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Abstract. To better understand Eocene climate and the isotopic record of paleotemperature preserved in
shells of the gastropod Conus, we serially sampled and analyzed four modern and two Eocene shells from the
U.S. Gulf Coast and the Gulf of Mexico. The modern shells are from nearshore Mexico off Veracruz, off-
shore Texas (Stetson Bank), and nearshore Florida (Alligator Point). The fossil shells are of late middle
Eocene (ca. 38 Ma) age from the Moodys Branch Formation in Mississippi (U.S.A.). The four modern shells
yield three different oxygen-isotopic patterns of seasonality (asymmetrical saw-tooth, cuspate, and irregular)
representing different seasonal growth patterns and environments. The asymmetrical sawtooth pattern oc-
curs in the middle shelf specimen (Stetson Bank) and indicates rapid spring and declining autumn growth,
presumably in response to increased nutrient supply and productivity associated with spring upwelling. The
cuspate pattern indicates winter shutdown and occurs in the most northern specimen. The irregular pattern
reflects seasonal freshwater input in a nearshore environment. The Eocene shells yield an asymmetrical
sawtooth pattern suggestive of enhanced spring growth during upwelling.

Assuming a constant seawater "0 of 0.24%. (Lear et al., 2000), including correction for latitude (Zachos
et al.,, 1994), oxygen isotope data yield a mean annual range of temperature (MART) for the late middle
Eocene of 4-5°C, and a mean annual temperature (MAT) of 23°C. Taking the depth estimation (20-100 m)
into consideration, sea surface temperatures are estimated to be >25°C for summer, ~21°C for winter, and
MAT of >23°C. Compared with modern temperatures and isotopic paleotemperatures of modern shells, the
late middle Eocene Gulf Coast experienced warmer winter temperatures. The difference between modern
and late middle Eocene climate can partly be attributed to the development of a continental cold front during
the modern winter, and to the increased marine influence during the middle Eocene caused by the warmer
water mass of the ocean.
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Introduction lived (e.g., Epstein et al., 1953; Horibe and Oba, 1972;

Grossman and Ku, 1986; Kobashi et al., 2001). Mollusks

Seasonality or mean annual range of temperature
(MART) is an important element of climate and ecology
(Axelrod, 1984; Greenwood and Wing, 1995; Sloan and
Barron, 1992; Sloan and Morill, 1998). For instance,
MART has a significant effect on the distribution of taxa
(Axelrod, 1984). One of the best methods for measuring
MART in ancient environments is through oxygen isotopes.

Previous studies show that oxygen isotopes can reveal
the temperatures at which calcium carbonate-secreting or-
ganisms such as bivalves, gastropods, and foraminifera

are known to secrete their shell in oxygen isotopic equilib-
rium with ambient water, that is, without significant vital
effect (Epstein et al., 1953; Grossman and Ku, 1986). For
that reason, mollusk shells have frequently been used to re-
veal past environments over a wide temporal and spatial
range (e.g., Late Cretaceous and Paleogene Laramide
Rocky Mountains: Dettman and Lohmann, 2000; late
Paleocene Arctic: Bice and Arthur, 1996; early middle
Eocene North Atlantic region: Andreasson and Schmitz,
2000; Holocene North Atlantic Ocean: Weidman et al.,
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1994). Recent isotopic studies of modern bivalves have
modeled the relationship between shell growth and isotopic
record to enhance the interpretation of the isotopic record
(Goodwin et al., 2001, 2003; Wilkerson and Ivany, 2002;
Schone et al., 2003).

In this study, we utilized two Conus tortilis Conrad
(1854) specimens from the Moodys Branch Formation (ca.
38 Ma; P 14: Dockery, 1996, Berggren et al., 1995) to re-
construct the late middle Eocene climate of the Mississippi
embayment region. To better understand the environment
of the northern Gulf of Mexico coast during Eocene time,
we also studied the isotopic systematics of four modern
Conus specimens from three different Gulf of Mexico set-
tings.

During the late Eocene, global climate was in a transition
period from warm greenhouse to cold icehouse (Prothero,
1994). Several lines of evidence, such as ice-drifted debris
(Wise et al., 1991) and oxygen isotope values coupled with
magnesium contents of foraminiferal tests (Lear et al.,
2000), show that the Antarctic icesheet started to develop
or temporarily existed at this time. Several paleobotanical
studies of the northern Gulf region (e.g., Frederiksen, 1988;
Yancey et. al., 2003) show a cooling and drying trend from
tropical-dwelling species to cool- and dry-dwelling species
during the late Eocene. In addition, the great variety of
molluscan species and the diversity of such groups as
cypraeids in the Moodys Branch Formation indicate a tropi-
cal to subtropical climate (Dockery, 1977).

Samples and Methods

The gastropod genus Conus is known to live only in full
marine conditions and mostly in tropical regions within
reefs in shallow or moderately shallow water (Walls, 1978),
and thus is well suited for oxygen isotope study of ocean
paleotemperatures. We have sampled four modern Conus
shells from three sites from the Gulf Coast of the U.S. and
Mexico: Stetson Bank, Alligator Point, and Enmedio Reef.
Two Conus ermineus specimens were collected live in
August, 1971 from 20 to 30 m depth at Stetson Bank (28°
09'N, 94°18'W). Stetson Bank is a small, offshore coral
bank within the Flower Garden Banks National Marine
Sanctuary. It is located on the outer continental shelf 170
km south of the U.S. coast at the Texas-Louisiana border.
Sea-surface temperatures at Stetson Bank vary from 18°C
in winter to 30°C in summer and average 24°C (GDEM,
2000). Being so distant from the coast, Stetson Bank ex-
periences only minor salinity fluctuations (2-3 psu at 13 m;
LATEX, 1993) as a result of spring rains in the central and
southern U.S. An additional large Conus shell was col-
lected from Alligator Point, a sand beach southwest of
Tallahassee, Florida (29°54’N, 84°31'W). This Conus
spurious atlanticus specimen was found in beach drift and

presumably lived nearshore. Temperatures in the region
vary from 15° to 29°C, with a MAT of 22°C (NDBC sta-
tion 42005; NDBC, 2003). Lastly, one shell of Conus spu-
rious was collected from tropical Enmedio Reef (19°06'N,
95°56’'W) off Veracruz, Mexico. The reef is part of the
Veracruz Reef complex and is about 4 m deep at its shal-
lowest point. Average monthly temperatures in Veracruz
harbor about 20 km to the northwest vary from 22° to 29
°C and average 26.0°C (Secretaria de Marina, Direccién
General de Oceanografia, 1978). Salinities in Veracruz
harbor average 35-35.5 psu from November through May
and 31-32 psu in July and August (Secretaria de Marina,
Direccién General de Oceanograffa, 1978). Salinities at
Enmedio Reef can vary considerably. In June 1987 salin-
ity was 26 psu at the surface and 32 psu at the bottom
(Tunnell and Nelson, 1989).

Two Conus tortilis shells were collected from the Late
Middle Eocene Moodys Branch Formation at Town Creek
along a north-southeast stretch in the SE/4, SW/4, Section
10, T.5 N, R.1 E., Jackson, Hinds County, Mississippi
(Dockery, 1980). The Moodys Branch Formation is the
lower unit of the Jackson Group in Mississippi (Dockery,
1977). Mollusks from this formation lived in shallow ma-
rine waters near a retrograde shoreline (Dockery, 1977).
The depositional environment at this specific locality is
classified into “E” of Elder and Hansen (1981), which rep-
resents “inner middle shelf” (D. Dockery, pers. comm.).
In addition, Elder and Hansen (1981) observed a dramatic
increase of bryozoans at this locality, probably indicating a
paleobathymetry of 20-100 m based on present bryozoan
distributions.

Before sampling, Conus shells are cleaned by ultrasonifi-
cation in distilled water, and polished with sandpaper to re-
move possible surface contamination. Before isotopic
analyses, we conducted x-ray diffraction analysis to con-
firm the preservation of original aragonite. The results
showed <1% of calcite in aragonite. We used a 0.5 mm
Brasseler carbide bit to collect samples at 1.5 or 3.0 mm in-
tervals along the whorls from shell apex to aperture. Each
sample pit is approximately 0.5 mm deep (Figure 1).

We use a Finnigan Kiel II automated reaction system to
react powdered samples with “100” phosphoric acid at 70
°C. The CO; produced is introduced into a Finnigan MAT
251 isotope ratio mass spectrometer for isotopic analysis.
For calibration to the Peedee belemnite (PDB) standard, the
carbonate standard NBS-19 (8"C = 1.95%o, §"°0 = -2.20%0)
is used (i.e., VPDB). As an in-house standard, we use B2
(belemnite calcite from the Peedee formation (§"C = -0.44
%o, 6"°0 = -0.04%o) at the beginning and end of each sam-
ple set of eight. Analytical precision is +0.04%o for §"C
and +0.05%o for 8"0.
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Figure 1. Moodys Branch Conus shells, MBC-2 (left), and MBC-1 (right). Arrows point to the sampling points along the growth band.

Results Table 1. Isotopic values (in per mil) for different samples along a
growth band in MBC-2 (Fig. 1 [left])
Tests of isotopic variability within growth bands -

. . L Sample 6"C 6"0
To evaluate isotopic variability along a growth band and
as a function of sample depth, we conducted isotope analy- ' 1.29 ~0.54
ses along a growth band of MBC-2, and at four different i :?; 8;?
depths (deepest depth, I mm) on the spire of the Conus 4 123 054
(Figure 1). The variation of the carbon and oxygen iso- 5 123 -0.54
tope values along the growth band (0.06%c) approximates 6 1.24 -0.53
the analytical error (Table 1). The isotope values for dif- 7 118 -0.58
ferent sampling depths are also within analytical error g ::; _8“22
(Table 2). These results demonstrate that carbon and oxy- 10 134 -0.49
gen isotope values of Conus tortilis along the growth bands i 1.30 -0.49
are homogeneous and that slight differences in sampling 12 1.26 -0.67
depth, which could potentially mix different shell layers, do Average 127 ~0.54
not cause differences in isotopic values. Standard 0.06 0.05
Deviation
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Figure 2. Oxygen and carbon isotope profiles of modern Conus shells. Temperature calibration from Grossman and Ku (1986) using
seawater 8"O values in Table 3. Environmental temperatures from National Data Buoy Center (NDBC, 2003) and Secretaria de Marina, Direccién
General de Oceanografia (1978). Isotopic values decrease upward.
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Table 2. Isotopic values (in per mil) for different sampling depths in MBC-2. Level 1, 2, 3, and 4 represents the first, second, third, and fourth sam-
pling from the same hole. The depth of Level 4 is approximately | mm.

Depth Point | Point 2 Point 3 Average = ¢
SI\C SWRO SI\C 5\50 BUC 6”0 5L1c b‘IKO
Level 1 1.19 -1.14 1.35 -1.15 1.31 -1.20 1.28+0.08 -1.16£0.03
Level 2 1.28 -1.04 - - 1.22 -1.28 1.25 -1.16
Level 3 1.28 -1.15 1.41 -1.22 1.27 -1.31 1.32 £ 0.08 -1.23 +0.08
Level 4 1.30 -1.11 1.41 -1.22 1.35 -1.14 1.36 £ 0.05 -1.16 £ 0.06
Average 1.26 -1.11 1.39 -1.19 1.29 -1.23
+C +0.05 +0.05 +0.03 +0.04 +0.06 +0.08
50 - Moodys Branch Fmn. (C. fortilis) Wilkinson and ]Vaﬂy, 2002, Goodwin et al., 2003) The

—e— MBC-1 .+ MBC-2

specimen lived for about 6 years and grew at a constant rate
during the first three years, then slowed (Figures 2 and 3).
The average minimum and maximum 8"O values for
MOC-2 are -0.7 £ 0.2 and 1.3 + 0.2%0. The carbon iso-
i tope values decrease with ontogeny, but at a slower rate
than do Stetson Bank specimens.

Compared with Stetson Bank and Alligator Point speci-
mens, Enmedio Reef Conus shows much more irregular
isotopic trends and values. The specimen appears to have
lived for about 6 years, though the irregularity of the "0
record introduces some subjectivity to age assignments.
Despite this, it is clear that growth rates are variable and
0% T T \ i T " 1 somewhat inverted, with slower growth during the juvenile

45 4 Stetson Bank (C. ermineus)

o= MOCA1 0O MOC4
40 7 Alligator Paint (C. spurious atlanticus)
35 - = MOC-2

Enmedic Reef (C. spurious)

om)

Spiral length (
N
(4]
|

0 ! z > > ® ! b ° portion than during parts of the adult portion. The average

Age ) minimum and maximum &"0 for MOC-6 are -1.7 = 0.5

Figure 3. Growth rate as a function of length along whorl for and 0.2 = 0.3%o. The irregular growth pattern and unusu-
modern and Eocene specimens. ally low 8"0 values may have been caused by growth in

low-salinity waters. Salinity at Enmedio Reef is at a mini-
mum during July and August, enhancing "O depletion dur-

Modern Conus ing summer. This might explain the extreme "0 minima

The oxygen isotopic records of the four modern Conus at 26-27 cm (—2.6%c). Excluding this value yields an av-
specimens show distinct records of seasonality. MOC-1  erage 6“0 minimum of -1.5 + 0.2%.. Unlike the other
and MOC-4, the Stetson Bank shells, show oxygen isotopic ~ modern specimens, MOC-6 does not show an ontogenetic
records of 5 and 8 cycles of growth (Figure 2; Kobashi  effect in §"C and shows a strong 8"C-8"Q correlation
et al., 2001). Growth rate slows with ontogeny (Fig. 3). (R*=0.422, p <0.0001, N = 110; Table 3).
The juvenile portions of the records provide the best resolu-
tion and show a distinct cuspate pattern, with rapid growth  Eocene Conus
in spring (high to low 3"0) and slow growth in fall (low to The isotopic data for the Conus tortilis specimens from
high §"0). For MOC-1, the average 8"O minimum and  the Moodys Branch Formation show distinct cyclicity in
maximum for the 5 cycles are 0.4 £ 0.3%c and 1.2 + 0.2 both §"0O and §"C. The oxygen isotopic records typically
%o, respectively.  For MOC-4 the values are -0.4 £ 0.3 have an asymmetrical sawtooth pattern, especially in the ju-
%o and 1.4 = 0.3%c. Both MOC-1 and MOC-4 show the  venile portions of the shells (Figure 4). The cyclicity of
same pattern in &"C, with values increasing to approxi- the carbon isotope record is so systematic that in two cases
mately 2.3%c during the first year, then decreasing with (5w and 7w) this record was used to help define 3"O
ontogeny to as low as —0.7%. in the more long-lived speci-  cycles. MBC-1 shows eight cycles. The average §"O
men (MOC-4). minimum and maximum for the eight cycles are -1.1 + 0.3

Oxygen isotope data for MOC-2 from Alligator Point  %e, and 0.0 + 0.2%¢, respectively (Table 4). The average
show a distinctly cuspate pattern indicative of diminished  minimum &"C for the cycles 1.7 0.1%c, and the average
growth or shutdown during winter (Kobashi et al., 2001;  maximum is 2.8 £ 0.2%c (Table 5). The growth rate
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Table 3. Data for size, growth rates, isotopic compositions, isotopic temperatures, and paleotemperatures for Conus specimens and their collection
sites. Sources of ambient temperature data and 8"°O of seawater discussed in text.

Specimen MOC-1 MOC-4 MOC-2 MOC-6 MBC-1 MBC-2
Location Stetson Stetson Alligator Enmedio Moodys Moodys
Bank Bank Point Reef Branch Fmn. Branch Fmn.
Species Conus Conus Conus Conus Conus Conus
ermineus ermineus spurious spurious tortilis tortilis
atlanticus
Shell height (cm) 60 78 64 60 78 87
Shell width (cm) 29 38 32 39 45 50
Whorl length (cm) 19.8 28.5 35.5 33 46.2 44.5
Estimated life-span (y) 5.2 8.1 5.8 6.5 7.8 6.3
Mean whorl length (cm) per year 3.8 3.5 6.1 5.1 5.9 7.1
Maximum monthly ambient T (°C) 27 (30 m) 27 (30 m) 29 29 - -
Minimum monthly ambient T (°C) 18 18 15 22 - -
§"0 Minimum -0.39 -0.24 -0.69 -1.47* -1.05 -1.09
8"0 Mid-point 0.41 0.63 0.29 -0.64 -0.52 -0.61
5"0 Maximum 1.2 1.5 1.27 0.20 0.00 -0.11
8"0 Range 1.59 1.74 1.96 -1.67 1.06 1.02
Estimated 8. (%0) 1.04 1.04 1.04 0.95 0.24 0.24
Temperature maximum 259 253 27.2 30.2 253 25.5
Temperature midpoint 22.5 215 23 26.6 23.0 234
Temperature minimum 19.0 17.7 18.7 23.0 20.7 21.2
Temperature range 6.9 7.6 8.5 72 4.5 4.5
Meand'"'C % lo (%) 1.4+0.7 1.6 £ 0.7 1.9+04 25x03 22+04 1.8 +£04
Mean 8"0 = 1 (%o) 0305 0.6 £ 0.6 02x0.7 -0.7 £ 0.6 -0.6 £ 0.4 -0.5+£0.3
R’ (8"C vs. 8"0) 0.10 0.10 0.04 0.42 0.33 0.43
Level of significance p 0.0003 0.0003 0.039 <0.0001 <0.0001 <0.0001
R’ (8""C vs. 80, years 1 and 2) 0.14 0.01 0.45 0.34 0.48 0.46
Level of significance p 0.0005 0.56 <0.0001 <0.0001 <0.0001 <0.0001
R® (8"C vs. §"0, detrended §"C) 0.17 0.05 0.12 - - -
Level of significance p <0.0001 0.007 0.001 - - -
Slope + standard error (3"C vs. 0.206 +0.039 0.091 £ 0.124 + 0.330 £ 0.037 0.525 = 0.898 +
5"0, 1: normal, 2: detrended §''C)* 2) 0.033 (2) 0.035 (2) (1) 0.062 (1) 0.061 (1)
Number of analyses 132 136 101 110 152 297

*Excludes -2.63%o value
Aln these regressions, §*0 is the independent variable, 8"°C is the dependent variable

Table 4. Oxygen isotope values (in per mil) of each peak and mean annual temperature (MAT) and mean annual range of temperature (MART).
Each peak is labeled in Figure 4. The number in parentheses is temperature in °C.

MBC-1 Cycle 1 2 3 4 5 6 7 8 Average c
Summer -1.19 ~0.89 -1.14 -1.45 -0.80 -1.30 -0.60 -0.80 -1.05 (25.3) 0.29
Winter -0.20 0.03 0.04 0.35 0.04 0.02 -0.29 0.04 0.00 (20.7) 0.19

MAT -0.70 -0.55 -0.56 -0.71 -0.23 -0.63 -0.29 -0.55 -0.52 (23.0) 0.18
MART (w-s) 0.69 1.17 1.49 1.15 1.34 0.62 0.51 1.08 (4.7) 0.38
MART (s-w) 0.99 0.92 1.18 1.80 0.84 1.32 0.31 - 1.05 (4.6) 0.46

Average MART = 1.06 (4.5) 0.42

MBC-2 Cycle 1 2 3 4 5 6 7 Average c

S\;‘T‘Te‘ -0.94 -1.04 -1.16 -1.00 -1.06 -1.30 -1.13 -1.09 (25.5) 0.12

M‘Z;r -0.32 -0.07 -0.10 -0.09 0.02 -0.12 -0.11 (21.2) 0.11
MIART (w-5) -0.63 -0.56 -0.63 -0.55 -0.52 -0.71 - -0.61 (23.4) 0.05
MART (w-s 0.72 1.09 0.90 0.97 132 - 1.00 (4.3) T2
(s-w) 0.97 1.06 0.91 1.08 1.18 - 1.04 (4.5) 0.10
Average MART = 1.02 (4.5) 0.17
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Table 5. Carbon isotope values (in per mil) of each peak and range of variation between summer and winter. Each peak is labeled in Figure 4.

MBC-1 Cycle 1 2 3 4 5 6 7 8 Average c
Summer 1.70 1.83 1.74 1.70 1.56 1.64 1.62 1.75 1.68 0.08
Winter 3.03 3.06 2.43 2.81 2.71 2.83 2.61 2.39 2.78 0.22
Average 2.37 2.45 2.09 2.26 2.14 2.24 2.12 2.07 2.23 0.14

Range (w-s) 1.20 1.32 0.73 1.25 1.07 1.21 0.86 1.09 0.22
Range (s-w) 1.33 1.23 0.69 111 1.15 1.19 0.99 - 1.10 0.21
Total mean range = 1.11 0.21

MBC-2 cycle 1 2 3 4 5 6 7 Average c
Summer 1.27 1.40 1.35 1.24 1.15 1.10 1.46 1.28 0.13
Winter 2.15 2.55 2.80 2.36 2.36 2.52 2.46 0.22
Average 1.71 1.98 2.08 1.80 1.76 1.81 - 1.85 0.14

Range (w-s) 0.75 1.20 1.56 1.21 1.26 - 1.20 0.29
Range (s-w) 0.88 1.15 1.45 1.12 1.21 1.42 - 1.21 0.21
Total mean range = 1.20 0.25

(whorl length secreted per year) generally decreases
through ontogeny (Figure 3). First year and average
growth rates are 0.29 and 0.16 mm d'', respectively. Each
0.5-mm diameter sample averages ~3 days of growth,
while the time interval between holes is roughly 19 days.
The correlation between oxygen and carbon isotope data is
0.325 (R?, p <0.0001, N = 152; Table 3).

MBC-2 data show six distinct cycles (Figure 4). The
average cycle minimum and maximum values for §"°O,
-1.1 + 0.1%0 and -0.1 + 0.1%e, respectively are similar to
those for specimen MBC-1 (Table 4). The average mini-
mum and maximum values for §"C, 1.3 + 0.1%0 and 2.5
+ 0.2%o, are lower than the values for MBC-1. Growth
rate generally slows with ontogeny, but accelerates in the
final year. First year and average growth rate of MBC-2
is 0.25 and 0.20 mm d", respectively. Growth rate in
terms of height is 14.5 mm y', compared with 9.8 mm y”
for MBC-1. Each isotopic analysis averages 2.5 days of
growth, with sample spacing of about 7.5 days. The corre-
lation between oxygen and carbon isotope data, 0.425 (R?;
p < 0.0001; N =297), is better than for MBC-1.

The isotopic profiles of MBC-1 and MBC-2 are very
similar, indicating that these shells experienced similar en-
vironmental conditions and/or had similar growth patterns.
However, several differences are recognizable. First, the
amplitude of 80 in MBC-1 fluctuates more than that of
MBC-2 in spite of the similar average value (Figure 4,
Table 4). Second, mean §"C value of MBC-1 is higher by
0.4%¢ (p < 0.0005) compared with MBC-2. Possible
reasons for the differences are discussed later. Both car-
bon and oxygen isotope records show abrupt changes dur-
ing fall, and sometimes during spring (Figure 4).

Discussion

Oxygen isotopic temperatures in modern Conus
The isotopic data for the modern Conus can be used to
evaluate whether it secretes its shell in oxygen isotopic
equilibrium with ambient water. Grossman and Ku (1986)
proposed the general temperature equation for aragonite
precipitated in equilibrium with waters of known isotopic
composition as follows:
T (°C) = 20.6-4.34 (8" Ourugonitc—84) I
Where 8" Ouugonie i versus PDB and 8. is the 8"O of
water versus “average marine water” ("0 vs. SMOW -0.2
%0). This equation gives better agreement with biogenic
aragonite in general than the first aragonite paleotempera-
ture equation of Horibe and Oba (1972). When 3. values
are reported versus SMOW, the equation becomes:
T (°C) = 19.7-4.34 (8" Ouragonitc—8) 2
We estimated the 3. for the sites in which Conus were
collected using the salinity-8. equation for Gulf of Mexico
waters (Kirby er al., 1998):
dw (%0) = -3.28 + 0.12 Salinity (psu) 3)
Constant baseline salinity values were assumed with no
effort to estimate the effect of low-salinity waters in spring
or summer (Table 3).
The oxygen isotopic compositions of the modern Conus

specimens support the contention that they secrete their
shell in oxygen isotopic equilibrium with seawater. We
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Figure 5. Summary diagram showing the three different pat-
terns observed in the Conus shell 8O values, the environmental inter-
pretation, and the examples.

are limited by a lack of temperature data for the exact time
and location of shell growth, and in the case of the
Alligator Point specimen, a lack of knowledge of the depth
at which the specimen lived. Nevertheless, the data permit
several important observations regarding isotopic composi-
tion and paleoclimate. Figure 5 summarizes the observed
patterns, their interpretations, and examples.

The Alligator Point 8O data exhibit a cuspate pattern
suggestive of significant winter shutdown (Kobashi et al.,
2001; Ivany and Wilkinson, 2002; Goodwin et al., 2003).
Summer temperatures of up to 29°C are well represented,
but winter temperatures of less than 17°C are not (Figure
2). Coming from the most northern site, the Alligator
Point specimen is the one most likely to be influenced by
continental cold fronts. Thus, the cuspate isotopic pattern
is expected and combined with paleogeographic informa-
tion may be used to identify the importance of cold fronts
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in Tertiary climate.

The Stetson Bank specimens provide an asymmetrical
sawtooth 8"O record indicating rapid spring growth and
slow autumn growth. The specimens were collected from
20-30 m and thus yield summer temperatures that are
colder than those measured at the surface (Figure 2).
However, the summer isotopic temperatures slightly
underrepresent those predicted for 20-30 m depth (25-26°
vs. 27°C). MOC-4 reproduces estimated winter tempera-
tures well, whereas MOC-1 slightly overestimates these
temperatures by 1°C. This may be caused by a longer
winter shutdown in MOC-1 compared with MOC-4, consis-
tent with the slower growth rate of MOC-1 (Figure 3).
This reinforces the observation that faster shell growth
often results in more accurate seasonal range (e.g.,
Goodwin et al., 2003). Considering only the 5-year period
in which the records overlap, MOC-1 and MOC-4 show
similar average winter and summer temperatures (19.0°
versus 18.5°C, and 25.9° and 26.5°C). Thus, the isotopic
record of temperature extremes reproduces well.

The §"0 pattern in the Enmedio Reef specimen is irregu-
lar and not easily characterized. Nevertheless, the tem-
perature extremes show reasonable agreement with
expected temperatures with one exception. The 8O mini-
mum at ~26 cm is —1.5%0 more negative than the —1.1%o
value expected for 29°C temperature maximum. Using
equation 3 yields a salinity of 22 psu, though this is likely
a lower limit because water entering the ocean likely has a
8. of less than the figure of —3.28%0 used in equation 3.
The Enmedio Reef specimen is the only modern specimen
influenced by a large summer salinity minimum, account-
ing for the irregular 8"O record.

Oxygen isotopic temperatures in Eocene Conus

Calculation of isotopic paleotemperatures for the Eocene
is hampered by the lack of direct knowledge of ambient
water 8°0, thus some assumptions and estimations based
on modern systems are required. Surface water 3. can
vary about 1.5%o from low latitudes to high latitudes in the
open ocean (Broecker, 1989). For this problem, Zachos
et al. (1994) suggested an equation derived from the mod-
ern global 8. distribution to predict 8. as follows,

A8 (%o vs. SMOW) = 0.576 + 0.041x - 0.0017x*
+ 1.35+10°%’ 4

where § is the latitudinal correction and x is absolute lati-
tude in the range of 0° to 70°. The paleolatitude of
Mississippi is estimated to be ~30° (Smith et al., 1994).
Thus, we use 0.64%o as the latitudinal correction for 3.
Lear et al. (2000)-estimated Tertiary 8. values by combin-
ing 8"°0 with Mg/Ca data in benthic foraminiferal calcite.
The latter is known to exhibit a temperature dependence in

calcite (e.g., Nurnberg et al., 1996). From their estima-
tion, we use —0.4%o for the global 8. at this time (ca. 38
Ma). Combined with the latitudinal effect for the northern
Gulf Coast (0.64%0), we obtain a local 8. of 0.24%e.

Using equation 1 and a 8. value of 0.24%o yields a mean
summer temperature (MST) for MBC-1 of 25.3°C, and a
mean winter temperature (MWT) of 20.7°C (Figure 4).
Average mean annual temperature (MAT) and mean annual
range of temperature (MART) are 23.0°C and 4.5°C, re-
spectively (Table 4). The largest seasonality, 8°C, occurs
between cycle 4 summer (4s) and winter (4w) with a sum-
mer temperature of 27°C and a winter temperature of 19°C.
Eocene winter temperatures are consistently above the
minimum growth temperatures recorded “in the modern
Conus specimens, ~18°C, arguing against winter shut-
down in the Eocene specimens. The oxygen isotope pro-
file of MBC-2 yields a MST of 25.5°C and a MWT of 21.2
°C, very similar to the results for MBC-1. MAT and
MART are 23.4°C and 4.5°C, respectively. The largest
seasonality (MART) observed for one cycle within MBC-2
is 6°C, with MST and MWT of 26°C and 20°C, respec-
tively (Table 4). Our best estimate of surface water MAT
is about 23°C. This should be a minimum value based on
the interpretation that the Moodys Branch Formation at this
location was deposited in relatively deeper water (20-100
m). Thus, summer temperature may be underestimated be-
cause of the development of the seasonal thermocline dur-
ing the summer. For MART of surface water, we use the
>4°C seasonality recorded in Conus tortilis with a summer
temperature of >25°C and a winter temperature of ~21°C.
Winter isotopic temperatures should closely approximate
surface water temperatures at that time despite the rela-
tively deeper water environment because of vigorous mix-
ing and the absence of a seasonal thermocline.

These isotopic temperatures are warmer than those ob-
tained by Ivany et al. (2003) for an otolith from the
Moodys Branch Formation. The otolith temperatures,
about 14° to 22°C, are based on a wider range in "0 (-1.8
to 0.0%o) and an estimated 3. (-0.8%o; Zachos et al., 1994)
not corrected for latitude. Our 8. value (0.24%o) is based
on the global estimates of Lear et al. (2000) and, impor-
tantly, is latitude-corrected. As the salinities of Gulf of
Mexico waters (typically 36.0 psu) are higher than the
global average (35 psu), we feel a latitude correction is
warranted. Temperatures calculated from Ivany er al.’s
data using 0.24%o for 8. are 19° to 27°C, similar to the val-
ues we obtain. Pearson et al. (2001) obtained tempera-
tures of 25°C for mixed-layer and intermediate-habitat
planktonic foraminifera from the Cocoa Sands Formation
in Alabama (36.8 Ma). However, when our value for 8. is
applied, calculated temperatures (29°C) are higher than
those obtained with mollusks and otoliths. Considering
the older age of these sediments, they may have been de-

Downloaded From: https://complete.bioone.org/journals/Paleontological-Research on 30 Apr 2024
Terms of Use: https://complete.bioone.org/terms-of-use



352 Takuro Kobashi and Ethan L. Grossman

posited during a warmer time.

Several independent lines of evidence support these
warmer temperature estimates. Dockery (1977) suggests
that the climatic conditions during the deposition of the
Moodys Branch Formation were tropical or subtropical
based on the great variety of mollusk species and by the
presence and diversity of such groups as the cypraeids.
Terrestrial climate proxy data such as pollen (Frederiksen,
1988; Yancey et al., 2003) show a cooling and drying trend
from the middle Eocene to Early Oligocene. At the age of
the Moodys Branch Formation, these pollen data show sub-
tropical climate in the northern region as indicated by the
disappearance of such tropical species as Bursera spp. and
Friedrichipollis claibornensis (Yancey et al., 2003).

Modern Mississippi coastal waters (30°5'N, 88°46'W)
show summer temperatures of 29°C, winter temperatures of
14°C, MAT of 22°C, and MART of 15°C (NOAA, 2000).
Late middle Eocene temperatures were probably similar to
the present temperature profile of this region, except for the
fact that winter temperatures were about 6°C warmer than
present. The present northern Gulf Coast region experi-
ences several days with winter air temperatures below 0°C,
but probably during the late middle Eocene winter air tem-
peratures did not reach freezing temperatures (see below).
Warmer winter temperatures are probably the reason why
the Mississippi embayment at the late middle Eocene con-
tains subtropical flora and fauna.

The reasons for warm winter temperatures can be ex-
plained by several factors. First, marine influence was
likely fairly extensive during the early Paleogene owing to
warm ocean water mass, especially in the deep sea and at
high latitude (Miller et al., 1987; Bice et al., 2000). The
less stratified and warm ocean was probably unstable with
regard to density, causing vigorous mixing for a longer
time of a year. The second explanation is the lesser impact
of cold continental air compared with today largely because
of warm high-latitude temperatures and the lack of a polar
glacier (Andreasson and Schmitz, 2000). These factors
combined to generate warmer winter temperatures.

Carbon isotopes

The interpretation of carbon isotope data is complicated
compared with oxygen isotopes owing to less systematic
incorporation of "C into biogenic carbonate, and the short
residence time of dissolved inorganic carbon (DIC) in the
water column. Several factors such as the 8"”C of DIC,
temperature, and metabolic activity (i.e., vital effects) di-
rectly or indirectly influence the 8"C of biogenic aragonite.
Numerous studies have shown that annual variations in
DIC 8"C are recorded in marine carbonates (e.g., Arthur
et al., 1983; McConnaughey et al., 1997; Purton and
Brasier, 1997). Local seawater §"C will vary in response
to input of “C-depleted river water, seasonal upwelling,

and local phytoplankton blooms. Input of fresh water gen-
erates depletion of the heavy isotopes and a positive
8""C-8"0 correlation, whereas upwelling of cold, "“C-
depleted water induces low 8"'C, high §"0, and a negative
8"C-8"0 correlation. Phytoplankton blooms will moder-
ate ""C depletion caused from upwelling, but increased pro-
ductivity will enhance the flux of respired CO: from surface
sediments.

Grossman and Ku (1986) observed a temperature de-
pendence in the "C fractionation associated with precipita-
tion of biogenic aragonite. Analyzing aragonitic taxa
(foraminifera and mollusks) collected from depths of 74-
1692 m, they found a negative correlation between "C frac-
tionation and temperature. The temperature dependence,
-0.13%o per °C, was about half that observed for §*0. In
contrast, inorganically precipitated carbonate shows no sig-
nificant correlation with temperature (Romanek et al.,
1992), indicating that the temperature dependence is bio-
logically controlled (i.e., vital effect). Coincidentally, the
2:1 ratio of the 8”0 : 8"C temperature dependence fol-
lows that expected for kinetic fractionation, but in this case
the oxygen isotopic variations are clearly thermodynamic.

All of the specimens show significant positive correla-
tions between 5"C and §"O values, with MOC-6, MBC-1,
and MBC-2 showing especially strong positive correlations
(R*=0.42, 0.33, and 0.43, respectively; Table 3). Neither
the strength of the 8"°C-8"O correlation, the magnitude of
the ontogenetic 8" C change, nor the mean §''C values cor-
relate with interspecimen differences in growth rate. The
hypothesized freshwater spike in the MOC-6 record (~26
cm) coincides with extreme 8"”C values, consistent with
that interpretation but also with a temperature dependence.
The 8"C-8"0 correlation is enhanced in MOC-1 and
MOC-2 when the ontogenetic 8"C trend is subtracted from
the signal (Table 3). MOC-2 shows an especially strong
8"C-8"0 correlation in the first two years. If the §"C-
8" O correlations are derived from the temperature-
dependent metabolic effects discussed by Grossman and
Ku (1986), then the amplitude of Conus 8"C cycles should
be half that of 8"*0. For the modermn specimens the §"C
amplitude is 50% or less of the 8'"°0 amplitude, thus follow-
ing the general relationship observed by Grossman and Ku.
This implies a metabolic control on modern Conus §"C.
The 8"0 and 8"C amplitudes of the Eocene shells are simi-
lar, suggesting that DIC 3"C is changing seasonally.

In the shallow water environment (e.g., mixed surface
layer), the 8"C of the DIC varies seasonally according to
light, temperature, and ventilation (see Arthur et al., 1983;
Purton and Brasier, 1997). During the summer, the water
column stratifies due to surface water warming. This re-
sults in preferential withdrawal of “C from the surface
euphotic layer mediated by decomposition of "“C-enriched
organic matter in the lower aphotic layer. Therefore, the
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lower layer would be depleted in “C, and the surface layer
would be enriched in "C (Purton and Brasier, 1997).
During the winter, strong mixing penetrates deeper in the
water column and the DIC §"C becomes relatively con-
stant. This seasonal change in the lower, aphotic layer re-
sults in positive correlation between 8"C and 3"O as
observed in previous studies (e.g., Arthur et al., 1983;
Purton and Brasier, 1997). As we mentioned before,
paleobathymetry of the Moodys Branch locality is esti-
mated to be 20-100 m. Based on these observations, we
conclude that the temperature effect in addition to the sea-
sonal change of DIC 8"C in the shallow aphotic environ-
ment controlled the distribution of §"C of MBC-1 and
MBC-2.

Average 8"C of MBC1 is enriched by 0.4%c compared
with MBC-2 (Figure 4). As mentioned above, §"°C of DIC
is strongly related to nutrient distribution. As a first ap-
proximation, 8"C correlates negatively with nutrient con-
centration. Perhaps, the larger size and more rapid growth
of MBC-2 compared with MBC-1 (Table 3) reflect a more
nutrient-rich environment during the time in which MBC-2
lived.

Conclusion

Three patterns of oxygen isotopic variation occur in the
modern Conus shells analyzed: asymmetric sawtooth,
cuspate, and irregular (Figure 5). The asymmetric
sawtooth pattern occurs in a middle to outer shelf environ-
ment and reflects rapid spring growth presumably in re-
sponse to upwelling and increased productivity. The
cuspate pattern occurs in the nearshore shell influenced by
continental cold fronts, and the irregular pattern occurs in
response to fresh-water influx in a tropical climate.

The late middle Eocene shells from the Moodys Branch
Formation exhibit an asymmetric sawtooth 8" O pattern
consistent with rapid spring growth in a middle or outer
shelf environment. These data reveal that during the late
middle Eocene, the climate of the Mississippi region was
equable compared with today owing to warmer winter tem-
peratures. Mean annual temperature of water was 22°C
and mean annual range of temperature of water was 4°C.
Taking the depth estimation (20-100 m) into consideration,
the surface water temperatures are estimated to be >25°C
during summer and 21°C during winter, with a mean an-
nual temperature of 23°C or probably slightly higher. In
contrast, coastal waters off Mississippi today (30°5'N, 88°
46’ W) have relatively severe seasonality (MART, 15°C)
with a colder winter temperature of 14°C. The seasonality
difference between the present and late middle Eocene Gulf
Coast is mainly reflecting differences in winter tempera-
ture. This seasonality difference likely explains why the
Mississippi embayment during the late middle Eocene con-

tained. subtropical flora and fauna.

There are several explanations for warm winter tempera-
tures at the late middle Eocene. First, the marine influence
was extensive during the early Paleogene owing to the
warm ocean water mass. The less stratified ocean was
probably unstable with regard to density, causing vigorous
mixing for a longer duration throughout the year than pre-
sent. The second explanation is the lesser impact of cold
continental air compared with today largely owing to the
lack of a polar glacier. These two factors likely worked
together to generate warmer winter temperatures at this re-
gion.

Acknowledgment

We thank the following people and organizations for
providing specimens: John Wise and the Houston Museum
of Natural Science (Stetson Bank and Alligator Point
shells), Wes Tunnell of Texas A&M University-Corpus
Christi (Enmedio Reef shell), and David T. Dockery III and
the Mississippi Department of Environmental Quality
(Eocene shells). We also thank David T. Dockery for very
helpful discussions and for photographing the shells, and
Thomas E. Yancey for advice regarding shell analysis and
climate interpretation from pollen data. We appreciate
helpful reviews by Douglas Jones and an anonymous re-
viewer.  This study was supported in part by the
Department of Geology & Geophysics, Texas A&M
University and NSF grant EAR-0126311.

References

Andreasson, F. P. and Schmitz, B., 2000: Temperature seasonality
in the early middle Eocene North Atlantic region: Evidence
from stable isotope profiles of marine gastropod shells. GSA
Bulletin, vol. 112, p. 628-640.

Arthur, M. A., Williams, D. F. and Jones, D. S., 1983: Seasonal
temperature-salinity changes and thermocline development in
the mid-Atlantic Bight as recorded by the isotonic composition
of bivalves. Geology, vol. 11, p. 655-659.

Axelrod, D. 1., 1984: An interpretation of Cretaceous and Tertiary
biota in polar regions. Palaeogeography Palaeoclimatology
Palaeoecology, vol. 45, p. 105-147.

Berggren, W. A, Kent, D. V., Swisher, C. C. III and Aubry, M.-P.,
1995: A revised Cenozoic geochronology and chronostrati-
graphy. in Berggren, W. A, Kent, D. V., Aubry, M.-P,, and
Hardenbol, 1., eds., Geochronology, Time Scales and Global
Stratigraphic Correlation: SEPM Special Publication, No.54,
p. 129-212.

Bice, K. L., Sloan, L. C. and Barron, E. J., 2000: Comparison of
early Eocene isotopic paleotemperatures and the three-
dimensional OGCM temperature field: the potential for use of
model-derived surface water 8"*0. in Huber, B. T., MacLeod,
K. G., Wing, S. L., eds., Warm climates in Earth history, 462
p. Cambridge Univ. Press, Cambridge, UK.

Bice, K. L. and Arthur M. A., 1996: Late Paleocene Arctic Ocean
shallow-marine temperatures from mollusc stable isotopes.

Downloaded From: https://complete.bioone.org/journals/Paleontological-Research on 30 Apr 2024
Terms of Use: https://complete.bioone.org/terms-of-use



354

Paleoceanography, vol. 11, no. 3, p. 241-249.

Broecker, W. S., 1989: The salinity contrast between the Atlantic
and Pacific oceans during glacial time. Paleoceanography,
vol. 4, no. 2, p. 207-212.

Dettman, D. L. and Lohmann, K. C., 2000: Oxygen isotope evi-
dence for high-altitude snow in the Laramide Rocky Mountains
of North America during the Late Cretaceous and Paleogene.
Geology, vol. 28, no. 3, p. 243-246.

Dockery, D. T. III, 1977: Mollusca of the Moodys Branch
Formation, Mississippi.  Mississippi Bureau of Geology,
Geological Survey Division, Bulletin, vol. 120, p. 7-20.

Dockery, D. T. III, 1980: The invertebrate macropaleontology of the
Clark County, Mississippi, area, Mississippi.  Mississippi
Bureau of Geology, Geological Survey Division, Bulletin, vol.
122, p. 387.

Dockery, D. T. III, 1996: Toward a revision of the generalized
stratigraphic column of Mississippi. Mississippi Geology, vol.
17, no. 1, p. 1-9.

Elder, S. R. and Hansen, T. A., 1981: Macrofossil assemblages of
the Moodys Branch Formation (Upper Eocene), Louisiana and
Mississippi.  Mississippi Geology, vol. 2, no. 1, p. 6-11.

Epstein, S., Buchsbaum, R., Lowenstam, H. A. and Urey, H. C.,
1953: Revised carbonate-water isotopic temperature scale.
Geological Society of America, Bulletin, vol. 64, p. 1315-1326.

Frederiksen, N. O., 1988: Sporomorph biostratigraphy, floral
changes, and paleoclimatology, Eocene and earliest Oligocene
of the eastern Gulf Coast. U.S. Geological Survey Professional
Paper, vol. 1448, p. 68.

GDEM, 2000: Generalized Digital Environmental Model,
http://128.160.23.42/gdemv/gdemv.html.

Goodwin, D. H., Flessa, K. W., Schéne, B. R. and Dettman, D. L.,
2001: Cross-calibration of daily growth increments, stable iso-
tope variation, and temperature in the Gulf of California bi-
valve mollusk Chione cortezi: implications for paleoenviron-
mental analysis. Palaios, vol. 16, p. 387-398.

Goodwin, D. H., Schone, B. R. and Dettman, D. L., 2003: Resolu-
tion and fidelity of oxygen isotopes as paleotemperature prox-
ies in bivalve mollusk shells: models and observations.
Palaios, vol. 18, p. 110-125.

Grossman, E. L. and Ku, T.-L., 1986: Oxygen and carbon isotope
fractionation in biogenic aragonite: temperature effects.
Chemical Geology, vol. 59, p. 59-74.

Greenwood, D. R.  and Wing, S. L., 1995: Eocene continental cli-
mates and latitudinal temperature gradients. Geology, vol. 23,
no. 11, p. 1044-1048.

Horibe, Y. and Oba, T., 1972: Temperature scales of aragonite-
water and calcite-water systems. Kaseki (Fossils), vol. 23/24,
p. 69-74. (in Japanese with English abstract)

Huff, W. J,, 1970: The Jackson Eocene Ostracoda of Mississippi.
Mississippi Bureau of Geology, Geological Survey Division,
Bulletin, vol. 114, p. 289.

Ivany, L. C., Lohmann, K. C. and Patterson, W. P., 2003: Paleogene
temperature history of the U.S. Gulf Coastal Plain inferred
from "0 of fossil otoliths. in Prothero, D. R., Ivany, L. C.,
and Nesbitt, E. A., eds., From Greenhouse to Icehouse - the
marine Eocene-Oligocene transition, p. 232-251, Columbia
University Press, New York.

Kirby, M. X., Soniat, T. M. and Spero, H. J., 1998: Stable isotope
sclerochronology of Pleistocene and recent oyster shells
(Crassostrea virginica). Palaios, vol. 13, p. 560-569.

Kobashi, T., Grossman, E.L., Yancey, T.E. and Dockery, D.T. III,
2001: Reevaluation of conflicting Eocene tropical temperature

estimates: Molluskan oxygen-isotope evidence for warm low-

Downloaded From: https://complete.bioone.org/journals/Paleontological-Research on 30 Apr 2024
Terms of Use: https://complete.bioone.org/terms-of-use

Takuro Kobashi and Ethan L. Grossman

latitudes. Geology, vol. 29. p. 983-986

LATEX, 1997: Texas-Louisiana Shelf Circulation and Transport
Processes Study, NODC Project Code 0212.

Lear, C. H., Elderfield, H. and Wilson, P. A., 2000: Cenozoic deep-
sea temperatures and global ice volumes from Mg/Ca in
benthic foraminiferal calcite. Science, vol. 287, p. 269-272.

McConnaughey, T. A., Burdett, J., Whelan, J. F. and Paull, C. K.,
1997: Carbon isotopes in biological carbonates: Respiration
and photosynthesis. Geochimica et Cosmochimica Acta, vol.
61, no. 3, p. 611-622.

Miller, K. G., Fairbanks, R. G. and Mountain, G. S., 1987: Tertiary
oxygen isotope synthesis, sea level history, and continental
margin erosion. Paleoceanography, vol. 2, no. 1, p. 1-19.

NDBC, 2003: National Data Buoy Center, http://www.ndbc.noaa.
gov.

NOAA, 2000: Interactive Marine Observations, http://www.nws.fsu.
edu/buoy.

Nurnberg, D., Buma, J. and Hemleben, C., 1996: Assessing the reli-
ability of magnesium in foraminifera calcite as a proxy for
water mass temperatures. Geochimica et Cosmochimica Acta,
vol. 60, no. 5, p. 803-814.

Pearson, P. N,, Ditchfield, P. W., Singano, J., Harcourt-Brown, K.
G., Nicholas, C. J., Olsson, R. K., Shackleton, N. J. and Hall,
M. A,, 2001: Warm tropical sea surface temperatures in the
Late Cretaceous and Eocene epochs. Nature, vol. 413, p.
481-487.

Prothero, D. R., 1994: The Eocene-Oligocene Transition. Paradise
lost, p. 290. Columbia University Press, New York.

Purton, L. and Brasier, M., 1997: Gastropod carbonate 8"*O and
8"C values record strong seasonal productivity and stratifica-
tion shifts during the late Eocene in England. Geology, vol.
25, no. 10, p. 871-874.

Romanek, C. S., Grossman, E. L. and Morse, J. W., 1992: Carbon
isotopic fractionation in synthetic aragonite and calcite: Effects
of temperature and precipitation rate. Geochimica et
Cosmochimica Acta, vol. 56, p. 419-430.

Schone, B. R., Tanabe, K., Dettman, D. L. and Sato, S., 2003:
Environmental controls on shell growth rates and "0 of the
shallow-marine bivalve mollusk Phacosoma japonicum in
Japan. Marine Biology, vol. 142, p. 473-485.

Secretaria de Marina, Direccién General de Oceanografia, 1978:
Temperatura y salinidad de los puertos de México en el Golfo
de México y Mar Caribe. Sec. Mar., Dir. Gen. Oceanogr.
México, D. F. 33 pp.

Sloan, L. C. and Barron, E. J., 1992: A comparison of Eocene cli-
mate model results to quantified paleoclimatic interpretations.
Palaeogeography, Palaeoclimatology, Palaeoecology, vol. 93,
p. 183-202.

Sloan, L. C. and Morrill, C., 1998: Orbital forcing and Eocene con-
tinental temperatures. Palaeogeography, Palaeoclimatology,
Palaeoecology, vol. 144, p. 21-35.

Smith, A. G., Smith, D. G. and Funnell, B. M., 1994: Atlas of
Mesozoic and Cenozoic coastlines, p. 99. Cambridge Univer-
sisty Press, Cambridge, U.K.

Tunnell, J. W. and Nelson, T. J., 1989: A high density-low diversity
octocoral community in the southwestern Guif of Mexico,
Proceedings of the American Academy of Underwater Sciences
9" Annual Scientific Diving Symposium., p. 325-335.

Walls, J. G., 1978: Cone shells: A synopsis of the living conidae, p.
1011. T.F.H. Publication, Neptune City, N. J..

Weidman, C. R, Jones, G. A. and Lohmann, K. C., 1994: The long-
lived mollusc Arctica islandica: A new paleoceanographic tool
for the reconstruction of bottom temperatures for the continen-



Eocene oxygen isotopic seasonality records 355

tal shelves of the northern North Atlantic Ocean. Journal of
Geophysical Research, vol. 99, no. C9, p. 18,305-18,314.

Wilkinson, B. H. and Ivany, L. C., 2002: Paleoclimatic inference
from stable isotope profiles of accretionary biogenic hardparts-
a quantitative approach to the evaluation of incomplete data.
Palaeogeography Palaeoclimatology Palaeoecology, vol. 185
(1-2), p. 95-114.

Wise, S. W., Breza, J. R., Harwood, D. M. and Wei, W., 1991:
Paleogene glacial history of Antarctica, in Muller, D. W,
McKenzie, J. A., Weissert, H. and Mueller, D. W., eds.,
Controversies in Modern Geology, p. 133-171.  Academic

Press, San Diego.

Yancey, T. E., Elsik, W. C. and Sancay, R. H., 2003: The
palynological record of late Eocene climate change, northwest
Gulf of Mexico, in Prothero, D. R., Jvany, L. C., and Nesbitt,
E. A, eds., From Greenhouse to Icehouse-the marine Eocene-
Oligocene transition, p. 252-268. .Columbia University Press,
New York, New York.

Zachos, J. C., Stott, L. D. and Lohmann, K. C., 1994: Evolution of
early Cenozoic marine temperatures. Paleoceanography, vol.
9, no. 2, p. 353-387.

Downloaded From: https://complete.bioone.org/journals/Paleontological-Research on 30 Apr 2024
Terms of Use: https://complete.bioone.org/terms-of-use



