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Abstract—One hundred and two articulate brachiopods and twenty-one marine cements from Ordovician
strata were analyzed for oxygen and carbon isotopes. These, together with 200 previously published
analyses of Ordovician brachiopods (mostly of Upper Ordovician age), define a general trend of increasing
5130 values with decreasing age, from a minimum of —10.5% in the earliest Ordovician to a maximum
of —1.5%» at the Ordovician / Silurian boundary. The & '3C values show a general positive correlation with
530 and increase from —2.5% in the earliest Ordovician to as high as +7%» at the Ordovician/Silurian
boundary. The magnitudes of Ordovician excursions for both §'20 and é*C are similar to those reported
previously for the entire Phanerozoic.

Different genera of brachiopods from the same stratigraphic level did not yield any large differences
in their isotopic compositions, suggesting that vital effects did not influence decisively the isotope values
of the studied skeletal parts. Petrographic examination and trace element analyses indicate that brachiopod
shells from Llandeilo to Ashgill strata are well preserved and thus, may have retained their primary
isotopic signatures. The same criteria for the Tremadoc, Arenig, and some Llanvirn brachiopods suggest
partial diagenetic alteration of '°Q values in these samples, but this does not preclude their utility as a
recorder of a primary §'°C signal.

The observed 5'%0 trend for the well preserved portion of the record may reflect progressive cooling
during Ordovician, perhaps complemented by a changing &'20 values of seawater. The latter could have
been a consequence of a net increase in the rate of high-temperature water/rock interaction relative to
its low-temperature counterpart, as indicated also by the large coeval decrease of marine *’Sr/*Sr. Su-
perimposed on the above long-term §'%0 trend is a positive excursion of about 2%» at the end of the
Ordovician, probably reflecting a large expansion of polar ice caps. The magnitude of this excursion
indicates a degree of glaciation comparable 1o that at the height of the Quaternary glacial episodes.

The secular 4 *C trend may reflect a progressive increase in marine organic productivity and/or enhanced
organic deposition in the Ordovician oceans, particularly noticeable at the time of the terminal Ordovician
glaciation.

INTRODUCTION as a reference base for potential oxygen isotopic paleother-
mometer (EPSTEIN et al., 1951; ANDERSON and ARTHUR,
1983), and (3) as a paleoceanographic tracer of circulation
patterns in ancient oceans (SAVIN and YEH, 1981). Such
information, in turn, can help to interpret geologic events,
such as dolomitization and mineralization in sedimentary
basins (LAND, 1980, 1983; QiNG and MOUNTIOY, 1989,
1994; VEIZER, 1992a).

Previous systematic studies of sedimentary carbonates de-
lineated the first order secular trends for oxygen and carbon
isotopes during geologic history ( DEGENS and EPSTEIN, 1962;
WEBER, 1965a,b; SCHIDLOWSKI et al.,, 1975; VEIZER and
HOEFs, 1976; Popp et al., 1986; VEIZER et al,, 1986; BRAND
and MORRISON, 1987; LOHMANN and WALKER, 1989;
WADLEIGH and VEIZER, 1992), with resolution of higher
order features in these trends available only for the younger
time intervals. For the Ordovician, the subject of the present
study, the existing database is relatively sparse and covers
mostly the Upper Ordovician. For example, the 8'*0 and
8'3C curves of VEIZER et al. (1986) were based on samples
from one, and those of POPP et al. ( 1986) from two Upper
Ordovician formations. The recent work of WADLEIGH and

THE CHEMICAL AND ISOTOPIC composition of seawater is
controlied by kinetic steady-states, reflecting the following
major fluxes: { 1)} continental input, principally the dissolved
load of rivers; (2) oceanic crust/seawater exchange at mid-
oceanic ridges, and (3) removal of chemical species via sed-
imentation (e.g., HOLLAND, 1984). Although the chemical
composition of seawater may have been relatively stable dur-
ing geological history, this was not the case for many isotopes
(e.g., BURKE et al., 1982; STILLE et al., 1992; VEIZER, 1992a).
Isotopes can, therefore, serve as a valuable tracer for under-
standing the dynamics of the Earth system. In addition,
quantification of isotopic compaosition of ancient seawater is
crucial for deconvolution of sedimentary, diagenetic, and
thermal maturation histories of sedimentary basins. This is
because the resulting isotopic curves can be utilized (1) asa
dating and correlation tool (the so-called isotopic stratigra-
phy) that is global in scope and applicable to nonfossiliferous
sequences ( ELDERFIELD, 1986; WILLIAMS et al., 1988), (2)
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VEIZER ( 1992) includes brachiopod samples from a variety
of Ordovician strata, but even these are mostly of Upper
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Ordovician age. Therefore, the main objectives of this paper
are to establish secular &'*Q and §'C curves for the Ordo-
vician based on brachiopods and marine cements, to compare
these results with previously published data, and to search
for possible causes that could have generated the observed
isotopic patierns.

The isotopic compaosition of ancient oceans can be deci-
phered from attributes of ancient chemical and biochemicat
carbonate precipitates. For the Paleozoic, the most common
biochemical carbonates used for the reconstruction of the
first order isotopic variations are the well preserved interior
“secondary” layers of brachiopod shells, which are composed
of stable low-Mg calcite (POPP et al,, 1986; VEIZER et al.,
[986; BRAND and MORRISON, I987; ADLIS et al., 1988;
GROSSMAN et al, 1991; BRAND, 1989; WADLEIGH and
VEIZER, 1992). Marine cements, precipiiated in equilibrium
with ambient seawater, can also be utilized for the intervals
where they are available (GONZALEZ and LOHMANN, 1985;
CARPENTER &t al., 1991 ). Marine calcite cements may have
been precipitated as original low-Mg calcite ( CARPENTER et
al., 1991; JOHNSON and GOLDSTEIN, 1993}, but in most cases
they were onginally aragonite or high Mg-calcite that must
have been diagenetically altered to more stable low-Mg calcite.
Nevertheless, their original § '*0 and 8*C values can appar-
ently be inferred from isotopic trends, as demonstrated by
the studies of MEYERS and LOHMANN ( 1985), GIVEN and
LOHMANN{ 1985), CARPENTER and LOHMANN ( 1989), and
CARPENTER et al. (1991). The overall agreement of Pha-
nerozoic secular trends, regardless of whether generated from
studies of marine cements or brachiopod shells (see Fig. 7 in
FOFF et al., 1986), suggests that either or both these ap-
proaches can be employed to delineate secular isotopic curves.

In this study we utilize both approaches, but the bulk of
the samples is represented by Ordovician articulate brachio-
pods. These samples have been collected from various lo-
calities that were in a paleolatitude below 30° in Laurentia
(Fig. 1). Their location, stratigraphic assignment, host li-
thology, and generic identification are summarized in Ap-
pendix. The bulk of the brachiopods from the Arenig to
Llandeilo were collected in the field by H. Qing or donated
by J. F. Miller (SW Missouri State University, Springfield).
Additional brachiopod samples were donated by T. E. Bolton
(Geological Survey of Canada, Ottawa}, H. J. Hoffman

F1G. L. Paleogeographic reconstruction for the Middle Ordovician
(modified after ScoTesE and McKerrow, 1990). Black dots rep-
resent sample locations.

( University of Montreal, Montreal), E. Landing ( New York
Geological Survey, Albany), and J. B. Waddington (Roval
Ontario Museum, Toronto ), Marine cements were collected
at Meiklejohn Peak, southern Nevada by H, Qing.

METHOQDS

The collected Ordovician brachiopod shells are small (¢.5-2 cm)
and have thin shells (0.1-1 mm), particularly the early Ordovician
ones. In order to avoid contamination from surrounding rock matrix,
bulk rocks that contained brachiopods were crushed by hammer. In
most cases, the outer “primary™ layers of the shells, often diagenet-
ically altered, remained in the molds of the rock matrix, while pieces
of the well preserved “secondary™ layers were cleanly separated. These
shell materials were handpicked and examined by binocular micro-
scope, and picees that still contained reck matrix were eliminated.
In addition, the selected brachiopod shells were thin-sectioned, in
order to examine their state of preservation under transmitted light
and by cathodoluminescence (CL). The equipment used was a
Technosyn 8200 MKII model, with settings at 1) kV and 0.5 mA.
Some shell fragments were aiso studied by scanning electron mi-
croscopy (SEM).

Complementary to textural evaluation, the state of preservation
of the shells was also examined by chemical criteria. From the total
of 123 samples analyzed for oxygen and carbon isotopes, eighty-nine
yielded enough material for determination of their calcigm, mag-
nesium, and trace element (strontivm, sodium, potassium, iron, and
manganese ) contents. This analytical work has been performed in
the laboratories of the Ottawa-Carleton Geoscience Centre, utilizing
Thermal-Jarrell Ash ATOMSCANZS inductively coupled argon
plasma sequential spectroscopy ( ICP-AES), Fifteen to 20 mg of sam-
ple were digested in 15 mL of 8% HCI. The solution was filtered
through ashless paper il the samples contained noticeable insoluble
residue. The detection limits for strontium, sedium, manganese, and
iron were t, 50, |, and 60 ppm, respectively. The reproducibility for
duplicates was better than three relative percent. The results are listed
in Appendix.

In total, 102 brachiopod shell and twenty-one marine cements
were analyzed for oxygen and carbon isotopes. Five to 10 mg of
sample was reacted overnight with 100% phosphoric acid at 25°C.
The produced carban dioxide was analyzed on a VG-602F mass
spectrometer at the Ottawa-Carleten Geoscience Centre. The repro-
ducibility for both oxygen and carbon isotopes was within 0. | %s. The
analytical results, reparted relative to PDB, are summarized in Ap-
pendix.

TEMPORAL TRENDS

The overall temporal trends for §'*0 and &'*C of Ordo-
vician brachiopods and marine cements are presented in Figs.
2 and 3. These figures include all present as well as previously
published Ordovician data (323 samples). In general, 5 %0
values increase with decreasing age (Fig. 2), in accord with
the previously documented Paleozoic trends based on bra-
chiopods and marine calcites {Popp ¢t al., 1986; VEIZER et
al., 1986; HUDSON and ANDERSON, 198%; LOHMANN and
WALKER, 1989; BranD, 1989, WADLEIGH and VEIZER,
1992). However, it appears that the §'%0 increase did not
oceur at an uniform rate. Instead, major jumps are indicated
near the Tremadoc/Arenig and Arenig/Llanvim transitions,
in the late Llandeilo, and in the latest Ashgill, respectively
(Fig. 2).

For carbon isotopes, the overall trend resembles that of
80 (Fig. 3), with §'°C values increasing from a minimum
of —2.5%e in the earliest Ordovician to as much as +7%e at
the Ordovician /Silurian boundary. As with oxygen isotopes,
the 613C increase was not gradual. Sudden changes in §'°C
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Fi1G. 2. §'%0 of Ordovician brachiopods and marine cements plotted
according to the best available stratigraphic information. The time-
scale of HARLAND et al. ( 1990) is used. Samples with 4'30 less than
—12%. are excluded from the plot. Solid diamonds, brachiopods from
this study; open diamonds, brachiopods from VEIZER et al. (1986),
RAILSBACK (1990), MIDDLETON et al. (1991}, and WADLEIGH and
VEIZER (1992); dots, marine cements from this study; and circles,
marine cements from GROVER (1981). The contours enclose the
“best-preserved” samples as discussed in the text.

are indicated at the Tremadoc / Arenig and Arenig/Llanvirn
transitions and in the latest Ashgill (Fig. 3}, all accompanied
by &30 shifts (Figs. 2, 3). The general increase in §°C is
similar to the previously documented carbon isotopic age
trend { VEIZER et al., 1980; HOLSER et al, 1988; WADLEIGH
and VEIZER, 1992).

DISCUSSION

The results presented above demonstrate convincingly the
shifts towards 20 and '*C enrichments in the course of the
Ordovician. In an optimal case, the §'%0 may reflect oxygen
isotopic compositon and temperature of the Ordovician sea-
water and the $"°C of its dissolved inorganic carbon. Alter-
natively, the data may reflect superimposed vital fractionation
effects, or postdepositional alteration patterns, or any com-
bination of the above. It is, therefore, essential 1o evaluate
factors that may have played a role in the observed isotopic
trends.,

Vital Effect

Vital effects refer to disequilibrium precipitation of brogenic
carbonate. Some organisms, such as corals and echinoderms,
precipitate skeletal calciles out of equilibrium with respect
to ambient water { MOCCONNAUGHEY, 1990a,b; WEFER and
BERGER, 1991). For brachiopods, the role of “vital effects™
is not entirely clarified. Pope ¢t al. (1986) and VEIZER et al.
{ 1986 ) suggested that some penera of Paleozoic brachiopods
may have been involved in fractionation of carbon isotopes.
Other authors { LOWENSTAM, 1961; BRAND, 1989; GROSS-
MAN et al., 1991 ) maintained that brachiopods secreted their
shells in oxygen isotopic equitibrium with ambient water.
Based on experimental work on living brachiopods, HEIBERT
et al. (1988) suggested variations of +1% in 4'*0 and §'°C
within single brachiopod shells and cautioned that the bra-
chiopods should not be utilized as precise recorders of sea-
waler isotopic sighature.

Extensive optical and chemical studies on recent brachio-
pods show that the exterior “primary” layer frequently con-
tains disequilibrium isotopic signals (CARPENTER and LOH-
MaNN, 1994) and is susceptible to postdepositional alteration
{DIENER, 1992). However, the isotopic values for the interior
“secondary” layer of these recent brachiopods are more
complicated. The data from CARPENTER and LOHMANN
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FiG . 3. 4"°*C of Ordovician brachiopods and marine cements plotted
according to the best available stratigraphic information. See Fig. 2
for further details.
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(1994) show that those from latitudes lower than 40°
have §'%0 values mostly within 1% of the equilibrium values
calculated from seasonal temperature variations and from
the § '*0 value of ambient seawater. In contrast, brachiopods
from higher latitudes have more variable §'%0 values that
are generally less than the calculated equilibrium values (see
Fig. 9 in CARPENTER and LOHMANN, 1994}, It appears,
therefore, that the unaltered interior “secondary™ layers from
latitudes lower than 40° can be utilized for studies of the first
order isotopic variations that are in excess of 1%e. This is the
case for our Ordovician brachiopod samples, all collected
from paleolatitudes lower than 30° (Fig. 1).

The isotopic compositions of multiple brachiopod genera
for a given stratigraphic unit are summarized in Fig. 4 and
no noticeable differences have been observed within a single
stratigraphic unit. Only the Sowerbylla sp. ( Hirnantian, Ash-
gill) has 6'*C values about 1%, lighter than those of other
coeval genera, This suggests that vital effects did not play a
decisive role in determining the isotopic composition of the
studied Ordovician brachiopods. A similar conclusion has
been reached also by BATES and BranD (1991), who ob-
served no significant differences in 3 '%0 and 8'>C values be-
tween two Devonian brachiopod species from the same
stratigraphic unit, and by WADLEIGH and VEIZER { 1992),
who found no isotopic differences between Ordovician
Platystrophia sp. and other Ordovician genera, despite the
fact that the latter originated from different environments
and localities. Based on all these results, we conclude thai
the studied Ordovician brachiopods did not exert significant
biological control over § '*CQ and §'*C values in the “second-
ary” layer of their sheils.

Diagenetic Alteration

In order to select the “best preserved” brachiopod shells,
thin sections of brachiopods were examined under transmit-
ted light and subsequenily by cathodoluminescence (CL).
As a rule, the unakltered shells should consist of nonlumines-
cent fibreus layers with no visible dissolution and cementation
features (cf. POPP et al., 1986), In addition, scanning electron

microscope (SEM) studies showed a general good preserva-
tion of the original brachiopod fabric, although dissolution
features are found in some nonluminescent samples (Fig. 5),
indicating that nonluminescent brachiopeds too may have
experienced some diagenetic alteration (cf, RUSH and CHAF-
ETZ, 1990). Whether a partial alteration that is visible by
SEM, while undetectable opticatly and by CL, can reset en-
tirely the isotopic composition is another matter. Previous
studies indicated that diagenetic alteration of brachiopod
shells is most severe in the “primary” prismatic layer at its
surface, while the vohumetrically dominant “secondary™ layer
usually remains well preserved {(e.g., ADLIS et al,, 1988
GROSSMAN et al.,, 1991; DIENER, 1992). Even occurrences
of a relatively large percentage of diagenetic calcite within
the primary shell structure may only result in a fractional
isotopic shift, possibly because the well preserved “secondary”
layers accounted for the bulk of samples { WADLEIGH and
VEIZER, 1992). Only a substantial dissolution /reprecipita-
tion, usually detectable by SEM, can result in large-scale re-
setting of the original isotopic signal. In order to minimize
the role of diagenetic alteration, we employed all the above
techniques for sample selection and analyzed only the non-
luminescent “secondary™ layer of the selected shells with no
visible diagenetic alterations such as dissolution and recrys-
tallization.

In addition to textural evaluation, trace elements were uti-
lized as supplementary criteria of secondary alteration of the
brachiopods. Recent brachiopod shells have strontium con-
tents from 800 to 2,000 ppm; Na, 500-3,700 ppm; Mn, 5-
500 ppm; and Fe, 20-800 ppm (MORRISON and BRAND,
1986). Diagenetic alteration, in general, leads 1o depletions
in strontinm and sodium and enrichments in manganese and
iron (Figs. 6, 7). These trends are often associated with de-
pletions in "*O and '*C (Figs. 8,9). While the bulk of our
samples has strontium and sodium contents similar to those
of recent brachiopods (Figs. 6,8), the iron and manganese
contents in the Llanvirn and in some Ashgill and Llandeilo
specimens are much higher than those of recent brachiopods
(Figs. 7.9), suggesting possible alteration by late-stage dia-
genelic processes. Yet, for a given stratigraphic unit, §'%0Q
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FiG. 4. "0 and 3"C of different brachiopod genera from the same stratigraphic unit.
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Fi1G. 5. SEM of brachiopod shell fragments. (a) Well-preserved
secondary fibrous layer of brachiopod shell from the Ellis Bay For-
mation ( Hirantian), Anticosti Island. (b) Slightly altered brachiopod
shell with micro dissolution vugs from the Laval Formation ( Llan-
deilo), Ontario.

values decrease only slightly despite large variations in trace
element contents (Fig. 9). This is probably caused by partial
recrystallization, which could have resulted in large shifts in
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trace element content while hardly affecting the 3'*Q or '3C
signals (cf. WADLEIGH and VEIZER, 1992). Note also, that
the pattern is preserved even at the level of formations. For
example, the two parallel trends for the Ashgill samples (Figs.
8,9) represent the Ellis Bay and the Great Lake Formations,
respectively. This type of covariance can be generated if the
samples were subjected to only a minor partial recrystalli-
zation or to a minor contamination by diagenetic calcite.

Due to the limited collection and small sample size of the
early Ordovician { Tremadoc and early Arenig) brachiopods,
we did not have enough shell material for SEM study or trace
element analyses. As a result, their diagenetic alteration can-
not be evaluated using the above discussed criteria. However,
the &30 values of the Tremadoc and the early Arenig samples
{—10.5 to —8.5%¢) (Fig. 2) are much lower than the §'*0 of
the contemporary marine calcite cements (—5 to —6.5%s;
LOHMANN and WALKER, 1989; JOHNSON and GOLDSTEIN,
1993) or the early Ordovician limestones that have undergone
meteoric diagenesis (—7%a) {GAO and LAND, 1991). This
indicates that these brachiopod shells have been diagenetically
altered. Optical evaluation of the shell material confirms its
recrystallized nature, since no primary fibrous structures were
observed. In addition, the lime matrix in which the brachio-
pods were embedded is also strongly recrystallized. The late
Arenig sampiles, on the other hand, appear to be well preserved
in terms of their optical and trace elements characteristics,
yet their §'30 values are less than —8%. (Fig. 2). We have
no satisfactory explanation for this anomaly, but as a pre-
cautionary step, we prefer to exclude these results pending
additional studies. Note also that one half of the Tremadoc
and all of the Arenig and Llanvirn brachiopod samples are
from Utah (Appendix), an area where conodont alteration
index of 3-5 has been documented (ETHINGTON and CLARK,
1981), suggesting a considerable thermal overprint. Based
on the above criteria, our §'*Q database for early Ordovician
samples is clearly unsatisfactory and requires additional
sampling and analytical work.

The Llanvirn brachiopod samples have excessive man-
ganese and iron contents ( Figs. 7,9) and their §'*0 and §°C
are lighter than those of the contemporaneous marine ce-
ments {Figs. 2,3), but comparable to the Llandeilo brachio-
pods (Fig. 9). Taking a conservative attitude, we shall con-
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brachicpods from MORRISON and BRAND { 1986).
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FiG. 6. Scatter diagram of strontium and sodium concentrations in Ordovician brachiopods. Shaded area for recent
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F1G. 7. Scatter diagram of manganese and iron concentrations in Ordovician brachiopods. Shaded area for recent

brachiopods fromt MORRISON and BRAND { 1986}.

sider these samples as altered. On the other hand, petrographic
and trace element evaluation suggest that some of the Llan-
virn marine cements have been well preserved and their
heaviest § %0 values {around —6%:) are used as a substitute
for the brachiopod data. In contrast to the above, the younger,
post-Llanvirn, temporal trend for §'%0 appears to be a real
primary feature of the geologic record, with §'*0O forming a
band of +1.5% around a mean that is increasing from about
—5.5%0 to —4.5%0 (Fig. 2). In the latest Ashgill, there appears
a sudden '¥0 spike of about 2% that will be discussed later
in the text.

The $3C temporal trend, on the other hand, may approx-
imate the real marine record for the entire Ordovician (Fig.
3}, because the carbon budget in a diagenetic system is usually
dominated by the dissolving precursor carbonate and its 8 '*C
1s thus transposed into the successor phase. This may even
be the case for the diagenetically altered Tremadoc and early
Arenig samples, with 8'>C values similar to coeval brachio-
pods (WADLEIGH and VEIZER, 1992) and marine lime-
stones (GAC and LAND, 1991). As with oxygen, the latest
Ashgill is also characterized by a sudden '*C enrichment of
about 5%e.

The large positive 8'*0 and 4'3C excursions at the end of
Ordovician have occurred synchronously on Anticosti Island
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(Canada), in central Sweden and in Baltic States (cf. Fig. 2
in BRENCHLEY et al., 1994a). Such a synchronization over
large geographic spread suggests that the signal is not simply
a consequence of local vital, postdepositional or environ-
menta) effects. Instead, it may be of global significance and
reflect secular variations in isotopic composition of scawater
{BRENCHLEY ¢t al., 1994a,b).

Factors Controlling 5O values of Brachiopods and
Marine Cements

Accepting the validity of the Ordovician database, what
could cause ( 1) the overall increase in §'%Q and §'°C in the
course of the Ordovician, (2) the approximate 5% 30 de-
pletion relative to Quaternary caicites, and {3) the sudden
spike in 8'*0 and §'°C in the latest Ashgill? These points will
be discussed in the subsequent sections.

Change in seawater temperature

Interpretation of the secular 830 trends as temperature
variations has previously been advocated by one school of
researchers (e.g., KNAUTH and EPSTEIN, 1976; KNAUTH and
Lowe, 1978; KOLODNY and EPSTEIN, 1976; HOLMDEN and

1000 1200 1400 1600

1800 2000

Sr (ppm)

FIG. 8. Scatter diagram of §'%0 and strontium concentrations in Ordovician brachiopods. Shaded area denotes
strontium concentrations for recent brachiopods ( MORRISON and BRAND, 1986).
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FIG. 9. Scatter diagram of 4'®0 and manganese concentrations in Ordovician brachiopods. Shaded area denotes
manganese concentrations for recent brachiopods (MORRISON and BRAND, 1986). .

MUEHLENBACHS, 1993). Utilizing coexisting chert/phos-
phorite pairs and assuming that seawater 5 '0 was constant
during geologic history at about —1% (SMOW), KARHU
and EPSTEIN {1986) suggested that seawater temperature was
about 45°C during the Cambrian, dropped to about 22°C
during Ordovician, and rose again t¢ about 40°C in the De-
vonian.

It appears unlikely that the gradual increase in 6 %0 values
of brachiopods (Fig. 2) can be attributed entirely to a pro-
gressive cooling of the epeiric Ordovician seas. Assuming a
5180 values of — 1% (SMOW) for seawater in an “ice free’
Ordovician, and accepting that the Llandeilo to Ashgill bra-
chiopods have near primary %0 values at about —5.5 £ 1%
1o —4.5 + 1% (Fig. 2), the seawater temperature would have
decreased from 37 % 6°C to about 31 = 5°C (arrow A in
Fig. 10). An assumption that the 5'30 of Ordovician sea
water was as today, 0% SMOW, is even less palatable since
it would increase the calculated temperatures by about 5°C.
To complicate the issue, the peak in the latest Ashgill (Fig.
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FIG. 10. Temperature vs. 5 '®0g,o for various §'80, values. Arrow
A indicates the changes of brachiopod 40 as a result of scawater
iemperature changes, arrow B as a result of seawater & '30 changes,
and arrow C as a combined result of temperature and 4'*0 changes.

2)would require complementary and instantaneous cooling,
of up to 10°C, for the low latitude epeiric seas (cf. Fig. 1).
As already discussed in VEIZER et al. (1986), it is unlikely
that identical Paleozoic faunal assemblages would tolerate
such hot habitats and/or the large and rapid temperature
swings. It seems, therefore, unlikely that ocean water tem-
perature was the sole agent that resulted in §'*Q shifts ob-
served in the Ordovician brachiopods. However, we do not
discount the role of temperature as a complementary factor
and we shall discuss this point later.

Change of seawater §°0

An alternative, or more likely complementary, explanation
maintains that the isotopic composition of global ocean may
have changed through time (see WEBER, 1965a,b; PERRY,
1967; DONTSOVA, 1970; FriTZ, 1971; PERRY and TaN, 1972,
VEIZER and HOEFS, 1976; POPF et al., 1986; VEIZER et al,,
1986; BRAND and MORRISON, 1987, LOHMANN and
WALKER, 1989; CARPENTER et al., 1991; WADLEIGH and
VEIZER, 1992). For the Ordovician, this would require an
average '3Q enrichment of about 1%. between average Llan-
deilo and the bulk of Ashgill (Arrow B in Fig. 10), with a
superimposed spike of aboui 2% in the latest Ashgill (Fig.
2). A change in §'%0 value of globat seawater can be caused
by (1) major changes in water storage between hydrosphere
and cryosphere, and/ or (2 ) exchange of oxygen between sea-
water and the lithosphere.

Increases in the storage of water as continental glaciers can
cause an increase § %0 in seawater, because high latitude pre-
cipitation is significantly depleted in '80. The glacial-inter-
glacial fluctuations in §'*0 of Quaternary seawater were es-
timated to have been within a 0.8%e to 1.3%e range (SAVIN
and YEH, 1981). A polar ice cap in North Africa existed
continuously from Arenig to latest Ordovician ( SPJELDNAES,
1981; WEBBY, 1984). A major expansion of glaciation during
the terminal Ordovician resulted in an onset of global cooling
and in a drastic lowering of sea level. The collected 580 data
show a jump towards the end of the Ashgill (Fig. 2). This
excursion is also marked by the 30 shift, on the average
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from —4.5%0 to —2.5%s, for the brachiopods in the latest
Ashgill mud mounds in Sweden { MIDDLETON et al., 1991)
and with even larger increase of about 5% in Latvian bra-
chiopods ( BRENCHLEY et al., 1992). Such synchronous in-
creases in 6'%0 in several widely spaced localities can be ten-
tatively interpreted as secular variation in 820 of seawater,
If 50, a change of this rapidity and magnitude is best explained
by “ice-volume™ effect {MaARSHALL and MIDDLETON, 1990;
MIDDLETON et al.,, 1991; WADLEIGH and VEIZER, 1992;
BRENCHLEY et al,, 1994a.b). Similar to the Quaternary stud-
ies, it is difficult to separate the portion of the signal that may
have been due to ice formation as opposed to temperature.
Nonetheless, the latest Ashgill '*Q enrichment of about 2%
suggests that the magnitude of the terminal Ordovician gla-
ciation{s) would have been comparable to the ice volume at
the height of the Quaternary glaciation. In order to explain
the long-term §'*0 Ordovician gradient of about 1-1.5%
(Fig. 2) as an interplay of ice buildup and temperature, a
progressive growth of yet another Quaternary-size ice cap
from Llandeilo to Ashgill would have to be postulated, a
proposition not supported by the geologic record. An accep-
tance of such a proposition would also require that the
8 '¥Qpacer in the ocean during ice-free times would have to be
considerably less than the —1%. SMOW suggested from Qua-
ternary studies.

An alternative interpretation for the long-term '*0 enrich-
ment in the course of the Ordovician may be based on the
proposition that the 3'%0 of seawater is ultimately controlled
by exchange of oxygen between seawater and lithosphere,
particularly via interactions with basalt in hydrothermal sys-
tems at mid-oceanic ridges (HOLLAND, 1984). At high tem-
peratures (eg., ridge circulation), ‘%0 in the rocks is pref-
erentially released into seawater, whereas at low temperatures
(e.g., weathering ) the opposite happens. The increase in '*0
during the Ordovician (and Paleczoic) may have then re-
sulted from increasing rates of high-temperature exchange,
relative to low-temperature processes. The concomitant de-
crease in seawater ¥'Sr/%¢8r during the Ordovician (from
0.7090 10 0.7077, BURKE et al., 1982) is consistent with the
proposition of increasing high-temperature water/rock in-
teraction associated with global tectonism. Unfortunately, it
is difficult to test this scenario experimentally, since neither
the available isotope data nor the existing Paleozoic time
scale (HARLAND et al., 1990) provide a resolution that would
enable correlation of higher order & O oscillations with spe-
cific tectonic events during the Ordovician. We are aware
that model calculations based on the §'30Q depth profiles in
recent and ancient oceanic crusts suggest that seawater /rock
interaction at high and low temperatures about balance each
other and buffer the seawater 630 at about 0% SMOW (e.g.,
MUEHLENBACHS and CLAYTON, 1976; GREGORY and TAyY-
LOR, 1981; HOLLAND, 1984; HOLMDEN and MUEHLEN-
BACHS, 1993). Nonetheless, the mass balance calculations of
GREGORY (1991) do not preclude moderate changes in 30
of seawater over geologic timescales. Doubling of seafloor
spreading rate can result in about 2% increase in §'*Q of
seawater over 15 Ma (Fig. 4 in GREGORY, 1991), comparable
1o our post-Llanvirn background gradient from about —5.5%
to —4.5% over 30 Ma (Fig. 2).

Stratified oceans

Another explanation that may conceivably explain the ob-
served features of the isotopic record is based on the prop-
osition of stratified oceans (WILDE and BERRY, 1984;
GRUSZCZYNSKI et al., 1992). In this instance, it is hypoth-
esized that during ice-free times, oceanic deep waters are gen-
erated by sinking brines due to extensive evaporation at low
latitudes, leaving the waters above thermocline, the habitant
of most brachiopods, depleted in *O. The present-day oceans
are thermally stratified with a surface water temperature of
approximately 15°C, and bottom temperature of about 5°C.
These temperature differences are the cause of the nearly
2.5%s difference in 3'30 between planktonic and benthic fo-
raminifera {SAVIN, 1977; PRENTICE and MATTHEWS, 1988).
For the same reason, brachiopods that lived at different water
depths should have different 5'%0 values, providing the ther-
mal structure of the Ordovician ocean was comparable to its
present-day counterpart.

RAILSBACK {1990) suggested that the Late Ordovician
{Caradoc) ocean, in contrast to its thermally stratified modern
counterpart, was salinity stratified and that this could have
resulted in &'%O variations from —8%e to —5.5% in the con-
temporancous brachiopods. However, the perpetuity of
Gondwana glaciation during most of the Ordovician ( WEBBY,
1984 ) does not support the rationale for such mode of oceanic
circulation, even leaving aside the question of the theoretical
feasibility of this model. Furthermore, as argued by VEIZER
(1992b), gradual trends that span 107-10* years time intervals
cannot be generated by ocean circulation processes that op-
erate on a timescale of 10° years. Any changes caused by
such circulation phenomena must appear as instantaneous
step functions in the secular pattern that has geological res-
olution no better than 10°-107 years.

Factors Controlling the 5'°C of Brachiopods and
Marine Cements

The secular 6'*C trend can be caused by changes in the
balance of fluxes in the marine carbon cycle, with inputs
from degassing, rivers, and oxidation of organic matter and
outputs that include production of marine carbonates and
organic matter ( ANDERSON and ARTHUR, 1983), The generat
increase in 5"*C of Ordovician seawater could have resulted
from enhanced organic productivity and/or storage of C,y
in sediments, both preferentially consuming '*C and leaving
sea water enriched in *C,

A large positive shift in §*C, from 1.8%s to 6.3%., appears
in brachiopods from the latest Ordovician mud mounds from
central Sweden (MIDDLETON et al., 1991; Fig. 3). The latest
Ordovician peak seems to have been of global significance,
because it was observed also in Laurentia { YAPP and POTHS,
1992; LoNG, 1993; WANG et al., 1993a), in south China
(WANG et al., 1993b), and in Baltica (BRENCHLEY et al.,
1992}. However, the magnitude of this shift appears variable
for different materials and geographic regions. For Laurentia,
the bulk micritic carbonates from the Mackenzie Mountains
{Northwest Territories, Canada) yielded a 2% increase
{WANG et al., 1993a), those from Anticosti Island (Quebec,
Canada) a 4% increase ([LONG, 1993), and natural goethites
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from Wisconsin {USA) a 3%, increase (YAPP and POTHS,
1992). For south China, the increase in organic carbon 8 '*C
values in the latest shales was 5-6% (WANG ¢t al., 1993b).
Finally, for Baltica the unaltered brachiopod shells from Lat-
via yielded a 5% jump at latest Ordovician { BRENCHLEY &t
al., 1992). The secular §"*C trend could reflect a progressive
increase in organic productivity and/or enhanced organic
deposition in the Ordovician oceans. The latter was inter-
preted to have caused the major positive shifi in 4 '°C at the
end of the Ordovician { MIDDLETON et al., 1991; BRENCHLEY
etal., 1992). This interpretation is also supported by a recent
maodeling of §'*C change during glacial and interglacial time
(KU and Luo, 1992), which suggests that marine deposition
of organic carbon in glacial oceans increased by 3—10%, in
spite of a reduction in terrestrial biomass during ice ages.

1t has been suggested that increased storage of organic car-
bon in sedimentary rocks could lower Pgo, in the ocean and
atmosphere, which, in turn, could diminish the greenhouse
effect and stimulate the glaciation at the end of the Ordovician
{cf. MARSHALL and MIDDLETON, 1990; MIDDLETON ¢t al.,
1991). We consider it premature to speculate on atmospheric
CO; and climate during the terminal Ordovician glaciation
because the relationship between burial of organic matter
and Prq, is not a simple feedback situation, bul depends on
a plethora of factors such as nutrient supply, sedimentary
rate, etc, {( CALDEIRA et al,, 1993).

In addition to &'*C secular variations in the entire ocean,
the seawater column s characterized also by a depth gradient
due to removal of carbon from surface water via organic
matter and its progresstve oxidation with depth. This results
in a 3 '3C decrease of up to 2%s with depth, depending on the
productivity of surface water and circulation patterns of the
occans. Consequently, brachiopeds living at different water
depths could have different 8'*C values. This could partially
explain the spread in 4 '°C observed in the contemporaneous
brachiopeds (Fig. 3), although most of our samples were
from shallow marine sediments. Potentially, it may be de-
sirable to concentrate on single genera that lived at a known
water depth to selfcorrect for these environmental factors.

CONCLUSIONS

A new set of 8'*0 and 3'*C measurements on 102 Ordo-
vician brachiopods and twenty-one marine cements, com-
bined with 200 previocusly published data for coeval brachio-
pods, demonstrates a general enrichment in '*O and C with
decreasing age. The magnitudes of these Ordovician isotopic
excursions are similar to those reported previously for the
entire Phanerozoic.

Since no noticeable differences were observed in the iso-
topic compositions of different genera at the same strati-
graphic level, vital effects do not appear to have contributed
significantly to these secular trends. Petrographic examination
indicates that the Tremadoc and early Arenig brachiopods
contain features of diagenetic recrystallization. Although
strontium and sodium contents for the Llanvirn samples are
similar to those of recent brachiopods, their iron and man-
ganese contents are much higher, suggesting their diagenetic
alteration. Petrographic examination and trace clement

analyses indicate that brachiopoed shells from Llandeilo to
Ashgill are generally well preserved.

Presently, we accept an average &'*Q change from —5.5%
for the Llandeilo to —4.5%¢ for the Ashgill as reflecting the
primary isotopic composition of the shells. Superimposed on
the above long-term trend is a large positive excursion of
about 2% at the latest Ordovician, probably reflecting a large
expansion of polar ice caps. The magnitude of this excursion
indicates a degree of glaciation comparable to that at the
height of the Quaternary glacial episodes.

The observed increase in 4'®%0 with decreasing age can be
attributed to an increasing enrichment of Ordovician seawater
in "*O combined with progressive cooling of shallow waters,
particularly evident towards the end of the Ordovician. The
former may have been a response 10 global tectonic evolution
that led to a relative increase in the proportion of high to low
temperature water /rock interaction in the crust, as indicated
also by the concomitant rapid enhancement of “manile”
components in isotopic signal of marine strontium.

Although diagenetic alteration may render the 5'°Q signals
from Tremadoc to Llanvirn suspect, their $'°C values may
still be preserved. The observed average §'°C values for Or-
dovician brachiopods increase from —2% in Tremadoc to
about +2%. in Ashgill and, similar to 8'*0, there is a major
positive shift at the end of Ordovician. The general increase
in 3'3C of Ordovician seawater could have resulted from an
increased organic productivity and / or enhanced organic de-
position in the ocean. The latter could have been also re-
sponsible for the giobal positive shift in §'*C at the end of
the Ordovician.
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Appendix  List of samptes and analytical data. Ca and L.R. In%, others in pprm; 50 and §°C in % PDB. Litholegy: S - shales; L - imestones.
BDL - balow the detection limit. Approximate ages estimated by knear itevpolation from Harland et af (1980).

No.  Strat. Fm. Description lith. locallty Me. 90  8%C Ca Mg Mn Fe K Na Sr LR,
18-1  Ash Ellis Bay Valiamo sp. S  Anticostils 439 -3.08 161 3922 3600 37 59 30 800 097  BOL
182 Ash Ellis Bay Vellamo sp. S  Anficostils 433 326 1.55 39.70 3370 72 1785 219 B51 1048 BDL
18-3  Ash Ellis Bay Vellamo sp. S  Anticostils 430 328 153 38.18 3583 54 174 325 813 1018 BDL
18-4 Ash Ells Bay Veliamao sp. §  Anticostils 439 -3.03 164 4222 3504 51 135 247 858 1040 BOL
18-5 Ash Ellis Bay Vaflamo sp. S  Anlicostils 439 -3.61 1.57 3830 4619 S3 987 185 €68 884 0.02
19-1  Ash Eliis Bay Eospinigerina sp. S  Anticostils 439 -3.08 163 4019 1584 59 2544 342 B89 1022 BDL
19-2  Ash Ellis Bay Eospiripering sp. S Antcostiils 43% 3.7 1.63

18-3 Ash Ellis Bay Eospingerina sp. S  Anficostls 439 295 1.57

19-4  Ash Ellis Bay Eospirigarina sp. S Antcostlls 433 318 1.52

20-1  Ash Ellis Bay Sowerbyiia sp. &  Anticostils 439 304 0.61

20-2 Ash EWis Bay Sowerbylia sp. S  Anilcostils 439 -3.11 D66

17-1  Ash Graat Lake Sowerbyiia sp. 8 OChio 443 580 048 41.83 2893 412 516 251 €93 145 BODL
17-2  Ash Greal Laka Platysimophia sp. 5 Ohic 443 567 056 40.83 2892 432 HET 225 634 1007 B0OL
17-3  Ash Great Lake Platystrophia sp. 8§ Ohic 443 508 0,14 38.98 2447 148 342 220 908 1109 BOL
17-5  Ash  Great Lake Platystrophia sp. 5 Ohio 443 450 0.1B 40.80 3904 150 1118 416 BB6 1213 BOL
176 Ash (Great Lake Platystrophia sp. 8 Qhio 443 486 024 4158 3111 149 184 244 844 1252 BDL
17-7  Ash  Great Lake Platystrophia 5p. S Ohio 443 -484 027 168 3246 123 164 379 782 1199 BDL
17-8  Ash Gireat Lake Platystrophia sp. S Ohio 443 505 029 4173 3116 321 1499 227 787 H72 QM
179  Ash Great Lake Flatystrophia sp. S Ohio 443 495 020 3771 3422 185 2071 308 707 106t 0.5
17-10 Ash Great Lake Hebartafla S Obie 443 482 026 4215 3376 124 143 451 B17 1242 BDL
17-11 Ash {reat Lake Hebertalla 8 Ohio 443 520 020 3989 2503 198 264 3969 960 1104 BOL
17-12 Ash Groat Lake Hebartalla S Obhie 443 521 030 4375 3545 425 2213 354 684 1126 0.05
17-14 Ash (reat Lake Habertalla S Ohio 443 481 024 3902 2800 77 13% 175 774 1073 BOL
17-15 Ash Great Lake Hebertelia § Ohko 443 -494 0,16 43.02 3115 184 358 277 861 1245 BOL
17-16 Ash  Great Lake Habertalla S Ohie 443 494 016 4265 3054 229 BBY 2RO FFD 1179 BOL
17-17 Ash Great Lake Hebaertalla S Ohig 443 -4.84 023 4145 2886 76 108 821 1255 BDL
17-15 Ash Great Lake Hebertella S Chio 443 -4.86 008 4216 2586 B3 119 261 620 1260 BDL
151 Crd Trenton Strophomena L Ontario 463 -5.36 0.99 3829 3273 109 225 {78 603 908 Q.02
152 Crd  Trenlon Strophomena L Cnlario 453 549 093 4039 3739 133 430 414 683 %26 BDL
153 Crd  Trenton Strophiomena L Cntario 453 525 1.52 3865 2976 95 186 107 B84 957 abL
154  Crd Trenton Strophomena L Ontario 453 -5.14 149 41.06 2915 91 69 382 848 1083 BOL
155 Crd Trenton Strophomens L  Ontario 453 524 156 2851 3302 o1 302 266 742 981 BOL
156 Crd Trenton Strophomena L  Ontaric 453 520 159 3855 2538 B0 31 232 832 1071 BDL
58 Crd Trenton Sitrophomana L Ontaric 453 482 1.21 4031 3000 V9 130 189 B11 1085 BOL
16.1-1 Crd Trenton Tenneases 453 493 -0.03 4022 2034 222 272 328 633 730 0,22
16.1-2 Crd  Trenton Tennessee 453 -5.08 -0.05 40.81 2835 250 139 180 &0 TE5 BDL
16.1-3 Crd  Trentan Tennessee 453 -502 -0.08 4018 2774 256 182 423 567 703  BDL
1623 Crd Trenton Tennesses 453 596 -1.15

121 itk Laval Fm Mimelia vuigaris L Ontatio 467 -7.08 -0.58 3978 3022 192 415 291 891 1378 BDL
12-4 Lk Laval Fm Mimedla vuigaris L. Ontario 487 -7.82 -0.11 4053 BO3I§ 727 2782 148 663 118 0.02
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No.  Stat. Fm. Descedption fith._locality Ma. %0 4C Ca Mg Mn Fe K Na Sr |.R.
1.5 Lo LavalFm Mimefia vulgaris L  Ontario 487 -7.50 D10 3955 A768 244 1476 360 H42 1386 BOL
126 LUo LavalFm Mimelta vuigaris L Ontaro 467 -7.76 035 4070 4235 445 1985 417 893 1398 004
127 Uo LavalFm Mimella vuigars L Ontardo 487 -788 -004 4244 2955 316 647 300 832 1445 005
128 Uo LavalFm Rostricelula raymondé L Ontario 487 -8.1p 015 4048 4419 743 2220 251 562 1026 O.O1
129 Lo LavatFm Roetdceliula mymondd L Ontardo 487 777 027 418 5325 S5O7 1908 389 650 1301 0.04
1210 Uo  LavalFm Rosticeliuia reymondd L Ontario 487 -7.57 032 4102 3995 234 1253 20 875 1437 002
1211 Uo LavalFm Rostriceliuia raymondd L Ortaro 487 772 020 3926 4359 632 1904 900 738 1286 Q.02
1212 Uo Laval Fm Rostricefiua raymondi L Onlario 467 -T.79 020 41,18 5326 587 1908 389 850 1301 0.04
212 Lo Chazy Hebertslia imperator L Qusbec 467 6536 -0.02
21-3 Lo Chazy Hebertslia imperator L Quebec 487 548 038
221 Uo Chazy Mimefia Imperator L  Ontario 467 -7.27 058 3868 4350 400 1149 266 745 1334  BDL
22-2 Lo Chazy Mimetia imperaior L  Ontaro 467 -704 011 39.08 3525 421 V5B 4 745 1372 Q.02
22-3 LUo Chazy Mimatia imperator L  Ontario 487 -738 -0.64 2084 4221 623 1388 212 730 1300 002
261 LUn tKanosh Anomalosthis sp. § Uah 472 861 -1.74
262 Un tKanosh Anomalorthis 5. § Utah 472 -8.53 -1.60
263 Lln  t-Kanosh Anomalorihis sp. 5 Utah 472 851 -163
26-4 LUn tKanosh Anomalorthis sp. 5 Utah 472 859 -1.57
MC-1 Lin  Anielope VaMey Ls. Marine cement L Nevada 474 643 0.55 40.38 150 105 164 275  BOL
MC-2 Lin  Antelops Valey Ls. Marine cement . Nevada 474 645 0.58 BOL
MC-3 Lin  Antelope Valley Ls.  Marine cemen L Nevada 474 636 025 4038 100 123 74 205 344 BOL
MC4 Lin  Antelope Valley Ls.  Marine cement L Nevada 474 -7.28 054 4147 87 258 22 122 384  BDL
MC-5 Lin  Antelope Valley Ls.  Marine cement L Nevada 474 7.0z 048 30.62 66 228 109 280 377 BDL
MC-6 Lin  Antelopa Valley Ls.  Maring cement L Nevada 474 -7.33 049 4045 76 235 202 245 360 BDL
MC-7 Un Antelope Valley Ls. Marine cement L Nevada 474 7,29 071 4048 65 101 345 302 414 BOL
MC-8 Lln Antelope Valley Ls.  Marine cament L Nevada 474 -653 0.57 40.43 68 12 206 328 BOL
MC-8 Un  Antelope Valley Ls.  Marine cement L Nevada 474 633 0.55 41.91 83 115 288 379 BOL
MC-10 Lin  Antelope Vatiey Ls.  Marine cement L Nevada 474 679 058 4123 B4 65 201 259 3% apL
MC-11 Lin  Antelope Valley Ls. Niﬁrlne cemant L  Nevada 474 6,83 048 4067 W7 1038 633 297 436 BDL
MG-12 Un  Antelope Yalley Ls.  Marine cement L Nevada 474 830 -0.08 4023 200 804 550 295 434 BDL
MC-13 Lin  Antelope Valley Le.  Maring coment L Nevada 474 -7.65 022 3894 499 857 591 164 405 BDL
MC-14 Lin  Antelope Valley Ls,  Maring cement L Nevada 474 -7.85 050 4243 8 #4 21 213 334 BOL
MC-15 Lin  Anielope Vakey Ls.  Marne cement L Nevada 474 793 017 4097 28 43 B8 526 BDL
MC-16 Lin  Anielope Valley Ls.  Marine cement L Nevada 474 710 001 40.89 27 33 339 198 387 BDL
MC-17 Lin  Antelope Valley Ls. Marine cemant L MNevada 474 786 D14 4311 46 337 416 169 642 BOL
MG-18 Un  Antelope Valley Ls.  Marine cemant L Nevada 474 £78 0.21 4355 27 109 181 177 367  BOL
MC-19 Lin  Antelops Valley Ls.  Marine coment L  Nevada 474 694 007 42.26 32 t10 193 175 362 BODL
MC-20 Un  Antslope Valley Ls.  Marine cemant L Nevada 474 640 072 40.38 256 845 913 127 M3 BOL
MC-21 Lin  Antelope Valley Ls.  Marine cement L Nevada 474 -7.38 017 4079 194 169 200 447 31 BL
10-1  Lin  m-Kancsh Anomalorthis sp. 5 Uh 475 -7.88 -1.65 40.15 3949 549 2477 545 896 1421 0.04
10-2 Un m-Kanosh Anomalorthis sp. 5 Uah 475 -7.48 -1.81 40.15 3218 324 1424 532 §95 1501  BDL
t0-3  btin  m-Kanosh Anomalorthis sp. § Utah 475 -8.35 -1.70 40.22 4150 586 2839 32 832 133 003
10-4  Lin  m-Kanosh Anomalorthis sp. 5 Utah 475 -8.33 -1.B4 40,60 3974 635 4031 239 906 1478 .05
10-5 Lin  m-Kangsh Anomalorthis sp. S Utah 475 -8.41 -1.75 41.02 4079 726 2650 208 738 1273 Q.03
106 LUn m-Kanosh Anomalosthis sp. S  Uah 475 -B34 -555 40.83 5120 908 T267 430 908 1316 0.07
107 Un m-Kanosh Anomalorthis sp. S Utah 475 -8.38 -1.60 4270 4276 657 1597 588 957 1457 004
25-1  Ln  b-Kanosh Anomalorthis sp. S Uah 478 -5.43 -1.60
25-2  Un b-Kanosh Anomalorthis sp, § Uiah 478 885 -1.89
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Mo.  Strat. Fm. Description th. locakty Ma. "0 5%C Ca Mg Mn Fe K Na Br LR.
253 Un b-Kanosh Anomalorthis sp. § Utah 478 816 -1.99

254 LUn b-Kanosh Anomalorthis sp. S Ush 478 -8.16 -2.10

255 Lin b-Kanosh Anomalorthis sp. 5 liah 478 B74 -1.98

231 Arg Juab Orthambonfles sp. L tahk 480 854 -0.79

232 Arg Juab Onthambonites sp. L \hah 480 -840 -1.07

233 Arg Juab Crthambonites 50, L Uah 480 -8.67 -0.77

23-5 Arg  Juab Crthambonites sp. L UHah 480 -9.67 -0.79

2368 Arg Juab Orthambonites sp. L ah 480 -86P -0.78

237 Arg Juab Orthambonites sp. L Utah 480 871 -0.81

24-1 Arg Wahwah Hasperanomia sp. L Uah 485 -H.80 -0.97

24-2  Arg Wahwah Hesperonormia sp. L Utah 485 -8.61 -1.02

243  Arg Wahwah Hesperonomis sp. L Utah 485 874 -1.10

24-4  Arg Wahwah Hasperonomig sp. L Utah 485 862 -0.97

24-5 Arg Wahwah Hesperonomia sp. L Utah 485 -865 -0.79

-1 Arg  Wahwah Hesperonomia sp. L Utah 485 -B58 -0.86 4034 3203 47 133 125 MF 1483 BDL
9-2 Arg Wahwah Hesperonomia sp. L Uah 485 BB -0.82 3972 3875 41 117 2867 BL1 1480 80
9-3 Arg Wahwah Hasperonomia sg. L Uah 485 -856 -0.81 40.88 3502 34 143 366 890 1500 BOL
9-4 Arg  Wahwah Hosperonomia sp. L Utah 485 858 -0.67 4077 4079 M 71 1184 888 1583 BDL
9-6 Arg Wahwah Hesperonomia sp. L Utah 485 A7 085 4017 3085 08 380 488 062 1450 B0oL
9-7 Arg  Wahwah Hesperonomia sp. L lah 485 -886 -0.77 3976 3768 202 663 277 THe 1262 80L
9-8 Arg  Wahwah Hasperonomia sp. L Uah 485 -B81 0.1

-8 Arg  Wabwah Hesperonomia 5. L Uah 485 -8B81 0B85 3987 3867 58 58 233 V9@ 1539 8oL
210 Arg Wahwah Hesperonomia sp. L Umh 485 -870 -1.05

911 Arg ‘Wahwah Hesperonomia sp. L Uwmh 485 -B76 -0.69 4027 2840 105 260 395 BO2 1475 BOL
9-12  Arg Wahwah Hesperonomia sp. L Utah 485 -863 077 4070 3053 68 175 330 882 {421 8oL
913 Arg Wahwsah Hesperonomia sp. L Lltah 485 858 096 4042 3848 45 378 278 878 1510 BOL
51 Tre Filimore Hesperonomia sp. L UWah 490 -866 -1.28

5-2 Tre Filimore HOSPeronuTia $p. L Utah 480 -B62 -0.95

53 T Fillmore Hesperonomia sp. L \tah 450 878 -2.47

54 Tre Fillmore Hasperonomia sp. L Utah 430 -865 -0.91

S5a-1 Tsre Fillmore Hesperonomia sp. L Utah 430 841 -1.92

-1 Tre Filmore Hesperonomia sp. L LUtah 490 -879 -0.87

a1 Tre Speilman New York 496 992 253

3-2 Tre  Speliman New York 436 -10.12 -2.37

-1 Tre Tribes Hill Tetrafobuia paimata New York 502 -10.61 -2.05

1-2 Tra  Tribas Hil Totralobula palmala New York 502 -1060 -2.09




