THE SHELL CHEMISTRY OF SOME RECENT AND PLEISTOCENE MOLLUSKS

AND ITS ENVIRONMENTAL SIGNIFICANCE

Thesis by

Ronald Michael Lloyd

In Partial Fulfillment of the Requirements
For the Degree of

Doctor of Fhilosophy

California Institute of Technology

Pasadena, California

1960



ABSTRACT

In Part I Florida Bay is used as a model to describe some
influences of enviromnment on chemical variastions of shell materisl.
Geographic isolation and high evaporation in the Bay coupled with the

influx of fresh water enriched in 018

produce a gradient of increas-
ing H2018 going into the Bay. Dilution of Bay water by Ca rich fresh
water lowers the Sr/Ca ratio in the Bay.

The gradient of H2018 in the water is clearly reflected in
a similar gradient in the cerbonate oxygen of mollusk shells. The
effect of temperature on the carbonate isotopic composition is shown
to be inadequate to explain the variations. Sr/Ca ratios of the shells
vary but show no simple relationship to environment. A gradient of de~-
cfeasing 013 in shells going into the Bay is attributed to the equilib-
ration of 002 derived by oxidation of organic debris with the carbonate
of the water.

Analyses of mollusks from sediment cores show that the present
envirommental framework of Florida Bay has existed for the last 3700
years. Anslysis of the fine-grained sediment of the Bay suggests that
part of it is washed in from the mainland.

In Part II fossil mollusks from the Pleistocene Caloosghatchee
formation are analyzed. The 018/016 ratios coupled with geological and
faunal data indicate an envirommental framework strikingly similar to
the Florida Bay model. A land mass immediately west of the outcrop area
is postulated for most of Caloosahatchee time., The carbon isotope and

strontium data reveal little envirommental information.
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Part I

The Shell Chemistry of some Recent Mollusks from Florida

Bay, Florida and its Relationship to Enviromment



INTRODUCTION

The application of geochemical techniques to the problems of
paleoecclogy has become a fruitful line of paleontological research in
recent years. The pioneer work of Bfggild (1) Clark and Wheeler (2)
and Vinogradov (3) on the structure, mineralogy and trace element chem-
istry of carbonate shell materials has been extended by recent workers
to provide new data on many taxonomic groups and to enlarge our under-
standing of the processes which determine chemical and structural mod-
ifications in shell materials.

B¢ggild (1) described in great detail the mineralogical and
microstructual variations of carbonate skeletons from a variety of
mollusks. He concluded that fthese factors are genetically fixed in a
given species and are of possible taxonomic value. Lowenstam (L) dem-
ongtrated that in mollusks and serpulid worms the mineralogical compo-
siltion is mnot fixed and that species which precipitate both aragonite
and calcite can have varylng amounts of the two polymorphs depending
on the temperature of shell growth.

Clark and Wheeler (2) recognized a relaiionship between
magnesium content and both mineralogy and temperature in brachiopods
and echinoderms. Bﬁggild,’from this data, postulated three types of
shell materials: low magnesium calcite, high magnesium calcite and low
magnesium aragonite. Chave (5) made a comprehensive study of the mag-
nesium content of the skeletons of a large number of carbonate secreting

organisms covering all maJjor taxonomic groups and concluded that the



three factors governing magnesium replacement of calcium are mineral-
ogy, temperature and phylogenetic level. Of the three, mineralogy
appears to be the most important as Mg is not accommodated in the
aragonite lattice.

Noll (6) showed that aragonite takes up strontium more read-
ily than calcite and Lowenstam (7) suggested a strontium-temperature
relationship operating indirectly through temperature-induced varia-
tions in aragonite composition. More recently Lowenstam (8) has Tfound
a direct strontium-temperature relationship in calcitic brachiopods.

In 1951 Urey and his co-workers (9) introduced the oxygen
isotope paleothermometer as an entirely new and independent technique
for determining the temperature of shell deposition. It is based on
the exchange reaction:

(1.) 5010 +1/30088 ——=n,08 4 1/300%6

2
wherein the equilibrium is shifted to the right with increasing temper-
ature. In organisms that select carbonate ions at random from sea
water the 1/300%8/1/300%6 ratio in the shell will be a measure of the
temperature of the water. The technique has been appliéd with great
success to Recent (10) and fossil (9) shell materials.

All of the techniques outlined above concentrate on the rels-
tionships between shell composition and temperature. Another aspect of
environment which might be expected to influence shell composition is
the chemistry of the water in which the shéll has grown. Though salin~-
ity ranks with temperature in importance as & defining parameter of the

ecology of an organism it has received much less attention in biogeo-

chemical investigations.



Lowenstam (11) mentioned a possible "salinity effect" on the
calcite-aragonite composition of some of his specimens from the Baltic

Sea. The aragonite percentage appeared too high in some Mytilis edulis

shells considering the temperature at which they grew. The salinity
ranged from 3-3L4%. in the areas of collection suggesting that salinity
had a direct or indirect influence.

Odum (12) has shown experimentally that the Sr/Ca ratio of
a shell is directly proportional to the Sr/Ca ratio of the water in
which the shell is precipitated with proportionality factors varying
from 0.1 to 1.0. The Sr/Ca ratio of fresh water is generally much
lower than that of sea water (13). In theory, one could detect a
salinity gradient by noting & decrease in the Sr/Ca ratio of shells
grown in water which has been more and more diluted by fresh water.

Turekian (14) has suggested that salinity mey have a direct
effect on the strontium uptake of marine organisms. His argument is
based on variations in the Sr/Ca ratio of fossils from the Florena
shale which, he feels, cannot be explained by any other mechanism and
must be related to salinity variations proposed by Imbrie (15) from
other paleoecologic data. Odum (16) has criticized Turekian's con-
clugion on the basis that the very small quantities of strontium found
in the fossils suggest diagenetic replacement of the carbonate has
taken place.

Lovenstam (17) has recently found that Mg replacement of Ca

may also be affected by salinity variations.



Jeffreys, et al (18) and Clayton and Degens (19) have found
fresh water and marine deposits characterized by differences in the
013/012 ratio of the carbonate fraction in rock samples of varying
ages. In both cases the grouping of the samples into fresh water and
marine was on the basis of other geochemical or paleontological data.

It was recognized in the beginning of the oxygen isotope
palectemperature studies that variation in water chemistry can seri-
| ously affect the CO§8/CO%6 ratio of carbonate shells and lead to
errors in calculated temperature (9). From equation 1 it can be seen
that though the 1/300%8/1/300%6ratio will vary with temperature the
actual value of the ratio at a given temperature will depend on the
018/016 ratio in the whole system. Because there is about 10,000
times as much water oxygen as carbonate oxygen in sea water the water
will determine the basic 018/016 ratio on which the temperature varia-
tions will be impressed. The vapor pressure of H'QO16 is higher than
that of HeolS. From Raoults law it follows that waber vapor in equilib-
rium with liquid vater will be enriched in Hy0™0. If H,01® enriched va-
por is continuously removed by evaporation the remaining liquid will be
enriched in H2018. In the case of sea water this will be accompanied by
an increase in salinity. By the same token, if the H2016 enriched va-
por is precipitated as rain and added in large quantities to sea water
there will be a decrease in the H2018/H2Ol6 rafio accompanied by & de-
crease in salinity.

For Recent shells a sample of the water in which the shell

grew can be analyzed for H2018 /Hgo16 and a correction applied to the



temperature determined from the 00%8 /0033‘6 ratio (20). For fossil
shells the water is not available and the H2018/H2016 ratio must be
assumed (9).

To determine what veriations in HJ018 /H2016 might be ex-
pected in nature Epstein and Mayada (21) made a comprehensive survey
of the oxygen isotope composition of natural waters. They confirmed
the relationship between H2018 /HEO16 ratio and salinity and, in addi-
tion, showed that at the present time the oceans as a vhole are en-
riched in H2018 because of a fractional distillation mechanism which
causes the permanent snow and ice at the poles to be greatly enriched
in Hy010.

The effect of high salinity on the oxygen isotope chemistry
of carbonate skeletons was shown by Lowenstem and Epstein (22) on ma-
terials collected in the Bahama Islands.

The purpose of this study is to examine the relationship of
water chemistry to the oxygen and carbon isotope and magnesium and
strontium compositions of Fecent mollusks and to determine to what de-
gree such relationships reflect the climate and geography of the area
of collection.

Florida Bay at the southern tip of the Florida peninsula was
chosen as a model for this study. It is a shallow body of water of
considerable geographic extent and has only limited exchange with open
‘ocean water. A.combination of geographic and climatic factors act to
produce strong salinlty gradients in the Bay during certain periods of

the year. It is by meansg of these gradients that the influences of



salinity on shell chemistry are measured. Because the Bay is shallow
temperatures are quite uniform at all locations at any given time.
This uniformity minimizes the possibility of confusing temperature and
salinity effects.

Five weeks were spent in the field during August,1958 col-
lecting shell samples, water samples, and a few sediment cores. Ad-
ditional samples were obtalined in the agbsence of the writer as described
below. The methods of collectlon, separation, and preparation for
analysis are described in appendix A.

Selected shells were analyzed for oxygen and carbon isotope
composition, strontium and magnesium content and mineralogy. Selected
water samples were analyzed for salinity, strontium and magnesium com-
position and oxygen isotope composition. The techniques of analysis
are described in appendix A. The locations of the gample collections

are shown in fig. 2.



PHYSTCAL SETTING

The state of Florida occupies only a portion of the surface
of a large peninsular platform, the Floridan Plateau, which is roughly
outlined by the 100 fathom bathymetric contour line (fig. 1). The
Floridan Plateau is about 350 miles long and 200 to 300 miles wide and
trends roughly north-south. Southeast of the Plateau there are four
isolated platforms rising out of the Atlantic Ocean: Cay Sal Bank,
the Great and Little Bahama Banks and the island of Cuba. These plat-
forms are separated from the Floridan Plateau by a deep narrow trough,
the Straits of Florida, which serves as a channel for the northward
flowing Florida Current. South of Cape Hatteras the Florida Current
becomes the Gulfstream.

The area to be discussed here is at the southeastern end of
the Floridan Plateau. It includes a small portion of the Florida main-
land, Florida Bay, the TFlorida Keys and the Florida reefl tract (fig. 2).

TMorida Mainland - The portion of fthe Florida meinland included in this

study is the southermmost extension of the Florida Everglades. The
area consists entirely of brackish water coastal swamps. The typical
vegetation of sawgrass swamps and hardwood hammocks found in the in-
terior of the Everglades is replaced along the coast by dense growths
of black and red mangrove. Indeed, much of the coastline is merely a
continuous thicket Qf mangrove growing in very shallow submerged mud
flats. Along natural and man made channels the mangrove swamps extend

as Tar as three miles in from the coast.
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The mangrove 1ls rooted in a richly organic, fine-grained,
poorly sorted lime mud. The mud rests on a flat rock floor that slopes
to the west. The depth from sea level to rock increases from one and
a half feet at Madeira Bay to greater than 12 feet at Cape Sable.

The irregular growth of mangrove has resulted in a very com-
plex shoreline. Open bays, semi-enclosed bays, and completely enclosed
lakes and ponds are found along the entire length of the coast and well
up into the mainland. The depth of water in these depressions varies
with the Florida Bay water level and seasonal rainfall. The average
depth is of the order of one to two feet.

Florida Bay - Florida Bay is a triangular-shaped body of water bounded
on the north by the irregular coast line ofkthe Florida mainland, on
the southeast by the Florida Keys, and on the west by the open Gulf of
Mexico. The Bay has a maximum depth of about ten feet along its west-
ern boundary. The bottom here is rocky and is a continuation of the
bedrock surface that underlies the mainland. As along the mainland
the flat bedrock surface underlying the Bay slopes toward the west.

The bathymetry of Florida Bay is complicated by grass-cov;
ered mud banks and bars which rest on the rock floor and rise to within
s few inches of the water surface. Along the western end of the Bay
the banks are very broad and occupy 50% or more of the surface area.

In the eastern part of the Bay the banks are narrow elongate bars,
Joined to form large semi-isolated bodies of deeper water. These are
called "lakes" by local inhabitants. They average six feet in depth
and are covered along the bottom by only a thin veneer of sediment

usually no more than eight inches thick.



Scattered irregularly over the tops of the mud banks are
mangrove islands. The smaller islands are only mangrove thicketg,
usually covered with water. The larger islands congist of a rim of
mangrove surrounding a raised mud flat which may be as much as a foot
above Bay level. The interiors of the larger islands are usually dry
or covered with rainfilled depressions and are flooded by sea water
only during severe storms.

The accumulation of the Florida Bay mud into bars and banks
is believed to result from trapping of sediment by thick baffle-like
carpets of marine grasses (23). The islands are thought to form by
the accumulation of mud above sea level in the tangle of roots formed
by mangrove (24). Fcologically the banks and islands are very impor-
tant because they have a profound influence on water circulation in
the bay and provide a specialized habitat for many organisms.

Florida Keyg - The Florida Keys are a string of rocky islands extend-

ing in a curved line south and west of Miami for & distance of some
200 miles. The largest island ~ Key Largo - is approximately 30 miles
long. The remaining islands are much smaller and are separated from
one another by channels through which Florida Bay water exchanges with
water from the Florida Straits.

The maximum altitude in the Florida Keys is 25 feet at ncrth;
ern Key Largo. The remaining Keys are ten feet or less above sea level.
Though well above the normal high tides, many of the Keys are known to
have been flooded during the 1935 hurricane.

The rock unit that forms the northern keys, the Key Largo

formation, is a Pleistocene reef limestone with well~developed
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intergranular and vuggy porosity. The islands, therefore, do not act

as a completely impermeable barrier bebtween the Bay and the reef tract
and a certain amount of exchange between the reefl tract water and Bay

water occurs through them.

Florida Reef Tract - The term Florida reef tract as used here desig-

nates the shallow shelf extending some three to four miles seaward
from the Keys and down to a depth of 300 feet. The reef tract can be
divided into three linear zones: a sloping fore reef, an intermittent
barrier reef and a semi-protected back reef zone. The reef tract has
been described in detail by Ginsburg (25). In addition to contrasting
the features of the reef tract with those of Florida Bay he was able
to digtinguish the environmental zones within the reef tract on the
basis of sediment grain size and the nature and relative abundances of
contributors to the skeletal carbonate fraction of the bottom sediment.
He attributes the ecological zoning to the existence of the intermit-
tent reef which creates its own speéialized environment along the edge
of the shelf and, at the same time, serves as a barrier to free water
circulation in the back reef area.

The depth of the rock floor in the back reef area is of the
order of 25 feet. In the vieinity of local patch reefs the water is
mich shallower and some of the larger coral knolls come within a few
feet of the surface.

The barrier reef, where actively growing, forms a definite
ridge along the shelf edge which rises to and, in some cases, above

mean low tide.
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The fore reef glopes steeply from the barrier reef toward
the Straits of Florida with a slope of Ffrom 60 to 120 feet per mile.
The bottom is usuvally rocky with sediment in holes and pockets.

In summary the south Florida area can be divided into three
physiographic entities: a low coasgtal swanp, a shallow semi-isolated

bay and a narrow open shelfl.
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CLIMATE

South TFloride is at approximately 25° North Latitude, but
because it is surrounded on three sides by water, two of which are
traversed by the warm Florida current, the climate is milder than
would normally be ex@ected at this latitude. James John Audubon,
from his observation of bird life, considered it tropical and in 1838
the area was "officially” recognized as tropical by the U. S. Congress
after studying date on temperature and plant 1life collected by Dr.
Henry Perrine (26). In most climatic atlases the climate is referred
to ag humid sub-tropical.

Air Temperature - The average annual temperature at Miaml is oli°C while

at Key West it is 25°C. The temperature range over the year is from
14° to 28°C at Miami and 21° to 31°C at Key West. Abrupt lowering of
the temperature can occur when cold fronts invade the peninsula as far
as South Flori&a, Miami has recorded below freezing temperatures
during a few of these rare northers. On the Florida Keys the lowest
recorded temperature is 5°C (27).

Wind - Both direction and intensity of winds vary seasonally in the
South Florida ares. The intensity in monthly average veloclity is shown
in fig. 3. There is a distinct pesk in March, April and May. Summer
winds are generally from the east and southeast and normal winter winds
from the east and northeast. Strong winds associated with storms and
cold fronts usually come out of the north and northwest.

Precipitation - Rainfall in South Florida is seasonal with two peak

periods - a small peak in May and June and a major peak in September
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and October. The months of June, July and August are moderately wet
and the dry season occurs during the winter months from November to
April (see fig. 4). The average precipitation regimens of Miami and
Key West parallel each other through the seasons with Key West values
always somevhat dryer. The yearly average rainfall at Miami is about
55 inches while at Key West it is about 39 inches. The values given
above are based on 40 year averages and the regimen for any particular

1
g

year can deviate quite markedly from them. Because much of the data

presented below are gensitive to particular conditions prior to the

[T

time of collection of samples the rainfall history for the period
1958-59 is compared to the 40 year average in Ffig. L.

Bvaporation - In a shallow semi-enclosed basin such as Florida Bay
evaporation is an important contributing fﬁctor to variations in the
chemistry of the water. Unfortunately, there is no precise technique
avallable for the direct measurement of water loss through evaporation.
Evaporation pans have been used by the U. 8. Weather Bureau in the
Miami area to estimate such losses and the data over an eight year
periocd are shown in fig. 3.

Evaporation is sensitive to increasing temperature which
raises the vapor pressure of the water and wind movement which Flushes
out and carries off moisture laden air (28). The temperature maximum
in the Miami ares occurs in July, August and September while maximum
wind movement occurs in May. The combined effect results in an evap-
oration peak in May during high wind movement and rising temperature

and a secondary peak in August due mainly to high temperature. The
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evaporation minimum occurs in December and January. The period of
maximum reinfall corresponds with the period of meximum evaporation
go that the contrast between wet and dry seasons is lessened. Ivap-
oration rises sharply in February and March while rainfall remains at
a low level,; suggesting that Februvary and March are the dryest months

on & net bagis.
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HYDROGRAPHY

Tides and Circulation - Along the reef tract semi~-diurnal tides con-

tribute greatly to the exchange of water between the reefl and the

3.

Straits of Florida. The tide range varies along the length of the
reef tract. Wear Miami the mean range is 2.4 feet and the spring
range 2.9 feet. One hundred miles to the southwest the mean range

is 2.2 feet and the spring renge 2.6 feet. A continuous supply of
fresh sea water ls assured by the FMorida Current and an intermititent
counter current which flows southward very close to the reef. Addi-
tional circulation is provided by wind currents in the surface water.

In Florida Bey the gemi-diuvrnal tides are attenuated to a
mean of about 0.5 feeb along the western margin of the Bay. Iven lthen
the effect dies out within two or three miles of the edge because of
the presence of the mud banks. Small semi-diurnal tides can be meas-
ured on the Bay side of the Florida Keys indicating limited exchange
through the porous rock barrier.

In general, the only effective tides in the Bay are those
caused by wind. Persistent strong winds from the north or west plie
up the water against the confining barriers of the mainland or the Keys.
An eagterly wind can blow water out of the Bey into the Gulf. The
writer has observed the effect of a prolonged winter storm on the water
level in the northern part of the Bay. TFor a period of two days per-
sistent northerly winds of 20 - 30 miles per hour exposed large areas

of mud banks which are normally covered by six inches to one foot of

water.
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Because the semi-diurnal tideg are ineffective wind tides
are probably the only effective force causing mixing of the Bay water.

Water Temperature - Seasonal water temperature variations along the

reef tract based on monthly averages over a twenty-two year period are
shown in fig. 5a. The data are from Vaughn (29). The temperature of
the reef tract weter appears to be sensitive to seasonal alr tempera-
ture variations. The volume of water is large and there is constant
exchange with water of the Straits of Florida, hence even large air
temperature drops of short duration such as occur during winter storms
produce negligible changes in water temperature (29). The observe-
tions were made at the Carysfort Reef lighthouse at the edge of the
shelf. Recent obgervations by Smith, Eﬁ.ﬁl,(30> suggests that the
back reef area exhibits greater variation and a slightly higher mean
temperature.

Temperature data on Florida Bay waber are much less abundant.
Ginsburg (25) gives a range of 19°C - 38°C from 40 observations but
suggests that temperature as low as 15°C might occur during the winter.
Bi-monthly observations made in the eastern part of the Bay from Decem-
ber 1956 to April 1958 were furnished to the writer by the Shell 0il
Co. These represent the most comprehensive data available and are
plotted in fig. 5b. The value plotted represents the mean of obser-
vations for a single day. The large range of values is due to heating
by the sun from morning to evening on the shallow banks and gives some
idea of the short term temperature sensitivity of shallow water.

A comparison of Bay water and reef tract water temperatures

with seasonal air temperatures indicates that alr temperature is the
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controlling factor in determining the water temperature of both areas.
The mean temperaturesof the Bay water (25.6°C) and of the reef tract
water (25.8°C) are essentially the same although the amplitude is
greater in the Bay (10°C - 31°C) than on the reef tract (22.5°C - 29.0°C).
Salinity - Salinity analyses of reef tract waters show very little var-
iation. Fluctuations of less than 2.0% were reported by Dole and
Chambers (31) and Smith, et al (30). The mean value of these analyses
36.1%e is close to the values reported by Vaughn (29) from surface
waters of the Straits of Florida. The most significant variations were
those reported by Dole and Chanbers from Fowey Rocks off Miami. Sud-
den drops of as much as 1.5% were correlated with heavy rainfall on
the mainland. The brackish water was apparently discharged through
the opening in Biscayne Bay, a large shallow lagoon which receives
most Of the run-off from the Miami area. Lowered salinity was detected
as much as five miles south of Fowey Rocks, although the difference
was very slight.

In contrast to the reef tract, the water of Florida Bay has

1

wide fluctuations in salinity. Davis (2) was the first to describe

these variations and to relate them to the rainfall patbtern. The mean

<2 JA

values of two sets of twenty samples, one set taken during an unusually
dry year and the other set during an unusuaily wet vear differed by
12% , 39% and 26.7% respectively.

Recently, CGinsburg (25) has shown that during the rainy sea-

salinity water pushed into the eagtern

ot

son of 1953 a wedge of very

Bay from the mainland. Using the O%s isohaline he found that the low
I
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salinity water continued to advance during the dry season of December,

and a retreat back to the mainland was only detected in June of 195k

D

&

-~ )

Gingburg explains this apparent anomaly by pointing out that studies

on sea level variation by Marmer (32) indicate that at Key West a per-
iod of high sea level occurs from August to December with a peak in
October. The same high sea level operating in the Bay would tend to
son, releasing it only when sea level returned to normal in December.
This would account for reduced salinity farther south in the Bay during

the dry months. An examination of Ginsburg's map suggests an additional

complication. Though the 30%, isohaline had advanced south in Decem-
ber, the 15% isohaline which was present in October had disappeared.

",

Thus, water to the north became more saline while water to the south
became less saline indicating that mixing must have taken place.

For the present study a complete set of water samples wag
collected by the writer during August, 1958 and another set collected
during late Janvary and early February, 1959 by Capt. Herb Alley. A

few additional samples collected in November, 1958 were obtained from

rangers of the verglades National Park. The recorded values are shown

s)

in table I Appendix B and isohaline lines are plotted in figs. 6, 7, 8.

¢

In August a clearly defined salinity gradient existed over

the Bay. Values ranged from 12% near the mainland to 38% near the

southwestern boundery. At the same time salinity values along the

) . -~ ol
reef tract were around 36% .

/

l i

The data for November are insufficient to define any pattern

) p ]

over the entire Bay but it can be noted that the gradient was mch
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attenuated and the lowest salinity recorded near the mainland was
30%0 .

By Januery and February the sharp salinity gradient shown
for August had been reduced to a range of about 9%e over the entire
Bay. Over the central part of the Bay the variation was less than
3% » The average salinity in the Bay was 33%. at this time while
along the reef tract it remained near 36% .

Thege data are generally in agreement with those of Ginsburg
(25) for the year 1953-1954. A wedge of brackish water advancing into
the Bay during the later months of the rainy season 1ls apparently in-
corporated into the remaining Bay water by mixing during the winter
and early spring.

The effect of seagonal high sea levels on salinity patterns
suggested by Ginsburg is also supported by these data. The low salin-
ity wedge found in August near the mainland was replaced in Novewber
by water of higher salinity. If this increase were due only to the
low rainfall of Novewmber coupled with normal evaporation, then salin-
ities in the cen:fal part of the Bay would be significantly higher
wan those of August Trom the same locatlon. The recorded values show
a small change in the direction of lowered salinity. On the other
hand, a period of high sea level in the western Bay could cause the low
salinity wedge to retreat back into the mainland swamps with very little
effect on the salinities in the central part of the Bay. The release
of this brackish water during normal sea levels in January and Febru-

ary would account for the generally lowered salinity over the Bay as
o

a whole at that time.
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For the period Irom February to August the only data avail-
able are those of Ginsburg for June, 195k which show a general in-
crease in salinity for the central part of the Bay. This is in
agreement with the average climatic data which show a period of very
low rainfall and high evaporation in March and April.

There are other factors besides rainfall, evaporation, and
seasonal sea level variations which affect salinity patterns in Florida
Bay but their influence is much more difficult to support with data.

Exchange of Florida Bay water with reef tract and Gulf of Mexico water
and internal circulation within the Bay are probably sluggish under
normal circumstances bult can be greatly accelerated during strong
storm winds. The net effect on salinity patterns would depend on the
direction and strength of the winds and the duration of the storm.
These data, correlated with salinity variations, are not svailable.

The data presented above from the years 1953-54 and 1958-59
probably reflect the range of salinity variaﬁion that could be expected
during "normel" years, l.e., years during which the climatic pattern
follows closely that of the long term average. Radilcal variatlons

1 3

n salinity can occur during periods of abnormal climate. In 1956 the

e

total rainfall for the year at Tavernier, Florida at south Key lLargo

was 20 inches wihile & normal year would yield 50 inches of rain. Salin-
ities measured in northeast Florida Bay ranged as high as 504 in 1957
(33) even during the height of the rainy season in August. It appears
that the deficiency of rain for the previous year had to accumulate in

the mainland swamps before the characteristic brackish water wedge

could advance into the Bay.
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Because of the limited emount of data and the complexity of
variations in Florida Bay salinity, it is only possible to suggest
tentative relationships between salinity patterns and hydrographic and
climatic factors. The Ffollowing are interpreted as those relation-
ships which thain under “average” climatic conditions:

1. During the high rainfall season run-off from
the mainland can produce a distinct gradient of decreasing
salinity toward the mainland.

2. The areal extent of the gradient is dependent on
the sea level in the Bay, the amount of mixing and the
balance between evaporation and addition of Iresh water.

3. The timing of the factors mentioned in 2 is such
that there is a delay in the addition of run-off water from
the mainland to the Bay.

Combining the above processes with information on the long
term averages of climatic factors it is possible to propose an "average’
or "normal" seasonal history of Florids Bay water.

During the months from June to August a head of fresh water
due to high rainfall is bullt up on the mainland and forces its way
into the Bay as a brackish water wedge. At the same bime evaporation
is at its highest and water in the central and western areas of the
Bay can become hypersaline. During September, October and November
there is still high rainfall but & period of high sea level in the Bay
forces the wedge back into the mainlend with only a minor amount of

mixing. TFrom December to March sea level returns to normal snd the
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mainland fresh water is released into the Bay and mixed. Mixing is
probably assisted by the shift of prevailing winds from the east and
southeast to north and northeast. During April and May high evaporg-

tlon and low rainfall result in a general incresse in salinity over

the Bay.



FAUNA AND FLORA

The fauna of Florida Bay consists in the main of tropical
and. subtropical specieg with a Tew forms that exitend into temperate
waters. Mollusks, foraminfera and ostracods make up the bulk of the
skeletal organisms, in that order of abundance, with relatively low

contributions from worms, corals and echinoderms. Thallassis testudinum,

a marine grass, is the most important floral element in the Bay. Car-

bonate secreting green algae belonging to the Genera Penicillis, Udotea,

Rhipocephalus and Halimeda are locally conspicucus but do not make &

significant contribution to the Bay assemblege except perhaps in the
form of fine-grained sediment as described by Lowenstam and BEpstein
(22).

The reef tract fauna and flora contrast sharply with that
of the Bay (25). In the back reef the green alge Halimeda predominates
with noticeable contributions from corals and red corelline algae.
Mollusks and foraminifera are present in relatively small numbers. On
the barrier reef corals and coralline algae predominate with lesser
contributions from Halimeds, mollusks and forams. The fore-reef is
characterized by abundant forams with lesser amounts of coral, coralline
algae and mollusks.

The stending crop of living macro-crganisms in Florida Bay
ig very low. The livewdead‘ratio of the mollusk shells collected
varied from O to 25 per 1,000. These figures actually represent the

ratio of living infauna to total fauns collected. However, a pauclty



of living individuals in the epifauna was also noted during the per-

iod of collection. Chione cancellste was the most comnon form col-

lected alive, followed by Tellina spp. and Anomalocardia cuneimeris.

Because of the gcarcity of living mollusks It was necessary
to use specimens from the death assemblage to obtain adequate coverage
over the Bay. This has the disadvantage of introducing uncertainty
into correlations between the chemical composition of the shell and
the water chemistry at the time of collection. On the other hand, the
use of specimens from the death assemblage tends to integrate the ana-
lytical results over a greater period of time and provides a model
which is more representative of fossil occurrences.

For the present study collections of mollusk shells were
maede by washing the sediment on a pair of nested screens of 3/16“ and
3/6L" mesh. A1l collections except 1061 and 1062 were made from mmud
bank surfaces in 10 to 18 inches of water. 1061 and 1062 were collected
from the bottom of the back reef area in 18 feet of water. No attempt
was made to take steandard size samples because of local inhomogene-

s

itles in the distribution of shells. Instead sediment was washed
until & sufficlent amount of material was obtained. The preservation
and storage of samples is described in appendix A.

For the purpose of investigating ecological zonations of the
molluscan fauna selected samples (see Ffig. 1) were sorted according
to species and counted. Only whole undameged valves were counted to

1

avoid the problem of meking arbitrary distinections between "good,

damaged specimens” and shell fragments.



It was found that two genera, Cerithium and Tellins, and ten

species, Modulus modulus, Bulla occidentalis, Prunum apicium, Teguls

Tasciata and Calliostoma euglyptum of the gastropods and Anomalocardia

cuneimeris, Brachidontes exugtus, Laevicardium mortoni, Chione can-

cellata, and Cardita floridana of the pelecypods comprise 75% - 95%

of the molluscan fauna at almost every station. A few genera such as

Crepidula., Lucina, Batillaria and others are abundant at one or two

stations but are grouped here as miscellansous. No attempt was made
to identify all of the wmollusks. A partial faunal list is given in
appendix B.

The counts for pelecypods and gastropods were séparately
sumned and equated to 100%. The data are given in table II, appendix
B and cumulative bar graphs for each station are shown in figs. 9, 10,
11 and 12. The graphs should be regarded with caubion as they contain
many sources of bias.  The counts represent only the moiluscan fauna
greater than 3/16" in effective sieve size. Some species, such as

Pinctata radista, have very delicate shells and, though abundant in

the living fsuna, do not appear in the graphs because they occur only
as ITragments in the sediment. The construction of the graphs them-
selves has an inherent flaw. By equating to 100% the count for any
one species is no longer an independent number but ig dependent on the
values of other species in the sample. TFor instance, in fig. 131, tra-
verse IT the decline of A. cuneimeris from 50% to 2% of the pelecypod

fauna may represent a real decrease in the rate of production of this

species. The concurrent increase of Chione cancellata from 2% to 107,
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on the other hand, probably reflects to a great extent a filling of

.

the void left by A. cuneimeris rather than an actual production rate

T

increase. Bxcept perhaps for lasrge percentage varlations or the ap-
pearance or disappearance of a given species the graphs should be
viewed in terms of varistions in the entire faunal assemblage rather
than in the behavior of individual specles.

The character of the Bay fauna appears to be controlled

e

primarily by salinity. Though salinities in parts of the Bay can

,7'

reach 38% during normal periods of high evaporation and values as high

as 50% have been recorded in the Bay interior during droughts, salin-

ities over the Bay as a whole tend to be Jower than average sea water.

3

Ladd (3L) used t

he term polyhaline to describe gimilar salinity con-
ditions in bays along the Texas coast. The term is widely used by
FEuropeans to denote brackish waters which range from 16 - 30%e salin-
ty. Florida Bay overlaps slightly on both ends of this range so the
term can only be applied in & gross way.

Agreement between the faunal assemblage of Texas polynaline

T

bays and Florida Bay is quite good. Table 1 lists the five species

which are common molluscean elewments in both areas with thelr distri~
butions in the Texas bays. Clearly, at least this part of the Florida
Bay assemblage belongs in the polyhaline range of the salinity spec-
trum. The two Floride Bay species listed by Parker from the Mississippi

Delta area (35) also agree with this salinity interpretation.
Within the Bay there appear to be consistent frends in each

i

of the north-south traverses. TFrom north to south there is a distinct
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Table 1

Distribution of common Florida Bay species in Texas polyhaline bays

R = rare Fﬁ: few A = abundant
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decreace in the relative contributions of Anomalocardia cuneimeris

Bulla occidentalis, and Cerithium spp. The decreases are compen-

®

sated by incresses in the relative contributions of Chione cancellata,

Cardita floridana, Tegula fasciata, Calliostoma euglyptum, and by a
2 5] 3 .4

general increase in the number of species found. MNodulus modulus,

Prunum aplcinum, Laevicardium mortonl, Tellins and Brachidontes

exustus are found in fair abundance in almost every collection but
generally make thelr greatest contribubions in the central part of

the Bay. From this data it is possible to propose an ecological zon-
ation for the Bay: a northern zone, an interior zone and a marginal
zone. The boundaries of the zones are not digtinct lines butb are
trangitional. A summary of the zonation 1s given in table 2 and the
approximate boundaries are shown in fig. 1k.

The distribution of ecologic zones corresponds roughly to

he salinity gradient pattern developed during the summer months in the
Bay {see f g 6). The correspondence does not prove a cause and effect
relationship. However, there ls other evidence supporting the hypoth-
esis that salinity exerts the primary ecologic control. Cunter (36)
has shown that in going from waters of normal salinity to brackish
waters there is a progressive decrease in the number of species found.
The species that survive the gradient are, in almost all cases, those
members of the higher salinity population which have a greater range
of salinity tolerance. Rarely is there an introduction of new species

from the fresh water end of the spectrum. Thig is certainly the case

in Florida PBay where there is a progressive 'weeding out” of intolerant
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sion. It can also be seen by comparing the tra-

an east-west direcs

The northeg zonation in each treverge he-

comes legg definitive as one goes east.

probably related to restricted of the

Ty
DAY .

. " U T U,
Dpear ToO exert the primary

ccologic control in Florida Bay

are

Rala]

In addition to major differences bhe-

- Pe

sUrL

ace

he found other variations alonz the mud bank surface iftselfl.

te b summ .
Gilnsbhurg noted differences and suggested that large
local variations to mask any large scale geographic vari-

ations tha

nogition of

related to proxinity

Zores can oe

g e E N2 . R T
bagis of the tobal moliluscan

indirect evide a salinity from north
to south as the Tactor in the zonation. Dirsct evidence

hased on live collections is not available.
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The data on salinity presented above show that Florida Bay

water contalins varying oroportions of water from four different sources:

ETRY % 3 5 . o
i) Reef tract water, 2) Gulf of Mexico water, 3) Run-off water from

the Everglades coastal swamps, U4) Reinwater falling directly into the

The chemistry of any given sample of Ilorida Bay water will

depend on the compogsition of the original scurce waters, bthe relative

o

amount of each source component in the mixture, and on climatic, geo-

graphic, and bilologic effects impoged on the mixture.

Strontium,

Six samples of ja Bay water were analyzed for strontium,

magnesium and calcium composition. The technigues are described in

71

Appendix A and the results are given in table 5. The precision of the

’

i N e
“and of the calecium and magnesium data < 10.

e <l

investigated the digtribution of stronmtium in natural

waterg and found considerable disagreement among early published values

2

settled on &.1 mgm/

s . . =g - i e ey e
vn content of average sea watar.

) :

preferred value which is in agreement with recent values given

A Na)

p
) and Bowen (40). Using the accepted value of

by Chow and Thompson (39

L0O mgm Ce/L the atom Sr/1000 atoms Ca ratio of

sea water is

° ¢ o : 3 5 - 7
or the magnesium content of sea water is about 1250 mgm/L

(]

winich yields a ratio of 5.20 atoms Mg/ atom Ca.
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Sample A-1050 was collected in the back reef ares but is
probably representative of values that would be Ffound along the reef
tract and in the Gulf of Mexico. The Mg/Ca ratio for this sample is
close to values found in open ocean waters. The Sr/Ca ratio is sig-

[}

nificantly higher than the preferred value given by Odum for ocean water.
The disagreement may only reflect a systematic difference in the method
of analysis. On the other hand, the difference may be real. Most cal-
cium carbonate secreting organisms tend to exclude strontium from their
skeletons. The high rate of carbonate precipitation on the Florida
shelf ag compared to the open ocean could result in a relative enrich-
ment of stromtium in the shelf waters. The process is discussed in

more detail in & later section.

Tverglades fresh water was not analyzed. Parker, et al (27)
showed that fresh surface waters Trom the Miami area have a ratic of
about 0.2 atoms Mg/ atom Ca. Odum (13) found a ratio of 1 to 3 atoms
Sr/1000 atoms Ca in river and lake waters of central TFlorida. Though
neither of these sets of values can be directly applied to Bverglades

swamp water they do indicate that Tresh waters draining limestone

=

terrains tend to have much lower Sr/Ca and Mg/Ca ratios than sea water.
Tn fig. 15 the ionic ratios of the six samples are plotted

&8s a function of salinity. The plots of Sr/Ca and Mg/Ca ratios show

g gignificant decrease with decreaging salinity. The ratios did not

change when salinity increased to values greater than that of the reef

tract and Gulf waters. Thig is consistent with an interpretation of

dilution of reef tract water by fresh water having low Sr/Ca and Mg/Ca
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ratios and simple evaporation of reef tract waters to produce higher
salinities but no change in the ionic ratios.

The interpretation is‘confirmed by the plots of Ca/Cl, Sr/Cl
and Mg/Cl ratios. Dilution with fresh water does not affect the Sr/Cl
ratio but it increases the Ca/Cl ratio by a large amount and decreases
the Mg/Cl ratio. It appears that the high calcium content of the fresh
water diluent is the most effective factor causing low Sr/Ca and Mg/Ca
ratios in the Bay waters that were analyzed.

A-T8 is a high salinity sample collected by the Shell 0il Co.
near station 1023 in August, 1957 following the drought of 1956. Though
the Sr/Ca and Mg/Ca ratios do not appear to have been affected by the
increase in salinity both the Ca/Cl and Mg/Cl ratios are significantly
lower than the values found in the reef tract water sample. Thié sug-
gests that the water was depleted in calcium and magnesium ions during
this period of isolation from open sea water and from dilution by fresh
coastal waters. Biological precipitation of calcium carbonate may have
been responsible for the depletions but it is difficult to rationalize
the large amount of magnesium removed with the known low Mg/Ca ratios

of shell materials.

Oxygen Isotope Composition

The oxygen isotope comppsition of a given sample of Florida
‘Bay water is a product of the mixing of waters from the four sources
mentioned above plus the superimposed effects of evaporation.

A1l major variations in the isotopic composition of the sur-

face waters of the earth are caused by distillation processes. FEpstein
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and Mayada (21) made experimental determinations of the equilibrium
fractionation between Hgo(liquid) and Hgo(gas). They found the H2018/

016

H ratio in the vapor to be 0.8% (8.0%, ) less than the HQOIS/H2016

2
ratio in the liquid. In nature the same fractionation occurs when water
is evaporated from the oceans. The "light" vapor (depleted in H2018)
is carried inland and condensed as rain or snow. Most of the light
water is returned to the sea by rivers but a portion is retained in
lakes, groundwater, snow fields, and glaciers. These fresh waters do

not have an H2018/H2016

ratio which is comsistently 8%. lighter than
ocean water. Instead, there are wide variations in isotopic composition
of samples collected from various parts of the fresh water reservoir.

To explain this, Epstein and Mayada (21) proposed the Ffollowing mechanism
of fractional distillation:

The first water to condense from a cloud will be in equilib-
rium with the original vapor and therefore will have the same igotopic
compogition as the ocean water from which it was evaporated. The re-
moval of this heavy water as rain will deplete the remaining vapor in
H2018. As more rain forms each increment of water will condense from
progressively lighter vapor and will have a progressively lighter
isotopic composition. Vapor carried to high latitudes or high altitudes
will become very much depleted as more and more water is lost until the
last large increment of vapor is frozen out as snow. Snow and ice have
H2018/H2016 ratios as much as 25%. lower than ocean waters (41).

The removal of light water enriches the oceans in H2018. The

ocean reservoir is so large, however, that the removal of the present
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16

reservoir of fresh water from the oceans has ralsed the H2018/H20 ratio
by an average of only 1 %, (21). A body of marine water which is not

in good exchange with the oceans can be enriched to much higher concen-
trations of Hgol8 by evaporation.

For the present study a group of water samples were analyzed
for HEOlB/Hgolé. The analyses were performed on C02 gas equilibrated
with the water as described in Appendix A. A large but consitant fraction-
ation accompanies the equilibration so that the measured values are re-

lated to the true HZOlS/H2016 ratios by a constant. The results are

given in terms of & which is defined as follows:

R
sample :
s = > — | x 1000
Rstandard
where: Dsample = 018/016 ratio of the sample CO, gas
Rstandard = 018/016 ratio of a stendard CO, gas (PDBI)

§ is the per mil difference between the sample and the Chicago
PDBI standard gas (1%. = 0.1%). Using the same techniques and standard
Epstein and Mayada found mean sea water to have a S of 0.0. The values
presented here can be considered as per mil deviations from mean sea
water. The precigion is ¥ 0.1%. A complete discussion ;f techniques
and standards can be found in Appendix A.

The results of analyses are gilven in table I, Appendix B.
The areal distribution of values for different times of the year are

018

shown in figs. 16, 17 and 18 and s vs. salinity for all sea water

samples is plotted in fig. 1S8.
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Two analyses of reef tract water (1061) collected in August
and January have identical values of 1.0%, . This agrees with open
water values found by Lowenstam and Epstein (22) from the Bahamas and
probably represents a good value for surface ocean waters in this region.

A sample of Gulf of Mexico water (1078) collected in August,
1959 from north of Long Key ( S = 1.4) is slightly higher than the reef
tract value. The sample may have been mixed with some heavy Florida
Bay water or it may represent a greater enrichment of the Gulf shelf
waters which are partially blocked from open exchange with ocean waters.

Only two samples of rain water were analyzed. These were
collected in August, 1959 about 10 miles north of Florida Bay in the
EBverglades. The rain fell from local squall clouds which formed in
the late morning from clear skies at an altitude of about 1000 feet.
Semple 1080 ( & = -0.2) was caught directly from water running off a
car roof during the rain. Sample 1081 ( § = 0.7) was collected from a
rain puddle in the road which had formed during an earlier shower that
same day. The high S values for the rain water suggest that both
samples originated in the early stages of condensation of the cloud.

If Florida Bay water was the source of the vapor then the vapor itself
may have been unusually enriched prior to condensation as the Bay
water (see below) can have & values as high as 2.5%

Fresh water from the coastal swamps was not collected. The
closest samples to the swamps are A-1019 and A-1054 which have salinities
of 11.2% and 12.5%s and & values of 2.7%and 2.9%, respectively.

These values, when compared to the reef tract salinity and isotopic
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composition, indicate that the coastal fresh waters have an unusually
high & value. Epstein and Mayada (21) were the Ffirst to note this
peculisr character of the Everglades swamp water. They found salinity
values of 29.6%, and 28.3%, and & equal to 3.5% and 4.5% respectively
for two water samples collected from shallow lakes about five miles
north of the mainland coast. They attributed the composition to a mix~
ing of normal sea water with an evaporated residue of fresh water en-
riched in HgOl8 to a § value of 2%, . Such extreme enrichments are
consistent with known hydrologic data. Rainwater falling in the Ever-
glades was shown to originate from the first stages of condensation of
rain clouds so enrichment processes start on fresh water with a S value
close to that of mean ocean water. The swamps are very shallow, expos-
ing a large surface area for a given volume and allowing a rapid warm-
ing of the water. Both of these factors encourage evaporation.
Langbein (4L) has estimated that 80% of the rain water falling in the
Iverglades is re-evaporated before it can be incorporated into the
ground water or discharged into the drainage system. A large amount
of this vapor is probably retained in the area by recycling in local
rains but the portion that escapes is enriched in H2016 relative to
the swamp water and over a long period the swamp waters are enriched
in HEOJ‘B.

The effects of mixing and evaporation in the Bay can be seen
clearly in mep figs. 16, 17 and 18 and in the plot of 6018 vs. salinity.
During August, 1958 water originating from the reef tract and Gulf of

Mexico was progressively evaporated and enriched in H2018 going into
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the Bay. These are the circled samples in figs. 16 and 19. Tt is

interesting to note that the relationship of 5(98 to salinity agrees
very well with that found by Lowenstam and Epstein (22) from Bshaman
18

waters. The initial waters in both cases had a 50™° and salinity
characteristic of the region and the process was one of simple pro-
gressive evaporation. A sample of very high salinity water collected
in August, 1957 falls along the same 5;018 vs. salinity trend support-
ing the conclusion that highly evaporated reef tract or Gulf of Mexico
water can penetrate the inner areas of the Bay in the absence of the
low salinity wedge.

The remaining samples for August show the effects of mixing
of Everglades run-off water with evaporated reef tract and Gulf waters.
In fig. 19 an extrapolation of €>018 vs. salinity back to O %wesalinity
would intersect the S 00 ordinate at sbout & = 3.0% . As this is &
heavier S value than even the most highly enriched sea water sample
in the Bay the influx of fresh water tends to augment the gradient of
increasing §>018 toward the mainland. In the upper parts of the Bay
the gradient of S(fwghas the same shape and extent as the brackish
vater wedge described in an earlier section.

The November, 1958 samples are too few in number to permit
a meaningful interpretation of the isotopic composition of Bay water
at that time. The two samples collected near the coast (9-1020, -
1054) have high S values similar to August samples from the same
locations but the salinities are much higher. The low salinity water

from coastal swamps appears to have left the area by some means other
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th&n evaporation. The one sample from the center of the Bay has a
60l@-saliniﬁy relationship similar to that of the open Gulf or reef
tract waters. The data are consistent with the suggested migration of

open water into the Bay during & high sea level period.

The mixing of Bay water noted in the salinity data for Janu-
ary and February, 1959 is also evident in the oxygen isotope compositions.
The range of values over the Bay is 0.7% as compared to the 1.4%, range
found in August. The gradient of increasing‘5018 toward the mainland is
replaced by more or less randomly distributed values. The mean value
for both August and January-TFebruary samples is 2.3%.

The spread of the oxygen isotope values, though small, is
larger than would be expected considering the narrow spread of salinity
values. Sample 1055 which had the lowest salinity for January (26.2%, )
might be expected to have the highest § values as it contains the great-
est amount of fresh water. The measured value was relatively low (§ =
2.3% ). Clearly, the mixing of evaporated sea water and coastal fresh
water was not the only source of isotopic variation in the Bay waters
during January, 1959. What these other gources of variation were is
difficult to suggest from the limited amount of data available. The
unseasonably high rainfall recorded in December, 1958 (see fig. 3) may
have brought in large amounts of unusually light fresh waber especially
if the rain were associated with a cold front and represented late stages
of condensation of the vapor. This would account for some of the lower

5 values in the diluted Bay water. The spread of & values over the
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Bay points up the influence of the complicated bathymetry of Florida

Bay in controlling local water circulation.

Clearly, the few data presented here cannot give a complete
picture of the variations in oxygen isotope chemistry of Florida Bay
water. The major variations, however, appear to be controlled by a
few simple processes which can be sumﬁarized as follows:

1) The shallowness of Florida Bay and its poor exchange
with reefl tract and Gulf waters tend to promote and
maintain radical variations in the isotopic chemistry
of the water.

2) Evaporation of‘Florida Bay water causes an enrichment
in H2018 which becomes more pronounced as the water

becomes more isoléted toward the mainland.

3) Fresh water in the Everglades coastal swamps is also
enriched in ]%'{2018 by evaporation to even greater
values than the Bay water.

L4y  The mixing of the coastal swamp water with evaporated
Bay water during the rainy seagon tends to produce a
well~developed gradient of increasing 5018 toward the
mainland .

5) Mixing within the Bay or unusual weather conditions

can upset the $oto gradient but the 0°° values remain

relatively high in the Bay compared to open water.

(@)
pa—

Reef tract and Gulf waters can penetrate far into the

Bay for brief periods in response to high sea levels
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or for extended periods in the absence of fresh water

influx.
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SHELL CHEMISTRY

Strontium and magnesium composition and oxygen and carbon

isotope composition were determined on selected specimens of eight of

the common species of Florida Bay mollusks. Anomalocardia cuneimeris

and Bulla oceidentalis were chosen as representative of the northern

ecologic zone and Tegula fagciata and Cardita floridans as represen-

tative of the marginal ecologic zone. Chione cancellata, Brachidontes

exustus, Modulus modulus and Prunum apicinum are distributed over the

entire Bay but are relatively more abundant in the interior zone.

Only whole valves or groups of whole valves were selected
for analysis. The specimens were thoroughly cleaned as described in
appendix A and checked for contamination under a binocular microscope.

Analyses were performed on powders made from the entire shell sample.

Strontium and Magnesium Composition

Strontium and magnesium were determined by copper spark emis-
sion spectrograph technique as outlined in appendix A. The precision
of analysis is + 10% of the amount present. The results are given in
table TII, appendix B and the areal distributions of strontium values
for the different species are given in figs. 20 to 27.

The magnesium concentration of all of the specimens examined
was very low. No analysis yielded more than 0.5 atoms Mg/lOOO atoms

Ca. In this range of values the precisio¢/of the technique falls off

{

very rapidly and differences of 0.1 to 0.3 atoms Mg/lOOO atoms Ca which

were found are not considered significant.
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The low values are consistent with thoge found by other
workers (5, 7). Magnesium is not easily accommodated in the aragonite
lattice and all of the mollusks analyzed are 90% or more aragonite.

Strontium can replace calecium to some extent in the arago-
nite lattice. The mollusks yilelded from 0.08 to 0.31 % strontium.

With a precision of + 10% for the analysis these differences are con-
gsidered significant.

According to Odum (12) the Sr/Ca ratio of caleium carbonate
shell material is proportional to the Sr/Ca ratio of the water in which
the shell is grown. The proportionality factor varies from 1.2 for
some coelenterates and algae to 0.16 for some serpulid worms and foram-
inifera.

The average strontium content of 1l aragonite mollusks studied
by Odum is 2.4l atoms Sr/1000 atoms Ca. Thompson and Chow (39) found
an average of 1.68 for similar material. Odum calculated proportion-
ality factors from his data which averaged 0.27.

The date from the present study confirm; in general, the
earlier work. The Sr/Ca ratio of all specimens averages 2.1 atoms
Sr/lOOO atoms Ca. Differences between species are large; for example,

Cardita floridana and Prunum aplcinum average 3.0 while Chione can-

cellata and Modulus modulus average 1.7 atoms Sr/lOOO atoms Ca.

Large varilations were also found among individuals of the
same species collected from di%{eremt localities. The range of varia-

tion is as follows:



Th

atons Sr/lOOG atoms Ca

Pelecypods Range Difference
Ancmalocardia cuneimeris 1.h4 -2.2 0.8
Chione cancellata 1.0 -2.3 1.3
Cardite floridana 2.7 =32 0.5
Brachidontes exustus 1.6 «2.8 1.2

Gastropods
Prunun apicinum 2.4 «3.6 1.2
Modulus modulus 1.l -2.3 1.2
Tegula Tasciata 1.8 «2.0 0.2
Bulla occidentalis 1.6 =3.h 1.8

Cardita floridana and Tegula fasciata, species which are

timited to the marginal ecologic zone, show much less variation than
the central Bay species. This is consistent with s more constant
water chemistry along the western margin of the Bay. The wide range
of varistion found among different specimens of the same species with-
in Floride Bay suggests that the variations found in the Sr/Ca ratlo
of Floridae Bay water are reflected in the Sr/Ca ratio of shell mete-
rials precipitated in the Bay., The water data showed that the major
cguse of variastion in the Sr/Ca ratio is the large amount of calcium
in fresh water which tends to dilute the strontium of the marine
water. If this were the only cause of Sr/Ca ratio variations in the
water one might expect to find a gradient of decreasing Sr/Ca ratio

in shells which grew closer to the mainland. o such gradient is ap-
parent in the Sr/Ca ratios of any of the species studied. The areal
distributions of values are Qﬁ@atic (figs. 20 to 27). In some species,

such as Prunum spilcinum and Brachidontes exustus, the high Sr/Ca ratios

are found near the mainland.
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Such erratic variations can be explained in two ways: 1) the
mollusks are not maintaining a constant fractionation factor between
the sea water and the shell material, or 2) there are other sources of
variation in the Sr/Ca ratio of the sea water.

‘The experiments which led Odum to suggest that the fractiona-
tion factor between ses water and shell material is constant for a given
species were performed in sea water of normal salinity in which only
the Sr/Ca ratio had been changed (12). The mechanism which causes the
mollusk to exclude strontium is part of the total metabolic activity
of the organism. Pearse and Gunter (37) cite a number of cases where
the stress of hyper- or hyposalinity conditions caused the disruption
of normal metabolism in aquatic organisms. The large variations in
salinity measured in the Bay and the small size of the mollusks sug-
gest that much of the life span of an individual mollusk is spent
under marginal salinity conditions which could promote erratic varia-
tions in the Sr/Ca ratio of the shell.

The exclusion of strontium in shell building is a character-
istic of all of the major sediment producing organisms in the Bay.

Fach increment of biologically precipiﬁated calcium carbonate produced
tends to enrich the water in strontium relative to calcium. TIn Florida
Bay, in order to ralise the Sr/Ca ratio of the water to 13 atoms Sr/lOOO
atoms Ca which would account for some of the unusually high values in
the shells, it would be necessa;§\to precipitate 200 mgms of CaCO3 per
liter of average Bay water. This is equivalent to 50 mgms/cm2 or a

Jayer 0.02 mm thick. From dated peat layers found in the mud banks and
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a calculation of the total volume of sediment in the Bay it appears that
the net rate of accumulation of sediment cannot be slower than 0.2 mm.
per year. As will be shown in a later section at least half of this sedi-
ment must have been precipitated from Bay water. At normal rates of
sediment production there could be significant enrichments of the Bay
water in strontium.

Any combination of the three mechanisms mentioned above could
produce the large variations in the Sr/Ca ratio of shell materials and

it is not surprising that the distribution of values is so erratic.

Oxvgen Isotope Composition

As outlined in the introduction the oxygen isotope composition
of calcium carbonate precipitated in equilibrium with sea water varies
with the temperature and the HEO:LS’/HEO16 ratio of the water. Urey (43)
calculated the temperature dependence using spectroscopic data; He

found the ratio:

1/3 cot8/1/300%
3 3

= K(T1)
» s
1078 /1,00

to have a value of 1.0137 at 25°C and to vary with 1/T at a rate of
0.0002/°C. McCrea (U45) determined’the seme ratio from mollusks grown
at fixed temperatures in water of known isotopic compositlicn. His data
confirmed the calculations of Urey and further demonstrated that the
mollusks precipitated their shells in equilibrium with the water.
Epstein, et al (20) repeate&\MCCrea's experiments over & wide range of

temperatures and established an empiric temperature scale based on
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measured 018/016 ratios of CO, gas prepared by standard procedures (see
appendix A) from calcium carbonate and water:
16.5 - 1.3(8§,. - &) + 0.1(8, - §4)°

018/016 ratio of calcium carbonate relative to PDBI.

t°C
Se
Sw

This relationship shows that a difference of 1%, in the S values is

i

ii

018/0%0 ratio of water relative to PDBI.

il

equivalent to a temperature difference of about 5°C.

Recently a number of papers have appeared which stress the
influence of the Hgola/ﬁgol6 ratio on water-carbonate systems as s
means of studying equilibrium processes in geological materials. The
work of Lowenstam and Epstein (22) is particularly applicable to the
work presented here. They found an increase in é(ﬂfBWiﬁh increasing
salinity in water samples collected from a high salinity wedge west of
Andros Island on the Great Bahama Bank (see fig. 19). Applying theé;ola
water correction to the thlB of calcium carbonate precipitated on the
Bank they were able fo distinguish between equilibrium and non-equilib-
rium sediment preducers and thus draw conclusions on the origin of the
Bank gediments. Without the corrections their data on carbonates showed
a distinct increase in Scﬂﬁiin the areas of high salinity.

For the present study selected mollusks from Florida Bay and
the reef tract were analyzed for oxygen isotope composition. The
technigque is described in Appendix A. The precision of analyéis is T
0.1% . fhe results are listed in table IV, Appendix B and the areal

distribution of values for each species is shown in figs. 28 to 35.
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A gradient of increasing 55018 going into the Bay can be seen
in three of the four species that are distributed over the entire Bay ~

Chione cancellata, Modulus modulus, and Brachidontes exustus. The fourth

species, Prunum aplcimum, shows a sharp contrast between specimens from

the northern and those from the southern margin of the Bay.

Tegula fasciata and Cardita floridana, species limited to the

gsouthern and western margins of the Bay, show less variation and tend
to group around a value of 1.0%,.

Anomalocardia cuneimeris from the northern Bay shows little

variation around a value of 1.5%..

Species that are found both along the reef tract and in the
Bay exhibit much higher(SOlB values in the Bay.

The contrast between Florida Bay and reef tract ratios and
the pattern of areal gradients within Florida Bay correlate very well
with the distribution of'5018 values for the water samples collected
in August, 1958. However,/the fact that the patterns appear in the
analyses of randomly selected shells suggests that this distribution
of oxygmen isotopes in the water is & persistent feature of the area.
Temperature varlations alone could pot have produced the pattern. It
would require a persistent temperatﬁre gradient of the order of 8°C
between the northern and southern margins of the Bay to account for

the<§018 values of a species such as Modulus modulus. The average

yearly temperature gradient along the entire length of the west coast

of Florida is less than 5°C.
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Though temperature variations could not have produced the
pattern of<5018 variations, temperature is still a factor in deter-
mining the isotopic composition of a given specimen and it is necessary
to understand something of the contribution tempersture to the$ O18
values before they can be examined in detail. Only a few specimens were
collected in areas along the reef tract which could be considered
free from radical variations in water composition. Mean growth tem-

peratures calculated for Modulus modulus and Chione cancellata

collected at 1062 using a S for water of 1.0 are 23.3°C and 22.8°C
respectively. The values are about 2°C below the mean water tempera-
ture indicating the major part of the shell was grown in the winter.
These were small specimens and probably do not represent the true
growth temperature ranges for the species.

Calculations of mean growth temperatures for specimens

collected in and around the Bay would require assumptions about the

$ 018 of the water during growth. Congsidering the wide range of
values found in the few water samples analyzed such assumptions
would be difficult to justify. An attempt was made to estimate the
temperature influence by use of the plots shown in Tfigs. 36 to 39.
The plots are a graphical averaging of the carbonate and water data
‘presented in terms of possible growth temperature ranges. The con-
struction of the plots was as follows: The isotopic temperature
equation was solved for three temperatures; 20°C, 25°C, and 30°C,
yieiding values foré , - Swa A plot was made of & o VSe §_ for

W

each of thege temperatures. The carbonate and water data were
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divided into two geographic groupe, separated by the line drawn in
fig. 16. The line was selected on the basis of the water dats for
August, 1958 and represents the limit of mixing of Bay water with
reef tract and Gulf water at that time. TFor each species, two blocks
were constructed representing the two groups of samples. The height
of a block represents the range of<g0l& for all waters in that geo-
graphic group while the width of a block represents the range QféO18
values for the carbonate samples from that group. Shell samples which
showed very obvious discrepancies or reversals in trend were not plot-
ted. These samples are circled in figs. 28 to 35. Any temperature

line that passes through a large block is a possible mean growth
temperature for that speciles in water of the composition analyzed.

The swmall solid blocks represent the average deviation from the mean

of the water and carbonate values. The large circles are individual
points from carbonate samples believed to be least influenced by ex-
treme varistions in water chemistry. These samples are squared in figs.
28 to 35.

Because of the limited sampling of water available it would
be misleading to interpret mean gjpwth temperatures from these plots.
However, they do provide a rough temperature framework from which the
carbonate vslues can he viewed.

Chione cancellats is the only speciles which exhibits an ap-

parent mean growth temperature near the mean temperature of Florida

Bay water (25°C). Modulus modulus, Cardite floridana, Tegula fasciata,
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and Anomelocardia cuneimeris show apparent temperatures which are sgige-

nificantly below the mean. Bulla occidentalls, Prunum spicinum, and

Brachidontes exustus have apparent mean growth temperatures around 20°¢ -

-
=
=
jay
[N

a temperature ch obtains only during one or two months of the yvear in
Florids Bay. It must be concluded that either the majority of the species
analyzed add significant amounts of shell materisl only during a few cold
months of the year or that the éOig composition of Florida Bay water is
generally somewhat higher than the values measured in 1958-1959,

Lowenstam and Epstein (10) determined the isotopic composition
of & large nuxber of molluscan species from Bermuda and found thalt some
forms add shell during wmost of the year and recofd the mean temperature
of the water while other forms are limited by a low temperature growth
threshold and record only the higher water temperstures. None of their
species appeared limited by a high temperature threshold., Bulla

occidentalis, Prunum apicinum, and Brachidontes exustus have all been

reported from tropical localities where water temperatures never fall
below 23°C. (60, 61). It appears that the Florida Bay species are not
limited by temperature thresholds but are only reflecting a generally
.. 5 :}«8 = 3 Py [ - 3 @] ORG
higher 0 composition of the water than was measured in 1958-1959.
The fact that there are consistent differences between dif-
ferent species from the same localities indicates that there are
ecological factors other than water chemistry which tend to bias the

record left in the isotopic composition of the shell. Chione cancellats,

for instance, has consistently lower $ values than any of the other



\O
£

species analyzed. This could mean that it is limited by a low bempera-
ture growth threshold and that the apparent agreement with the mean
temperature of the Bay waber is only another reflection of the incom-
plete sampling of the water.

Temperature and water chemistry are Just two of many possible

liniting Taectors which make up The ecological niche of a species. Food

and geography that exert the primary control on the isotopic composition

of the water. Anomalocardils cuneimeris, for instance, occurs in

exbremely large numbers of small specimens in a narrow band along the
mainland coast. ILadd, et al (34) have reported what appeared to be

1

"hlooms" of this species in Bays along the Texas coast. Such occur-
rences suggest some sort of ecological trigger mechanism which permits
the rapid reproduction of large numbers of short-lived individuals.

The small range of S values for the species suggests that the ecological
limits as Tar as temperabture and water chemistry are concerned are also
narrowly defined,

. . . 18 .
A number of speclmens have § 0™ values which appear out of

place in the areal gradient patterns. Some are exceptionally high such

a8 Modulus modulus at 1021 (§z=2,3) and Brachldontes exustus at 1021

. . . . 18
{<§m 3.6). These must represent periods of exceptionally hlgh¢50*h of
the water. In order to deposit shell with these high values in even the
heaviest water of the 1958-1959 collection ( § = 2.,9) it would be

necessary to have mean growth temperatures of 18°C and 13°C respectively.
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If a mean growth temperature of 23°C is assumed for both species then
the S 018 values of the water would be 3.3 and 4.5%, respectively. Water
enriched to this degree has been measured in a sample having a salinity
of about 47%, (see fig. 19) and in the heavy brackish swamp waters
measured by BEpstein and Mayada.

Shells with & values which appear to be low when compared to

surrounding samples are Chione cancellata and Modulus modulus at 1053

and Bulla occidentalis at 1018. The § values for these specimens are

-0.4, 0.2 and -0.4 respectively. If calculated back from a mean tem-
perature of 23°C, the & values of the water would be 0.8, 1.t and 0.8%, ;
a mean temperature of 25°C would indicate water of 1.2, 1.8 and 1.2%.
composition.

The lowest measurai5C98 for water in the northern part of
the Bay was 2.2%» . A radical lowering of the S values in this part
of the Bay could only occur by almost complete replacement of the water
with water having aégolB value near open.sea water or by partial dilu~-
tion of the Bay water with very light rain water. The first case might
occur during & hurricane when high tides breech the low lying Keys.
The second case would be unlikely to occur during locally produced
showers which yield fairly heavy water but might occur with rain from
a cold front which could contribute considerably lighter water.

An interesting local anomaly is at location ThElLT7 along the
west~central margin of the Bay. The gpecimens were furnished by the

Shell Oil Co. Tmmediately to the west of this location (see fig. 2)
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is the open Gulf of Mexico. The station itself is on an isolated mud
bank surrounded by deeper water. The four species analyzed all yielded
5;018 values characteristic of the Bay interior and much heavier than
gimilar open circulation localities to the north and south. A sample
of water collected at 1078 in August, 1959 about 5 miles to the south

B o 1.0 and a salinity of 35.5/= normal

in the open Gulf had a &0
values for the location. Clearly some local effect must be operative
but lack of detailed information on the location precludes interpreta-
tion.

In swmery, the large variations in theé>018 composition of
Florida Bay and reef tract waters are reflected in similar variations
in the 25018 composition of mollusks shells which grow there. The en-
riched Florida Bay waters cause consistently hﬁﬂlSOlS ratios in Bay
mollusks as compareﬁ to the same species living along the reef tract.
The gradient of increasing <5018 toward the mainland found in Florida
Bay water samples cam also be seen in shells of molluscan speéies which
are distributed over the entire Bay. In detail the influences of tem-
perature and water chemistry are difficult to separate but the limita-
tions of temperature growth rangesﬁand the absence of temperature con-
trasts and gradients over the area at any given time suggest that

isotopic variations in the water are the major cause of variations in

the shells.

Carbon Isotope Composition

An analysis of the ¢13/¢12 ratio was made on each of the gas

samples prepared for 018/016 analysis. Carbon isotope analyses were
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also made on some dilute acid insoluble residues of the fine-grained
sediment and on pleces of red and black mangrove. The combustion tech-
nigue for obtaining COp from the organic materials is described in ap-
pendix A. The results of the carbon analyses are given in table III,
appendix B and the areal distributlion of values for the carbonalte car-
bon of each species of mollusk are presented in figs. 41 to L8,

The distribution of carbon isotopes in nature has sttracted
the interest of many investigators. A summary of the results of some
of this work, along with the present results, is shown in fig. 40. The
carbon isotope compositions of natural meterials fall roughly into three
groups: a low group congisting of terrestrial plants and petroleum, a
high group consisting of carbon fixed in calecium carbonate and bicar-
bonate lons in the sea, and an intermedilate group consisting of carbon
found in marine organisms, organic residues of merine sediments and
atmospheric COp. Not represented in the diagram are values for carbon
associated with igneous and metanmorphic processes.

Each of the materials listed has at some time exchanged
directly or indirectly with atmospheric Cogg The wide range of values
(4%, or 4.0%) reflects the large fractionation factors associated with
the exchange mechanisms during fixation of the carbon.

The low values for terrestrial plant material result from a
net fractionation in the process COp —%—  carbohydrate. Whether
it represents a physical sorting of 002 molecules during diffusion or
fractionation during bilochemical synthesis or both is not clear. The
problem is discussed in detail by Craig (46). The extremely low values

for petroleum are believed to result, in part, from the low cl3 values
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for source materials, i.e., marine and nommarine organisms and in
part a fractionation during the transformation of these materials
into hydrocarbons (47).

The high values for carbonate materials come about by frac-
tionation in the reaction:

1o, + R, ~—— co, +  cl30g

(gas) (solution) (gas) (solution)
which favors enrichment of the carbonate ion in 013. Urey and Greiff
(48) calculated the equilibrium constant from thermodynamic data for
this reaction and found it to be 1.012 at 25°C. Craig (46) and Landergren
(50) considered this value too high and calculaﬁed an apparent K on the
basis of measured values for the isotopic ratio of atmospheric 002 and
averaged marine limestones. Their value was 1,008. Both Craig and Lan-
dergren used a 6cﬁ3 value near 0.0 for their average limestone compo-
sition and assumed that such limestones retained the isotbpic conmposi-
tion that was originally in equilibrium with the atmosphere., Most
Paleozoic and many Mesozolc and Tertiary limestones have been thoroughly
recrystallized and cemented with secondary calcite. In most cases this
recrystallization has been accompagied by exchange of oxygen isotopes
with fresh water (51). Though Clayton and Degens (19) work indicates
that there is some "memory" of the original high sct3 in recrystallized
marine limestones, they are poor values to use in calculating equilibrium
constants.

A better value for sea water - atmosphere equilibratidn- can
be had from Recent carbonate deposits. The Bahaman ooliths described

by Lowenstam and Epstein (22) are most probsbly formed by inorganic
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precipitation on shallow sand bars which are constantly agitated by
tides, currents and waves. The bars are usually at the edge of s plat-
form in good exchange with open ocean water. These are almost "laBora-
tory conditions” for equilibrium studies. <6013 values for samples
collected from all the important oolitic localities on the Bahama Bank
fall within a range of 1.0%, around a value of about 4.5%. . Using
this value and a value of ~7.0%. for atmospheric Co, (46) K calculates
out to 1.011~~-very close to the theoretical value of Urey and Greiff.

If 4.5%0 is taken as the true equilibrium value for the ex-
change COp(air) ——= COg(solution), then the lower values exhibited by
biologically precipitated carbonates must reflect: (1) a vital effect,
(2) a condition of non-equilibrium or (3) equilibration with a source of
002 other than the atmosphere. As will be shown below the third appears
to be the most probable cause for the major & C13 variations though (1)
and (2) may still obtain to some small degree.

Landergren (50) was the first to systematically study the
effects of locally produced 002 pn the COé:;i: COS:::I::CaCO3 equilib-
rium in sea water. His study, based on both limestones and deep sea
sediment cores, shoved that in all cases where the ¢13/c12 ratio of a
carbonate sample appears to be lower than the atmosphere—— sea water
‘ equilibrium value evidence can be found indicating there was local pro-
duction of COp by oxidation of organic detritus. The partial equilibra-
tion of this "light" CO, with the carbonate of the water is recorded in
the CaCOB of the roék or sediment. In the case of the rocks it is agein
not clear whether the equilibration represents the condition of deposi-

tion or later recrystallization.
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Fig. 39 suggests that locally produced CO2 has a similar
influence on the shells analyzed in this study. All of the¢5013
values fall below the equilibrium value of 4.5%, proposed here and a
large number of those from Florida Bay even lie below the equilibrium
value of 0.0% used by Craig and Landergren. The sediments of the Bay
are richly organic, dark grey muds with a strong odor of HpS when freshly
collected. In many areas there is a layer, seldom more than 2 inches
thick, overlying the grey mud, which is tan to white indicating at least
partial oxidation of the entrapped organic detritus.

An examination of the areal distribution of thed ¢13 values
reveals a well defined gradient of decreasing 5193 approaching the main-
land (figs. 41 - 48). The simplest explanation for this gradient would
be that it reflects various degrees of mixing of feef tract water which
is near the atmosphere-sea water equilibrium value with Florida Bay

water that has equilibrated to a great extent with CO_, produced locally

2
from the oxidation of organic detritus. Williams and Barghorn (52)
give values for the bicarbonate carbon isotopic composition of water
froﬁ the reef tract and from Florida Bay. The numbers converted to
the & scale are 0.5 and - 10.0 %o;espectively. There is evidence to
show that the simple mixing explanation may be complicated by local
factors. Craig (46) found a great variation in the $ct3 or organic
residues extracted from sediment collected around a single island -
Long Key. He suggested that these variations reflect differences in
3

the relative contribution of mangrove debris (§ o3 = -23%e ) and

debris of dead marine organisms, mainly'mariné grass ( & c13 averaging
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about =10%, ). The variations in local organic carbon contribution
over the Bay as a whole were investigated. The organic residues of
three samples of mud were analyzed for & 013. The samples are located
as follows:

1053 -~ Small lake completely surrounded by mangrove. Marine
organic production slow as Jjudged by lack of grass, algae and scarcity
of shells.

10k2 -~ Grass covered mud bank just off shore of mangrove
coast and near mangrove island.

1059 -~ Center of grass covered mud bank sbout one mile from
nearest island and about 10 miles from mangrove coast.

The regults of the analyses are as follows:

1053 10k2 1059

§ ct3 -20.5% -15.09 -9.8%

Clearly, there is a gtrong local influence on the carbon
isotope composition of the organic detritus. To test whether these
local variations of carbon composition have a gignificant effect on
the §07° of the shell carbonate a plot was made of the §cl3 data grouped
according to the proximity of the station to & source of mangrove
detritus (fig. 50). Because of the nature of the sampling it is dif-
ficult to remove the effect of geography, and the trend that appears
reflects to a great extent the same geographic gradient noted for in-
dividual species. However,; there are some definite indications of
local influences such as at 1042 and 1063 where é,ClB is low but there

is still opportunity for good exchange with open water. The averaged

values for each station are shown in fig. 9.
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The fact that all of the carbonate values, even those Trom
the reef tract, are depressed below the proposed level for atmosphere
—>— sea water equilibrium suggests that the process of partial equi-
libration with local COn occurs wherever conditions of constant mixing
do not obtain. The pogsibility that & vital effect is involved is not
supported by the oxygen evidence which indicates that mollusks select
carbonate ions at random from the water. Also a specimen of Salmancia
sp. from an oolite bank analyzed by Lowenstam and Epstein (22) had a
13 e .
S ¢ of o indicating equilibrium with the atmosphere while the same
species collected from a more organic rich mud area had a S 033 of 2.6%e.
8light variations in the 03 of shell materials related o
i Sl ,
temperature and roughly equal to @ 0" variations probably occur but
these should average out over the year. Ilack of eguilibration near the
site of precipitation because of the low concentration of bicarbonate
2
ions in sea water will also contribute small variations to the é»ClJ
composition of the shell.
Seggonal variations in the photosynthetic activity of marine
grasses which die back each winter might serve as another source of
s . 13 fps
short term variastions in &¢C composition. Summer growth would tend
to raise the & 013 of the water as C12 is concentrated in the plants.
At the same time, however, the increased temperature would enrich bi-
. . 12 < an .
carbonate ions in C77 and the processes would tend to cancel.
In summary, of all the processes that might produce variations
1
3/C12

in the C ratio of Florida Pay mollusk shells the most effective is

the equilibration of locally produced 002 with the carbonate cycle in
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the water. The source of the COE is the oxidation of organic detribus
derived from mangrove and marine grass debris. The gradient of decreas-
ing <5013 toward the mainland reflects mainly the decrease of exchange
with open water but an increase in the relative contribution of mangrove

over marine grass to the detritus may also influence the gradient.
g



SHELL MINERALCGY

A representative collection of the important molluscan
species of Florida Bay was. analyzed for calcite and aragonite.
The technigue used is that described by Lowenstam (L) and outlined
in appendix A of this report.

Table 6 below lists the values of the initial survey.
The results agree roughly with those of Bdggild (1) and Lowenstam
(4). The pelecypods belonging to the order Fulamellibranchia are
100% aragonite while those belonging to the sub order Anisomyaria

contain varying amounts of calcite. Brachidontes exustus contains

traces of calcite in its temperate water occurrences but is 100%
aragonite in warmer water areas (4). The gastropceds contain small
but detectable amounts of calcite or are 100% aragonite.

The precision of measurement is about * 3% in the vicinity
of Q0% aragonite, so it was considered impractical to look for eco-
logical variations in calcite composition in most of the species.

Additlonal aragonite=calcite determinations were made on
a few Torms and the results are gilven in table 7.

The Brachidontes exustus specimens were run to determine if

marginal salinity conditions would induce the deposition of calcite
in a manner analogous to marginal temperature conditions. The results
were inconclusive. Two analyses yielded distinet peaks at the cal-
cite 3.03 E line but they were just in Tthe detectable limit of the

technique. B. exustus shells break down easily into very fine crystals
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Teble 6

Mineralogy of common

Class Pelecypoda
Order Fulamellibranchisa
Sub order Heterodonta

Chione cancellata

Cardita floridana

Laevicardium mortoni

Florida Bay mollusks

o o
% Aragonite

Tellina alternats

Order Mlibranchis

Sub order Anisomyaris

Brachidontes exustus

Pinctata radiata

Class Gastropoda
Order Archaecgastropoda

Calliogtoma euglypbum

Teguls fagciats

Order Mesogastropoda

Molulus molulus

el

Cerithiun nusearum

Prunum apilcinum

Crder Tectibranchia

Bulla occidentalis

100

fon)
)

100

o7

100
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Table 7

% Aragonite of some Florida Bay mollusks by location

Sample Brachidontes Modulus Prunum Pinctata
exvustus nodulus apicinum radiata

1018 92 97 o7

1020 100 93

1021 | 92\

102L pos . trace g5 100

1026 100 oh 100

1028 POs .trace ol 81

103k g1 96

1047, 100 96

1043 96

1053 95
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and small amounts of calcite may have been produced during
grinding.

The Pinctata radiats samples were obtained from shell

fragments as no whole shells were found in the sediment. The wide
range of values for these analyses placed some doubt on the samples
and, after careful microscopic examination, it was concluded that
most of the variation was due to cleaving and spalling off of
aragonite layers of the shell fragments. If a good collection of
live forms could be obtained the species might prove the best avail-
able for determining the influence of salinity on minerslogy.

The species which appeared to offer the best opportunity

for studying calcite-aragonite variations was Modulus modulus. A

series of analyses were made on samples from various localities.
The areal distribution of values is shown in fig. 51L. A range of
values was found, the end members of which sre considered signifi-
cantly different. The distribution of the values, however, seems to
be random and no systematic relationship to any ecological factors
could be detected.

It appears that the ecological gradients which occur in
Florida Bay either have no influence on the mineralogy of the mol-
lusks studied or have an influence which 1s below the sensitivity

of the technique.
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THE SHELL CHEMISTRY OF MOLLUSKS FROM CORES

The data discussed in the preceding sections showing the
influence of environment on shell chemistry hold only for those
shells found in a thin layer of sediment over the surfaces of the
mud banks and are only valid for conditions during perhaps the last
few hundred years. The basin which constitutes Florida Bay is formed
in rocks of Pleistocene age and has probably existed as a topographic
feature for tens of thousands of years, although it may not have been
filled with water during all of this time. It would be informative
to study the history of the Bay as reflected in the chemistry of older
shell msterials as a check on the consistency of the conclusions drawn
from the surface data.

During the course of the field work a group of short sedi-
ment cores were taken in the mud banks. The locations of the cores
are shown in fig. 52. In the laboratory the cores were split length-
wise and carefully examined. Shell samples were removed from various
depths in the core and analyzed for oxygen and carbon isotope composi-
tion. The selection of samples was limited to what was available in
the core section, so the representation of species is greatly reduced

compared to surface samples. Modulus modulus was the only form to

appear consistently in the cores. The results of the analyses are
presented diagramatically in fig. 53 and listed in table VI; appendix
B.

The data on mollusks from the minus five foot level show a

progressive enrichment in SOlB in the same direction and of about the
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same magnitude as is found in surface samples. This is in agreement
with an interpretation of the sedimentary history of Florida Bay:

Peat layers have been found at levels of six to eight feet
below the present mud bank surface near Crane Key about one mile
southeast of 1059. These have been dated by radiocarbon analysis
and give ages around 3700 years. Ginsburg (33) cites evidence to
indicate that the peat layvers were formed near sea level from piles
of dead Thalassia which accumulated in very shallow water or on
island shores and that the growth of the mud banks has more or less
kept pace with a gradual relative rise of sea level. If this is the
case, one would expect the same general environment of restricted
circulation to have obtained through time as the shoreline slowly
migrated up the sloping rock floor surface of the Bay. On the other
hand, if the present mud banks had grown up from the bottom of the
Bay in water near the present depth one would expect to find better
circulation and exchange with reef tract and Gulf waters in the up-
per reaches of the Bay and "lighter" 5018 values in the shells from
the cores.

Below the five feet level thereare no data on the interior
of the Bay. Rock floor contours (fig. 52) indicate that at this time
the northern shoreline was probably at the position of the present
shoreline but was a rocky shore instead of a coastal swamp. Evidence
for the existence of such rocky shores can be found over most of the
Bay. Laminated "algal crusts™ are often found when pieces of the

bedrock are brought up in core noses or from the bottoms of lakes.
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Such crusts are presently found as a coating on the rocky seaward
shores of the Florida Keys. Ginsburg (23) has described them in
detail and concludes that they are formed by sediment binding blue=-
green algae. The sediment is introduced during periods of flooding
of the normally dry shore rock, held by the mucilagenous algae and
later cemented by some as yet unknown process.

From the five foot level downward the rocky shore was
progressively closer to the present Bay margin. Rock floor contour
data is very limited but it appears that significant reduction in
the size of the Bay begins between the 4 and 6 foot level. In core
1059 there is a sudden increase in the 5018 composition of M. modulus
at about the six foot level. This could reflect the proximity of
the shoreline and greater addition of mainland drainage with high
5(518. The slope of the rock floor is only 0.5 feet per mile and
one might expect shallow basins of fresh water analogous to the
present Everglades swamp to have existed in local depressions with
or without the assistance of mangrove rims and embayments. These
basins would provide the necessary evaporating pans for 5018 enrich-
ment.

Another factor which could promote the enrichment of the
water in 018 is a decrease in the amount of exchange with reef tract
water. At 1059 the best exchange at the present time probably occurs
through Tavernier Creek at the south end of Key Largo and Snake Creek,
the next channel to the south. These channels have a natural depth
of around six to seven feet below present sea level. At a minus six

foot sea level exchange of reef tract water with Bay water would be
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greatly reduced and the possibilities of enrichment in 018 by evapo-
ration greatly increased.

The €13 values of carbonate carbon in shells from the cores
are consistently higher than the values found in surface samples.
There is only one core specimen with a value less than 0.0 while sur-
face samples are charaéterized by rather high negative values. If the
 interpretation given in the preceding sections on carbon isotope chem-
istry is correct then it appears that locally produced COE had somewhat
less of an effect on the carbonate ion carbon in the past than it has
at present. There are two possible explanations for this. FEither a
lesser quantity of locally produced COp was equilibrated with the car-
bonate-water system or the isotopic composition of the CO, thaf was
equilibrated had a $cl3 somewhat heavier than found in the present day
water. »

The first condition could obtain as a result of better ex-
change with atmospheric COQf The water wag shallower and of smaller
volume and would tend to mix more quickly.

The second hypothesis was tested by analyzing the composi~
tion of organic detritus from three core samples. The results are

given below:

Station Depth ¢13 Orgenic Residue
1058 L7r-hgr -13.3%
1059 39"-L1" ~11.09
61"-63" -12.99%

The velues are all within the range of marine organic
carbon values and show only a slight influence from terrestrial

carbon. The subsurface values at 1059 are lower than the surface
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value indicating a slightly greater contribution from land plants.
Sample 1058, on the other hand, is only slightly more influenced by
land carbon though it was much closer to the shoreline at the time
it was deposited.

The data suggest that though there were contributions to
the sediment carbon residue by land plants such contributions were
much less than are presently being incorporated in the sediment.
This is in agreement with what would be expected with a rising sea-
level along a rocky shore. The present dense growth of mangrove along
the mainland shore is probably due to the encroaching process described
by Davis (24). The pioneer red mangro#e send out shoots and rocots
which trap sediment and provide a base for the dense root clusters of
the black mangrove moving up from behind. The mangrove, in effect,
collect their own "soil" for encroaching growth into the Bay. The
process requires a rather stable or perhaps slowly falling sea level
to maintain the dense growth. With a rising sea level the tendency
would be for the mangrove to retreat as it is successively drowned
and one would expect only & narrow fringe of mangrove along the shore
at any given time. The fact that the shoreline was rocky would also

tend to hold down mangrove growth.
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CHEMISTRY OF FINE-GRAINED SEDIMENT

Taken as a whole,the sediments of Florida Bay are very fine-
grained. The shell materials analyzed and discussed above represent
only a small portion of the total sediment and were they found in an
ancient rock of similar origin would probably be described as "scat-

1

tered fossils in a caleilutite matrix." Usually more than 60 weight
% and often more than 80»weight % of the sediment are silt and clay-
size (25). The origin of thils fine-grained material is not known.
Some small microfauna can be seen in the coarse gilt-size and suspen-
slion slides reveal needle-like particles in the 5-10 micron size
range. The bulk of the sediment consists of aggregates of unrecognize-
able particles.

Determinations of some of the chemical properties of the
less than 62rxsize fraction were made to see 1T more light could be
shed on the origin of the fine sediments and to see i environmental
gradients recognized iﬁ the shells are present in the sediment.

Table 8 gives the results of these analyses along with
analyses of the possible sediment contributors. Mg in calcite refers
to the replacement of Ca by Mg in the calcite lattice as described by
Chave (5). The values were determined by displacement of the 3.03 E
calcite X-ray reflection peak. A fixed-count step-scanning method
(see appendix A) was used in preference to the X-ray spectfdmeter to
increase the resolution. Plots of the step-scanning are shown in
fig. 54. In table 8 high Mg calcite refers to values of the order

of 5% MgCO5 vhile low Mg calcite refers to values less than 0.5% MgCOs5.
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Table 8

Compogition of Florids Bay fine-grained sediment and approximate
composition of possible source maberials

Sediment
Calcite
Sample §018  §¢l3 % Mg in caleite
1053 -0k -0l 62 Some high; most low
1052 0.0 0.6 Lo High and low equal
1059 -0.3 1.6 38 Most high; some low

Possible Source Materials

Mollusks 1.0 =10 0
Aragonite Green algae 0.1 ~0.4 0
Miemi Oolite =1.8 2.5 0
Foraminifera 1.0 ~1.0 100 Higt
Ostracoda 1.0 ~1.0 100 High
Pinctata
Calcite radiata 1.0 -1,0 30 Low
Everglades
marl -1.3 2.5 100 Low

Miami Oolite
cement ~5.0 2.0 100 Low
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The locations of the sediment samples are shown in fig. 2.
They are representative of the three ecologic zones deduced from faunal
data (fig. 14) - the northern zone, the interior zone, and the marginal
Zone .

A number of distinct gradients appear in the sediment analyses.
Going from the northern to the marginal zone there is a decrease in %
calcite, an increase in 6013 and a change from predominantly low Mg cal-
cite to predominantly high Mg calcite. The latter relationship can be
inferred quantitatively from the relative peak heights in fig. 5h.

Fxamining first the calcite data one finds a very steep de-
creasing gradient going toward open water. The only really important
faunal contributions of calcite in the Bay come from foraminifera and
ostracods and one might look at the gradient as a decreasing contribu-
tion of these forms to the sediment. However, forams and ostracods are
both high Mg forms and there is a relative increase in high versus low
Mg calcite in the same direction. The calcite gradient must be due
primarily to a decreasing low Mg calcite contribution to the sediment.

The possible sources of low Mg calcite are Pinctata radiata debris,

Everglades marl, and Miami oolite cement. Pinctata radiata is an un-

likely source as it is at the most only 30% calcite and could not
manufacture a sediment with 62% calcite as at 1053. The choice is
between Everglades marl, a dark grey to tan sediment collected in a
fresh water pond aboub 15 miles north of the Florida Bay coast, and
Miami oolite cement, a clear sparry calcite that can make up as much

as 60% of the Miami oolite rock underlying the Bay.
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Looking at the 5018 data for the sediment, not only are the
values all very much alike but they are all somewhat lower than would
be expected for CaCl3 precipitated in equilibrium with heavy Florida
Bay water. Both BEverglades marl and Miami oolite cement are lower
than normal Bay precipitates but the cement is so much lower it would
be difficult to accommodate it in the bulk sediment composition. To
illustrate this point at station 1053 assume that all of the aragonite
and the high Mg calcite have been precipitated in equilibrium with Bay
water and have an average 5018 composition of 1.8%. Taking the cal-
cite to consist of 20% of the high and 80% of the low Mg form, the
bulk sediment at 1053 would have a éolg of —1.5% if cement were the
main contributor to the low Mg calcite. Using Everglades marl as the
low Mg calcite source the sediment would have a calculatedx50l8 of
about 0.3% which is much closer to the measured value.

If Everglades marl is the main low Mg calcite contributor
it should be possible to accommodate the rather high §cl3 of the marl
in the bulk sediment. If the low Mg calcite has 3.5C13 of 2.5%,the
remaining sediment ﬁust have an average(gcl3 of zbout -3.0% in order
to have a bulk composition of =0.4%. This is not an unreasonasble
value for carbonates precipitated at 1053.

Similar calculations for the other sediment samples become
more complicated because of the introduction of non=equilibrium pre-
cipitating forms such as green algee (22) and the greater difficulty

of deriving average composition values for the equilibrium forms.
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The data suggest that the fine-grained sediment of Florida
Bay consists of the comminuted remaing of organisms living in the Bay
mixed with increasing proportions of lverglades marl as the mainland

is approached from the Keys.
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CONCLUSIONS

Variations in the water chemistry of the south Florida area
are directly related to factors of climate and geography. The water
data are not complete enough to show all of the possible variations
that can occur but they do suggest three factors as the most important
contributors to the variations. They are: (1) the isolation of Florida
Bay from free exchange with open ocean water, (2) the seasonal influx
of fresh water drainage from the coastal swamps, and (3) the high rate
of evaporation in the shallow waters of Florida Bay and the coastal
swamps. Other factors such as seasonal winds and seasonal sea level
variations are effective on a smaller scale. The rare occurrences of
hurricanes and northern storms are also recognized as sources of abrupt
radical changes but no data are available on them.

The isolation of Florida Bay from free exchange with open sea
water acts to maintain the variations in water chemistry introduced by
other factors. This serves to contrast the highly variable conditions
in the Bay with the uniform conditions along the reef tract.

The amount of exchange with open ocean water decreases toward
the inberior of the Bay and excess evapcration acts to produce a grad-
ients of increasing salinity and increasing 6018 toward the mainland.
Local fractional distillation processes operating in the coastal swamps
enrich fresh water in 52018 to even higher values than normally occur
in the Bay. The "flushing out® of this heavy water during the rainy
season produces gradients of increasingg§ol8 and decreasing salinity

toward the mainland.
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The net effect on shell materials is that those forms which
have a high degree of salinity tolerance record the gradient of in-
creasing é 018 toward the mainland within the Bay and have a generally
highercgols content than specimens of the same species growing along
the reef tract. Differences in<5018 among different species from the
same locality probably reflect shell growth under different environ-
mental conditions which might be related to water chemistry but could
be related to other factors such as temperature, spawning cycles, or
nutrient supply. Analyses of only a few specimens or df a number of
specimens of a species which has a limited ecological distribution
are of little value in interpreting the enviromments except perhaps
to contrast the Bay with the reef tract.

Two anaiyses of the dC13 of bicarbonate ions in Florida
waters show Floride Bay water to be much lower than reef tract water.
A similar contrast is noted in the €13 composition of the mollusk
shells. In addition a gradient of decreasing<§cl3 toward the main-
land was noted in the Bay. The Cl3 values all fall below a value
proposed for Cog(aﬁm)——é-HCOS = (water) equilibrium indicating that
equilibration of the water is with CO, that is lighter than atmospheric
COp. The large concentration of orgenic detritus in the Bay sediments
as compared to the reef tract suggests that the partial oxidation of
this detritus is the source of the light CO,. The gradient in the
Bay is mainly due to mixing of reef tract water which is near equili-
bration with atmospheric 002 with Bay water which equilibrates mostly

with locally produced COn. A progressive decrease in the é ¢l3 of the
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organic residue in the sediment reflects an increase in the relative
contribution of mangrove debris toward the mainland. This may also
account for a portion of the gradient found in the shells.

Extrapolation from analyses of Dbrackish water indicates that
the fresh coastal swamp water has an ionic composition much different
from sea water. The Sr/Cl ratio is about the same but the Ca/Cl ratio
is much higher and the Mg/Cl somewhat lower than normal sea water.
Mixing of this water with reef tract or Gulf water in the Bay could
produce a gradient of decreasing Sr/Ca and Mg/Ca ratios in the direc-
tion of the mainland.

Mg/Ca ratioé in the shells are too low for precise measure-
ment. The Sr/Ca ratios yiéld significant differences but the values
have an erraﬁic distribution with no clear gradients. This suggests
that (1) there are other factors influencing the ionic ratios in the
water (2) the selective mechanism of the organism is upset under
variable salinity conditions, or (3) the selection of samples may re-
flect a greater mixing of environmental conditions than is implied by
the 018 data.

Point (3) above has some interesting implications relative
to the whole problem of sampling in an area such as Florids Bay.

Bach specimen analyzed represents the envirommental conditions at a
given location during the period of growth of the individual. The
growth rates are not known but it is unlikely that any of the speci-
mens are more than two or three years old. Congidering the random
nature of sample selection, the short life span of the individuals,

and the many other ecological factors that might control the growth
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of the organisms it is clear that the only gradients in water chemistry
that will be reflected in the shells are those which persist over long
periods of time. The<§ol8 gradient 1s one of these because geographic
isolation and evaporation produce the same kind of gradient as the
introduction of fresh water from the mainland reservoir. The S¢l3
gradient also bel¢ngs in this class because it is related to the more
or less permanent features of geographic isolation and density of man-
grove growth. The Sr/Ca ratio would not be as persistent a gradient
because of the small reservolr of Sr and the fact that the gradient
will only exist during periods of fresh water influx.

The data from mollusks retrieved from cores in the mud banks
indicate that the present environmental framework of Florida Bay has
persisted for at least the last 3700 years. A gradual increase in the

S Ol8 composition with depth at a location near the Bay margin indi-
cates either the proximity of the mainland or a blocking off of reef
tract water exchange which is presently taking place through shallow
channels.

Gradients in the mineralogy and Mg composition of the fine-
grained mud of Florida Bay show no obvious relationship to gradients
in the sea water chemistry but do suggest the transport of a charac-

teristic Everglades marl into the Bay.



Part IT

The Shell Chemistry of Some Pleistocene Mollusks from

South-Central Florida and Its Environmental Interpretation
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INTRODUCTION

In part T it was shown that the chemical composition of mol-
lusk shells can reflect certain aspects of the environment of shell
growth. In this report mollusk shells from some Pleigtocene rocks are
subjected to similar analysis to determine 1f any environmental con-
clusions can be drawn from the much more limited informstion availeble
in a rock outcrop.

The rock unit chosen for study is the Caloosahatchee forma-
tion, a very fossiliferous marl and limestone exposed along the
Caloosahatchee River in south-central Florida. The Caloosahatchee
marl wag recently studied by DuBar (53) as part of a more comprehen-
sive study of the stratigraphy and paleontology of the entire Neogene
section in the Caloosahatchee River area. An excellent presentation
of hig work can be found in Geological Bulletin No. 4O of the Florida
Geological Survey. Most of the descriptive information and faunal data

given below are swmarized from this bulletin.
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SETTING

The Caloosahatchee River flows from Lake Okeechobee in the
center of the state of Florida south and west discharging into the
Gulf of Mexico south of Sanibel Island (fig. 55). Along at least half
of its length it occupies a drowned river valley. The river and its
tributaries have cut into the surficial Pleistocene rocks producing
well-exposed vertical cliffs 10 to 15 feet high. These are the only
really usable outecrops in the area. The immediate area on either side
of the river is an almost featureless plain covered by very late Pleis~
tocene sands and marls.

McNeil (54) has described a series of marine terraces at
various altitudes oVer the Florida Peninsula which are thought to
represent sea level stands during Pleistocene time. On both sides of
the Caloosshatchee River at distances of 3 to 10 miles there is a 25
foot terrace which is believed to represent the shoreline during depo-
sition of the Pamlico sand, the latest deposit in the ares which forms
a ubiquitous cover over the older Pleistocene rocks. A 100 foot ter-
race about 30 miles north of the river is believed to be the northern-
most advance of shore during deposition of the Caloosahatchee forma-
tion (53). Many shorelines of intermediate position are thought to

have been destroyed by transgressing seas.
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REGIONAL GEOLOGY

The Floridan FPlateau consists of a thick sequence of

Mesozoic and Tertiary rocks which lap on a major structural feature,
the Peninsular Arch (fig. 56). The arch is a sequence of flat-lying
Paleozoic sediments. The post-Paleozoie beds are more than 12,000
feet thick near the Caloosahatchee River but thin to less than 4,000
feet near the Florida-Georgia border. They are almost entirely car-
bonates and evaporites Jurassic to Tertiary in age. Presslar (55) has
grouped these beds with similar sequences in the Bahamas and Cuba in
a common depositional basin which he designates the South Florida Em-

bayment .
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LOCAL GEOLOGY

All of the rocks exposed in the area of interest are Miocene
or younger in age (fig. 55). The oldest rock unit, the Tamiami forma-
tidn, is upper Miocene. The Caloosahatchee formation was considered
to be Pliocene by most early workers (56, 57) but vertebrate remains
found by DuBar indicate that it belongs to the later sequence of
Pleistocene strata that cover most of the South Florida peninsula.

Correlation within the Pleistocene beds is very difficult as
they are rarely exposed through the cover of very late Pamlico sand
and lake Flirt marl and faunal distinctions are not clear. DuBar
congiders the Caloosahatchee formation to be Sangamonian in age,
formed during the last great interglacial high sea level. The Anas-
tagia formation, poorly cemented ﬂigh beach dunes and bars along the
east coast; the Key Largo formation, a fossil coral reef limestone;
the Miami oolite; and the Fort Thompson formation, a series of alter-
nating fresh water and marine limestones, are considered to represent
minor fluctuations in sea level during advances and retreats of the
Wisconsin Ice sheet and hence are in part time equivalents and younger

than the Calobsahatchee formation.
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CATLOOSAHATCHEE FORMATION

A series of very fogsiliferous beds exposed along the
Caloosahatchee River were Tirst described by‘Heilperin‘(SS)'and called
the Floridan beds. Iater Dall (56) described these same beds but gave
them the name Caloosahatchee marl which has since come to be accepted.
The approximate extent of the Caloosahatchee marl is shown inyfig, 55.

The Caloosahatchee formation is defined by DuBar as belng:
"All the dominately marine strata which are younger than the Tamiami
formation and older than the Fort Thompson formation...”'. In the field
the lower boundary is usually clearly marked by an unconformity between
the yellow to olive-green poorly fossiliferous clays and sands of the
Tamiami formation and the very fossiliferous limestone and marls of the
Caloosahatchee formation. The upper boundary is generally, though not
always, marked by an unconformable contact with a fresh water marl of
the Fort Thompson formation. Where marine beds of the Fort Thompson
formation are lying directly on the Caloosahatchee formation the con-
tact is difficult to detect.

The thickness of the Caloosahatchee formation varies consid-
erably. It was deposited on the undulating topography of the Tamiami
formation, and is thick in the lows and thin or absent on the highs.
Subsequent erosion has removed additional section at some locations.

DuBar recognizes three members in the Caloosahatchee form-
tion: the Ayers Landing member, the Bee Branch member and the Fort

Denaud member (fig. 58). The Fort Denaud member consists of a number
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of distinet zones which are discontinuous over the area studied. One
or two of the zones can be found at the base of almost all of the ex-
posures of the Caloogahatchee formation, but rarely do all appear in
the same section. One of the more consistent zones is a brackish water
marl which was Tound underlying the Bee Branch member at all of the

localities studied. The fauna of this zone includes Rangia nasuta,

which is considered to occupy a very low salinity niche similar to its
related Recent forms, and a variety of marine, polyhaline and fresh
water forms. The zone was obviously one of great envirommental fluc-
tuation.

The Bee Branch menber is one of the most distinctive units of
the entire Neogene section. It consists of a hard bloclastic limestone
and concretionary marl. It is usually less fossiliferous than the other
members of the Caloosahatchee formation and the faunal composition,
according to DuBar, is indicative of a deep water shelf environment of
10 to 20 fathoms.

The Ayers Landing member is a poorly consolidated, slightly

sandy shell marl. Chione cancellata, Phacoides multilineatus and

Calyptrae centralis occur in great abundance. Corals belonging to the

genera Siderastrea, Dichocoenia, Diploria and Manicina are locally

abundant at the base. The unit usually fills depressions in the under-
lying Bee Branch member. DuBar interprets the assemblage as having

lived "...offshore on the continental shelf or in the environment of a
fairly broad deep bay.' He suggests a depth of water of 5 to 20 fath-

oms initially with salinities of 30 %o 36%e ; then gradual shoaling as
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deposition continued, leading to the introduction of "high salinity

bay species such as Chione cancellata.”

Collections of fossils from the three members of the Caloosa-
hatechee formation were made at five locations alongvthe river. The
locations are shown in fig. 57. Additional material was fﬁrnished by
Dr. DuBar from his collections at these same locations. Repregentative

sectionsg of the collecting localities are showvn in fig. 58.
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THE FAUNA OF THE CALOOSAHATCHREE FORMATION

All of the Caloosahatchee marl Taunal elements are related

to Recent tropical and sub-tropical forms with at least LO per cent of

the molluscan speciles exbant. Recent species such as Chione cancellata

and Calyptrea centralis are very abundant in many of the beds.

No attempt was made by the present writer to repeat the
detailed faunal analyses made by DuBar. The ease with which sections
were located and individval units recognized attested to the accuracy
of his descriptions. The faunal data given below are taken directly
from DuBar's paper.

The particular units selected for analysis in this report are
easily distinguished on the basis of faunal composition. Variation in
the gastropod and pelecypod fauna at location A-36 are shown in fig. 59
as cumulative bar graphs. Of particular interest is the contrast in the
character of the pelecypod fauna between the brackish water units (szzgf

pleura costata zone and brackish water marl zone) and the normal to high

salinity units (Bee Branch member and Ayers Landing member). The dis-

tinctive gastropod assemblage of the Bee Branch member is also notable.
In addition to the faunal variation between beds there are

detectable lateral variations within some of the beds. The most striking

is the Cyrtopleurs costata zone of the Fort Denaud member. Faunal anal-

yses from this bed at three locations are shown in fig. 60. The differ-
ences are so great that DuBar divided the unit into three facies:
1. A-35 Brackish water facies

2. A-17 High salinity bay facies
3. A-23 Turritella facies



Section A-38

- 1oop .
gy U
r y
y
u
al o Gastropoda
y v
2 u
s S
§ r F*—u [::] Turbo rhectogrammicys
&
é Rissoa ¢f
s R.Caollistropha
2
« Bittium
* i podagrium
: st S
T Acteocing
canaliculate
b
// from Du Bar, 1958
ok v

Cyrtopleura Brackish

costata Zone water marl .
T Bee Braﬂ(h‘ AYEFS Lﬂﬁdlﬂg

Fort Denuuﬂ Member Member Member

100 Section A-36
"

a0k
Pelecypoda
2
80k
< IR0 cordita orate
.
S Pracoides
§ 40k ':} Anomalocardia
E caloosang
S .
< [T} chione cancetiata
S eof .
é% m Mulinia sapotilia
ol

from DuBar, 1958

Cyrtopleura Brackish™
costata Zone  water marl

—————~——— Bee Branch Ayers Landing
Fort Denaud Member Member Member

Figure 59. - Relative percent of molluscan species
the Calooszhatchee formation




Cyrtopleura costata Zone
oo
Brackish Mixed High Salinity
water Facies {Turritella) Bay
Facies Facies
8o} (_.d
s L
3 £ .
€ eor V) mutinio sapotille
3
§ L X Nuculang acute
a
‘§ a0k P [[[[D Chione cancellata
2 «*
< L ko * Phacoides multilinegtus
n\m x * *
. 20f * i < Cardita tridentato
* v * e e
L . % Ej Mytilopsis fameligia
* * N *
ol- )
A-35 A-23 A-17
Ayers landing Member
100 ¢~
80|
o = - % Varicorbula caloosae
S sor E
e T O — ~4 [ corycorbuia leanensis
) -
< i SN tut|
% = : Ej Amomalocardia caloosang
X
L 4ok
< (::] Chione cancellgto
3
S L
S Phacoides multilineatus
S o o
//////4 Nucuigne acuta
0[: from DuBar, 1958
A-28
WEST EAST

Pigure 60, - Lateral distribution of molluscan species
in members of the Caloosahatchee formation



151

The Turritella facies is thought to represent a high salinity
environment but differs from the high salinity bay facies in that it
contains fewer brackish water and fresh water forms. In the writer's
opinion A-23 and A-17 could both be considered mixed facies of brackish
water and high salinity forms.

Though no numerical data were presented on lateral wvariation
in the Bee Branch member, DuBar notes in his text a distinction between
the fauna of a marly facies and a hard limestone facies in the unit indi-
cating the marl was formed shorewsrd of the limestone. The lateral dis-
tribution of mafl and limestone is not clear from his descriptions.

Lateral variations in the faunal composition of the Ayers
Landing member are more subtle than the variations found in the other
units. Cumulative bar graphs of the pelecypod faune from a number of
stations are shown in fig. 60. Most of the important species are pres~
ent at each of the localities but the relative abundances of certain
species show significant changes. A-36, A-35 and A-17 are relatively

high in Phacoides multilineatus and Anomalocardia caloosana but low in

Varicorbula caloosaea. At station A-23 and A-28 there are considerably

more Varicorbula caloosaea but fewer A. caloosans and P. multilineatus.

Some areas of Florida Bay support large numbers of A. cuneimeris, a very

close relative to A. caloosana, and P. multilineatus while Recent spe-

cies of Varicorbula are known to inhabit more open water. This suggests
more restricted circulation in the vicinity of A-36, A-35 and A-17

during Ayers lLanding time.
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SHELL CHEMISTRY

Selected specimens of Pleistocene mollusks were analyzed for

6(95 and 6c3. Chione cancellata and Iucine pennsylvanics were col-

lected from the Fort Thompson, Anastasia, Key Largo and Miami oolite
formations in a band of locations along the east coast. ILocations of
the samples are shown in fig. 55 and the areal distribution of vélues
is glven in figs. 65 and 66. The recorded values are grouped under the
heading of "open shelf" in figs. 61 to 64,

Specimens representing seven speclies of mollusks were collected
from the three members of the Caloosahatchee formation at the locations
shown in fig. 57. OSeparate plots for each stratigraphic unit showing
the <5018 and 5013 values for each species by location are shown in
figs. 61 to 64, A complete listing of the isotopic data is given in
tables VII and VIII, appendix B.

Strontiun analyges of selected specimens of Chione cancellata

are listed in table 9.
s . . .
The precision for carbon and oxygen isotopes is = 0.1% and
for strontium £ 10% of amount present. Techniques are described in

appendix A,

Oxygen Isotope Composition

The specimens analyzed from the collections made along the
east coast are used here as representatives of an open shelf environ-
ment to be compared to the Caloosahatchee marl specimens. The rocks

sampled are younger than the Caloosshabchee formstion but a gross
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similarity in the faunal composition indicates that there are no radical
differences in the environments represented (53)9

Considering the geographic spread of the collections and the
fact that the bveds sampled are only roughly time equivalent units the
values show remarkably little variation (fig. 65). The average is close
to the values found in specimens living along the present-day reef tract.

In locking at the plots for the four units of the Caloosahatchee
marl that were studied the following points are noted:

1) There are wide variations inJSOla both geogrephically and
stratigraphically for the same speciles.

2) Most of the ()3'(("'3/03‘6 ratios of the Caloosahatchee specimens
are higher than those collected along the easgt coast.

3) There are wide variations among the various species from &
given collection.

L} There is a general trend of decreasing §Ola going from A-
36 at the west to A-23 at the east. The trend appears in all units though
not in all species from a given unit.

The & values of the Caloosahatchee shells range from ~1.0 to
L.0%s . If all the specimens had grown in water of the same isotopic
composition the temperature range represented would be 25003 Clearly,
there must have been large variations iun the isotopic composition of ses
water during Caloosahatchee time at the locations studied.

Fort Denaud member - The two zones of the Fort Densud member
&

the Cyrtopleura costats zone (fig. 61) and the brackish water marl (fig.

- i . 18, . L
62)} exhiblt a consistent trend of decreasing §o in going from section
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A~35 to A-23. From A-23 to A-17 there is a divergence of values -

Mulinia sapotilla getting heavier and Cardita tridentata getting

lighter. The following relationships are also significant: (1)
analyses from the brackish water marl are generally heavier than

those from the Cyrtopleura costata zone (2) +the heaviest value from

the Cyrtopleura costats zone is from A-35 which is interpreted as be-

ing a brackish water facies and (3) the heaviest values are recorded

by Mulinia sapotilla, a characteristic brackish water species. These

three lines of evidence agree in suggesting that brackish water in the
area had consistently greater values of\§018 than the normal sea water.
The trend of decreasingc§018 to the east suggests that the introduction

of the heavy brackish water was from a westerly direction.

Bee Branch member - The sample selection from this bed tends

to bias the interpretation of the environment of deposition. The two

species analyzed, Chione cancellata and Mulinia sapotilla, do not be-

long to the assemblage used by DuBar to characterize the environment
as deep water. Characteristic deeper water specimens were not avail-
able for analysis. The shallow water forms examined yield a picture
very similar to that found in the Fort Denaud member.

Ayers Landing member - The three speciles analyzed from this

unit show a consistent wide spread of &O0° values at each location.

Anomalocardia caloosans exhibits the highest values with almost no

variation geographically. The species is clogely related to Anomalocardia

cuneimeris which was found to have a very limited distribution in Flor-

ida Bay. The Ayers Landing specimens are much larger than those from
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Florida Bay and their relative contribution to the pelecypod assemblage

is not overwhelming in any of the collections (fig. 60). There were

13

gpparently no looms" of this species in the sediments examined.

The values for Chione cancellsta fall in a range characteristic

018

of the east coast open shelf specimens. The trend of decreasing S
toward the east is still evident though there is a sgharp upswing at the
eastermost locality, A-1T.

Varicorbula caloosae shows the lowest 5018 of any of the Ca-

loosahatchee fogsils analyzed. Recent species of this genus are found

exclusively on open shallow shelves and the low values are probably in-
dicative, in part, of good circulation. The fact thaf the values fall

below many values of the east coast open shelf specimens suggests that

only those specimens with low values in the east coast collections are

really representative of open water circulation. The trend of decreas-
ing 55018 from west to east is also evident in Tthis species.

A number of specimens of Heliosoma disstoni, a fresh water

snall, were found In the Ayers Landing collections. The scattered dis-
tribution of the specimens among merine forms suggests that they were
ST 18 s : i
washed into the arvea. The &0 composition of one of the specimens is
7.0%. There is no information in the literature on whether or not
fresh water mollusks precipitate thelr shells in equilibrium with the
water. The writer grew some common aquarium snails in water of known
isotopic composition. Only a small increment of shell was added after
i e —{F‘O 3} i 2 o A
three weeks at a temperature of 25 C. The isotopic temperature of the
. . o] . e o . . e
shell material was 217°C. There is no indication here that the precipi-~

tation was far enough out of eguilibrium to account for the extremely
o
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high value found in the Caloosahatchee gpecimen. The specimen of

Heliosoma disstonl apparently grew in fresh water enriched in 018 to

a value of around 8% .
The evidence indicates that there was a persistent influx

of fresh water with a high 018 content into the area during Caloosa-
hatchee time. TIn this respect the enviromment of the Caloosahatchee
formation resembles very closely the model described from Florida Bay
in Part I. The geographic and climatic factors which control the proc-
ess in Florida Bay may also apply to the Caloosahatchee formation.
With this in mind the data can be examined in more detail to see how
well the model fits.

| The & 0+5 gradient found in each unit indicates that the fresh
water was introduced from the west. In order to enrich fresh waters %o
such high values it is necessary that they be evaporated in ponds and
lakes probably under the conditions of fractional distillation suggested

for Florida Bay swamps. The steep gradient in.5018

and the rapid Tacies
changes found in'same beds indicate that the land area which shed the
fresh water was, at times, near the sites of collection. This conclu-
sion 1s comsistent with the known geology in the area. Fig. 67 is a
geologic cross section from data éf Parker and Cooke showing variations
in the Tamiami fqrmation topography and Caloogahatchee formation thick-
ness (59). The surfaces of both units have been greatly altered by
erosion, yet the impression of g rise of the sea floor to the west in

Caloogahatchee timeg is definitely evidenced. Though no core informa-

tion is available immediately west of the area studied, it is known
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that west of Fort Myers the Tamiami formation lies only a few inches
below surfacial sands. BSouth of Fort Myers the Temiami formation ig
intermittently exposed in a wide band east of the present Gulf coast of
Florida. Hence a considerable area of land was probably exposed during

1

Caloosahatchee time. The approximate extent of the "islan ‘as inter-
preted from the geologic map is shown in figs. 65 and 66.

In fig. 57 the approximate 1imits of the Caloosahatchee for—
mation are shown in heavy dashed lines. The shaded areas indicate Ta-
miami formation overlain directly by Pamlico sand. The shaded area
north of section A-17 is implied from the stratigraphic and topographic
evidence. Tig. 67 shows a distinct rise in the Tamiami topography and
fig. 58 shows a thinning of the stratigraphic section at A-17. The
faunal composition at A-17 in the Ayers ILanding member was also shown
to bear a closer resemblance to A-35 and A~36 than to A-23 or A-28.
The suggestion is supported to some extent by the isotopic data. The

18

trend of decreasingé 0™~ to the east is reversed in Chione cancellats

from the Ayers Landing member and Mulinia sapotilla of the Cyrtopleura

costats zZone. Cardita tridentata from the Cyrtopleura costata zone

shows a continued decrease and the change in Chione cancellata from the

Bee Branch member is not clear as there is no analysis from section A-23.
The evidence for a land mass near A-17 is strong but the relationship of
this mass to the mainland mass to the west is not clear.

The mixtures of species with widely varying ecology and the
wide range of 6 O18 values found in all of the units suggest that the

influence exerted by the Tamiami island on the marine environments varied.



Some of the variation could be accounted for by seasonal and super-annual
climatic variations under a constant geographical framework such as is
Tound in Florida Bay at the présent time. The differences between Chione

cancellata and Anomalocardia caloosana in the Ayers Landing member may

be due to this. Radical changes such as the introduction of open shelf
species in the Bee Branch member must be related to major sea level
changes at the time which drowned the island and effectively eliminated

its influence on environmment in the area.

Carbon Isotope Composition

The'8013 values for the Pleistocene shells analyzed cover a
large range and are more erratic than ﬁhecgola values. The specimens
collected along the east coast (fig. 66) and most of the specimens col-
lected from section A-1T7 in the Caloosahstchee formation have values
around 2.0%, which is about the same value found in mollusks growing a-
long the Florida reef tract today. The remaining Caloosahatchee speci-
meng tend to be lighter with much local variation.

Comparison with the TFleorida Bay model suggests that the low
013 values of the Caloosahatchee marl fossils may be due to the equilib-
ration of locally produced C02 with the carbonate cycle of the water.
The evidence for a local source of CO, in the Caloosahatchee sediments
is not good, however. The rocks are light tan to white in color and very
coarse grained, with no sign of detrital organic material. It might be
argued that any excess orgenic material that might have been associated

with the original sediments and have contributed light carbon CO2 to the



water has since been completely oxidized. The lack of fine-grained sedi-
ment, however, indicates thal the bottom sediments were well agitated
and under these circumstances it is unlikely that any large amount of
organic material would accumulate in then.

If locally produced 002 was a source of variation in the car-
bon isotope composition of the water it was not a persistent one as it
is in present day Florida Bay. The erratic nature of the variations
suggests that many processes were ab work to alter the carbon isotope

composition.

Strontium Composition

Ten specimens of Chione cancellata from various units and sec-

tions of the Caloosahatchee formation were analyzed for strontium as
described in appendix A. Results of the ansalyses are given in table 9.
In Part I it was shown that systematic variation in the Sr/Ca
ratio of Florida Bay water can occur as a result of dilution with fresh
vater rich in calcium ions. These varistions are not reflected in any
simple way in the Sr content of the Florida Bay shells because of either
vital effects or the operation of some other mechanisms which alters the
Sr/Ca ratio of the water.
The values for the Caloosahatchee specimens tend to be a
1ittle higher on the average than the Recent specimens from Florida
Bay of the same species. This may be due to a generally higher tem~
perature during Sangamonian time which would increase the proportion

of Sr incorporated in the shell (8).
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Table @

Strontium Composition Pleistocene Fossil Shells

Chione cancellata

o1y
Member Section 4 sr 1000 Ca
0 A-36 .20 2.3
s A=35 .20 2.3
29 A-28 .22 2.5
<9 A-23 .18 2.1
A-17 17 2.0
o A-35 .19 2.2
o a A-17 .20 2.3
o ©
o A=35 .18 2.1
2 4 A-23 17 2.0
2 &
9 g2
5 &
o
[
[} a3
5
4 o
8 15lg a-17 .21 0.l
= e} X&)
ol g
ol
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Varilations among the specimens analyzed are within the error
of measurement. The factors that produced significant variations in
the carbon and oxygen isotope chemistry of the water apparently had 1it-

tle influence on the Sr/Ca ratio.
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CONCLUSIONS

The chemical data support the interpretation made by DuBar
that the Caloosahatchee marl was deposited under a great variety of
environmental conditions, most of which were chsracterized by restricted
circulation, and that at various times the shoreline was very near the
present Caloogahatchee River oubcrop area. The chemical data provide
the following additional information: The nearest shoreline was prob-
ably the eastern edge of a topographic high in the Tamiami formation,
Just a few mileg west of the present outcrop area of the Caloosahatchee
formation. During deposition of the Caloosahatchee formation the

£

"Tamiami islanJ exerted a varying influence on the chemistry of the
offshore water, at times providing dilution from fresh water run-off
and at other times acting as a barrier to water circulation across the
peninsula and causing hypersalinity conditions. These variations may
represent seasonal or superannual climatic fluctuations aﬁ a more oOr
less constant sea level such as is found in Florida Bay today or it
may represent minor fluctuations in sea level which periodically flooded
the island. In the case of the Bee Branch member the island must at
one time have been deeply submerged to allow the influx of certain of
the faunal elements.

<5018 and 5013 analysis appear then to be definitely useful
tool for studying ancient environments. In the case cited above much

of the ecological information available in the rocks could have been

deduced from the faunal analyses. But faunal analysis coupled with



the geochemical data provide a much move complete and exact picture
of the nature of the enviromments, their lateral extent and their var-
iationsg in time within a single unit as well as between units.

The model which was suggested by the Florida Bay situation
and which seems to fit the deposition of the Caloosahatchee marl in
part is, of course, not the only type of ecological framework which
can be studied by these means. Istuaries, intercontinental basins,
barred lagoons and other paleogeographic settings which result in
variation in local water chemistry can be expected to place their stamp
on the faunal composition and on the chemical composition of the organ-
isms growing there.

With this kind of information and a proper knowledge of the
geologic setting it should be possible to draw significant and far
reaching conclusions about the paleogeography and paleoclimatology of

arn area.
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APPENDIX A

Collection and Preparation of Samples

Field Collection

Shell samples were collected by washing the sediment on
nested 3/16" and 3/64" screens in the field. The sediment was
scooped up in a shovel to a depth no greater than nine inches below
the mud surface and placed on the top screen. The fine sediment was
easily washed away by agitating the screen under water. The two sleve
fractions were separately bagged and stored in a large jar with 95%
alcohol.

Water samples were collected in polyethylene bottles by
rinsing the bottle thoroughly in the sample water, then filling to
the brim and tightly capping it.

Sediment samples were collected in a jar, fixed with 95%
alcohol and tightly capped.

The sediment cores were obtained by pushing a length of
4" galvanized drain pipe into the mud, capping the pipe at the top
with a stopper and lifting the pipe and sediment out of the mud.

The pipe was cut into convenient lengths which were sealed at both

ends with plastic sheets and tape.

Laboratory Preparation

The shell samples were thoroughly rinsed in hot tap water,

then distilled water and placed in storage containers dry. Specimens
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used for analysis were carefully cleaned under a binocular microscope,
then broken up into sand size pieces and placed in Clorox for two days.
The samples were rinsed three times in hot tap water, then three times
in distilled water and then dryed at 60°C. When dry the samples were
powdered to pass 200 mesh and placed into’vials.

Sediment samples were prepared by treating the wet sediment
with Clorox for five days with periodic stirring. The sediment was
washed by suspending in distilled water, allowing to settle and de-
canting the supernatant liquid a total of five times. After drying
the sediment was ground to pass 200 mesh and stored in vials.

Organic residue from the sediments was obtained by digest-
ing the total fresh sediment with 5% HCL until no further reaction
was noted. The black residue was filtered out and washed on the fil-
ter paper with 5% HCL and then distilled water. After drying the
msterial was ground and again allowed to soak in 5% HCL, then fil=-
tered, washed and dryed as above. The material was ground to less
than 62 j+ and stored in vials.

The core sections were opened by sawing lengthwise with a
hacksaw. Half of the core was wrapped in polyethylene, sealed and
stored. The remaining half was examined and shells removed at meas-
ured lengths. The shells were treated as above except for a pre-
liminary sosking in a 30% Clorox-water solution to loosen sediment

fillings.



L7

Analytical Techniques

Salinity

Total salinity was determined by the standard Knudsen
titration of halide with AgNO3, using a potassium dichromate indi-
cator. The burette was calibrated against Copenhagen sea water and
duplicate anslyses were made on each water sample. The precision

is approximately % 0.3%.

Isotope Analysis

Carbon and oxygen isotopes were analyzed on CO2 €38 pPro=
duced from the samples as described below. A 60° sector 6" mass
analyzer of the type described by McKinney et al (42) was used to
determine the 018/016 (mass L6/mass Lh) and cF3/ct2 (mass L5/mass L)
ratios of the gas. Corrections for mixing in the values and contri-
bution of 07 to mass 45 were made according to the suggestions of
Craig (49).

During the period covered by the analyses given here
approximately every tenth analysis made by the writer was of a pri-
mary standard. The standard was a CaCO3 powder made from Recent
ooliths collected in the Bahamas and all.but two of the analyses were
fresh preparations. The reproducibllity of the standard over short
periods was O,l%afor<§018 and  0.2%,for 6013. Over longer periods
there were variations of the order of 0.5%, - 0.8%, . These appeared

t0 be associated with changing the working standard, the standard

used in the mass spectrometer to compare to the sample gas. Large
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drops in the oolite standard appeared when a new working standard
preparation was placed in the machine.

A1l of the results given here were calculated against the
oolite standard and then converted to the PDBI (Cretaceous Belemite
standard) scale on the basis of two PDBI analyses made near the time
of two oolite standard analyses. The precision is given as O.E%Ofor
carbon and 0.1%s for oxygen but the accuracy relative to the PDBI

scale may not be that good.

Carbonates - CO, gas was evolved from carbonates by reaction with
lOO% phosphoric acid. Twenty mgm of cleaned and powdered sample
were placed in a reaction tube. A side arm in the tube was filled
with two ml of acid. The reaction tube was evacuated and then the
acid allowed to react with the carbonate. The reaction proceded for
2L hours at 2500. The 002 gas evolved was transferred to an analyzer

sample tube alfter removal of air and water vapor.

Water - The oxygen isotope composition of water was determined on
tank COp which had been allowed to equilibrate with the water. Ten
ml of the water was placed in a flask and dissolved gases removed
by alternately freezing, pumping and thawing. Tank 002 at one
atmosphere was introduced into the flask and allowed to equilibrate
for one week at 2500. Because there is about 100 times more water
oxygen than 002 oxygen in such a system the COE gas acquired the
isotopic composition of the water. An aliquot of the COp was trans-

ferred to an analyzer sample tube after removal of water vapor and

air.
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Organic material - The 013/012 ratio of organic materials was deter-

mined on COp derived by combustion. About 25 mgm of the dry organic
residue was placed in the cool section of a combustion tube attached
to a gas line.  The line was evacuated and the sample moved to the
furnace section of the tube with a magnetic plunger. An excess of
oxygen was admitted and the gases circulated through the line for
one hour with a Toeppler pump. The furnace was kept at 600°C. A
Cu0 baffle in the furnace assured complete conversion of CO to 002.
The COp produced was collected in an analyzer sample tube after re-

moval of water vapor and alr.

Mineralogical Analysis

Calcite and aragonite were determined by X-ray spectrometer.
A small amOunt of the 200 mesh powder was allowed to fall on a very
lightly greased sample disc which was then mounted in a rotating
holder. The grease acted to hold the grains in their landing posi-
tion and thus irradiated by CuK X-rays in a spectrometer and the
peak heights recorded. The ratio of peak intensities for aragonite
(26.2° 26 ) and calcite (29.4° 28 ) were compared to a plot of the same

ratios determined on known mixtures of calcite and aragonite.

Trace Element Analysis

Sr and Mg were determined by emission spectrograph with a

Molybdenum internal standard. Twenty-five mgm of powdered sample
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were dissolved in 1% HCL to which had been added a standard amount of
ammonium molybdate. The solution was made up to 25 ml and allowed to
equilibrate and mix for 12 hours. Standard amounts of solution were
placed on each of three copper electrodes and allowed to dry under a
heat lamp. The samples were excited by a D.C spark for 30 seconds on
a Jarrel Ash spectrograph. In addition to the three aliquots from
each sample a series of standards ranging from .05% to 2.5% Sr and Mg
were also shot on each plate. After developing, the transmission of
the MO 3903, MO 2848, Mg 2803, Mg 2796, Sr 4078 and Sr 4216 lines were
determined. Afﬁer converting transmission to intensities working
curves were made from the data on the standards relating IM.g/IMO and
ISr/IMD to per cent Mg and per cent Sr respectively. Similar ratios
were calculated for each of the samples and compositions read off the
working curves. Compositions from all lines which had less than 5%
or more than 95% transmission were discarded and the remaining values
averaged to give the final Sr% and Mgh. The reproducibility of the
determinations is ¥ 10% of the amount present.

Mg in calcite was determined by X-ray. A powdered sample
was mounted in the X-ray goniometer as described in the mineralogy
analysis. The counter was set for fixed count and a separate auto-
matic timer and printer attached to the goniometer. After making
6400 counts at one position the time lapse was printed, the timer
and counter set back to zero and the goniometer advanced by 0.02°
260, all automatically, and a new count begun. The times were ?lotted
on reciprocal paper so that the peak position could be determined to

within 0.02° 26. The position of the normal 29.lL calcite peak varies
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with the amount of Mg occupying Ca positions in the calcite lattice.
The “peak shift" was compared to a calibration curve made from samples

of known Mg concentration.
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APPENDIX B

Table 1

August, 1958 Novewber, 1958 January,
TFebruary, 1958
Salinity & 018 Salinity <019 Salinity & 018
Station %o %o %o Do %o %o
1017 36.4 3.7 1.9
1018 32.3 2.2 35.9
1019 11.L 2.7 29,0 2.8
1020 17.8 2.4 32.4 2.8
1021 2.7
1022 30.0 2.4 33.2
1023 29,8 ok 315 31.5
1024 38.2 2.6 35.3 0.7 32.7 2.6
1025 37.6 2,2 33.7
1026 36.0 32.7 2.1
1027 31.8 2.1
1028 17.2 31.3 2.4
1029 39.4 2.0
1030 39.1 32.3
1031 38.1 1.7 35.1
1032 37.8 1.6 32.5
1034 38.2 1.5
1035 37.4
1036 36.6 1.5
1041 35.8 32.7 2.5
10kho 35.2 2.6
1043 37.4 3h.6
104k 16.6 2.5 38.h
1050 35,7
1051 36.5 2.3
1053 11.8
1054 12.5 2.9 32.8 2.l
1055 16,4
1056 22,6 25.6 2.3
1061 34.9 1.0 36.6 1.0
1062 35.0
1063 36.9
Migcellaneous Samples
Sample Description Date Salinity %. S018
Sea water from
1078 Gulf of Mexico 8/59 35.5 1.h
Rain water,
1080 Everglades 8/59 0.0 -0.2

Rain puddle,
1081 Iverglades 8/59 0.0 0.7



Table ITa

Number#* and relative percent of pelecypods in Florida Bay sediment.

1017 1018 1019 1020 1022 1031 1032 103k 1023 1024 1025 1028 1030
Brachidontes No. 2u5 4o 149 3¢ 22 26 149 26 123 206 103 16 12

exustus % 61 7T 11 L 5 20 W 10 23 81 20 11 9
Chione No. 1h 1 1 2 5 15 83 b3 2 2 5 27 55

"~ cancellata % 3 0 0 0 2 11 27 16 0 1 1 19  ho
Anomalocardia No. 3 46 913 360 199 1 Ly c 2138 1 220 3 0
cuneimeris % 1 3 69 62 Ly 1 2 0 L 0 L3 2 0
Teevicerdium No. 36 209 5¢ Lo 1h 9 1L 6 i 3 6 7 0
mortoni % 9 3k L 3 3 7 L 2 1 1 1 5 0

o Cardits Tfo. 2 L 0 0 ol 8 67 0 0 0 0 20
= floridena % 1 1 0 0 0 30 3 25 0 0 0 o 15
Telline spp. No. 59 284 195 43k 176 18 4o 58 187 36 172 63 Lo

% 15 L6 1k 31 L1 12 12 21 35 1h 34 Ly 31

Mise. o . L 26 9 0 6 26 20 71 0 6 L 26 7

o 10 Ly 1 0 2 19 6 26 0 2 1 18 5

Total No. hoz 612 1326 138k  heo 138 323 271 534 25L 510 1bke 136

o 100 100 100 100 100 100 100 100 100 100 100 100 100

7

*umber of valves divided by two.



Table IIb

Humber and relative percent of gastropods in Florids Bsy sediment
PowQ 1018 1019 1020 1022 1031 1032 1034 1023 102k 1025 1028
Bulla No. 4711k 3¢ 1kO 29 1 0 i Lk s L. 2
occidentalis % 18 36 3L 16 L 1 0 2 22 15 1 2
Prunum To. 20 Lo17 ho 15 o 13 1® 2 19 1k 18
www icinum & 8 1 1h 5 2 0 9 6 13 6 2 17
Modulus lo. T2 101 66 3 Tl 5 33 50 19 99 170 7
modulus % 28 32 55 110 L - ( 9 33 .30 T
Teguls No. 0 0 0 0 O 0 0 13 ] 0 0 0
Tasciata % 0 0 0 0 0 0 0 7 0 0 0 0
Calliostome  To. 0 0 0 0 0 0 0 L 0 0 0 0
euglyptum A 0 0 0 0 0 0 0 i) o) 0 0 0
Cerithium To. 0 o} 0 318 324 0 L2 10 102 85 227 73
sPD - % 0 0 0 36 L3 0 30 5 51 28 39 7L
Misc. No. 115 96 0 369 247 131 52 98 10 53 152 3 37
% L5 31 0 L2 36 95 37 52 5 18 27 3 1
Totel To. o5 317 121 875 686 137 1o 188 201 300 567 103 1L

% 100 100 100  10oCc 100 100 100 o0 100 100 100 100

ra
OO
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Table IIT

Strontium Composition of Shells

]
B 0
o 3}
Siw 4 o]
(o Bl g fas) +
OF & o] = s
o o oW o Ko —
< el = iyl 1 O}
3 olg sis g 0 <l g
i &8 sl 3l 518
Sr St Sr Sr
Wt % 1000 Ca | W& % 1000 Ca | Wt % 1000 Ca | Wt % 1000 Ca
1018 | 0.19 2,2 0.17 2.0 0.1k 1.6
1019 | 0.17 2.0 0.15 1.7 0.1k 1.6
1020 | 0.17 2,0 0.15 1.7 0.1h4 1.6
1021 | 0.15 1.7 0.17 2.0
1022 0.19 2.2 0.17 2.0
102k 0.16 1.8 0.1k 1.6
1026 | 0.18 2.1 0.1k 1.6 0.1k 1.6
1028 0,18 2.1 0.20 2.3
1030 0.27 3.1
1031 0.16 1.8 0.16 1.8
1032 0.24 2.8 0.1k 1.6
1034 0.2k 2.7 0.19 2.2
1041 | 0.12 1.k 0.19 0,0 0.10 1.1
1043 0.28 3.2 0.08 1.0
1053 | 0.17 2.0 0.23 2.6 0.16 1.8
1062 0.16 1.8
1063 ‘
Thob 0.16 1.8 0.26 3.0
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Table IIT {Conte)

jis3
ot
.—%
42 & o]
o (=] wiw = O
o] 9] 310 &1 9 [SIR
ot Girs — i s O el G
4+ o Ol ) o 1o Sy o
[y i Q Lref Lie] e [l )
4> SO of O he [O) B
wm MmEo = e 8 Wi B0
Sr Sr Sr S
Wt % 1000 Ca | Wt ¢ 1000 Ca | Wt % 1000 Ca | Wt ¢ 1000 Ca
1018 0.1h 1.6 .31 3.6
1019 | 0.30 3 0.19 2.2 .28 3.2
1020 0.16 1.8 .30 3.h
1021 | 0.25 2.9 0.17 2.0
1022 .31 3.6
1024 | 0.1k 1.6 0.13 1.5 .23 2.6
1096 0.10 1.1 .20 2.5
1028 | 0.20 2.3 0.12 1.k
1030 0.27 3.1
1031 0.20 2.3 .29 3.3
1032
1034 0.13 1.5 .22 2.5 0.2k 2.7
1041 .21 o.kb
1043 | 0.25 2.9 0.13 1.5 0.28 3.2
1053 0.1k 1.6
1062 0.19 2.2
1063 0.15 1.7
Thot | 0.20 2.3 0.26 3.0
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Table VI

Chemical Composition of Shells from Florida Bay Cores

Station 1052 | 1057 | 1058 1059

Depth 57 | 63 60 |31 {he |55 |70 |79
incines

Anomalocardls Y Ol8 1.0
cuneimeris S ¢l3

Brachidontes | S 018 1.b 0.7
exustus S cl3 0.3 0.0

Chione Sol8 | 0.8 0.3 0.1
cancellata §¢l3 1-0.8 1.2 1.2

Modulus S018 | 2.0 1.3 1.8 0.31 0.3] 0.3 0.81 1.3
modulus Scl3 | 1.3 1.1 1.31 2.11 3.01 1.7} 1.9
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Table VIIT
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5;013 Pleistocene Fosgil Shells
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Table TX

Partial TFaunal list of Tlorida Bay mollusks

Clags Pelecypoda
Order Protobranchia
Family Nuculanidae
Nuculana acuta (Conrad)
Order Filibranchia ‘
Fanily Arcidae
Barbatia cancellaria (Lamarck)
Inadars, notabilis (Roding)
Family Glycymeridae
Glycymeris pectinata (Gmelin)
Family Mytilidae
Brachidontes exustus (Linne)
Volsella americana (Leach)
Family Pteriidae
Pinctata radiata (Leach)
Family Pectinidae
Pecten ziczac (Linne)
Family Ostreidae
Crassostrea virginica (Gmelin)
Order Bulamellibranchia
Family Carditidae
Cardita floridana (Conrad)
Family Tumcinidae
Phacoides multilieatus (Tuomey and Holmes)
Codakia orbicularis (Linne)
Family Cardiidae
Taevicardium mortoni (Conrad)
Family Veneridae
Anomalocardis cuneimeris (Conrad)
Chione cancellata (Linne)
Family Tellinidae
Tellina similis (Sowerby)
Tellina alternata (Say)
Family Sanguinolariidae
Tagelus divisus (Spengler)

Clags Gasgtropoda
Order Archeogastropoda
Pamily Figsurellidae
Diodora spe
Figsurella sp.
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Table IX (Conte )

Family Trochidse
Calliostoma euglyptun (A. Adams)
Fanmily Turbinidae
Astres longispina (Lamarck)
Order Mesogastropoda
Fanily Caecum
Caccum Ffloridanum (Stimpson)
Family Modulidae
Modulus molulus (Linne)
Family Potamididae
Batillaria minims (Gmelin)
Family Cerithiidae
Cerithium mugcarum (Say)
Cerithium variabile (C. B. Adams)
Bittium varium (Pfeiffer)
Family Calyptraeidae
Crepidula spp.
Family Bratoidae
Trivia maltbiana (Schwengel and McGinty)
Oxder Weogastropoda
Family Columbellidae
Columbella mercatoria (Linne)
Anachis avara (Say)
Mitrella lunata (Say)
Family Nassariidae
Nassarius vibex (Say)
Tamily Fasciolariidae
Fasciolaria tulipa (Linne)
Family Mitridae
Mitra floridana (Dall)
Femily Marginellidae
Prunum apicinum (Menke)
Order Tectibranchia
Family Bullidae
Bulla occidentalis (A. Adams)
Tamily Atyidae
Atys sandersoni (Dall)
Family Acteonidae
Acteon punctostriatus (C. B. Adams)
Family Bllobiidae
Melampus coffeus (Linne)




