 0.77), and student t-test shows that
paired-species data are significantly different at the 97.8% confidence level.
These results suggest that biogenic fractionation of carbon by brachiopods
is minor compared to the possible influence of lithology and environment of
deposition on their shell composition.

Carbon isotopes shows a trend towards heavier values for Late Paleozoic
carbonates, but the scatter within populations generally tends to exceed the
variation between populations (e.g., Veizer et al. 1980; Lindh 1983; Holser
1984). Values of samples which deviate greatly from the mean possibly
represent diagenetically altered material which passed through the screening
process or material from unusual depositional environments.

Similar trends and variations are also depicted by the 6"*C data of Devo-
nian-Permian brachiopods in Fig. 14. Mean 6"°C values vary from a low of
—0.1%o during the Emsian (~390Ma) to a high of +5.4%. during the
Kungarian (~ 260 Ma), with correlation coefficients of 0.75 (linear) and 0.80
(3rd-order polynomial) for the secular trend. The unidirectional trend
towards heavier values from the Devonian to the Permian is in contrast with
the trend predicted by Garrels & Lerman (1981), but corresponds to shifts
in 6*S in evaporites for the Emsian-Frasnian interval and the postulated
decoupling of the C-S system for the Mississippian-Permian (Claypool et al.
1980). According to Veizer et al. (1986, p. 1683) this observation is

in accord with considerations based on residence times of oceanic
sulfate and bicarbonate.

This shift towards more positive values from the Early Devonian to the
Late Permian reflects greater burial of reduced carbon in sediments and/or
increased uptake of organic carbon by the expanding terrestrial biomass
(mean 6"“C = —26%0) relative to that of the marine realm (mean
SBC = —20%o; Broecker 1982). Coals first appeared during the Devonian,
proliferated during the Permo-Carboniferous, and are intricately tied to the
evolution of terrestrial plants. The Early Devonian saw the diversification of
the psilophytes, and during the Late Devonian formed large forests in
coastal lowlands. During the Carboniferous, the psilophytes were super-
seded by the hardier pteridosperms, with the addition of large lycopsids and
sphenopsids during the Pennsylvanian and advent and diversification of
conifers, cycads, cycadeoids and ginkgos during the Permian. The positive
trend of 6'*C reflects the adaptive radiation of terrestrial plants, and burial
of organic carbon in sediments (Fig. 14; e.g., Holland 1978; Garrels &
Lerman 1981, 1984; Schidlowski & Junge 1981; Berner & Raiswell 1983;
Kump & Garrels 1986). The negative §"*C excursions probably reflect the
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Fig. 14. Secular variation curve of seawater isotopic carbon with geologic age. Symbols and
explanations are similar to those in Fig. 13. Devonian and Permian brachiopod data are from
Veizer et al. (1986) and Popp et al. (1986).

return of large amounts of reduced carbon to the oceans, but this return of
carbon to the ocean/atmosphere reservoir is more than balanced by the
removal of carbon by fixation in the terrestrial biomass and its subsequent
storage in sediments (Veizer et al. 1980; Lindh et al. 1981; Holland 1984).
Keith (1982) offers a slightly different interpretation of the secular isotopic-
carbon trend presented above. He postulates that trends and variations in
carbonate-">C not solely reflect the flux between the carbonate and organic
carbon reservoirs, but also are signals of alternations between mixed and
stagnant ocean conditions as well as changes in the carbon isotope ratios of
the food web and biogenic carbonates. Carbon isotope values according to
this model indicate stagnant oceanic conditions during the Early Paleozoic,
Mid Devonian, Late Pennsylvanian and mid Permian (Fig. 14; Keith 1982;
Berner 1984). Clarification of the proposed models and interpretations is
needed, but are apparently hampered by the complexity of nature and the
slow acquisition of reliable isotopic carbonate,, .o een NUmMbers for the
Paleozoic.
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Oxygen

The 5'*0 trend for Devonian-Permian brachiopods from the paleotropics of
North America is presented in Fig. 15. Boundaries between the Devonian-
Mississippian and Mississippian-Pennsylvanian are marked by significant
positive shifts in seawater '*O of about 3%., whereas the Pennsylvanian-
Permian boundary is marked by a more subdued change in "*O of about 1%o.
The trend towards slightly heavier and variable 6'*O values in Permian
brachiopods could be, in part, a reflection of global glaciation effects (ice
volume signal) during the Permo-Pennsylvanian (Dott & Batten 1976;
Frakes 1981). Some of the more extreme 6'*0 pertubations noted during the
Permian (Fig. 15) may represent localized effects such as seawater dilution
by isotopically-light glacial meltwater (e.g., Wassenaar et al. 1988).

Positive shifts in 6'®0 are related to increased high-temperature hydroth-
ermal alteration and dehydration of oceanic crust at Mid-Ocean Ridges
(Holland 1984, chapter 6.4). Conversely, the negative shifts in 6O are
postulated to represent increased weathering of both continental and sub-
marine rocks (Muehlenbachs & Clayton 1976; Holland 1984, p. 244). The
positive correlation of the §"°C and §'®O data of the brachiopods spanning
the Devonian-Permian interval, is defined by the following regression equa-
tion:

8C = 4.529 + 0.5168"0,r = 0.681

and is best explained by the direct coupling of the carbon and oxygen cycles
(Holland 1984). With the carbon cycle intricately linked to the sulphur cycle,
according to Veizer et al. (1980, p. 582),

oxygen produced by photosynthesis of carbon dioxide and burial of
organic carbon is used up by oxidation of pyrite sulfur to sulfate.

The slightly lower correlation between the carbon and oxygen data probably
reflects natural variations in redox reactions, weathering rates, and biologi-
cal reduction at normal surface conditions. The above discussion demon-
strates that O, used in weathering is balanced by the production of O, by the
burial of organic carbon and reduced sulfur, and variations in the reservoirs
are generally compensated by the feedback mechanisms (Holland 1978,
1984). These modelers assumed ‘steady state’ cycles and systems, in which
there is no net transfer of materials and isotopes between the various
reservoirs. This model was modified by Garrels & Lerman (1984) and Kump
& Garrels (1986). They incorporated the atmosphere as a disparate O,
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reservoir subject to new sets of ‘flux relations/pertubations’ between the
different sedimentary reservoirs active within the steady state model. Acc-
ording to Kump & Garrels (1984, p. 358) when

(the) average, global, CH,O depositional environment is either non-
marine or euxinic, the C and S cycles may be more or less compensatory,
and O, fluctuations may only be moderate. Under normal marine con-
ditions, however, the C and S cycles store or release oxygen in concord,
and O, fluctuations may be significant.

Normal marine conditions and consequently large atmospheric O, fluctua-
tions were probably likely during most of the Devonian, Mississippian, and
Early-Mid Pennsylvanian (Fig. 15; Keith 1982; Berner 1984; Kump and
Garrels 1984).

Temperature

Two schools of thought have developed in the geological fraternity regard-
ing the light 60 values-high temperatures derived from well-preserved
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Fig. 15. Secular variation curve of seawater isotopic oxygen with geologic age. Symbols,
explanations and sources of data as in Fig. 14. Data have not been adjusted for ice-volume
signal, salinity variations, and freshwater run-off (cf. Brand 1987a, b; Wassenaar et al. (1988).
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Early Paleozoic fossil material. One group supports the hypothesis that the
water temperatures of the Early Paleozoic oceans were higher with a maxim-
um of 65°C recorded for seawater during the Cambrian (e.g., Knauth &
Epstein 1976, Karhu & Epstein 1986), because significant shifts in the
seawater-'80 composition are not in agreement with data of seawater cycling
through Mid-Ocean ridge basalts. Hydrothermal alteration and weathering
processes at low and high temperatures generally buffer any large-scale
variation of seawater-"*O (e.g., Muehlenbachs & Clayton 1976; Gregory &
Taylor 1981; Holland 1984).

The other group postulates that the seawater-'*0O composition has varied
with geologic time, because faunal and sedimentological evidence generally
supports environmental conditions similar to those encountered in normal
marine oceans (e.g., Perry & Tan 1972; Brand & Veizer 1981; Veizer et al.
1986). The most compelling evidence for variation in seawater-'*0 com-
position comes from studies of proteins and enzymes. Proteins are fragile
molecules and exposure to even moderate water temperatures of about 37°C
elicits their slow denaturation (Mahler & Cordes 1971), which places an
upper-thermal tolerance limit of about 38 °C on aquatic vertebrates and
invertebrates (e.g., Brock 1985). Evolutionary processes can not be invoked
to explain higher thermal tolerance limits for proteins, because according to
Schulz & Schirmer (1979, p. 178)

the evolution of regulatory genes rather than the evolution of structural
genes and the corresponding proteins is at the basis of organismal
evolution.

Therefore thermal denaturation occurs in regulatory as well as structural
genes and applies equally to proteins of animals regardless of their evol-
utionary position (Wilson et al. 1974).

Without adjustments in the §'*O values, calculated water temperatures
would reach unrealistic levels of 56 °C during the Eifelian, 47 °C during the
Chesterian, and equally unrealistic conditions of 42 °C and 44 °C during the
Desmoinesian and Artinskian, respectively. For most of the Devonian,
uncorrected water temperatures (means of 36-46 °C, upper limit of 56 °C)
would be well above the thermal limit of marine vertebrates and invertebra-
tes (~ 38 °C, Brock 1985). Therefore, for realistic environmental and biolo-
gical conditions, water temperature data before calculations are adjusted by
— 2.5%0 for samples older than Desmoinesian, and by — 1.25%. for Artin-
skian to Missourian brachiopods reflecting secular variation of seawater-
'80. With these adjustments, the calculated water temperatures of brachiop-
ods spaning the Devonian-Permian interval are within the thermal tolerance
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limit of marine vertebrates and invertebrates. Oxygen isotope values of
material younger than Kungurian need not be adjusted for seawater-*0
secular variations, but Late Pennsylvanian and Permian data were adjusted
by + 1%o for glacial effects and the sum of these corrections are presented
in Fig. 16.

A large temperature excursion marks the Frasnian-Famennian interval,
with an average drop in temperature of about 12°C. Similar temperature
excursions are also documented for the Chesterian-Morrowan and the
Missourian-Virgillian intervals (Fig. 16). The first one is associated with

(=
c S
o x
c c c =4 c
g “E’ZE e =4 g.gg 5 2 T = 8 g Sle| ¢ g
Clel |El2l 5| o 18[5]¢ | = | & e |2|€]E|8|9|5| <]z
o|es 3| 8] E Z 1Z2l5 g o < o o|le|lo|le|(s|lz|2 @
SIS S|E 2| B |SIGlE s 5| @ s |3 |B|E|le|sie|2I®
Fleselal b | < [SIEI8 a1 =] S 2 |lo|e|2|E|6|d|lw|®
50 Permian Pennsylvanian Mississippian Devonian
40 |-
o Tropical
o |
¢ 30 Water
® Regime
s |
=]
2
o
o ’
@ -
20
£
@
—
‘d
10 |
(o] n | I 1 . { L L L ! L 1 L 1 ¢
240 260 280 300 320 340 360 380 4G0
Age (Ma)

Fig. 16. Secular variation curve of seawater temperature for the Late Paleozoic. Data sources
and symbols as in Fig. 14, and time scale is from Harland et al. (1982). Tropical water regime
defines the upper and lower limits of temperature in modern tropical waters (Milliman 1974;
Bathurst 1975). Temperature has been adjusted for secular variation of Early Paleozoic
seawater (— 2.5%o), ice-volume signal during the late Pennsylvanian and Permian (1.0%.), and
for salinity variations of the Brush Creek (Morrison et al. 1985) and Breathitt seas (Brand
1987a). A standard value of — 1.0%o was used for water in the temperature equation following
the rationale of Karhu & Epstein (1986).
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transgression of the sea, whereas major regressions are evidenced during the
other two temperature excursions (Dott & Batten 1971; Vail & Mitchum
1979). The drop in temperature for the Missourian-Virgillian interval coin-
cides with the onset of large-scale glaciation during the Late Paleozoic
(Stephanian-Kungurian; Frakes 1981). Therefore, causes other than trans-
gressing-regressing seas must be responsible for these significant tem-
perature variations, some of which such as CO, and greenhouse effect,
impacts of extraterrestrial bodies, increased cosmic radiation, reversals in
Earth’s magnetic field, just to name a few mechanisms were discussed by
Herman (1981). The effect of these temperature variations in biotic extin-
ctions and diversifications was debated by Stanley (1984).

Conclusions

Evaluation of modern and Devonian-Permian brachiopods of North Am-
erica suggest the following results pertaining to the diagenesis of low-Mg
calcite and the secular variation of Late Paleozoic seawater.

— In Recent brachiopods, their Sr/Ca ratio is controlled by that of the
seawater, whereas Na contents show no relationship with water depth or
habitat. Manganese and iron contents are controlled by leaching of
oxide coatings and possibly redox conditions as well as input with slow
sedimentation rate of detrital material into depositional areas.

-~ Application of rigid guidelines to selecting diagenetically altered mat-
erial generally dismisses many pristine carbonate samples. Selection
procedures must be sensitive to the natural chemical range observed in
samples reflecting variations in habitat, temperature, salinity and biolog-
ic factors. Afterwards, the sum-total of mineralogic, fabric, and lumine-
scence information, and elemental and isotopic analyses in conjunction
with variations in host lithology should define the least-altered spe-
cimen(s).

— Altered specimens can only be identified with confidence by individual
and group analysis based on outcrop, formation/member, and lithologi-
cal parameters. The best-preserved sample(s) can be successfully
separated from material which altered in the presence of either meteoric-
or marine-derived diagenetic fluids. Trends, direction and magnitude of
elemental and isotopic shifts assist in the selection process of either open
or closed system recrystallized fossil material.

- The Mn and Fe contents of most Carboniferous brachiopods are similar
to the ranges encountered in their Recent counterparts. The elevated Mn
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and Fe contents in some of the Carboniferous brachiopods from shales
suggests leaching of them from oxide coatings/matrix and possibly
diffusion of these elements into the overlying water column implying
near dysaerobic conditions for these depositional settings.

— The Sr/Ca ratios of brachiopods and complementary seawater have not
varied significantly for the Carboniferous. However, the minimum
during the Mississippian coincides with a dip in the ¥Sr/*Sr curve and
correlates with the Hercynian orogeny, and might be related to the
cycling of seawater through mid-ocean ridge basalts and exchange reac-
tions varying the composition of Ca.

~ The unidirectional trend of heavier *C values from the Devonian to the
Permian might be intricately coupled with the evolution and expansion
of terrestrial plants. In addition, burial of organic carbon contributed to
the shift with formation of extensive coal deposits. The start of the
Permo-Pennsylvanian glaciation is marked by a negative excursion in the
secular carbon trend, which is linked to weathering of organic carbon
and its return to the oceanic reservoir.

— The oxygen isotope data mirrors the unidirectional trend towards
heavier values of the carbon data with decreasing geologic age. Negative
excursions of the trend may be related to extensive weathering of terre-
strial and submarine rocks, whereas positive excursions and general
trend may be related to hydrothermal alteration of submarine rocks and
dehydration of oceanic crust during times of active sea-floor spreading.

— Oxygen-calculated water temperatures of unaltered brachiopod material
are unrealistically high for the Devonian, Chesterian-Meramecian, Des-
moinesian-Missourian, and Artinskian. Their respective maximum
water temperatures of 56°, 47°, 42° and 44 °C are well above the thermal
threshold of protein denaturation. This process which is lethal to all
organisms, demands an adjustment of —2.5%. for samples older than
Missourian, and of —1.25%. for samples spanning the Missourian-
Artinskian interval. With these adjustments in seawater-'*0 and salinity,
calculated water temperatures become reasonable for the Late Paleozoic
epeiric, tropical seas of North America.
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