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Abstract—Original § °C values of abiotically precipitated marine cements from a variety of stratigraphic
intervals have been used to document secular variations in the §'*C values of Phanerozoic oceans. These,
together with the 6°*S values of coeval marine sulfates, are used to examine the global cycling of carbon
and sulfur. It is generally accepted that secular variation in §'°C and §*S values of marine carbonates
and sulfates is controlled by balanced oxidation-reduction reactions and that their long-term, steady-
state variation can be predicted from the present-day isotopic fractionation ratio (Ac/Ag) the ratio of
the riverine flux of sulfur and carbon (Fs/F¢). The predicted slope of the linear relation between 6C o
and 68, Vvalues is approximately ~0.10 to —0.14. However, temporal variation observed in marine
cement §C values and the §*S values of coeval marine sulfates produces a highly significant linear
relation (r> = 0.80; a > 95%) with a slope of —0.24; approximately twice the predicted value. This
discordance suggests that either the Phanerozoic average riverine Fs/Fc was 1.6—3.3 times greater than
today’s estimates or that an additional source of **S-depleted sulfur or *C-enriched carbon, other than
continental reservoirs, was active during the Phanerozoic. This new relation between marine §'°C and
6**S values suggests that the flux of reduced sulfur, iron, and manganese from seafloor hydrothermal
systems affects oceanic O, levels which, in turn, control the oxidation or burial of organic matter, and
thus the §C value of marine DIC. Therefore, the sulfur system (driven by seafloor hydrothermal
systems) controls the carbon system rather than organic carbon burial controlling the response of §*S
values (via formation of sedimentary pyrite).

Secular variation of marine ¥’Sr/3Sr ratios and 6'30 values argues for a coupling of §'*C and %8
values to variation in the relative contribution of seafloor hydrothermal and continental weathering fluxes.
These trends indicate that the early Paleozoic was dominated by low temperature silicate weathering,
whereas the Late Paleozoic to Modern was dominated by high temperature seawater-basalt interactions.
Variation in Proterozoic §"Ceup and §>*S,¢. values produces a slope that is greater than that of the
Phanerozoic (—0.50 vs. —0.24). This steeper slope is consistent with other geochemical data that indicate
relatively high seafloor hydrothermal fluxes during the late Precambrian. We speculate that the dramatic
evolutionary changes of the Neoproterozoic-Paleozoic transition occur during a waning of seafloor
hydrothermal fluxes and a concomitant decrease in O, consumption that permitted the oxygenation of

seawater thought to be critical in metazoan evolution.

1. INTRODUCTION

During the past three decades, numerous studies have dem-
onstrated that the history of Phanerozoic oceans is one of
dynamic chemical exchange between the hydrosphere and
lithosphere (e.g., Compston, 1960; Weber, 1967; Schidlow-
ski et al., 1976; Veizer and Hoefs, 1976; Holland, 1978,
1984; Holser, 1977; Claypool et al., 1980; Scholle and Ar-
thur, 1980; Veizer et al., 1980). Secular variation in ocean
chemistry is recorded as changes in the carbon, strontium,
sulfur, and oxygen isotopic composition of ancient sedimen-
tary minerals. Detailed chronologies have been documented
for ¥Sr/®Sr ratios of marine carbonates (e.g., Burke et al.,
1982; Denison et al., 1997) and 6**S values of marine evapo-
rites (e.g., Holser, 1977; Claypool et al., 1980). Variations
in the §°°C and 6'®0 values of marine carbonates have also
been documented (e.g., Weber, 1967; Veizer and Hoefs,
1976; Veizer et al., 1980; Lindh, 1983; Popp et al., 1986;
Walker and Lohmann, 1989; Carpenter et al., 1991).

Most global geochemical models have assumed that the
contribution of seafloor hydrothermal fluxes (via high tem-
perature seawater-basalt interaction) to the carbon-oxygen-
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sulfur cycle is negligible (e.g., Berner and Raiswell, 1983;
Lasaga et al., 1985; Kump and Garrels, 1986; Francois and
Gerard, 1986; Kump, 1989; Berner, 1987, 1990). In contrast,
Walker (1986) suggested that the flux of sulfur from seafloor
hydrothermal systems plays a significant role in the global
sulfur budget which, in turn, affects the oxygen and carbon
systems. The assumption that the flux of reduced sulfur spe-
cies from seafloor hydrothermal systems is negligible simpli-
fies the isotopic and mass balance considerations as the sul-
fur fluxes for riverine input and sedimentary pyrite removal
are approximately equal. However, there is evidence that the
sulfur flux from seafloor hydrothermal systems is globally
significant (e.g., Von Damm et al., 1985a,b, 1995; Humphris
et al., 1995). The introduction of an additional sulfur flux
into seawater clearly requires a re-examination of this and
related systems (see Walker, 1986 for discussion). The rela-
tion between the §'>C values of marine carbonate and §*S
values of marine sulfate provide a means of conducting this
re-examination (e.g., Garrels and Lerman, 1981, 1984;
Berner and Raiswell, 1983; Kump and Garrels, 1986;
Walker, 1986).

In order to relate long-term patterns of chemical variation
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Table 1. Steady-state d6"°C/d6*S calculated from flux and fractionation parameters em-
ployed in models of the global carbon-sulfur exogenic cycle.

F F,
Study (in 102 mol/yr) FJF. A, A, AJA, dEPCIdE*S
Veizer et al. (1980) 1.9 31.1 006 -40 -25 062 -0.13
Walker (1986) 3.0 25.0 0.12 -40 -25 0.62 -0.14
Lasaga et al. (1985) 1.5 16.3 009 -35 -26 074 —0.10
Kump and Garrels (1986) 1.5 14.0 0.11 -35 -25 071 -0.11
Lindh (1983) (Data Only) — —_ —_ - — — -0.26
This Study (w/DMS) 4.0 25.0 0.16 29* 23* (.81 -0.24
This Study (w/o DMS) 38 25.0 0.15 2.7% 23* (.85 -0.24

* Values calculated for all fluxes.

to changes in geological process, it is necessary to under-
stand the effects of different geologic processes on the varia-
tion of each isotopic tracer. These include a variety of oxida-
tion-reduction, silicate-equilibration, and basalt-seawater re-
actions (e.g., Garrels and Perry, 1974; Claypool et al., 1980;
Veizer et al., 1980; Berner and Raiswell, 1983; Berner et
al., 1983; Lasaga et al., 1985; Kump, 1989). On the basis
of theoretical arguments and empirical relations in contem-
porary oceans, Garrels and Perry (1974) postulated a redox
balance between the sulfur and carbon reservoirs:

4FeS, + CaCO; + 7CaMg(CO;), + 78i0, + 15H,0
= 15CH,0O + 8CaSO, + 2Fe,0; + TMgSiO; (1)

This reaction provides for the direct coupling of the carbon
and sulfur exogenic cycles by assuming constant atmo-
spheric O, and marine SO7 concentrations and serves as the
focus for modeling changes in fluxes among the oxidized
and reduced reservoirs and in isotopic composition of oce-
anic sulfate and bicarbonate (Garrels and Lerman, 1981,
1984; Berner and Raiswell, 1983; Kump and Garrels, 1986;
Walker, 1986). Using an isotopic mass balance approach, a
steady-state value for the slope of variation of carbon and
sulfur isotopic change (d6'*C/d6**S) can be related to fluxes
and fractionation factors by the relation:

d6PC/dE*S = —(15/8) X (Ac/As) X (Fs/Fe) (2)

where —(15/8) is the carbon-sulfur mole ratio from Eqn.
1, Ac/Ag is the carbon-sulfur isotopic fractionation ratio,
and Fg/Fc is the flux ratio of sulfur and carbon measured
from present-day river fluxes (Veizer et al., 1980; Walker,

1986; Kump and Garrels, 1986). This relation assumes that

a steady-state between the carbon and sulfur cycles has been
achieved and that the production of oxygen from excess
carbon burial has been matched by a compensatory oxidation
of reduced sulfur. As noted by Kump and Garrels (1986),
the rate of change of the isotopic composition of carbon
should be more rapid than the complimentary shift in sulfur,
due to the comparatively larger reservoir size of sulfur in
ocean water. This difference may induce short-term devia-
tions in carbon composition about a steady-state, §°C-6*S
correlation line. However, when examined on a scale of
Phanerozoic time, the measured d6>C/d6*S slope should
approximate the steady-state value.

Applying this relation, a steady-state d6*C/d6*$ slope
can be predicted from the Fs/F¢ ratio of present-day rivers
(Table 1). This study provides an additional prediction,
based on the flux parameters of Lasaga et al. (1985), which
evaluates the change in effective Ac/Ag fractionation factors
resulting from a dilution effect of weathering evaporites and
carbonates contributing to the total river fluxes. However,
when such effects are considered, the changes in Ac/Ag and
d6"C/d6*S are minor. Predicted variation in d5°C/d6*S
ranges from —0.10 to —0.14 (Table 1).

The magnitude of this d6"*C-d6*'S value is of importance
in evaluating the parameters employed in models of the exo-
genic carbon-sulfur cycle. Clearly, an overall reciprocal rela-
tion between changes in 6'°C and §**S values has been con-
firmed by numerous studies (Veizer et al., 1980; Lindh,
1983; Holser, 1984). The magnitude of this slope, however,
may be controlled by either Fs/Fc (Berner and Raiswell,
1983) or Ac/Ag, when examined on a short timescale where
steady-state conditions have not been attained (Kump and
Garrels, 1986). Thus, when examined on a Phanerozoic
timescale, if empirically determined slopes lie within the
range of —0.10 to —0.14, these would support current esti-
mates of Fs/Fc and Ac/As ratios and, by implication,
would limit the source of sulfur and carbon to continental
inputs. Slopes differing from this range require that addi-
tional fluxes of sulfur and/or carbon with different isotopic
compositions must be considered (e.g., Walker, 1986). Ad-
dition of such reservoirs would modify the effective frac-
tionation factors (Ac/Ag) or result in variable sulfur and
carbon fluxes into or out of the ocean (Berner and Raiswell,
1983). The purpose of this study is to examine the record of
secular variation in Phanerozoic marine 6 *C values derived
from abiotic marine cements and to evaluate the parameters
presently employed in models of the global carbon-sulfur
cycle (Fig. 1).

2. THE MARINE CARBONATE RECORD
2.1. Equilibrium Precipitation of Marine Cements

Marine carbonates provide the most accurate and complete
record of secular variation of §'°C values in paleoceans.
However, as summarized by Veizer et al. (1980), numerous
complications must be considered to determine original ma-
rine isotope records. The composition of mineral phases, for
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Fig. 1. Plot of 6'*C vs. 6>S values of Phanerozoic marine carbon-
ates and sulfates. §'°C values are from marine cements (compiled
for this study), and 6S values are from Claypool et al. (1980).
See Table 2 for actual values and descriptions. The inset compares
the slope derived from the empirical §°C-6*S data in this study
with similar data from Veizer et al. (1980) and Lindh (1983).

example, must reflect real variation in ocean chemistry rather
than disequilibrium fractionation during precipitation; this
is particularly important when evaluating biogenic mineral
phases that may exhibit ‘‘vital effects.”” Samples must also
represent carbonate precipitation in well-mixed surface wa-
ters or chemical variation may simply reflect local facies
effects. In addition, because diagenesis can significantly alter
the initial composition, such effects must be identified if the
magnitude of secular shifts is to be resolved. Finally, the
effects of primary mineralogy must be considered because
of significant carbon isotope fractionation between coevally
precipitated calcite and aragonite (e.g., Rubinson and Clay-
ton, 1969; Gonzalez and Lohmann, 1985; Carpenter et al.,
1991; Romanek et al., 1992). This is particularly important
in light of studies demonstrating cyclic variation in the min-
eralogy of abiotic marine carbonates (e.g., Sandberg, 1983,
1985; Wilkinson et al., 1985).

Using secular variations in marine carbonate §"°C values
(data from published whole rock analyses of marine mi-
crites), Veizer et al. (1980) demonstrated a negative correla-
tion between 6 °C and ‘S values for the Phanerozoic. The
general agreement between the slope calculated from these
data and that from the isotope mass-balance calculation in
Eqn. 2, has been cited as independent confirmation of flux
and fractionation parameters used in model calculations.
However, comparison of values in Veizer et al. (1980) and
numerous detailed studies (e.g., Tan and Hudson, 1974; Da-
vies, 1977; Scholle and Arthur, 1980; Brand, 1982; Czernia-
kowski et al., 1984; Given and Lohmann, 1985; Meyers and
Lohmann, 1985; Moldovanyi and Lohmann, 1985; Hurley
and Lohmann, 1989; Carpenter and Lohmann, 1989) sug-
gests that the §7°C values of Veizer et al. (1980) significantly
underestimate the actual magnitude of Phanerozoic secular
variation.

In this study, a research strategy has been adopted to

minimize those factors that are likely to induce variation
other than those reflecting secular changes in ocean chem-
istry. To avoid complications arising from local facies
effects, this study focuses on low-latitude, shallow shelf,
and reefal carbonates. Reefal buildups are typically devel-
oped in well-mixed, shallow waters at the edges of conti-
nental shelves and are restricted geographically to low
latitude settings (e.g., Opdyke and Wilkinson, 1990).
Choice of a suitable carbonate component for analysis
is more difficult. Numerous studies have examined the
isotopic composition of Phanerozoic biogenic carbonates
(e.g., Compston, 1960; Lowenstam, 1961; Al-Aasm and
Veizer, 1982; Popp et al., 1986). However, it has been
demonstrated that the majority of biogenic carbonates are
precipitated in varying degrees of carbon isotope disequi-
librium (e.g., Veizer, 1983a; Wefer, 1985; McCon-
naughey, 1989; Carpenter and Lohmann, 1995). More
critically, the inherent variation present in biogenic car-
bonate, even within individual taxa, may limit resolution
of oceanic 6'*C value variation in ancient materials to no
better than +1%o (e.g.i, Carpenter and Lohmann, 1995).
Carbon and oxygen isotope data from modern marine
cements indicate that these abiotic precipitates are formed
in isotopic equilibrium with ambient fluids and that they
have a relatively small overall range of values (a total
range of 0.6%c for both §*C and §'*0 values; Fig. 2).
The isotope data plotted in Fig. 2 represent analyses of
co-occurring aragonite and Mg-calcite marine cements
from the windward reef flat of Enewetak Atoll (data from
Carpenter et al., 1991), Marine cements have §"C and
§'®0 values that are inherently less variable and higher
than co-occurring biogenic or micritic carbonates (e.g.,

Modern Marine Cements
Enewetak Atoll - Windward Reef Flat
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Fig. 2. §"°C and 6'°0 values of Holocene marine cements from
the windward reef flat of Enewetak Atoll, Marshall Islands. Rectan-
gles are estimates of the equilibrium low Mg-calcite (LMC), high
Mg-calcite (HMC), and aragonite (ARAG) compositions for this
location. The difference between aragonite and calcite §°C values
is 1.2%.. From Carpenter et al. (1991).
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Table 2. Sulfur, carbon, and strontium isotope data for selected time periods.

Age 8S*  §°C  ¥StfSSr  Mineralogy  Reference

Holocene 214 3.0 0.70917 HMC 1,2
Pliocene 21.8 3.2 0.70900 HMC 3
Cretaceous (Maastrichtian) 18.8 2.8 0.70765 MC 4
Cretaceous (Aptian) 16.2 3.0 0.70740 C 5
Jurassic (Kimmeridgian) 17.1 3.0 0.70690 C 6
Triassic (Norian) 159 28 0.70780 C 7
Permian (Kazanian) 11.7 43  0.70680 HMC 8
Pennsylvanian (Moscovian) 14.7 3.5 0.70830 HMC 9
Lower Mississippian (Visean) 16.0 3.5 0.70800 C 10, 11
Lower Mississippian (Tournaisian)  16.9 4.0 0.70790 IMC 12
Upper Devonian (Famennian) 23.0 2.5 070810 IMC 13, 10
Upper Devonian (Frasnian) 233 25  0.70800 IMC 13, 14
Middle Devonian (Givetian) 21.0 1.5 0.70780 C 15, 10
Upper Silurian (Pridolian) 26.5 1.5 0.70870 C 16
Middle Silurian (Ludlovian) 275 1.5 0.70870 C 17
Upper Ordovician (Hirnantian) 28.0 6.5 0.70790 C 18
Upper Ordovician (Ashgillian) 28.2 0.0 0.70785 C 19
Middle Ordovician (Llanvirnian) 29.0 0.5 0.70830 C 20, 21
Lower Ordovician (Tremadocian) 293 -1.0 0.70900 C 19
Lower Cambrian (Waucoban) 295 —-05 0.70870 C 22,23

* Claypool et al. (1980); 1. Gonzalez & Lohmann (1985); 2. Carpenter et al. (1991); 3.
Frank & Lohmann (1996); 4. Wilson and Opdyke (1996); 5. Moldovanyi & Lohmann (1985);
6. Unpublished Data— Smackover Fm.; 7. Unpublished Data—Alps & Sicily; 8. Given &
Lohmann (1985); 9. Graber (1989); 10. Meyers & Lohmann (1985); 11. Dunn (1988); 12.
Carpenter (1991); 13. Hurley & Lohmann (1989); 14. Carpenter & Lohmann (1989); 15.
Unpublished Data— Wirbelau Quarry; 16. Breining (1985); 17. Cercone & Lohmann (1986);
18. Marshall and Middleton, 1990; 19. Stepanek (1984); 20. Ross et al. (1975); 21. Unpub-
lished Data—Efna Fm.; 22. James and Klappa (1983); 23. Unpublished Data—Shady Ls.

Keith and Weber, 1965; Weber and Woodhead, 1970;
Erez, 1978; Graham et al., 1981; Swart, 1983; Wefer,
1985; Gonzalez and Lohmann, 1985; McConnaughey,
1989; Carpenter et al., 1991). Because inorganic precipi-
tation results in a consistent equilibrium fractionation be-
tween carbonate and ambient dissolved inorganic carbon
(DIC), abiotic marine cements may be the preferred mate-
rial for evaluating variation in paleocean chemistry (e.g.,
Gonzalez and Lohmann, 1985; Carpenter et al., 1991).
Moreover, because such inorganic carbonate precipitation
requires extensive wave and tidal pumping (e.g., Land
and Goreau, 1970; Ginsburg and James, 1976), marine
cements associated with shelf-margin buildups should
provide an accurate record of the isotopic composition of
low latitude, surface waters. This supposition is supported
by isotope data from modern marine carbonates.

In a similar manner to those described above, primary
marine §"C values have been determined for marine ce-
ments from various stratigraphic intervals during the Phaner-
ozoic (Table 2). These represent time intervals on the order
of 1-2 million years. For the majority, primary isotopic
values were also determined for several coeval units, provid-
ing independent corroboration of the global character of ma-
rine 6°C estimates. Because, in some cases, these values
represent extrapolated endmember compositions, measured
standard deviations cannot be calculated. Based on the maxi-
mum variation observed in modern marine cements
(+0.3%0), and allowing for error in the extrapolation to
primary values, these compositions are conservatively pre-
cise to within +0.5%e..

2.2. Diagenetic Alteration and Preservation of Marine
8C Values

Because modern marine cements have metastable mineral-
ogies (aragonite (ARAG) and high Mg-calcite (HMC)),
diagenetic modification of original marine isotope ratios
must be considered when discussing secular variations in
Phanerozoic marine carbonates. Several studies have shown
that preservation of original marine §'°C values is possible
over a wide range of water/rock (W/R) ratios and degrees
of diagenetic alteration (e.g., Carpenter and Lohmann, 1989;
Banner and Hanson, 1990; Carpenter et al., 1991). Diage-
netic alteration or water-rock interaction commonly occurs
in shallow marine carbonates when drops in sea level subaer-
ially expose shallow marine carbonates (composed of bio-
genic and abiotic precipitates with a range of stabilities).
Meteoric water, charged with CO, from oxidized organic
matter in soils, reacts with metastable phases (to varying
degrees and at various scales) to produce more stable low
Mg-calcite (LMC) (e.g., Lohmann, 1987).

Water-rock interaction modeling of these cement compo-
sitions indicates that alteration of marine cements often oc-
curs at low W/R ratios (W/R < 1000; e.g., Meyers and
Lohmann, 1985; Lohmann, 1987; Banner and Hanson, 1990;
Quinn et al., 1991). Retention of marine 6'3C values is not
surprising given the mass balance calculations associated
with the reaction of marine carbonates in meteoric waters
(e.g., Lohmann, 1987; Banner and Hanson, 1990; Quinn et
al., 1991). Compared with the carbon derived from dissolv-
ing metastable carbonates, rainwater gains relatively little
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carbon from the oxidation of organic matter in soils (via
solution of CO, in water where PCO, is approximately 10733
for the atmosphere and 1072 for soils; e.g., Lohmann, 1987;
Banner and Hanson, 1990). Evolved meteoric fluids (those
that have experienced subsequent dissolution of ARAG and
HMC) are dominated by carbon from the dissolving marine
rock. This yields preservation of marine §°C values even
during neomorphic alteration of ARAG and HMC.

The preservation of carbon isotope ratios in bulk carbonate
samples has been exploited by various workers examining
events in earth history (e.g., Magaritz, 1989; Derry et al.,
1992; Knoll et al., 1996). Here we report data from micro-
samples of marine cement milled from petrographically well-
characterized materials (typically reef margin grainstones).
This sampling technique avoids mixing of various quantities
of carbonate components such as fossils and other allochems,
cements, and micrite (each with different isotopic composi-
tions). Given the isotopic heterogeneity of ancient marine
carbonates, due either to original inherent variability or dia-
genesis, detailed studies of ancient marine cements may pro-
vide the most accurate and precise estimate of the §°C value
of shallow marine DIC.

We will describe two types of carbon isotope preservation
that have been observed in ancient marine cements. Compar-
ison of the isotopic compositions of ancient marine cements
with those of modern analogues will also aid our understand-
ing of the preservation of carbon isotope ratios (e.g., Gonza-
lez and Lohmann, 1985; Carpenter et al., 1991; Fig. 2). The
first example of preservation is the mineralogic transforma-
tion (ARAG to LMC or HMC to LMC) over a range of
W/R ratios which produces a physical mixture of two car-
bonate phases each with different §'*0 and §°C values (e.g.,
Given and Lohmann, 1985; Frank and Lohmann, 1996).
This heterogeneity permits, with the help of microsampling
techniques, the determination of original marine §"*C values.
The second type of preservation is the result of water-rock
interaction at low W/R ratios (e.g., Meyers and Lohmann,
1985; Lohmann, 1987) and, in many cases, the outright pres-
ervation of original marine carbonate (e.g., Carpenter and
Lohmann, 1989; Carpenter et al., 1991). Here we briefly
describe selected examples of these types of preservation in
ancient marine cements.

2.3. Permian Marine Cements

Given and Lohmann (1985) have shown that original ma-
rine §'*0 and §'°C values can be measured and estimated
from diagenetically altered aragonite and Mg-calcite ce-
ments (Fig. 3). In this case, late-stage diagenetic calcite
spars are physically intergrown with caicitized marine ce-
ments that have been stabilized to LMC at low W/R ratios.
Microsampling of these mixtures produces §'°0 and §“C
values that form linear, covariant trends which diverge from
primary marine cement values toward diagenetic endmember
values. Importantly, the trends for both the former aragonite
and Mg-calcite cements converge at different marine 5§80
and §'°C values, with relative positions comparable to those
of modern aragonite and Mg-calcite marine cements (e.g.,
Gonzalez and Lohmann, 1985; Carpenter et al., 1991; Figs.
2, 3). The measurement of both aragonite and Mg-calcite

equilibrium 6'®0 and §'*C values is compelling evidence
for preservation of original marine §°C values.

2.4. Late Devonian and Early Mississippian Marine
Cements

Carpenter and Lohmann (1989), Carpenter et al. (1991),
and Carpenter (1991) have shown that Late Devonian ( Fras-
nian) metastable marine cements (Intermediate Mg-calcite
(IMC): 2.5-7 mol% MgCQO,) are preserved in the rock
record without diagenentic alteration and thus record primary
isotopic compositions. We conclude that portions of these
cements have escaped diagenetic alteration on the basis of
compelling petrographic evidence (alteration of margins of
crystals near micro- and macro-pores; see Carpenter and
Lohmann, 1989) and intra- and inter-basin correlation of
various chemical tracers (§'C and §'30 values, ¥’Sr/®Sr,
and Sr/Mg ratios; see Carpenter et al., 1991). In addition,
the strontium, carbon, and oxygen isotope data from these
cements have overall variability comparable to modern ma-
rine cements (Carpenter et al., 1991; Fig. 2). As there is a
great body of evidence that indicates that water-rock interac-
tions in marine cements produces isotopic heterogeneity
rather than homogeneity (e.g., Given and Lohmann, 1985;
Meyers and Lohamnn, 1985; Frank and Lohmann, 1996;
Figs. 3, 4, 5); the clustering of data in Figs. 2, 4, and §
argues for a lack of diagenetic alteration in portions of these
marine cements.

It is also unlikely that several locations would undergo
the same postdepositional reactions thereby producing the
same isotopic and chemical compositions (e.g., §°C and
50 values, ¥Sr/*Sr, and Sr/Mg ratios; Carpenter et al.,
1991). Petrographic and geochemical evidence indicates that
alteration fabrics result from interaction with meteoric and
burial fluids (Carpenter and Lohmann, 1989; Carpenter et
al., 1991; Carpenter, 1991). Regardless of possible recrystal-
lization phenomena, even diagenetically altered marine ce-
ments (inclusion-rich cements) retain their original marine
carbonate §'°C values (Fig. 4). This alteration is the result
of interaction with meteoric water at low W/R ratios (Car-
penter and Lohmann, 1989; Carpenter et al.,, 1991). Al-
though there is some temporal variation in marine 6°C val-
ues within the Leduc Reefs of Alberta (~0.5%o0, Carpenter
and Lohmann, 1989), the +2.5%. value is representative of
the majority of these Middle Frasnian marine cements.

Similar preservation is observed in marine cements from
the Lower Mississippian (Tournaisian) Pekisko Formation
of Alberta, Canada (Fig. 5). Carpenter (1991) has described
the cements with the same petrographic characteristics as
those from the Late Devonian of Alberta (i.e., inclusion-
poor and inclusion-rich). Again, the inclusion-poor cements
are interpreted to be unaltered, marine IMC, whereas inclu-
sion-rich cements have undergone diagenetic alteration at
low W/R ratios and still retain original marine §"C values
(Fig. 5).

2.5. Anomalous Late Ordovician 6°C values

Brenchley et al. (1994) described a globally significant
increase in both §'30 and §C values during a short-lived






