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ABSTRACT

Crustal generation rates from 80 - 110 m.y.b.p. have been suggested
to be a factor of two times those at present from geological and
geophysical evidence about eustatic sea levels, sea floor magnetic
lineations, and plate configurations. Other geophysical studies have
suggested that crustal generation rates in the past have not been more than
~207% larger than those at present., Faster crustal generation should result
in increased chemical fluxes to the ocean from hydrothermal circulation.
The oceanic balance of Li is dominated by hydrothermal input; oceanic Li
concentrations in the past could have been as much as a factor of two
higher than those at present. This thesis investigates the history of
oceanic Li concentrations over the last 100 m.y. in order to add
independent geochemical evidence to the debate about sea floor spreading
rate variations.

Li/Ca ratios in the calcite shells of planktonic foraminifera are
used in this study to determine oceanic Li/Ca ratios. The elemental uptake
from seawater and the diagenetic changes in the sediment of foraminiferal
calcite were investigated to assess the utility of these shells as such
indicators.

Laboratory culture experiments on planktonic foraminifera showed that
Li, Sr, and Mg elemental ratios to Ca in foraminiferal shells are directly
proportional to seawater ratios. The mean distribution coefficients
determined in this study for foraminiferal calcite are: 1Li,
(5.2 £ 0.6) x 1073; Sr, 0.16 *+ 0.02; and Mg, (0.89 * 0.18) x 1073, For Na,
the ratios in foraminiferal shells did not vary in response to changes in
seawater solution Na/Ca ratios. In other laboratory culture experiments,
Cd and Zn distribution coefficients in foraminiferal calcite were measured
by the use of radiotracers. The best estimate from these measurements of
the Cd distribution coefficient in foraminiferal calcite is 1.8 £ 0.1,
which compares well with previous estimates from measurements on planktonic
and benthic foraminifera from sediment core samples. Planktonic
foraminifera were cultured in the laboratory at different temperatures to
investigate the effect of temperature on the trace elemental composition of
foraminiferal shells. From these experiments, the interspecific



differences in Sr/Ca, Mg/Ca, and Na/Ca ratios of foraminiferal calcite
cannot be due solely to differences in calcification temperatures.

Li/Ca, Sr/Ca, Mg/Ca, and Na/Ca ratios were measured in planktonic
foraminiferal shells from five DSDP sites; sample ages extended to 100 m.y.
The effect of diagenesis on foraminiferal calcite composition was
considered from a simple model comparing the composition of the
foraminiferal calcite with that of inorganic calcite in equilibrium with
the present-day interstitial water. From these comparisons, some
foraminiferal calcite appears to be in inorganic equilibrium with the
interstitial water. For other samples, the comparison of the various
indicators shows that these foraminiferal shells may be substantially
unrecrystallized., Quantification of diagenetic changes in foraminiferal
calcite chemistry is hampered by the lack of knowledge about inorganic
calcite distribution coefficients applicable to sedimentary
recrystallization reactions. The open system nature of the chemical
balances between sediments and interstitial water must be explicitly
included in diagenetic models of changes in the chemical composition of
foraminiferal calcite. As an example, the effect of recrystallization on
oxygen isotopic records of foraminiferal calcite is determined in a model
with typical interstitial water oxygen isotope gradients.

From a Li mass balance model and the paleochemical records, the
possible variations in crustal generation rates over the last 100 m.y. are
evaluated. Alternate global extrapolations of the importance of
hydrothermal circulation to oceanic mass balances, temporal changes in
river fluxes of Li, the nature of the processes removing Li from the ocean,
and the potential of coupled variations in the cycles of Ca and Li are
considered with this model. This study concludes that at no time in the
past 100 m.y. have oceanic Li concentrations been significantly greater
than those at present., This geochemical evidence suggests that
hydrothermal fluxes and sea floor spreading rates from 80 - 110 m.y. were
not significantly greater than those at present.

Thesis Supervisor: Dr. Edward A. Boyle
Title: Associate Professor,
Massachusetts Institute of Technology
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CHAPTER ONE:

INTRODUCTION

The temporal variability of seawater composition is a subject of
debate. Ridge crest hydrothermal fluxes are calculated to be significant
in oceanic mass balances of some elements (e.g., Edmond et al,, 1979;
1982). For such elements, changes in the operation of the ridge crest
reaction system could have resulted in changes in their oceanic
concentrations. Lithium, for example, has a calculated hydrothermal flux
to the ocean approximately 10 times the estimated river input (Edmond et
al., 1979; 1982).

Several types of evidence have suggested that average crustal
generation rates have varied significantly through time. Eustatic sea
level variations (Vail et al., 1977) and percentage of continental flooding
(Hallam, 1977) were assumed to be due solely to changes in ridge volume
(Hays and Pitman, 1973; Turcotte and Burke, 1978). Because of the uniform
age-depth and age-heat flow relationships for ocean crust (Parsons and
Sclater, 1977), increased ridge volume results in a higher crustal
generation rate and higher heat flow at the ridge crest (Turcotte and
Burke, 1978; Sprague and Pollack, 1980; Harrison, 1980). The contribution
of the ridge crest to global heat flow was calculated to be 287 at present
and to have been as high as 50% of the total 80 m.y.b.p. (Turcotte and
Burke, 1978).

Ridge volume calculated from magnetic lineations and from an assigned
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magnetic reversal time scale indicated a pulse of very rapid spreading from
110-85 m.y.b.p. in the central and South Atlantic and throughout the
Pacific (Larson and Pitman, 1972; Hays and Pitman, 1973). Root-mean-square
velocities for the lithosphere as a whole were estimated from a plate
rotation method to be twice present velocities at 80 m.y.b.p. (Davis and
Solomon, 1981).

Crustal generation rate and ridge crest heat flow were estimated to
have been larger in the past by as much as a factor of two from these
geological and geophysical arguments. However, evidence and techniques
used in these calculations have been questioned. Although eustatic sea
level was clearly higher than at present in the Late Cretaceous, the
absolute sea level difference and the methods used to determine it are
debated (e.g., Watts and Steckler, 1979; Watts, 1982). Ridge volume and
spreading rate calculated from magnetic lineations of the ocean crust
depend on the time scale chosen; results are sensitive to small differences
in age assignments (Berggren et al., 1975). Eustatic sea level changes can
result from alterations in the area—age distribution of ocean crust or in
the total oceanic area as well as from ridge volume changes (Parsons,
1982).

Chemical fluxes due to hydrothermal circulation depend on a number of
parameters: flux of water through the ridge crest, depth of penetration of
water in the crust, amount of cracking in the rocks, etc. Integrations of
observed heat flow anomalies showed that 32% of the total ridge heat flow
for a fast-spreading ridge (East Pacific Rise, 3-6 cm/y) and 42% of the
total for a composite of slow-spreading ridges (1-2 cm/y) were due to
advection of heat by hydrothermal circulation (Wolery and Sleep, 1976).

Since the proportion of heat lost by hydrothermal circulation varies by
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only 107% in the present day ocean for a factor of two to three difference
in spreading rate, the total flux of water through the ridge crest is
approximately proportional to the spreading rate. Chemical fluxes from
hydrothermal systems with different water fluxes have not yet measured, but
increased crustal generation rate and water flux through the ridge crest
should result in larger hydrothermal fluxes due to the high-temperature
seawater—-basalt reactions.,

Therefore, the suggested crustal generation rate variations since
80-110 m.y.b.p. would have had profound effects on ocean chemistry.

Oceanic Li concentrations could have been as much as a factor of two higher
80-110 m.y.b.p. than at present, with concentrations decreasing over time
to the present value.

The purpose of this thesis is to investigate temporal changes in
oceanic Li concentrations. The history of this element, whose oceanic
cycle is dominated by hydrothermal circulation, is related to the operation
of the hydrothermal circulation system through time. This study adds
independent geochemical evidence for the resolution of the debate about
seafloor spreading rate changes.

The means of determining past seawater chemistry is in the sediments.
To deduce solution composition, an indicator phase is required. The
relationship of the chemical composition of this phase to that of the
seawater in which it formed must be known. The phase must retain its
original composition through time; alternatively, a quantitative assessment
of any diagenetic changes must be possible for accurate reconstructions.

Calcite shells deposited by foraminifera have been studied as such
indicators for the oxygen, carbon, and strontium isotopic compositions of

seawater and for the oceanic concentrations of strontium, magnesium,
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sodium, and cadmium. This thesis examines foraminiferal calcite as an
indicator phase, evaluating its uptake and diagenetic properties.

An introduction to the behavior of lithium, calcium, strontium,

magnesium, and sodium in the ocean and in foraminiferal calcite follows.

ELEMENTS STUDIED

River and hydrothermal fluxes as well as oceanic concentrations and
residence times for Li, Ca, Sr (including its isotopes), Mg, and Na are
given in Table 1l.l1. Ca, Mg, and Na are major components of seawater
salinity and have conservative water column behavior., Li and Sr are
present at umol/l levels in seawater and are also conservative. Li has the
shortest calculated residence time of the elements listed, 0.3 x 106 y; Na
the longest, 83 x 106 Ve

The global hydrothermal fluxes listed are those calculated by Edmond
et al. (1979; 1982). A different extrapolation from the measured
hydrothermal solution chemistry would affect the description of the
elemental cycles to a degree dependent on the importance of hydrothermal
fluxes in each cycle. These alternate models and their impact on
determining the history of hydrothermal circulation from oceanic Li
concentrations are discussed in Chapter 4. For the elements discussed,
hydrothermal fluxes are most significant in the mass balances for Li and Mg

and for the Sr isotopic balance.

FORAMINIFERAL COMPOSITION

Sr, Mg, and Na compositions of foraminiferal shells have been
analyzed by a number of investigators, with different degrees of attention

paid to potential contamination in these measurements (e.g., Emiliani,
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TABLE 1.1 Elements studied

element seawater river flux hydrothermal residence
concentration (mol/y) flux time
(mmol/1) (mol/y) (106 y)
a a a
Li 0.028 14 x 109 95-160 x 109 0.2-0.4

b
115-190 x 109 0.2-0.3

a a a
Ca 10.4 12 x 1012 2.1-4,3 x 1012 0.9-1.04
b
1.8 x 1012 1.05
C
Sr 0.087 2.5 x 1010 no increase at 4.8

Galapagos 2;
slight increase

at 21°N b
a a,d a
M 54,7 5.3 x 1012 -7.7 x 1012 max. 9.6
g
e e
Na 470 6.9 x 1012 hydrothermal 83

end members show
increases and
decreases from
ambient values;
no global
extrapolation 3P

£
875r/86sr 0.709 > 0.712 0.703




TABLE 1.1

Notes:

ae.

b.

Ce

f.
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continued
Edmond et al. (1979), Galapagos Spreading Center.

Edmond et al. (1982) and Von Damm (1983), 21° N, East Pacific
Rise.

Based on river Sr concentration in Brass (1976).

(=) on the Mg flux indicates that hydrothermal reactions are a
sink for oceanic Mg

Based on river Na concentration in Broecker and Peng (1982);
residence time ibid., Table 1.6, pp. 26-27.

Burke et al. (1982).

Calculations assumed that the river flux of water to the ocean is
3.15 x 1016 1/y and that volume of the ocean is 1.37 x 1021 1,
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1955; Thompson and Chow, 1955; Turekian, 1957; Blackmon and Todd, 1959;
Krinsley, 1960; Lipps and Ribbe, 1967; Dasch and Biscaye, 1971; Kilbourne
and Sen Gupta, 1973; Savin and Douglas, 1973; Bender et al., 1975; Lorens
et al., 1977; Graham et al., 1982). There are two reports of Li
concentrations in globigerina oozes; the values are high compared to those
determined in this study (Horstmann, 1957; Welby, 1958). Paleochemical
applications of foraminiferal shell chemistry include studies of Sr/Ca and
Na/Ca in the Cenozoic (Graham et al., 1982), studies of cadmium/calcium
over the last 200,000 y (Boyle and Keigwin, 1982), and studies of the Sr
isotopic composition of foraminiferal calcite to determine seawater
875r/86sr over geologic time (Dasch and Biscaye, 1971; Brass, 1976; and

Burke et al., 1982).

OUTLINE OF THE THESIS

Laboratory experiments culturing planktonic foraminifera to test the
response of foraminiferal shell chemistry to solution chemistry are
described in Chapter 2. These calibrations are crucial to the use of
foraminiferal shells as recorders of oceanic chemistry.

Time studies of foraminiferal shell chemistry over the last 100 m.y.
are described in Chapter 3. The effects of diagenetic processes on the
original oceanic chemistry signal recorded by the shells are discussed and
the extent to which this signal can be deconvolved from these altered
records is assessed. The importance of diagenesis and its quantification
is emphasized in relation to paleochemical questions.

The time course of oceanic chemistry deciphered in Chapter 3 is
related to oceanic mass balances in Chapter 4. Connections to geophysical
variations are explored and limits suggested for these variations.

The three lines of research are summarized in Chapter 5.
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CHAPTER TWO:

FORAMINIFERAL CALCITE TRACE ELEMENT DISTRIBUTION COEFFICIENTS

The relationship between foraminiferal calcite chemistry and solution
chemistry must be known or assumed to use foraminifera as oceanic
paleochemistry indicators. The correspondence between solution and

foraminiferal calcite compositions can be tested in several ways:

1. Some elements or properties vary in the ocean at present.
Foraminiferal calcite from different geographic or hydrographic
locations can be compared to the water column properties. For
example, cadmium has phosphate-like behavior in the ocean. Cd/Ca
ratios in benthic foraminiferal shells from sediment core tops in the
Atlantic and Pacific Oceans vary linearly with estimated bottom water
Cd concentrations (Hester and Boyle, 1982), Plankton tow
foraminiferal oxygen—18 variations correlate with water column
temperature profiles (Fairbanks et al., 1980); core top foraminiferal
assemblages relate to surface water physical oceanographic parameters

(Imbrie and Kipp, 1971).

2. Other elements are conservative; this salinity-like
behavior means that there are no significant variations in their
elemental ratios to Ca in the present ocean. To test concentration

changes in such elements, organisms can be grown in laboratory
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culture in artificial or semi-artificial seawater solutions (e.g.,
studies of coral aragonite (Swart, 1981) and mussel calcite and
aragonite (Lorens and Bender, 1980)). The organisms may be subjected
to changes exceeding any in their natural lifetimes and perhaps
greater than those expected over the geological time range of that
species. For paleochemical applications, the response of one or a
few modern species studied in culture are generalized to a number of

different species over longer time periods.

OUTLINE OF THE EXPERIMENTS

Two series of experiments culturing planktonic foraminifera were done
in collaboration with Dr, Allan Be of Lamont-Doherty Geological
Observatory. The first was January - February 1981 at Bellairs Research
Institute (St. James, Barbados); the second, March - April 1982 at the
Caribbean Marine Biological Institute (Curagao, Netherland Antilles). Most

of the experiments were done with Globigerinoides sacculifer (Brady), a

spinose planktonic foraminifera with a distributional range of 40°N - 40°S
in all oceans; it is a tropical and subtropical, shallow-water dwelling
species (Be, 1977). Some of the experiments were done with Orbulina
universa, a spinose, sub-tropical, intermediate-water dwelling species.

The juvenile form of O. universa is a multi-chambered shell; the adult form
is a one-chambered spherical shell (Bé, 1977). A few experiments also

involved Globigerinoides ruber (pink and white varieties), a spinose,

tropical and subtropical, shallow-water dwelling species (Bé, 1977).
The experiments measured the effects of variations in solution Li/Ca,

Sr/Ca, Mg/Ca, and Na/Ca ratios and of sulfate concentration changes (Ca
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concentration constant) on foraminiferal calcite chemistry. The
distribution coefficients of cadmium and zinc were determined using
radiotracer techniques. The effects of temperature on biogenic calcite
distribution coefficients were also studied. Analyses of foraminiferal
shells from sediment trap and sediment core samples were included in the
study of temperature effects in addition to the culture experiment results.

Li, Sr, Mg, Na, Ca, and SO4 are all virtually comservative in the
ocean; there are no variations to allow a present—day calibration similar
to that done for Cd in benthic foraminifera. Some of the changes made in
experimental solution concentrations for these elements are geologically
reasonable, while others are larger than expected in oceanic history.
These extreme changes serve to delimit the mechanisms of trace element
incorporation over the narrower range potentially applicable to oceanic

paleochemistry.

LABORATORY CULTURE PROCEDURES

Foraminifera form their calcite shells by the sequential addition of
chambers, each representing a significant increment of both shell length
and weight. Chambers are formed by secreting calcite layers on either side
of a primary organic membrane. These layers are several microns thick,
made up of calcite plaques or microgranules (~0.2 um in diameter). Each
layer deposits calcite over previous layers of the new chamber and over
previous chambers (Bé, 1980). When foraminifera undergo gametogenesis, up
to 20-30% by weight of the calcite shell is deposited over the outer shell
layer (Bé, 1980 and Duplessy et al., 1981).

Although foraminiferal gametogenesis has been observed in laboratory
culture, successive generations have not been grown from these gametes (Bé

et al., 1977). For laboratory studies, foraminifera were captured
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individually in glass jars from the upper water column by SCUBA diving,
then brought to the laboratory, measured for shell length defined as the
largest linear dimension, identified as to species, and placed in culture
vessels illuminated by fluorescent lights. Since laboratory culture starts
part way through the foraminiferal life cycle, the final calcite shell
consists of some calcite secreted in the water column and some calcite
secreted in laboratory culture.

In some experiments, foraminifera were individually tended and the
chambers known to be formed while in culture were manually separated under
a stereomicroscope before chemical analyses. 1In other experiments,
foraminifera were grouped in small populations. The non-linear
relationship of shell length and weight (Bé, pers. comm.) and the
deposition of calcite on older chambers during chamber formation and
gametogenesis (Bé, 1980 and Duplessy et al., 1981) suggest the contribution
of initial calcite to the final weight may be as low as 10-20% for
appropriate shell length changes. (For example, for an initial length of
350 um and a final length of 650 pm, the contribution of initial calcite
to the final weight on the average is 21%. If the foraminifer underwent
gametogenesis with the same total length change, the initial shell
constitutes 12% on the average of the total weight.) The use of
radiotracers in several experiments insured that the measurements were of
calcite deposited while in culture.

The residence time of elements in the protoplasmic pool used in shell
formation is unknown. Calcium-45 uptake experiments with foraminifera
indicate some delay in radiotracer Ca incorporation in the first chamber
formed after transfer to a spiked solution (Anderson and Bé, pers. comm. ).

Delays due to protoplasmic equilibration affect the results as does the
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calcite deposited in the water column before capture., In either case, the
proportion of the shell which does not reflect the composition of the
laboratory culturing solution increases. Physiological processes may
control the composition of the calcifying fluid, discriminating for or
against various elements, so that calcite composition is not directly
proportional to solution composition (Lorens and Bender, 1977).

Foraminifera were removed from the laboratory culture solutions
following gametogenesis or death; some were killed. The shells were rinsed
several times with distilled water, air dried, and brought to M.I.T. for
chemical analyses. They were cleaned of any remaining protoplasmic organic
matter by treatment with hot basic hydrogen peroxide, followed by thorough
distilled water and methanol rinses and air drying. The shells were
reexamined under a stereomicroscope for cleanliness. Chamber amputations
were performed on some samples at this stage.

Because of the graphite furnace atomic absorption spectroscopy
(GFAAS) detection limits for Li, the calcite from several foraminifera
grown in similar solutions were combined for chemical analyses. Typical
sample sizes were 4 — 20 individuals or the separated chambers from that
number; samples as small as one shell were also analyzed.

The samples were thoroughly rinsed with distilled water prior to
dissolution. The cleaned calcite shell samples were dissolved in purified
0.3N HNO3, with volumes typically 75 - 100 pl. Trace elements were
determined by GFAAS, Ca by flame atomic absorption spectroscopy. Appendix 1
has a more complete discussion of GFAAS methods and conditions, FAAS
methods, and analytical precision.

For experiments changing seawater chemistry (constant temperature, no

radiotracer additions), two types of seawater solutions were used: surface
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seawater obtained at the foraminiferal collection site, filtered through a
0.45 ym Millipore filter, spiked with additional trace elements; and
artificial seawater, 1l:1 mixtures of filtered surface seawater and weighed
crystalline salts dissolved in distilled water. The major element
composition could thus be changed and trace element levels as low as
one-half those of normal seawater could be obtained. For solutions in the
Barbados experiments, the salts were NaCl, NaHCO3, NajSO4, MgSO4, CaCly,
and KpS04. For the Curacao experiments, the salts were NaCl, NajSO4,
MgCl,, MgSO4, NaHCO3, CaCly, KC1, and SrCly. Li was added as a diluted
spike of an atomic absorption primary standard (40.08 umol/ml, LipCO3 in 1%
v/v HCl). Compositions of seawater solutions were calculated from the
weights of salts or the volumes of solution spikes added and the total
volumes of dilutions.

Radioisotope spikes for Cd or Zn and Sr were added to filtered
surface seawater for the Cd and Zn incorporation experiments. Culture
solutions of filtered surface seawater were used in the temperature
variation culture experiments.

In all experiments, foraminifera were fed once daily with one-day old
brine shrimp (Artemia) nauplii. They were maintained at 28° - 30°C, with
12 hr alternating light and darkness at a light intensity of 200 - 500
UE/m? /sec.

To minimize dilution effects, foraminifera grown in solutions other
than surface seawater were transferred to the final culture solution
through an aliquot of the same solution; the brine shrimp for the daily
feedings were also transferred through this aliquot. Culture containers

were covered with plexiglass sheets to minimize evaporation.
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VARIATION OF TRACE ELEMENTS (Li and Sr) AND

SEAWATER MAJOR ELEMENTS (Na, Mg, and S04)

EXPERIMENTAL DESIGN

Lithium/calcium. Li concentrations were varied in two types of

solutions. The Li concentration in natural seawater was increased up to
twice that of natural seawater by the addition of a Li solution spike. G.
sacculifer were grown in a series of these solutions, individually tended
with daily measurements of shell length, amount of protoplasm in the shell,
rhizopod condition, spine length, and presence and distribution of
symbionts in the rhizopodial network. Chamber formation was recognized
from substantial length changes and observations of protoplasmic chamber
filling. The number of chambers each foraminifer added in culture was thus
known. The chambers from 12 - 19 individuals grown in similar seawater
solutions were pooled for analyses; the shells remaining after the
amputation of the chambers formed in culture were similarly combined.

Table 2.1 lists foraminiferal information, seawater compositions, and
analytical results.

Juvenile, spiral-stage O. universa were also placed in these
Li-spiked natural seawater solutions. Foraminifera which made the
transition from this juvenile stage to the adult, spherical-stage while in
laboratory culture were analyzed. The weight of calcite associated with the
juvenile stage is extremely small compared to that with the adult stage;
the juvenile stage shell usually disappears in the tramsition to adult as
well., For 0. universa, the contribution of calcite deposited prior to
laboratory culture to the final result is minimal. Foraminiferal

information, seawater compositions, and analytical results from this
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EXPLANATORY NOTES FOR TABLES 2.1.A - 2.7.A, 2.15.A FORAMINIFERAL
INFORMATION

# of foraminifera was the total number in each sample.

Average weight per shell was calculated from the Ca analyses of the
sample solutions, the known dissolution volumes, and the number of
foraminifera in each sample. It did not include any calcite lost in
sample handling or cleaning; these losses should have been small.

Average initial shell length and average final shell length were the
mean shell lengths for each group of foraminifera at the beginning
and end of laboratory culture. The population standard deviation for
each mean is also reported to give an indication of the range of
sizes. For 0. universa samples, the initial shell lengths are those
of the juvenile spiral-stage foraminifera placed in culture.

Average # of days in culture were the mean survival times in culture for
the foraminifera in each sample group.

Average # of days to adult were the mean number of days in culture until
the 0. universa underwent the transition from the juvenile
spiral-stage to the adult spherical-stage.

Culture termination 1lists codes for the number of foraminifera removed
from culture for the following reasons:

G gametogenic
D dead
T terminated

EXPLANATORY NOTES FOR TABLES 2.1.B - 2.7.B, 2.15.B SEAWATER COMPOSITIONS

Seawater compositions were calculated from the weights of salts or volumes
of solution spikes added and the total volumes of dilutions, assuming
that S = 36 °/oo for filtered surface seawater culture solutions.,

The composition of the surface seawater was assumed to be:

concentrations ratios

Na 474 mmol/1 Li/Ca 2,55 x 103
Mg 54,5 mmol/1 Sr/Ca 8.68 x 1073
Ca 10.6 mmol/1 Mg/Ca 5.14

K 10.4 mmol/1 Na/Ca 44,7

Sr 92 pmol/1

Li 27 umol/1

S04 29.0 mmol/1

The ratios listed in the tables are of the total calculated elemental
concentrations,



TABLE 2.1 Li-spiked natural seawater —— G. sacculifer (Barbados)
2.1.A FORAMINIFERAL INFORMATION
sample # of average average average average i total # of culture
#t foraminifera weight per initial final of days chambers termination
shell (ng) shell shell in culture separated
length (um) length (um)
1 19 (3)1 31 343 £ 54 679 * 139 6 37 8G 6D ST
2 19 (&)l 20 350 * 67 590 + 128 4 27 9G 4D 6T
3 15 (1)1 30 367 * 64 695 * 109 6 32 8G 2D 5T
4 12 25 331 £ 41 650 = 120 6 26 6G 6T
5 12 36 333 £ 65 660 * 150 5 28 5G 2D 5T
Notes: 1. Number in parentheses was number of foraminifera which did not form any new chambers after

being placed in culture.

No chambers were separated from these individuals and they

were not included in calculation of average final shell length and average number of days in

culture,

1€



2.1.B SEAWATER COMPOSITIONS

sample Li/Ca Sr/Ca Mg/Ca Na/Ca K/Ca [S04]
# (1073) (1073) mmo1/1
1 3.00 8.68 5.14 44,7 0.981 29.0
2 3.45 " "
3 3.91 " " "
4 4,36 " " " "
5 4,81 " " " " "

(A3



2.1.C ANALYTICAL RESULTS

sample sample weight Li/Ca Sr/Ca Mg/Ca Na/Ca K/Ca
# designation fraction (10_6) (10_3) (10—3) (10_3) (10_6)
chambers!

1 chambers 0.56 14.3 1.31 4,84 6.49 258
bodies 17.4 1.40 5.08 6.88 666
total? 15.6 1.35 4.95 6.68 437

2 chambers 0.41 20.2 1.32 3.82 6.43 209
bodies 20.6 1.39 4,54 6.85 266
total 20.5 1.36 4.24 6.67 242

3 chambers 0.50 21.0 1.37 4,48 6.10 237
bodies 20.4 1.41 4,77 7.31 233
total 20.7 1.39 4,63 6.68 235

4 chambers 0.58 22,4 1.40 4,04 5.43 348
bodies 27.9 1.41 3.51 6.08 465
total 24,8 1.40 3.81 5.70 396

5 chambers 0.61 22.0 1.42 5.87 6.06 116
bodies 23.6 1.42 4.27 6.84 178
total 22.6 1.42 5.26 6.35 140

Notes: 1. Weight fraction chambers was proportion of total weight represented by separated

chambers calculated from the calcium analyses on each solution and the known sample
volumes.

2. Total ratios were calculated from analyses of chambers and bodies recombined in
proportion to their weight fractions. The total ratios are the results expected if
the foraminifera had been analyzed whole with no chamber amputations.

€e
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experiment are listed in Table 2.2.

Li has conservative oceanic behavior; natural seawater Li
concentrations less than ~27 umol/l are not found. To test the response of
shell chemistry to Li concentrations lower than the present oceanic one,
1:1 mixtures of natural and artifical Li-free seawaters were used. G.
sacculifer were grown in seven different 1:1 mixtures with Li
concentrations ranging from approximately one-half to twice seawater
values., Li concentrations were varied by the volumetric addition of a
solution spike. Foraminifera were tended in group populations with several
individuals in each culture container. Foraminiferal information, seawater
compositions, and analytical results are listed in Table 2.3.

Sodium/magnesium. Na/Ca and Mg/Ca ratios were simultaneously varied

to test the response of shell chemistry to changes in these ratios. Two
experiments were done, each using a series of 1:1 artificial:natural
seawater mixtures similar to those used in the Li experiments.

In the first experiment, Na, Mg, Cl, and SO4 concentrations all
varied. Li and Sr concentrations were one-half those in natural seawater.
G. sacculifer were grown in four different solution compositions (Na/Ca,
33.5 - 52.3; Mg/Ca, 7.82 - 2.94; solution with lowest Na/Ca has the highest
Mg/Ca), with four individuals in each sample group. Foraminifera were
individually tended with daily shell length measurements. Chamber
amputation procedures were like those described for the Li-spiked natural
seawater G. sacculifer experiment. Foraminiferal informatiom, solution
compositions, and analytical results are listed in Table 2.4.

In the second experiment, Na/Ca and Mg/Ca were varied over a wider
range (Na/Ca, 22.4 - 52,3; Mg/Ca, 12.5 - 2.58). Ca, SO4, Li, and Sr

concentrations and ionic strengths of all solutions were equal to those of



TABLE 2.2 Li-spiked natural seawater -— O. universa (Barbados)

2.2.,A FORAMINIFERAL INFORMATION

sample # of average average average average
# foraminifera initial final of days of days in
shell shell to adult culture
length (um) length (um)
1 12 604 = 88 651 * 95 4 8
2 9 547 * 87 621 £ 50 2 7
3 16 - 612 += 68 3 8

93



2.2.B SEAWATER COMPOSITIONS

sample Li/Ca Sr/Ca Mg/Ca Na/Ca K/Ca [S04]
# (1073) (1073) mmol/1
1 3.00 8.68 5.14 44,7 0.981 29.0
2 3.91 " "
3 4,81 " "

2.2.C ANALYTICAL RESULTS

sample Li/Ca Sr/Ca Mg/Ca Na/Ca K/Ca
# (1076) (10-3) (10-3) (1073) (1076)
1 14.9 1.36 10.3 7.32 399
2 16.9 1.29 9.56 6.11 88
3 27.2 1.27 12.4 6.11 87

9¢



TABLE 2.3 Li-spiked artificial seawater — G. sacculifer (Curacao)
2.3.A FORAMINIFERAL INFORMATION
sample # of average average average average # culture
it foraminifera weight per initial final termination
shell (ug) shell shell in culture
length (um) length (um)
1 9 23 395 £ 48 489 + 97 5G 4D
2 10 22 413 = 49 515 £ 83 6G 4D
3 10 22 396 £ 51 481 t 87 7G 3D
4 10 22 426 £ 31 518 £ 55 6G 4D
5 9 23 347 £ 89 579 + 82 4G 2D 3T
6 9 27 323 + 98 602 £ 113 7G 2D
7 4 19 359 £+ 23 542 = 66 1G 2D 2T




2.3.8B

SEAWATER COMPOSITIONS

sample Li/Ca Sr/Ca Mg/Ca Na/Ca K/Ca [SO4]
# (1073) (1073) mmo1/1
1 1.27 8.58 5.14 44,7 0.981 29.0
2 1.88 " " b " "
3 2.48 " " " " "
4 3.08 *
5 3.70 "
6 4.30 " " b "
7 4,91 b " " "

8¢



2.3.C ANALYTICAL RESULTS

sample Li/Ca Sr/Ca Mg/Ca Na/Ca
# (106) (1073) (1073) (1073)
1 12.7 1.49 7.99 6.56
2 14.3 1.55 6.79 6.97
3 15.9 1.53 6.27 7.32
4 17.9 1.56 5.75 6.82
5 17.5 1.51 5.81 5.73
6 20.0 1.60 7.39 5.91
7 22.6 1.05 6.18 5.86

6€



TABLE 2.4 Na/Mg variations in artificial seawater — G. sacculifer

2.4.,A TFORAMINIFERAL INFORMATION

(Barbados)

sample # of average average average average # total # of culture
it foraminifera weight per initial final of days chambers termination
shell (ug) shell shell in culture separated
length (um) length (um)
1 4 38 326 £ 39 805 £ 68 9 12 3G 1T
2 4 41 301 £ 15 670 £ 49 7 10 4G
3 4 (1)1 22 377 5 669 * 49 6 8 3G 1D
4 4 46 373 £ 101 760 =+ 92 8 7 4G

Notes: 1.
being placed in culture.

Number in parentheses was number of foraminifera which did not form any new chambers after
No chambers were separated from these individuals and they

were not included in calculations of average final shell length and average number of days

in culture.

0%



2.4.B SEAWATER COMPOSITIONS

sample Li/Ca Sr/Ca Mg/Ca Na/Ca K/Ca [S04]
# (1073) (1073) mmol/1
1 1.29 4.38 7.82 33.5 0.981 58.5
2 " 7.32 39.1 44.6
3 3.67 50.0 0.971 17.0
4 " " 2.94 52.3 b 17.0

1%



2.4.C ANALYTICAL RESULTS

sample sample weight Li/Ca Sr/Ca Mg/Ca Na/Ca Na/Mg K/Ca
# designation fraction (1076) (1073) (1073) (10-3) (1076)
chambers!
1 chambers 0.62 17.0 0.83 5.27 5.93 1.13 692
bodies 20.8 1.19 6.91 6.00 0.87 679
total3 18.5 0.97 5.88 5.96 1.01 687
2 chambers 0.68 17.5 0.82 6.03 5.84 0.97 432
bodies 30.4 0.96 6.84 6.52 0.95 1105
total 21.7 0.87 6.29 6.06 0.96 647
3 chambers 0.70 24.0 0.78 4,54 6.97 1.54 1233
bodies 38.5 0.97 4,16 8.39 2,02 1201
total 30.0 0.86 4.39 7.55 1.72 1223
4 chambers 0.61 18.0 0.69 2.55 5.65 2,22 339
bodies 30.0 0.92 2,99 6.76 2.26 723
total 22.6 0.78 2.72 6.08 2.24 489
Notes: 1. Weight fraction chambers was proportion of total weight represented by separated
chambers calculated from the calcium analyses on each solution and the known sample
volumes.
2. Potassium numbers are not consistency standard corrected.
3. Total ratios were calculated from analyses of chambers and bodies recombined in

proportion to their weight fractions. The total ratios are the results expected if
the foraminifera had been analyzed whole with no chamber amputations.

(4
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seawater. G. sacculifer were followed as group populations. Foraminiferal
information, solution compositions, and analytical results for this
experiment are listed in Table 2.5.

Sulfate concentration. SO4 concentrations of seawater solutions were

varied while the rest of the major element composition was the same as that
of natural seawater. The solutions were 1:1 mixtures of artificial and
natural seawaters, to give six different SO4; concentrations (culture
solution [S04], 14.5 = 59.5 mmol/l; natural seawater [S04], 29.0 mmol/1).
The ionic strengths in these solutions, unlike those for the other
experiments, did vary (culture solution I, 0.69 - 0.74 mol/1l; natural
seawater I, 0.71 mol/1). G. sacculifer were tended in groups.
Foraminiferal information, solution compositions, and analytical results
are listed in Table 2.6.

Natural seawater. A few G. sacculifer were grown in unaltered,

filtered surface seawater. Table 2.7 lists the foraminiferal information,
seawater compositions, and analytical results for the foraminifera cultured
in natural seawater and for foraminiferal samples from plankton tows taken

at the collection sites.

GENERAL DISCUSSION

Distribution coefficients. A concept relating the trace element

composition of a solid to the chemistry of the solution from which it

formed is that of a distribution coefficient (or partition coefficient).

The distribution coefficient is the proportionality constant between

solution and solid ratios of a trace element (here represented as M)



TABLE 2.5 Na/Mg variations in artificial seawater — G. sacculifer (Curacao)

2.5.A FORAMINIFERAL INFORMATION

sample # of average average average average # culture
# foraminifera weight per initial final of days termination
shell (ug) shell shell in culture

length (um) length (um)

1 1 2 236 287 4 1D
2 4 3 291 * 102 337 + 126 3 4D
3 2 14 265 * 0 530 + 57 6 2T
4 4 12 229 * 36 449 * 212 5 2D 2T
5 3 16 315 + 63 490 £ 56 5 1D 2T
6 1 21 428 504 6 1T

vy



2.5.B SEAWATER COMPOSITIONS

sample Li/Ca Sr/Ca Mg/Ca Na/Ca K/Ca [S041
# (1073) (1073) mmol/1
1 2.55 8.58 12.5 22.4 0.981 29.0
2 " 10.6 28.4 " b
3 ' " 8.57 34.3 "
4 " 6.58 40.3 "
5 " B 4,58 46.3 " "
6 " 2,58 52.3 "

Gy



2.5.C ANALYTICAL RESULTS

sample Li/Ca Sr/Ca Mg/Ca Na/Ca
# (1076) (1073) (1073) (10-3)
1 - 1.50 44,64 14.99
2 - 1.35 6.26 6.15
3 - 1.38 7.28 5.11
4 14.3 1.33 5.42 4.08
5 12.1 1.23 4,84 3.62
6 - 1.23 5.27 4,95

9y



TABLE 2.6 SO4 concentration variations in artificial seawater —— G. sacculifer (Curacao)
2.6.A FORAMINIFERAL INFORMATION
sample # of average average average average # culture
# foraminifera weight per initial final termination
shell (ug) shell shell in culture
length (um) length (um)
1 4 21 329 = 91 569 101 2D 2T
2 4 30 328 * 80 663 92 1G 3D
3 3 13 347 + 82 612 72 3D
4 4 18 320 £ 81 522 128 1G 3D
5 4 14 323 = 72 489 104 1G 3D
6 3 5 353 + 60 420 113 3D

Ly



2.6.B SEAWATER COMPOSITIONS

sample ionic Li/Ca Sr/Ca Mg/Ca Na/Ca K/Ca [S04]
# strength (1073) (1073) mmol/1
(mol/1)
1 0.69 2.55 8.58 5.14 44,7 0.981 14.5
2 0.70 " " ) ) 22.0
3 0.71 " " " " 29.0
4 0.72 " " " 39.5
5 0.73 " 49.5
6 0.74 " " " 59.5

8%



2.6.C ANALYTICAL RESULTS

sample Li/Ca Sr/Ca Mg/Ca Na/Ca
f (1076) (1073) (1073) (1073)
1 14.0 1.38 5.84 5.38
2 11.3 1.49 6.71 5.07
3 12.1 1.20 5.70 5.05
4 14,2 1.39 4.82 6.69
5 13.9 1.46 5.48 6.61
6 - 1.42 9.62 6.38

6%



TABLE 2.7 30° C natural seawater lab culture and plankton tows -— G. sacculifer and 0. universa

2.7.A FORAMINIFERAL INFORMATION

sample  sample # of average average average average i culture
#t description foraminifera  weight per initial final of days termination
shell (ug) shell shell in culture

length (um) length (um)

G. sacculifer

1 lab culture 2 12 250 0 385 = 37 2 2D
2 lab culture 4 14 282 + 59 460 63 5 4D
3 lab culturel 8 44 620 £ 37
4 lab culturel 1 47 590
5 lab culturel 1 77 740
6 lab culturel 1 66 700
7 lab culturel 1 95 700
8 lab culture? 9 46 700 * 47
9 plankton tow 37 4 260
Barbados
10 plankton tow 11 21 440 * 86
Curacao

0s




2.7.A continued

sample sample # of average average average average # average #
it description  foraminifera  weight per initial final of days of days
shell (ug) shell shell to adult in culture

length (um) length (um)

0. universa

11 lab culture 1 9 340 693 2 4
12 lab culture 2 13 626 £ 21 5 6
13 lab culture 2 13 716 £ 23 4 5
14 lab culture 2 13 479 * 0 5 5
15 lab culturel 8 25 570 + 103
Notes: 1. These foraminifera were not fed or observed after being placed in culture. Although initial

sizes were not recorded, they were generally of large initial size (> 400 um).

2. These foraminifera were placed in culture when the seawater solutions used were contaminated by
bacteria. They died shortly after being placed in culture.

1<



2.7.B SEAWATER COMPOSITIONS

sample Li/Ca Sr/Ca Mg/Ca Na/Ca K/Ca [S04]
# (10~3) (1073) mmol/1

1-11, 15 2.55 8.68 5.14 44,7 0.981 29.0

(natural

seawater)

12-14 8.58 " "

(artificial

seawater)




2,7.C ANALYTICAL RESULTS

sample Li/Ca Sr/Ca Mg/Ca Na/Ca

# (1076) (1073) (1073) (10-3)
G. sacculifer 1 (41.4) 0.92 4.43 6.83

2 20.5 1.35 4,68 7.42
3 13.7 1.53 4.99 7.04
4 23.4 1.24 4,21 6.16
5 12.9 1.13 3.09 5.38
6 7.66 0.98 2.67 4.39
7 13.6 0.93 3.02 4.30
8 15.3 1.47 4.75 7.04

mean of 15.3! 1.19 3.98 6.07

1-8 t 5.4 * 0.24 * 0.91 1.24
9 23.4 1.68 7.12 -
10 15.6 1.35 4,54 3.64

mean of 19.5 1.52 5.83

9-10 5.5 1 0.23 1.82

Notes 1., Mean for Li/Ca did not include sample 1.



2.7.C continued

sample Li/Ca Sr/Ca Mg/Ca Na/Ca
# (1076) (1073) (10~3) (1073)
0. universa 11 - 1.69 4.68 6.54
12 - 0.91 10.27 8.51
13 - 1.03 12.11 8.78
14 - 0.68 7.20 4,39
15 11.7 1.32 10.89 5.60
mean of 1.13 9.03 6.76
11-15 * 0.39 3.03 + 1.88

Vi
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to the major element (Ca) for which it is presumed to be substituting in
the solid phase:

{MC03} /{CaC03} ¢011d
D =

{M2%} /{ca?*}solution
For an ideal solid solution, the distribution coefficient is equal to
the quotient of the solubility products of the two solids:

Kgo(Cacos)
D =

Kgo (MCO3)
The distribution coefficient can be expressed in concentrations in
solution and mole fractions in the solids with solid and solution activity

coefficients:

YMco. XMco . Yca2+[Ca2t]
D = 3 MC0,

YCaCOBXCaCO3YM2+[M2+]

Foraminiferal calcite distribution coefficients in the following
discussion are calculated from solid and solution concentrations.

Ion pairing models of seawater culture solutions. The seawater

concentrations listed in Tables 2.1-2.7 are total elemental concentrations
calculated from the weights of the crystalline salts, the volume of
solution spikes, and the volumes of seawater and distilled water used in
preparing each culture solution. In several of the experiments (Na/Mg
variations and SO4 concentration changes), major element compositions were
significantly different from seawater. The speciation of the major
elements in these solutions was calculated using an ion-pairing model for
seawater (Garrels and Thompson, 1962) with a version of MICROEQL running at

fixed pH (R. E. McDuff, pers. comm.). Ratios of the major elements to Ca
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of the model-derived free ion concentrations are linearly offset from
ratios of total concentrations. Free Mg/Ca ratios are lower than total
ones; free Na/Ca ratios are greater. The small, nearly linear offsets mean
that the relative availability of the free ions did not change
significantly with large changes in solution composition.

Lithium and strontium speciation. Li is dominantly present as the

free ion in seawater (94%). The two ion-pairs used in this calculation
were LiSO4, which was 6% of the total Li in seawater, and LiOH, which
accounted for less than 1% of the total Li at seawater pH. 1In all the
solutions used in the culture experiments, greater than 907 of the total Li
was present as the free ion. The major Sr species in seawater is the free
ion.

Chamber amputations vs. the use of whole shells. In two experiments

(Li-spiked natural seawater, Table 2.1, and Na/Mg variations with varying
S04 concentrations, Table 2.4) the chambers formed while the foraminifera
were in laboratory culture were separated from the rest of the shells.
Both portions were analyzed. The ratios determined for the chambers and
the remaining shells of a foraminiferal sample group were mathematically
recombined using the relative weight proportions to give the expected
results if the samples had been analyzed whole with no separations. The
results of the separate analyses of chambers and remaining shells in these
two experiments (Tables 2.1 and 2.4) show that the compositions of the
separated bodies are often similar to those of the newly formed chambers.
This indicates that new chamber formation and/or gametogenic calcification
did add layers of new calcite to previously formed chambers, this calcite
being a significant proportion of shell weight.

This information led to the easier experimental protocol of
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monitoring foraminifera in group populations for some studies. Several
foraminifera were placed in each container of culture solution, with only

initial and final measurements of shell length taken.

RESULTS AND DISCUSSION

Lithium/calcium. Li/Ca ratios in the calcite oflg. sacculifer and O.

universa grown in Li-spiked natural seawater and G. sacculifer grown in
Li-spiked artificial seawater increase with increases in the growth
solution Li/Ca ratio above that of natural seawater (Figure 2.1). The
average results of a number of G. sacculifer and 0. universa grown in
natural seawater agree with the trends defined by the two species grown in
Li-spiked natural and artificial seawater. The mean Li distribution
coefficient for foraminifera grown in solutions with Li/Ca equal to or
greater than that of natural seawater is 4.9 * 0.6 x 10~3 for four 0.
universa samples and 5.3 * 0.7 x 10=3 for eleven G. sacculifer samples.
(Unless otherwise specified, quoted errors are lo standard deviations of
the data set).

Foraminifera grown in solutions with Li/Ca ratios lower than natural
seawater (Tables 2.3 and 2.4) have Li/Ca ratios which are above the trend
defined by the mean distribution coefficient of G. sacculifer grown in
Li-enriched solutions. This difference is particularly striking for Li/Ca
ratios of g, sacculifer grown in solutions with variations in Na/Mg
(Barbados experiment only; Table 2.4). The solutions in this experiment had
Li/Ca ratios approximately one-half that of seawater, yet the foraminiferal
Li/Ca ratios are greater than that of a sample grown in unaltered seawater.
The calculated distribution coefficients for these Na/Mg experiment

foraminiferal separated chambers range from (13 - 19) x 10-3. One possible



FIGURE 2.1 Li/Ca ratios in foraminiferal calcite and seawater growth
solutions. Plot symbols are:

r G
oooe
Y
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+ o

The line is defined by the mean of the 15 samples with seawater solution
Li/Ca ratios greater than or equal to that of natural seawater.

sacculifer —— Li-spiked natural seawater (Barbados)

separated chambers

sacculifer —- Li-spiked artificial seawater (Curacao)

sacculifer — 30° C natural seawater lab culture

averages

universa —— Li-spiked natural seawater (Barbados)

universa — 30° C natural seawater lab culture
averages

distribution coefficient, with the fit forced through zero, is
(5.2 * 0.6) x 1073,

Li/Ca ratios in the separated chambers from the Na/Mg G. sacculifer
experiment (Table 2.4) are not on this plot.

58
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explanation for this difference is that the S04 concentrations in these
solutions were not equal to that of seawater (Table 2.4.B). Therefore, in
another experiment, major and trace elemental concentrations were kept
constant while SO4 concentrations in the growth solutions were varied
(Table 2.6). Li/Ca ratios from foraminifera grown in those solutions do
not correlate with solution SO, concentrations or solution Li/SO4 ratios.
There is no obvious explanation for the comparatively high Li/Ca calcite
ratios observed in foraminifera grown in this experiment (Table 2.4).

The compositions of the separated chambers and the remaining shells
in two experiments are similar (Tables 2.1 and 2.4), so that the
contribution of the initial water column calcite to the total shell weight
is small.

Strontium/calcium. Mean Sr/Ca ratios in G. sacculifer and 0.

universa calcite from all experinents are plotted versus the Sr/Ca ratios
in the growth solutions (Figure 2.2). The mean Sr distribution coefficient
for all 33 G. sacculifer samples is 0.16 £ 0.02. The mean distribution
coefficient for the separated chambers from four G. sacculifer at solution
Sr/Ca 4.38 x 10-3 is 0.18 = 0.01; for all G. sacculifer and 0. universa at
normal seawater Sr/Ca (8.6 — 8.7) x 1073, the distribution coefficient is
0.16 £ 0.02 (29 samples).

In culturing experiments with the mollusc Mytilus edulis, a Sr

distribution coefficient in calcite of 0.13 * 0.0l was determined (Lorens
and Bender, 1980). Previous measurements on foraminiferal calcite and
other biogenic calcites have shown Sr distribution coefficients about
0.16 * 0,02 (see references in Graham et al., 1982).

Magnesium/calcium. Mg/Ca ratios in foraminiferal calcite

increase with increases in the seawater Mg/Ca ratios (Figure 2.3). The
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FIGURE 2.2 Sr/Ca ratios in foraminiferal calcite and seawater growth
solutions. Mean and standard deviation of the mean are plotted for 2
solution compositions, with 4 samples at the lower solution Sr/Ca and 29
samples at the higher solution Sr/Ca. The line is defined by the mean Sr
distribution coefficient for all 33 samples, 0.16 * 0.02.
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FIGURE 2.3 Mg/Ca ratios in foraminiferal calcite and seawater growth
solutions. Plot symbols are:

2, G. sacculifer — Na/Mg variations in artificial seawater
(Barbados) separated chambers

<> G. sacculifer — Na/Mg variations in artificial seawater
(Curacao)

X G. sacculifer -- 30° C natural seawater lab culture
averages

The two samples with smaller plot symbols had relatively small shell length
changes while in laboratory culture.

The line is defined by the mean G. sacculifer Mg distribution coefficient,
(0.89 = 0.18) x 10~3 (not including the samples with smaller plot
symbols).

The G. sacculifer sample from the solution with the highest Mg/Ca ratio is
not plotted. The solution ratio was 12.5 and the foraminiferal calcite
ratio was 45 x 1073,
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samples with the largest shell length changes (all Barbados samples, 1 - 4;
and samples 3 - 5 from the Curacao experiment) and the mean of samples
grown in natural seawater demonstrate this trend most clearly. Curacao
samples 2 and 6 do not agree with the trend. They had smaller shell length
changes than the other samples (Table 2.5.A). Their departure from the
trend is in the direction expected from protoplasmic equilibration delays
and/or initial water column calcite contributions. Curacao sample 1, at a
solution Mg/Ca ratio of 12.5, has an extremely high Mg/Ca foraminiferal
calcite ratio (44.6 x 1073) and Na/Ca ratio (15.0 x 10~3) compared to the
trends defined by the other samples. It also had a relatively small shell
length change in culture.

The mean Mg distribution coefficient for 8 samples, excluding Curacao
G. sacculifer samples 1, 2, and 6, is (0.89 + 0.18) x 103, There is no
correlation of foraminiferal Mg/Ca ratios with either solution Mg/SO4
ratios or solution SO4 concentrations.

A similar pattern of an approximately linear increase in calcite
Mg/Ca ratios with an increase in solution ratios and a large increase at
high solution ratios was seen in the calcite deposited by M. edulis in
laboratory culture (Lorens and Bender, 1977). The high Mg content of
calcite at higher solution ratios was attributed to a breakdown in
physiological discrimination. This data set has only one sample with an
extreme Mg/Ca ratio, so the process cannot be evaluated here.

The value of the Mg distribution coefficient in inorganically
precipitated calcite is a matter of debate (see Chapter 3). Most estimates
of the inorganic calcite distribution coefficient are higher than the

foraminiferal calcite one determined here. A study of inorganic calcite

overgrowths on calcite seed crystals found that the distribution
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coefficient for Mg was relatively constant above solution Mg/Ca ratios of
7.5, and exponentially increased at lower solution ratios (Mucci and Morse,
1983). The foraminiferal data, with lower Mg distribution coefficients, do
not show any correlation between solution Mg/Ca ratios and the Mg
distribution coefficient.

Sodium/calcium. Na/Ca ratios show no correlation between solution

and shell chemistries (Figure 2.4). A plot of the compositions of the
separated chambers for the Barbados samples does not differ significantly
from a plot of the total ratios. The foraminiferal sample from the
seawater solution with the lowest Na/Ca ratio (and the highest Mg/Ca ratio)
has the highest calcite Na/Ca (15.0 x 10~3). It also has the highest
calcite Mg/Ca ratio (44.6 x 10~3). There is no correlation between
foraminiferal Na/Ca ratios and solution Na/SO4 or SO4 concentrations.

Since the Mg/Ca ratios in the same samples as studied for Na/Ca do
show a relationship to solution Mg/Ca ratios (Figure 2.3), the lack of
correlation between solution and calcite Na/Ca ratios cannot be due to
substantial contributions of initial water column calcite to the final
sample weights., Protoplasmic equilibration mechanisms would have to be
different for Na and Mg to account for the approximately constant Na/Ca
calcite ratios while Mg/Ca calcite ratios varied.

Laboratory culture of M. edulis also showed no variation of calcite
Na/Ca ratios with solution Na/Ca ratios, but did show an apparent
dependence of increasing calcite Na/Ca ratios on increasing solution Mg/Ca
ratios. The foraminiferal data are similar in having the highest Mg/Ca and
Na/Ca ratios in the same sample, but do not show the same correlation of
calcite Na/Ca ratios with solution Mg/Ca ratios. The high point is only

one sample and therefore the possibility of contamination cannot be
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FIGURE 2.4 Na/Ca ratios in foraminiferal calcite and seawater growth
solutions., Plot symbols are:

{? G. sacculifer —— Na/Mg variations in artificial seawater
(Barbados) separated chambers

<> G. sacculifer — Na/Mg variations in artificial seawater
(Curacao)

X G. sacculifer — 30° C natural seawater lab culture
averages

The two samples with smaller plot symbols had relatively small shell length
changes while in laboratory culture.

The G. sacculifer sample from the solution with the lowest Na/Ca ratio is
not plotted. The solution ratio was 22.4 and the foraminiferal calcite
ratio was 15.0 x 10~3 for that sample.
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disregarded in either the Mg/Ca or Na/Ca result.

Three of the elements studied (Li, Sr, and Mg) show an essentially
linear relationship between shell chemistry and solution chemistry for
certain ranges of solution chemistry. Na does not vary in the calcite
shells with variations in solution chemistry. The culture experiment
results show that foraminiferal calcite can be used as an indicator of

paleochemistry for some elements.

CADMIUM AND ZINC

EXPERIMENTAL DESIGN

The values of the distribution coefficients of Cd and Zn in
foraminiferal calcite were determined using radioisotope tracers. Metals
such as Cd and Zn may be adsorbed on or incorporated in organic matter
associated with calcite shells. To test for organic matter contamination,
foraminiferal samples were counted for radioisotope uptake, cleaned of
organic matter, and then recounted.

Cd and Zn each have a y-emitting isotope of easily measured energy
and half-life (109cd and 65Zn). Ca has a B-emitting isotope (45Ca, B~, 257
keV). Comparing Cd or Zn to Ca requires measuring absolute activities of a
y-emitter and a B-emitter. The determination of absolute activities on
both types of detectors is sensitive to sample geometry. Dissolution of
the foraminiferal samples would have been necessary to insure reproducible
standard and sample geometries, precluding any sample recounts after
further cleaning procedures.

Evidence from ion microprobe studies of benthic foraminiferal shells

(Lefévre and Vénec—Peyré, 1977) and from partial dissolution experiments
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with G. sacculifer shells (Bender et al., 1975) indicated that Sr is
homogeneously distributed in foraminiferal calcite. Culture experiments
showed that Sr incorporation in foraminiferal calcite is directly
proportional to the solution concentration (Figure 2.2). Sr, unlike Ca,
has a y-emitting isotope of easily measured energy and half-life (85sr).
The procedure of measuring Cd or Zn incorporation relative to Sr
incorporation was chosen to satisfy the requirement of cleaning and
recounting samples. Ratios of the relative counting rates of the two
isotopes in both foraminiferal and seawater samples were measured on the
same detector, eliminating absolute activity standardizations.

Table 2.8 lists information on the radioisotope tracers (109Cd, 657n,
and 85sr). Two isotopes were used in each experiment: 109¢d and 83sr or
65zn and 85Sr. The relative incorporation of the two elements in the
foraminiferal calcite deposited while in laboratory culture was measured by
the quotient of the count ratio of the radioisotopes in the foraminiferal
shell and the count ratio of the radioisotopes in the corresponding
seawater solution. This quotient is referred to here as a relative

incorporation coefficient since neither element measured is a major

component of calcite. Defining this measurement as the relative
incorporation coefficient assumes that there are no differences in
protoplasmic equilibration times for the elements. For example, if
solution Cd equilibrated more rapidly with the elemental pool used for
calcification than did Sr, the measured relative incorporation coefficient
would be larger than the true value.

Multiplying the relative Cd or Zn incorporation coefficients by the
foraminiferal calcite Sr distribution coefficient (Dgr/cg = 0.16) converts

them to the corresponding distribution coefficients (Dgq/ca ©f Dzn/Ca)-



TABLE 2.8 Radiotracer information

isotope half-life (days) photopeak energy (kev)

Cadmium—-109 453 88.03 (109Ag x-ray peak at 22 kev)
Strontium-85 65.2 514.0

Zinc-65 243.8 1115.5

All tracers were obtained from New England Nuclear, Inc. Cadmium-109 and zinc-65 were
both carrier-free. All three were initially in 0.5 M HCl in concentrated solution and
diluted to give spikes of the appropriate activity. For Sr, the concentrations

added to seawater solutions were calculated from the activity and the specific activity.
For carrier—-free Cd and Zn, the concentrations were calculated from the

activities.

1L
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This transformation rests on the assumption that there is no discrimation
between Ca and Sr in shell calcification.

Radiotracer solution spikes were added to filtered surface
seawater and foraminifera were cultured in these solutions. The spikes
were sufficient to give detectable levels of the tracers in the
foraminiferal samples. The absolute amount of total Sr added ranged from
0.02 - 0.25 umol/1l; the Sr spike was not carrier-free, so the added amount
of 85Sr was much lower than total Sr added. The added Sr concentration is
negligible compared to seawater Sr concentrations of ~90 umol/1.

For Cd, radiotracer spikes were equivalent to added concentrations of
0.05 - 0.09 nmol/l for the Barbados experiments and 0.7 mmol/l for the
Curacao experiments. An uncontaminated surface seawater sample from the
Barbados collection site has a Cd concentration of ~0.05 nmol/l. The
Barbados levels added by radiotracer addition are comparable to this; the
added levels in Curacao were higher than this. No trace element handling
precautions were taken in the foraminiferal culture experiments, so Cd
contamination may have been comparable to that added by the radiotracer
spikes.,

Zn added concentrations were 0.002 - 0.008 mmol/1l in the Barbados
experiments and 0.074 nmol/1 in the Curacao experiments. Uncontaminated
open ocean surface seawater values are expected to be no more than a few
tenths mmol/l. Because Zn contamination is difficult to avoid, the
radiotracer Zn added in each set of experiments is probably a small
proportion of the total Zn present in the culturing solutions.

The initial shell length, final shell length, and number of days in
culture were recorded for most samples; some foraminifera were measured for

shell length only at the end of culture. Temperature, light, and feeding
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conditions were the same as the stable element culture experiments. At the
end of laboratory culture, the shells were thoroughly rinsed with distilled
water. The counting rate ratio of the two isotopes present was determined
in the foraminiferal samples and seawater solutions. Some samples were
cleaned of organic matter by treatment with hot basic hydrogen peroxide,
followed by repeated distilled water and methanol rinses, air dried, and
then recounted to test for the presence of these elements in organic matter
removed from the shells by this cleaning. 1In all cleaning steps,
ultrasonic agitation of the samples was used. In some cases shells
underwent a second hot basic hydrogen peroxide cleaning and a third
recount.

Counting of foraminiferal shells and seawater solutions was done
using a 1" x 11 /2" NaI(T1l) detector (The Nucleus, P2000 detector) and a 256
multi-channel analyzer (The Nucleus, Inc., Model 256 MCA) for pulse height
analysis. To reduce high ambient background count rates typical of NaI(T1)
detectors (Friedlander, et al., 1981, p. 263), the detector sample area was
surrounded with lead shielding of approximately one inch.

853r and ©5Zn were quantified by measurements of their photopeak
areas. The direct measurement of the 109cd photopeak (88.03 kev) on the
NaI(T1l) detector was complicated by a background peak and a peak in the
85gr energy spectrum both close to the photopeak energy. Correcting the
109¢cq photopeak area for these two contributions, each with a counting rate
significant relative to sample rates, resulted in large statistical errors
on the net rate. The 109d spectrum also has a 22 kev 109Ag x—-ray peak,
with the advantages of a lower background rate and no overlapping peaks in
the 85sr spectrum, although correction must still be made for the broad

85gr Compton distribution. Additionally it has a higher counting rate than
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the corresponding photopeak (factor of ~3 on the NaI(T1l) detector). 109¢cq
was therefore quantified by the 109Ag peak (22 kev) for all of the
foraminiferal samples from Curacao.

Since the Barbados foraminiferal shells had low absolute activites,
they were counted in groups of single species grown in solutions of the
same composition. 109¢d was quantified for these samples by measurement of
the 109cd 88.03 kev photopeak area using the M.I.T. LEPS Ge(Li) y-system.
The separate measurements of Cd and Sr counting rates and conversions to
activities means that the results from these Barbados experiments are more
uncertain than indicated by the counting statistic errors. These early
results were significant because of the lower amounts of Cd added to sample
solutions by radiotracer spikes.

Calculation procedures are summarized in Appendix 2.1. Background
levels and energy calibrations were monitored to check for contamination
problems and for changes in peak locations due to instrumental variations.

Errors reported are lo counting statistic YN errors propagated
through the calculations. Counting statistic errors reported are a
function of both counting rates and times. Many of the peaks measured in
the foraminiferal samples had counting rates close to background rates,
leading to large statistical errors on the calculated distribution
coefficients. There may be systematic errors unaccounted for which would
have affected the results with large counting statistic errors to a greater
degree than results with smaller errors. Actual errors are probably larger
than the quoted counting statistic errors.

In the following discussion, results with a counting statistic error

greater than an arbitrary cut-off of 20% will be disregarded.
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RESULTS

Cadmium. Foraminiferal information and calculated distribution
coefficients for foraminifera grown in solutions spiked with Cd and Sr
radiotracers are listed in Table 2.9.

The Barbados results, as discussed earlier, are more uncertain (aside
from counting statistic errors) than the Curacao results because of the
separate measurements of Cd and Sr. There are no significant differences
in the results of the two sets of experiments despite the higher levels of
added Cd in the Curacao experiments.

The values for 0. universa and G. ruber from the Barbados experiments

are similar to the values for G. sacculifer. Within the statistical and
experimental errors, the interspecific differences are not significant.

Cleaning procedures to rid the shells of remaining protoplasmic
organic matter reduced the measured Cd distribution coefficient for some
samples, indicating the presence of Cd in this material (Figure 2.5a). For
some samples, the measured distribution coefficients before and after this
cleaning did not differ within lo counting statistic errors (Figure 2.5b).
The weighted mean Cd distribution coefficient and probable error of the
mean for all samples after only water-washing is 1.9 * 0.1. For samples
with counting statistic errors < 20% after cleaning with hot basic hydrogen
peroxide solutions, the mean distribution coefficient is 1.8 * 0.1. (This
excludes sample numbers 1044, 1100, 1096, and 1041.) If the results from
all samples after this cleaning are included, the mean is the same, while
the probable error of the mean is smaller. Definitions of the weighted
mean and probable error of the weighted mean are given in Appendix 2.1.

The best estimate of the Cd distribution coefficient in foraminiferal

calcite from these data is 1.8.



TABLE 2.9 Cadmium incorporation

2.9.A TFORAMINIFERAL INFORMATION

sample species initial final comments
# shell shell
length (um) length (um)

Curacao 1044 G. sacculifer 590 599 D

experiments
1039 G. sacculifer 495 536 D
1100 G. sacculifer ~504 523 G
1096 G. sacculifer ~240 554 G
1097 G. sacculifer ~240 561 G
1042 G. sacculifer 524 617 G
1038 G. sacculifer 495 693 G
1043 G. sacculifer 590 708 G
1040 G. sacculifer 495 724 G
1041 G. sacculifer 524 770 G

9L



2.9.A continued

sample species initial final comments
# shell shell
length (um) length (um)

Barbados 72 G. sacculifer 340 504 T
experiments 73 - 271 630 T
74 473 724 G
38 0. universa juvenile 473
39 - juvenile 647
40 1 juvenile, 605
41 2 newly 630
42 adult 573
44 juvenile 536
45 juvenile 693 T
77 0. universa juvenile 631 T
78 juvenile 573 T
18 G. ruber 473 D
19 o 485 D
20 277 D
21 498 D

LL



2.9.B DISTRIBUTION COEFFICIENTS

sample species water rinsed cleaned once cleaned twice
# Dcd/ca Dcd/ca Dca/ca
Curacao 1044 G. sacculifer 5.3 £ 1.0 3.8 £ 1.7
experiments
1039 G. sacculifer 4.5 + 0.5
1100 G. sacculifer 6.6 £ 0.5 9 % 4 5.4 0.8
1096 G. sacculifer 19 £ 1 11 £ 3 10 £ 1
1097 G. sacculifer 38 £+ 2 14 + 2 24 + 6
1042 G. sacculifer 2.3 0.3 2.6 ¥ 0.3
1038 G. sacculifer 2.0 £ 0.1 2.0 £ 0.1
1043 G. sacculifer 1.7 £ 0.1 2.0 £ 0.4
1040 G. sacculifer 1.3 £ 0.1 1.3 £ 0.1
1041 G. sacculifer 1.9 + 0.2 2.3 ¢ 1.1
Barbados 72-74 G. sacculifer 17 £ 2 4.6 £ 0.6
experiments
38-42, 44, 45 0. universa 11 £ 1 2.4 * 0.3
77, 78 0. universa 32 £ 3 6.4 * 0.8 5.8 £ 1.0
18-21 G. ruber 12 + 2 < 4t 2

87
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FIGURE 2.5 Cd distribution coefficients measured on foraminiferal shells
grown in radiotracer spiked solutions.

Error bars are lo ¥N counting statistic errors. Distribution coefficients

with errors > 207% are not plotted.

a. Cd distribution coefficients for those shells whose values changed
after organic matter cleaning. The cleaning treatments are indicated as
follows:

1 rinsed with distilled water

2 cleaned of organic matter with hot basic hydrogen peroxide
Foraminiferal sample numbers (Table 2.9) are indicated.
b. Cd distribution coefficients for those shells whose values did not

change after organic material cleaning. Dashed line indicates weighted
mean value for all samples after organic matter cleaning.
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Zinc. Table 2,10 lists foraminiferal information and calculated
distribution coefficients for foraminifera grown in seawater spiked with Zn
and Sr radiotracers. The results are plotted in Figure 2.6.

For Zn, the distribution coefficients measured on shells which had
undergone cleaning to remove organic matter were significantly lower than
the values from the water washed shells. Also, some samples which had
measurable Zn peaks after water washing had no measureable Zn peaks after
the organic matter cleaning step. The estimate of the Zn distribution
coefficient from the samples cleaned of organic matter of 0.7 is a maximum

value for the actual incorporation of Zn in the calcite shell.

DISCUSSION

Cadmium. The best estimate from these experiments of the Cd
distribution coefficient in foraminiferal calcite is 1.8 * 0.1 (weighted
mean and probable error on the weighted mean). Measurements of two species

of benthic foraminifera, Uvigerina spp. and Cibicidoides kullenbergei, from

a series of core tops showed Dcq/ca = 2.0 * 0.4 (mean and standard
deviation) (Hester and Boyle, 1982). These two estimates are in excellent

agreement, Analyses of Globoratalia truncatulinoides shells from central

Atlantic cores had an average of 40 x 1079 Cd/Ca; from an equatorial
Atlantic core, 168 x 1079 cd/Ca (E. A. Boyle, pers. comm.). G.

truncatulinoides calcifies at oy = 26.8 (Curry and Matthews, 198la). The

depth at of = 26.8 was used to estimate the water column phosphate
concentration. The regression of oceanic Cd and phosphate (Bruland, 1980)
was then used to estimate Cd concentrations at the assumed calcification

depths. The calculated Cd distribution coefficients for G.



TABLE 2.10 Zinc incorporation

2.10.A FORAMINIFERAL INFORMATION

initial final
sample species shell shell days in comments
# length (um) length (um) culture
Curacao 1107 G. sacculifer ~230 403 average D
experiments of
1106 G. sacculifer ~230 466 4 days D
1109 G. sacculifer 365 536 G
1108 G. sacculifer ~230 605 G
1110 G. sacculifer 460 617 G
1111 G. sacculifer 554 611 D
1112 G. sacculifer 517 708 D
Barbados 81 G. sacculifer 321 334 5 G
experiments
59 G. sacculifer ~395 447 3
28 G. sacculifer 567 8
25 G. sacculifer 599 8
58 G. sacculifer ~395 678 3
80 G. sacculifer 384 678 5 G
27 G. sacculifer 693 8

Z8




2.10.A continued

sample species initial final days in comments
it shell shell culture
length (um) length (um)
Barbados 29 G. sacculifer 693 8
experiments
(continued) 30 G. sacculifer 693 11
82 G. sacculifer 399 708 5 G
23 G. sacculifer 755 7
24 G. sacculifer 755 8
22 G. sacculifer 785 5
55 0. universa juvenile 473 9
57 0. universa juvenile 567 7
56 0. universa juvenile 739 7
68 G. ruber (pink) ~290 454 4
69 G. ruber (pink) ~290 460 7 T

€8



2.10.B DISTRIBUTION COEFFICIENTS

sample species water rinsed cleaned once
# Dzn/Ca Dzn/Ca
Curacao 1107 G. sacculifer 19 £ 1 Npl
experiments
1106 G. sacculifer 28 * 1
1109 G. sacculifer 3.5 0.5
1108 G. sacculifer 4.5 £ 0.3 ND
1110 G. sacculifer 3.6 * 0.3 0.22 = 0.08
1111 G. sacculifer 7.0 £ 0.3 1.5 = 0.1
1112 G. sacculifer 10 £ 2 2.2 £ 0.5
Barbados 81 G. sacculifer 37 £+ 9
experiments
59 G. sacculifer 31 £ 5
28 G. sacculifer 5.1 £ 0.6
25 G. sacculifer 2.4+ 1.1 ND
58 G. sacculifer 8.8 + 1.0
80 G. sacculifer 23 + 2
27 G. sacculifer 4.0 £ 0.5

%8



2.10.B  continued

Barbados
experiments
(continued)

sample species water rinsed cleaned once
# Dzn/ca Dzn/Ca
29 G. sacculifer 12 £ 1
30 G. sacculifer 0.8 £ 0.2
82 G. sacculifer 3.7 £ 0.8
23 G. sacculifer 5.1 * 0.5 ND
24 G. sacculifer 1.8 £ 0.6
22 G. sacculifer 2.9 £ 0.6 0.18 * 0.62
55 0. universa 31 £ 3 38 £ 4
57 O. universa 11 + 1
56 0. universa 25 £ 2 23 £ 1
68 G. ruber (pink) 13 £+ 1
69 G. ruber (pink) 1.9 £ 0.3
Notes: 1., ND indicates no detectable zinc activity.

G8
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FIGURE 2.6 Zn distribution coefficients measured on foraminiferal shells
grown in radiotracer spiked solutionmns.

Error bars are log ¥YN counting statistic errors.

a. G. sacculifer shells -- filled plot symbols indicate distribution

coefficients after samples were cleaned of organic matter. Samples whose

numbers are marked with an asterisk had no measurable Zn activity after

organic matter cleaning.

b. O. universa shells. The cleaning treatments are indicated as follows:
1 rinsed with distilled water

2 cleaned of organic matter with hot basic hydrogen peroxide

Foraminiferal sample numbers (Table 2.10) are indicated.
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truncatulinoides are 3.4 for shells from the central Atlantic cores and 3.6

for shells from the equatorial Atlantic core. Given the uncertainties in
this type of estimation, the three different methods give similar values
for the Cd distribution coefficients in foraminiferal calcite over a wide
range of calcification temperatures (~3° C for the benthic foraminifera to
30° C for the laboratory culture experiments).

Cd distribution coefficients in inorganically precipitated calcite
depend on precipitation rates, with Dgq/ca ranging from ~30 at low
precipitation rates to ~10 at high rates (Lorens, 1978). Up to 20% of the
measured distribution coefficient at low precipitation rates may be due to
surface adsorption of Cd; the uncertainty in the distribution coefficient
due to surface adsorption is smaller at higher precipitation rates (Loreus,
1978). The foraminiferal distribution coefficients are all significantly
lower than the inorganic precipitation ones.

Zinc. Based on the culture experiments, the maximum Zn distribution

coefficient is 0.7. G. truncatulinoides from central Atlantic cores had

(2 1) x 10-6 Zn/Ca, and from an equatorial Atlantic core, 3.3 x 10-6
Zn/Ca; benthic foraminifera from North Atlantic cores had 8.6 x 1076 Zn/Ca
(E. A. Boyle, pers. comm.). Using the oy = 26.8 depth to estimate the

water column silicate concentration for the G. truncatulinoides samples and

estimating bottom water silicate concentrations, the Zn-silicate North
Pacific regression (Bruland, 1980) gave Zn concentrations at the assumed
calcification depths. The calculated Zn distribution coefficients were 79

and 61 for the central Atlantic and equatorial Atlantic G. truncatulinoides

samples respectively, and 33 - 158 for the benthic foraminifera. These
values are much higher than those measured on samples cleaned of organic

matter from the laboratory culture experiments.
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The distribution coefficient of Zn in inorganically precipitated
calcite ranged from ~60 at high precipitation rates to ~150 at low rates
(Lorens, 1978). Surface adsorption corrections are large at low
precipitation rates, so those distribution coefficients are more uncertain

than those at faster precipitation rates (Lorens, 1978). The foraminiferal

estimates from the core sample G. truncatulinoides are in rough agreement
with these values; the best estimate from the culture experiments is

significantly lower.

TEMPERATURE AND FORAMINIFERAL CALCITE

TRACE ELEMENT DISTRIBUTION COEFFICIENTS

To use foraminiferal shells as paleochemical indicators, effects of
temperature as well as solution composition on trace element composition
must be evaluated. The paleotemperature history of the ocean shows a
general cooling of 10 - 15° C over 70 Ma, with glacial/interglacial cycles
for at least the last 13 Ma (Shackleton, 1982). Surface ocean temperature
differences from the interglacial present to the last glacial maximum (18
K) average 2.3° C, ranging up to 8 - 10° C in limited areas (CLIMAP, 1976).
If biogenic trace element distribution coefficients vary with temperature,
oceanic temperature changes could impose variations independent of seawater
chemical changes on the trace element composition of foraminiferal calcite.
Alternatively, on time scales long relative to an oceanic elemental
residence time, a dependence of trace element composition on temperature
would allow foraminiferal calcite to be used as an indicator of temperature
changes independent of §180,

A simple thermodynamic model for the variation of distribution
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coefficients with temperature assumes that since the vibrational energy of
the lattice increases with increasing temperature, the lattice's ability to
accommodate a foreign ion should also increase. Distribution coefficients
should increase with temperature increases by this argument (Krauskopf,
1967).

Ideally, the distribution coefficient is equivalent to the quotient
of the solubility products of the two solids. If these vary differently
with temperature, their ratio will be a function of temperature. This
explanation was invoked for the inverse relationship observed between
temperature and the Sr distribution coefficient in aragonite (Kinsman and
Holland, 1969). Similarly, if the solution ion activity coefficients for
the two ions vary independently with temperature, the distribution
coefficient can either increase or decrease with temperature changes
(Swart, 1981).

Trace element distribution coefficients for several elements in
inorganic calcite were shown to be precipitation rate dependent (Lorens,
1978). For elements with distribution coefficients less than one (Sr),
distribution coefficients increased with increasing precipitation rates.
For elements with distribution coefficients greater than one (Co, Mn, Cd,
and Zn), distribution coefficients decreased with increasing precipitation
rates. If temperature directly or indirectly changes the biogenic
calcification rate, the value of the distribution coefficient could change.

In considering this last effect on organisms, it is important to
distinguish between macroscopic growth observations (e.g. the number of
chambers added or the shell length change per days in culture for
foraminifera) and the actual rate at which calcite was precipitated in

shell formation. Formation of a new, thin-walled chamber for nonspinose
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Globoratalia hirsuta or Globorotalia truncatulinoides takes 5-6 hours (Bé

et al., 1979).

Interspecific differences in trace elemental ratios in foraminifera
have been observed, with temperature often invoked as the controlling
mechanism. Average Mg/Ca ratios of six planktonic species increased with
increasing §180 calcification temperatures; however, intraspecific Mg/Ca
ratios did not correlate with isotopic temperatures (Savin and Douglas,

1973). The down-core Mg/Ca ratios in the G. sacculifer-triloba group were

reported to parallel the 6180 record in a sediment core (Kilbournme and Sen
Gupta, 1973). Interspecific differences in Sr/Ca, Mg/Ca, and Na/Ca ratios,
with a general trend of increasing trace elemental ratios with shallower
average assigned depth ranking, were found (Bender et al., 1975). However,
the trace elemental ratios of the tests of two planktonic species, G. ruber
and G. sacculifer, in North Atlantic core top samples did not correlate
with surface water temperatures (Bender et al., 1975). Sr/Ca and, less
consistently, Mg/Ca ratios in the tests of two planktonic species,

Globigerina bulloides and Globorotalia inflata, in two Southern Indian

Ocean cores covaried with several paleoclimatic indices over the last
200 - 300 Ka, with lower trace elemental ratios in glacial periods than in

interglacials (Cronblad and Malmgren, 1981).

OUTLINE OF THE EXPERIMENTS

Four data sets were examined to evaluate the relationship of
trace elemental ratios in foraminiferal calcite and temperature: three
species of planktonic foraminifera from Panama Basin sediment trap samples

and benthic foraminifera from a North Atlantic sediment core; three species
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of planktonic foraminifera in size fractioned samples from an Indian Ocean
core top; five species of planktonic foraminifera from two equatorial
Atlantic core—tops; and two species of planktonic foraminifera grown at

controlled temperatures in laboratory culture experiments.

RESULTS AND DISCUSSION

Panama Basin sediment trap samples. Size—fraction controlled samples

for Globoquadrina dutertrei and Globorotalia menardii and population

samples for G. sacculifer were analyzed from four sediment trap depths in
the Panama Basin (5°21'N 81°53'W, 112 day deployment, August - December
1979). The results are summarized in Table 2,11.

Species abundances and oxygen isotopic data on these species from
vertically stratified plankton tows in the Panama Basin and the
water—-column temperature profile indicated average calcification
temperatures of 27° C for G. sacculifer, 20° C for G. dutertrei, and 20° C
for G. menardii (Fairbanks et al., 1982). Trace elemental ratios, except
for Li/Ca, are higher for G. sacculifer than for the two other species.

North Atlantic benthic foraminifera. Trace elemental ratios were

determined on sample solutions of Uvigerina spp. (Chain 82 Station 31 Core
11PC; Boyle and Keigwin, 1982). The results are listed in Table 2.12.

The 6180 record in this core reflects mainly ice-volume changes; the
bottom water temperatures at this site should be approximately 2° C for all
samples. The average trace elemental ratios in these samples are lower
than those in the planktonic species analyzed from the Panama Basin
sediment trap samples (Figure 2.7). Sr/Ca, Mg/Ca, Na/Ca, and K/Ca ratios

increase with increasing assumed calcification temperatures. The Uvigerina



TABLE 2,11 Panama Basin sediment trap foraminiferal
sample species trap shell average 2 Li/Ca Sr/Ca Mg/Ca Na/Ca K/Ca
# depth length weight per (1076) (1073) (1073) (1073) (107
(m) (um) shell (ug)
1 G. sacculifer 667 population 32 23.3 1.46 3.25 7.53 -
2 G. sacculifer 1268 population 36 24,2 1.53 3.56 8.51 178
3 G. sacculifer 2869 population 37 22.0 1.44 3.54 7.35 -
4 G. sacculifer 3791 population 31 22.0 1.47 3.23 7.09 -
average for G. sacculifer 22.9 1.48 3.40 7.62 178
1.1 $0.04 *0.18 *0.62
5 G. dutertrei 667 525-675 54 24,0 1.33 2,27 6.59 150
6 G. dutertrei 1268 500-700 39 21.9 1.45 1.90 6.50 133
7 G. dutertrei 2869 450-650 55 22.2 1.37 1.99 5.93 129
8 G. dutertrei 3791 375-600 45 22.8 1.40 - - -
average for G. dutertrei 22.7 1.39 2.05 6.34 137
1.0 +0.05 ¥0.19 %0.36 t11

£6



2.11 continued

sample species trap shell average 2 Li/Ca Sr/Ca Mg/Ca Na/Ca K/Ca
# depth length weight per (10-6) (10"3) (10'3) (10'3) (10'6)
(m) (um) shell (ug)

9 G. menardii 667 1000-1230 74 25.0 1.40 - - -
10 G. menardii 1268 940-1100 73 26.4 1.32 2.09 5.87 -
11 G. menardii 2869 1150-1300 104 21.0 1.36 2.08 5.38 -
12 G. menardii 3791 1050-1200 89 21.8 1.39 2.16 5.66 -

average for G. menardii 23.6 1.37 2,11 5.64 -
2.6 $0.04 X0.04 +0.25

Notes: 1.

Panama Basin sediment trap deployment (Sus Honjo):

August-December 1979.

5°21'N 81°53'W,

112 day deployment,

Average weight per shell was calculated from total weight and number of foraminifera in each

sample,

%6



TABLE 2.12 North Atlantic benthic foraminifera —-— Chain 82 Station 31 Core 11ecl Uvigerina spp.

sample depth in §18g 2 Li/Ca Sr/Ca Mg/Ca Na/Ca K/Ca
f core (cm) (°/e0)  (1070) (1073) (1073) (1073) (1076)

1 105-110 4,15 21.4 1.05 1.04 3.82 -
2 110-115 4,09 21.4 1.01 1.01 3.86 -
3 115-120 3.96 25.0 1.07 - - -
4 140-145 3.66 27.5 0.99 0.90 3.69 89
5 159-164 3.65 24,2 1.01 0.89 4.01 108
6 205-210 3.62 19.9 0.97 0.84 3.47 -
7 225-230 3.53 34.8 0.97 0.91 3.79 -
8 231-235 3.87 21.4 1.03 0.74 3.63 -
9 318-323 2.92 26.5 0.98 - - -
10 403-408 3.68 17.8 1.05 1.01 3.55 -
average of all samples 24,0 1.01 0.92 3.73 97

*4.,9 +0.04 +0.10 +0.18 *15

Notes: 1. 42°N 32°W; 3209 m water depth; 2.6 cm/1000 yr average sedimentation rate.

2. 6180 values are of C. wuellerstorfi relative to PDB; data are from Boyle and
Keigwin (1982), Table 1, interpolated between depths where necessary.

<6



96

FIGURE 2.7 Average trace elemental ratios in three species of planktonic
foraminifera from Panama Basin sediment traps and benthic foraminifera from
a North Atlantic sediment core versus assumed calcification temperatures.

a.
b.
Ce
d.
€.

Li/Ca
Sr/Ca
Mg/Ca
Na/Ca
K/Ca

Plot symbols are:

m L

s

G. sacculifer -- Panama Basin sediment trap
G. menardii -- Panama Basin sediment trap
G. dutertrei -— Panama Basin sediment trap

Uvigerina spp. —— North Atlantic sediment core
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Li/Ca ratio has a wide range; the benthic and planktonic foraminifera
data show no systematic trend for Li/Ca ratios with temperature.

Indian Ocean core top planktonic samples. Trace elemental ratios

were determined on size-fractioned samples of G. ruber (white), G.
sacculifer, and G. menardii from an Indian Ocean core top (RC14-36 00°
27.9'S 89° 59.7'E; 3076 m water depth). The foraminifera used were splits
of samples picked by W. B, Curry and analyzed for carbon and oxygen
isotopes. The results are summarized in Table 2,13.

The trace elemental ratios are higher in species with lighter §180;
the trends within any one species are not as well defined (Figure 2.8).

The §180 of foraminiferal calcite is a function of both the
calcification temperature and the 6180 of the seawater in which the
foraminifera grew. §180 varies with salinity; as depth in the water colummn
increases and salinity decreases, seawater 1is isotopically lighter. A
foraminiferal shell deposited deeper in the water column is isotopically
lighter for the same calcification temperature than one secreted at
shallower depths because of this water chemistry difference. The
temperature decrease with increasing depth in the water column has the
opposite effect on the equilibrium calecite §180. TFor colder temperatures,
the calcite is isotopically heavier for the same seawater isotopic
composition. Calcite oxygen isotopic values alone do not give independent
temperature estimates.

North Atlantic core top planktonic samples. Several species of

planktonic foraminifera (G. menardii, G. sacculifer, G. ruber, O. universa,

and G. truncatulinoides) were analyzed from two North Atlantic core top

trigger weight samples which had been independently sampled and analyzed

for oxygen and carbon isotopes (Durazzi, 1981). Table 2.14 summarizes the



TABLE 2.13 1Indian Ocean core top planktonic foraminifera

RC14-36 (00°27.9'S 89°59.7'E; 3076 m water depth)

sample species shell average | 6180 2 s13¢c 2 vri/ca Sr/Ca Mg/Ca Na/Ca K/Ca

# length  weight per  (°/oo) (°/00) (10706) (1073) (1073) (1073) (1076)
(um) shell (ug)
1 G. ruber (white) 212-250 7 -2.30  +0.78  29.1 1.88 4.32  6.61 155
2 G. ruber (white) 250-300 10 -2.18 +0.97 42.3 1.67 4,40 7.00 181
3 G. ruber (white) 300-355 18 ~2.36  +1.31  19.4 1.61 4.58 7.0l 165
4 G. sacculifer 212-250 7 -2.18 +0.58 14.6 1.10 2.01 3.62 133
5 G. sacculifer 250-300 15 -1.75 +1.08 15.3 1.50 3.88 5.93 127
6 G. sacculifer 300-355 24 -2.03 +1.56 16.0 1.50 4,05 5.59 116
-2.41 +1.24

7 G. sacculifer 355-425 37 -1.91 +1.82 16.1 1.42 4,43 6.18 88
8 G. sacculifer 425~-500 67 -2.07 +2.06 16.0 1.43 3.90 5.87 110
9 G. sacculifer 500-600 99 -2.21 +1.89 17.5 1.47 4.39 5.92 103

66



2.13 continued

sample species shell average ! §180 2 s13¢c 2 wLri/cCa Sr/Ca Mg/Ca Na/Ca K/Ca
# length weight per (°/00) (°/e0) (10—6) (10'3) (10—3) (10_3) (10_6)

(um) shell (ug)

10 G. menardii 250-300 14 -1.76 +1.73 16.6 1.54 2.89 5.58 69
11 G. menardii 300-355 29 -1.75 +1.55 15.7 1.42 3.33 5.42 67
12 G. menardii 355-425 48 -0.65 +1.26 14,2 1.39 2.90 5.07 46
13 G. menardii 425-500 68 -0.57 +1.25 13.8 1.36 2,67 4,82 44
14 G. menardii 500-600 127 -0.97  +1.45 15.3 1.36 2.58 5.10 61
15 G. menardii >600 203 -0.54 +1.40 14,4 1.42 2.59 4,71 54

Notes: 1. Average weight per shell was calculated from total weight and number of foraminifera in each

sample.

The oxygen and carbon isotopic values are relative to PDB; trace element ratios were
determined on splits of the same samples used for isotopic analyses (Curry and Matthews,
198la and 1981b; W. B, Curry, pers. comm.).

00T
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FIGURE 2.8 Trace elemental ratios in size-fractions of three species of
planktonic foraminifera from an Indian Ocean core top (RC14-36) versus
§180 (°/eo relative to PDB).

a. Li/Ca
b. Sr/Ca
c. Mg/Ca
d. Na/Ca
e. K/Ca

Plot symbols are:
\V/ G. ruber
0 G. sacculifer

AN G. menardii
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14 North Atlantic core top planktonic foraminifera

species shell average ! §180 2 s13¢c 2 Li/ca Sr/Ca Mg/Ca Na/Ca
length weight per (°/o0) (°/o0) (1076) (1073) (1073) (1073)
(um) shell (ug)

3°17'N ~35°W)

G. ruber (mixed) 220- 440 7 -1.54  +1.97  20.0 1.74 3.56  6.67
0. universa 260~ 590 22 -1.34 42,72 21.1 1.76 5.00  6.21
G. sacculifer  440- 850 48 -1.09  +2.72  16.9 1.58 3.44  6.66
G. menardii 670-1000 95 -0.11 +1.86 15.3 1.47 1.92 5.18

8°43'N ~42°W)

G. ruber (mixed) 290- 590 21 -1.27 +1.84 18.8 1.76 4,34 6.80

0. universa 480~ 850 70 -1.48 +2.78 15.4 1.64 6.73 6.31

G. sacculifer 550- 925 84 -0.96 +2.84 17.6 1.61 4,50 6.45

G. menardii 960-1300 146 +0.35 +1.82 18.9 1.53 2.58 5.08

G. truncatu- 370- 660 37 +1.57 +0.98 20.9 1.69 2.60 7.05
linoides

1. Average weight per shell was calculated from total weight and number of foraminifera in
sample.

2. Oxygen and carbon isotopic values, relative to PDB, are from separate samples (Durazzi,
The size fractions used for isotopic analyses were sometimes different than those for t
element analyses. Size rauges reported were those for the trace element samples.



results from V25-60 (3°17'N ~35°W) and V22-26 (8°43'N ~42°W)., The trace
element foraminiferal ratios are plotted versus §180 in Figures 2.9 and
2.10.

V25-60 shows the same pattern of interspecific differences seen
previously: an increase in trace elemental ratios with lighter §180
values, V22-26 shows the inverse trend for Li/Ca and K/Ca ratios and no
clear trends for Sr/Ca and Na/Ca ratios.

Laboratory culture experiments. Direct control of temperature was

possible in laboratory culture experiments. Foraminiferal samples
nominally at 30° C were subjected to temperature variations at ambient
laboratory conditions. For the air-conditioned Barbados culturing room,
the temperature was 28 * 2° C. The mean of daily temperature measurements
over two weeks in the Curacao culturing lab was 30 £ 2° C. The surface
water temperatures at the foraminiferal collection sites were 26 - 29° C.
A temperature bath was used to maintain the samples cultured at 20° C, with
temperature variations of less than one degree., All other conditions for
the two sample groups were identical: 1light intensity and duration, daily
feedings, and daily changes of seawater solutions for the samples in
natural seawater. Table 2.15 lists the foraminiferal information and
analytical results for two species of planktonic foraminifera (g.
sacculifer and O. universa) grown in laboratory culture at 20° C in surface
seawater. These results and those of experiments culturing foraminifera at
30° C in a variety of solutions (Tables 2.1 - 2.7) are summarized in Table
2.16.

The means reported for the elemental ratios do not differ more than
the standard deviations of the data sets for G. sacculifer and O. universa

cultured at 20° C and 30° C. As well, the differences in the means for



FIGURE 2.9 Trace elemental ratios in four species of planktonic
foraminifera from V25-60 TW core top versus 5189 (°/oo relative to PDB).
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FIGURE 2.10 Trace elemental ratios in five s
foraminifera from V22-26 TW core top versus §
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TABLE 2.15 20° C natural seawater lab culture -- G. sacculifer and O. universa

2.15.A FORAMINIFERAL INFORMATION

sample sample # of average average average average # comments
it description foraminifera weight per initial final of days
shell (ug) shell shell in culture

length (um) length (um)

G. sacculifer

1 lab culture 3 18 296 + 57 527 = 47 6 2T 1D

2 lab culture 5 34 341 £ 36 761 71 7 1G 5T
3 lab culture 2 23 315 + 38 511 =+ 32 4 1G 1D

4 lab culture 3 16 355 £ 24 542 * 9 3 3D

5 lab culture 2 13 442 = 32 542 + 13 2 2D

O. universa

6 lab culture 3 19 327 £ 52 602 £ 90 417 1D 2T
7 lab culture 4 12 515 t 18 527 £ 13 4

60T



2.15.B FORAMINIFERAL ANALYSES

O. universa

G. sacculifer

sample Li/Ca Sr/Ca Mg/Ca Na/Ca
# (1076) (1073) (1073) (1073)
1 15.8 1.52 3.06 6.99
2 14.8 1.44 3.51 6.62
3 - 1.38 5.03 8.18
4 14.1 1.19 5.54 6.61
5 - 1.23 4.33 6.36
mean of 14.9 1.35 4.29 6.95
1-5 * 1.0 * 0.14 + 1.03 + 0,72
6 14.4 1.23 6.37 6.50
7 11.5 1.28 14.0 6.58
mean of 13.0 1.26 10.2 6.54
6-7 + 2.1 + 0.04 t 5.4 * 0.06

01T



TABLE 2.16 20° C and 30° C natural seawater culture —-
G. sacculifer and O. universa means
species T data set Li/Ca Sr/Ca Mg/Ca Na/Ca
(1076) (1073) (1073) (1073)
G. sacculifer 20° C natural seawater 14.9 1.35 4.29 6.95
* 0.9 * 0.14 * 1.03 * 0.72
30° C natural seawater 15.2 1.19 3.98 6.07
+ 5,2 * 0.24 * 0.91 t 1.24
plankton tow 19.5 1.52 5.83
* 5.5 + 0.23 + 1.82
Li-spiked natural 1.38 4.58 6.42
seawater (Barbados) ¥ 0.03 * 0.57 * 0.42
Li-spiked artificial 1.47 6.60 6.45
seawater (Curacao) * 0.19 + 0.84 * 0.62
Na/Mg (Curacao) 13.2 1.34
t 1.6 +* 0.10
[SO04] (Curacao) 13.1 1.39 6.36 5.86
+ 1.3 + 0.10 + 1.71 + 0.78

11T



2.16 continued

species T data set Li/Ca Sr/Ca Mg/Ca Na/Ca
(1076) (1073) (10-3) (1073)

0. universa 20° C natural seawater 13.0 1.26 10.2 6.54

+ 2.1 + 0.04 + 5.4 +* 0.06

30° C natural seawater 11.7 1.13 9.03 6.76

* 0.39 + 3,03 + 1.88

Li-spiked natural 1.31 10.8 6.51

seawater (Barbados) t 0.05 * 1,5 t 0.70

¢1It
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Sr/Ca, Mg/Ca, and Na/Ca ratios for G. sacculifer at 20° C and 30° C in
natural seawater and for Mg/Ca and Na/Ca ratios for the similar 0. universa
samples are in the opposite direction than would be expected from the
oxygen isotopic correlations previously observed. Cooler temperatures for
the foraminifera in natural seawater in laboratory culture resulted in
slightly higher trace elemental ratios. These means were determined from a
small number of samples. The Sr/Ca and Na/Ca ratios are similar in the
foraminifera from other experiments at 30° C to those from foraminifera in
natural seawater at 20° C (Table 2.16). The results from the sediment trap
and core samples showed increases on the order of 10 - 15% per 10° C
temperature for Sr/Ca ratios and much larger percentage increases for Mg/Ca
and Na/Ca ratios. No evidence for a systematic increase of trace elemental
ratios with increasing temperatures is seen in the results of the culturing

experiments.

SUMMARY

Laboratory culture of two species of planktonic foraminifera
demonstrated that the observed species differences in trace elemental
ratios in foraminiferal calcite versus 6§80 are not due to a direct
dependence of biogenic trace element distribution coefficients on
temperature for Sr/Ca, Mg/Ca, and Na/Ca. Foraminifera depositing shells in
the water column at different temperatures are subject to different growth
conditions -- for example, different light levels and food availability.
Some parameter other than direct temperature control results in systematic
trace elemental ratio differences among species not observed in the
laboratory culture experiments where temperature was the only environmental

parameter varied.
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APPENDIX 2.1 Calculation procedures for relative incorporation
coefficients

The peak regions of the two isotopes were defined as two envelopes of
channel numbers at given instrumental settings: for the lower energy
isotope, region 1, channels x; - x9; and for the higher energy isotope,
region 2, channels yj - yp. Peaks were defined on each spectrum of isotope
standards with statistically significant boundaries. The boundary on
either side of the peak was chosen to be the last channel whose counts were
greater than those of the next channel away from the peak by an amount
equal to or exceeding the counting statistic VN error. In other words,
channel i with number of counts z was defined as the boundary when it was
the first to the side of the peak to fit the criteria that zjx] > zj - Vzj
with - for left boundary, and + for right boundary. Peak boundaries were
averaged from several spectra of each isotope and then used consistently
on all standard, sample, and background spectra. This procedure ignores
any resolution changes due to absolute activity changes.

Spectra of a foraminiferal sample and its seawater solution were
measured. A background spectrum (neither isotope present) and a reference
spectrum (higher—energy isotope alone) were counted at the same
instrumental settings and in the same detector configuration as the sample
spectra. For each spectrum, the number of counts in regions 1 and 2 were
summed and divided by the counting time for that spectrum to give gross
counting rates (cpm) in each peak region: B and Bj for the background
spectrum; R} and Ry for the reference spectrum; S; and Sy for the sample
spectrum of either a foraminiferal sample or seawater solution.

The Compton distribution of the higher energy isotope contributes to

the counting rate in the photopeak area of the lower energy isotope. The
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reference spectrum was used to calculate a factor which normalizes this
contribution to the photopeak area of the higher energy isotope. The

factor was defined as:

Ry - By

Ry - By

The net corrected counting rates 51* and Sz*, for the sample spectrum

were calculated:

wn
%)
]

Sy - B2

$S1" =81 - By - F(Sz*)

Counting times were short relative to the half-lives of the
radiotracers so that decay corrections during sample counts were not
necessary.

For the foraminifera from the Barbados Cd-Sr experiments, 109¢d was
measured on the M.I.T. LEPS Ge(Li) y-system., Peak locations were
determined with statistically significant boundaries. The background in
the photopeak area for each sample (due primarily to the Compton
distribution of the 85Sr in the sample for this detector) was determined by
averaging the counting rates in 8 - 10 channels outside either peak
boundary and assuming a linear baseline. 853r was determined using the
NaI(Tl) detector used for all other experiments. Cd and Sr counting rates
were converted to absolute activities by comparison to standards similar to
samples in physical size and placement relative to the detector. The
calculated activities for these samples were treated equivalently to the

net counting rates of the other samples in the rest of the calculations.



116

Each counting rate was then corrected to a uniform time, t,, by:

(Sl*)O Sl*exp{klt}

]

(Sz*)0 Sz*exp{kzt}

where: t = number of days from t, (the assay date of
the radiotracer spikes) to date spectrum
was measured
The ratio of the corrected counting rates for the two isotopes was
then calculated, either as (Sl*)o/(SZ*)o for Cd-Sr or (Sz*)o/(Sl*)o, for
Zn-Sr. For a given sample, the two isotopes were measured in one spectrum
or in two sequential spectra at different instrumental settings, but with
no change in sample geometry. The relative counting rates of the two
isotopes in one sample was related to the relative absolute activities of
the two isotopes solely by the efficiency-energy curve of the detector.
The counting rate ratio for the foraminiferal sample was divided by the
ratio for the corresponding seawater solution to give the relative

incorporation coefficient for either Cd or Zn relative to Sr in

foraminiferal calcite (Cgq/sr or Czp/sr). Since the foraminiferal counting
rate ratio for the two isotopes is divided by a similar ratio in the
seawater solution, the difference in detector efficiency at the two
energies cancels out. The resulting quotient was equivalent to one of
absolute activities or concentrations.

To calculate the distribution coefficient for either Cd or Zn in
calcite (Dgq/ca O Dzn/Ca)s the relative incorporation coefficient was
multiplied by the distribution coefficient of Sr in calcite
(Dgr/ca = 0.16).

Errors reported were lo VYN counting errors, propagated through the

calculations.



The weighted mean of the measured distribution coefficients of

the samples was calculated as (Perrin, 1970):
Xy = Iw(xq)xq

ZW(Xi)

where: w(xj), the weighting factors, are {1/(ox )2}
i
The probable error of the weighted mean was calculated as:

=3 {1/(cxi)2}

S
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CHAPTER THREE:

THE EFFECTS OF DIAGENESIS ON TRACE ELEMENTAL RATIOS IN
FORAMINIFERAL CALCITE OVER THE LAST 100 M.Y.

To use foraminiferal calcite chemistry as an indicator of oceanic

composition, we must understand:

1. the relationship of biogenic calcite chemistry to that of

the seawater in which the foraminifera deposited their shells, and

2. the preservation of this original calcite composition after

deposition in the sediments.

Laboratory culture experiments described in Chapter 2 demonstrated
that foraminiferal calcite compositions reflect changes in seawater Li/Ca,
Sr/Ca, and Mg/Ca ratios. Biogenic calcite chemistry does not
change in response to changes in seawater Na/Ca ratios.

Diagenetic processes in biogenic oceanic sediments can have
significant effects on the physical properties of the sediments. The
evolution of sedimentary texture from ooze to chalk to limestone with
increasing sediment depth and age, accompanied by density and seismic
velocity increases and porosity decreases, is due to sedimentary
recrystallization and compaction processes (e.g., Matter et al., 1975; wvan
der Lingen and Packham, 1975). Diagenetic processes can also change the
chemical compositions of bulk sediments, interstitial water, and of

individual biogenic components (e.g., Matter et al., 1975; Baker et al.,
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1982; Elderfield et al., 1982). A closed-system mass—balance model of
interstitial water and calcite compositions has recently been used to
consider the effects of recrystallization on foraminiferal oxygen isotopic
ratios. The increase of 180/160 ratios as sample ages decrease in the
Tertiary was suggested from this model to be primarily the result of
recrystallization reactions in the sediment column, not of oceanic
paleotemperatures during shell formation (Killingley, 1983).

Because of the importance of the trace elemental and isotopic
chemistry of foraminiferal shells to deciphering oceanic chemical and
thermal histories, an understanding of the processes affecting the
composition of their shells after deposition and the ability to model these
processes are crucial.

Some models of seafloor spreading and hydrothermal fluxes suggest
that oceanic Li concentrations may have been as much as a factor of two
higher 80 - 110 m.y.b.p. than at present. The purpose of this thesis is to
determine paleoceanic Li concentrations in order to assess the importance
of hydrothermal circulation fluxes to oceanic mass-balances through time.
For this study, temporal changes in Li/Ca, Sr/Ca, Mg/Ca, and Na/Ca ratios
were measured in foraminiferal shells from Deep Sea Drilling Project (DSDP)
sediment samples with ages up to 110 m.y.b.p.

The oceanic signal for these conservative elemental ratios should be
independent of location. However, diagenetic processes affecting
foraminiferal calcite are site-specific, varying, for example, with
sedimentary compositions, accumulation rates, thermal profiles, and
interstitial water compositions. To constrain both the models of
diagenetic processes and the paleochemistry signals, the four elemental

ratios were determined in foraminiferal shells from five sites. Diagenetic
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effects on foraminiferal calcite composition are discussed in this chapter.
The extent to which the original signals of oceanic composition can be
qualitatively or quantitatively deciphered from the measured records is
assessed. Inferences about oceanic paleochemistry from these measurements

and models are discussed in Chapter 4.

SAMPLE SELECTION

Five sample sites were chosen on the basis of core descriptions in
DSDP Initial Reports. The goal was to obtain fairly complete records of
planktonic foraminiferal chemistry in several sites. Samples were chosen
where the qualitative shipboard observations reported in the core logs
indicated the highest abundances and best preservation for foraminiferal

shells in each age range.

AGE ASSIGNMENTS ON DSDP SAMPLES

The time scale used for age assignments is given in Table 3.1. The
divisions between geological time periods were located in the detailed core
logs for each site and depths below the seafloor for these transitions were
figured as for samples. Sample ages were calculated by linear
interpolation between the depths and assigned ages of the transitions

(geologic epochs and, where possible, foraminiferal zonations), as follows:

Ay — A}
sample = (D -Dy) + 4
age (m.y.)

Dy - D
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where: Dj and A]} are the depth (m) and age (m.y.), respectively, of
the youngest transition adjacent to the sample

Dy and Ay are the depth (m) and age (m.y.), respectively, of
the oldest transition adjacent to the sample

D is the sample depth (m)

A change in the time scale (Table 3.1) would stretch and shrink
portions of the records versus age in any one site. Since the age
assignments for all sites were calculated using the same time scale, the
relative age relationships between samples in different sites would not

change if the time scale were adjusted.

THE USE OF MIXED PLANKTONIC FORAMINIFERAL SAMPLES

There are interspecific differences in the Li/Ca, Sr/Ca, Mg/Ca, and
Na/Ca ratios of modern planktonic foraminifera (see Chapter 2), However,
the species differences in Li/Ca and Sr/Ca are small relative to the
postulated magnitude of oceanic chemistry changes (factor of two) over the
time period surveyed. The primary goal of an age survey is to determine
whether a measurable signal exists. If paleochemical Li/Ca variations have
occurred, it is unlikely that interspecific differences or changing
assemblage compositions could bias the results so it would appear that no
change had occurred, particularly when samples from several locations are
compared. If a significant Li/Ca change were found, accurate
determinations of the absolute magnitude would then require the use of
individually calibrated species, as is now done for oxygen isotopic

analyses.
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TABLE 3.1 Time scale
age
era period epoch (m.y.)
0
Cenozoic Quaternary Pleistocene
1.8
Tertiary Neogene Pliocene late
3.0
early
5.0
Miocene late
11.0
middle
14.0
early
22.5
Paleocene Oligocene late
30.0
early
37.5
Eocene late
43.0
middle
49.0
early
53.5
Paleocene late
60.0
early
65
Mesozoic Cretaceous Upper Maestrichtian
72
Campanian
80
Santonian
84
Coniacian
87
Turonian
91
Cenomanian
100
Lower Albian
104
Aptian
109
Barremanian
116
Hauterivian
References: Vincent (1974) for Cenozoic; Van Hinte (1972) for Cretaceous.
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FORAMINIFERAL SAMPLE PREPARATION

PRELIMINARY CLEANING

Sediment samples were disaggregated on a shaker table. After
shaking, samples were wet-sieved through 150 pym mesh. The coarse fraction
was rinsed thoroughly with distilled water and methanol and then air dried.
From the coarse fraction, mixed planktonic foraminiferal samples were
picked using a stereomicroscope and a camel's hair brush. Only well
preserved, whole foraminiferal shells were chosen for analyses.

In initial sample trials, high and erratic losses of samples occurred
during cleaning. Visual examination of the shells before cleaning
sometimes showed secondary calcite incrustation. To ensure reliable final
sample yields and to eliminate as much of this secondary calcite as
possible from the samples, a two-stage cleaning process was used: a
preliminary cleaning, followed by a more thorough cleaning after samples
were weighed., Foraminiferal samples of a few milligrams total weight were
cleaned with several ultrasonically agitated methanol rinses, with the
supernatant siphoned-off each time. The supernatant in the first rinse was
generally cloudy with clay, fine-grained carbonate, and perhaps fragments
of weaker shells. Supernatant cloudiness decreased with subsequent rinses;
the final rinse was clear. The samples were air—dried in a laminar flow
bench and splits weighed for chemical analyses. Wherever there were
sufficient number of foraminifera, replicate samples were processed. After
weighing, the shells were gently crushed between glass plates to open the
chambers and facilitate further cleaning., They were transferred to
acid-leached 1.5 ml (in later analyses, 0.5 ml) polypropylene centrifuge

tubes for final cleaning.
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FINAL CLEANING OF CRUSHED FORAMINIFERAL SHELLS

Cleaning procedures which included reductive cleaning, necessary for
the uncontaminated analysis of Cd in foraminiferal shells (Boyle, 1981),
were compared to simpler procedures of repeated, ultrasonically agitated,
methanol and water rinses. For the elements measured in this study (Li,
Sr, Mg, and Na), no significant differences were found between samples
reductively cleaned and those which did not undergo this treatment. The
simpler cleaning method offered the advantages of smaller sample losses,
less possibility of contaminating the samples during sample handling, and
faster sample processing., A typical final cleaning of a foraminiferal
sample consisted of three distilled water rinses, four methanol rinses, and
four additional water rinses. Each rinse included multiple short bursts of
ultrasonic agitation and inverting the centrifuge tubes containing the
samples. After a brief settling time, supernatants were siphoned off. The
samples from one site (holes 369 and 369A, leg 41) were also cleaned with
hot basic hydrogen peroxide because of the presence of pyrite and possibly
organic matter in some samples.

Samples were briefly air-dried in a laminar flow bench and then
dissolved in 0.3 N HNO3 with ultrasonic agitation of the sample solutioms.
Solutions were centrifuged for 5 min and transferred to dry, acid-leached
centrifuge tubes. Visible solids remained in a few samples at this
transfer stage; the solutions were pipetted away from these solids.
Analytical methods used to determine trace elemental ratios in sample
solutions are discussed in Appendix 1. Results are reported as mole ratios

of trace elements to Ca.
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LOCATIONS STUDIED

SITE DESCRIPTIONS

Information about the five sites studied is listed in Table 3.2;
their locations are depicted in Figure 3.1. Detailed descriptions can be
found in the respective site reports (Site 289, Andrews, Packham, et al.,
1975; Site 305, Larson, Moberly, et al., 1975; Site 366, Lancelot, Seibold,
et al., 1977a; Site 369, Lancelot, Seibold, et al., 1977b; Site 526, Moore,

Rabinowitz, et al., in press).

FORAMINIFERAL CHEMISTRY
Sample information and foraminiferal calcite compositions for all

five sites are listed in Appendix 3.1, Tables 3.5 - 3.9.

THE EFFECTS OF DIAGENESIS

Foraminiferal calcite compositions may have been altered in the
sediments by partial dissolution, solid diffusion of trace elements, or
recrystallization of the biogenic calcite to inorganic calcite., The

effects of these processes are considered here.

PARTIAL DISSOLUTION

Experiments were performed in which planktonic foraminiferal shells
were partially dissolved in dilute acid and the acid analyzed (Bender et
al., 1975; Lorens et al., 1977). This procedure was repeated with new
aliquots of dilute acid until the shells were completely dissolved. There
were no variations in the Sr/Ca, Mg/Ca, or Na/Ca ratios in the successive
aliquots of acid (Bender et al., 1975; Lorens et al., 1977). Sr/Ca, Mg/Ca,
and Na/Ca ratios were measured also in six species of planktonic

foraminifera from core top samples along the East Pacific Rise and central
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site and location water oldest oldest
leg number depth sediment sample in
(m) drilled this study
Site 289 Ontong-Java Plateau, 2224 1262.5 m 861.25 m
Leg 30 Pacific Aptian Late Oligocene
105 m.y. 29.4 m.y.
00° 29.92' S
158° 30.69' E
Site 305 Shatsky Rise, 2903 631.0 m 394,75 m
Leg 32 Pacific Hauterivian Late Albian
120 m.y. 100.9 m.y.
32° 00.13' N
157° 51.00" E
Site 366 Sierra Leone Rise, 2853 850.0 m 792.89 m
Leg 41 Atlantic Maestrichtian Late Paleocene
70 m.y. 59.3 m.y.
5° 40.7' N
19° 51.1' W
Site 369 Spanish Sahara 1770 488.5 m 486,36
Leg 41 continental slope, Aptian Late Aptian
Atlantic 106 m.y. 106.3 m.y.
26° 35.5' N
14° 59,0' W
Site 526 Walvis Ridge, 1054 356.,0 m 225.58 m
Leg 74 Atlantic Paleocene Late Eocene
60 m.y. 38.7 m.y.
30° 07.36" S
3° 08.28' E
References: Site 289 Andrews, Packham, et al. (1975).
Site 305 Larson, Moberly, et al. (1975).
Site 366 Lancelot, Seibold, et al. (1977a).
Site 369 Lancelot, Seibold, et al. (1977b).
Site 526 Moore, Rabinowitz, et al. (in press).
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FIGURE 3.1 Map of locations of DSDP sites used in this study. Location
symbols are:

yas Site 289 (Leg 30) Ontong-Java Plateau, Pacific

v

O Site 305 (Leg 32) Shatsky Rise, Pacific

O Site 366 (Leg 41) Sierra Leone Rise, Atlantic
A Site 369 (Leg 41) Spanish Sahara continental slope, Atlantic
\V4 Site 526 (Leg 74) Walvis Ridge, Atlantic
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Pacific (Lorens et al., 1977). Water depths ranged from 500 to 4700 m and
dissolution intensity increased with increasing water depth. Mg/Ca ratios
for monospecific samples decreased with increasing water depth, while Na/Ca
ratios decreased somewhat less. There was no systematic change in Sr/Ca
ratios. The reasons for the different results of laboratory and natural
partial dissolutions are not definitively known. Partial dissolution of
foraminiferal shells in the sediment may decrease the original Mg/Ca and
Na/Ca ratios; it would have no effect on Sr/Ca ratios. Generally, Mg/Ca
and Na/Ca ratios in foraminiferal shells correlate with dissolution
susceptibility, with more dissolution resistant species having lower Mg/Ca
ratios (Bender et al., 1975; Lorens et al., 1977; Chapter 2). The effect
of partial dissolution on a mixed planktonic foraminiferal assemblage is to
the lower bulk Mg/Ca ratio. Diagenetic models considered in this chapter
do not include the effects of partial dissolution on individual species or

assemblages.

SOLID DIFFUSION
Solid diffusion is another potential means of altering the
composition of foraminiferal calcite. The thickness of a foraminiferal

o
shell is 10 - 100 A. Using the relationship between the mean squared
distance, the diffusion coefficient, and time that (x¥ = 2pt), the solid

diffusion coefficient required for ions to traverse this distance in 20
m.y. is (8 x 10~20) - (8 x 10~22) cm2/sec. Diffusion coefficients in
solids are generally measured at high temperatures (500-1000° C); for
temperatures characteristic of sedimentary environments, the experimental
data must be extrapolated. The diffusion coefficient at 30° C for Na and
Ca in calcite was estimated to be ~10752 cmz/sec (Brétter et al., 1972).

For comparison, the Na diffusion coefficient at 20° C in NaCl is ~1073%



133
cm?/sec (Béniére et al., 1976). Diffusion coefficients are likely to be
different in polycrystalline biogenic material from those in the single
crystals used in laboratory studies. From these estimates, however, cation

diffusion in calcite is not important in diagenetic changes in sediments.

RECRYSTALLIZATION OF BIOGENIC CALCITES

Biogenic calcites are constructed of small, fine—grained calcite
particles. A foraminiferal shell has a greater surface area than an equal
amount of calcite in larger crystals formed by inorganic processes. The
excess surface free energy due to this difference and pressure solution due
to non-hydrostatic stress at grain-to-grain contacts are the main driving
forces for the recrystallization of biogenic calcites to inorganic ones in
the sediment (Baker et al., 1980; Baker et al., 1982).

The distribution coefficients for trace elements in inorganically
precipitated calcites are often different than those for biogenic calcites;
the mechanistic explanation is not fully known. Because of the differences
between distribution coefficients for biogenic and inorganic calcite, the
dissolution of foraminiferal calcite and its reprecipitation as inorganic
calcite would change the original calcite elemental ratios. Of the
processes considered here which could affect calcite composition,
recrystallization would cause the largest changes.

For some elements, the values of the inorganic distribution
coefficients are subjects of debate, especially those appropriate for
sedimentary recrystallization reactions. Inorganic distribution
coefficients used in this study are summarized in Table 3.3 and discussed
below.

Lithium. There are no reported studies of Li distribution
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TABLE 3.3 Distribution coefficients for
inorganically precipitated calcites
element distribution comments calcite reference
coefficient composition
at seawater
element/Ca
Sr 5.29 x 10~2 value for 0.44 x 1073 Baker et al.
[sr2+]=87 x 1076; (1982)
T=30° C
Mg 8.1 x 1074 Many higher values 4.3 x 1073 Baker et al.
have been reported (1982)
(e.g., Mucci and
Morse, 1983).
Na 1.8 x 107> value for seawater 0.8 x 1073  White
Na/Ca; solid (1978)
chemistry varies
approximately as
9.0 x 1073 the cube root of 4,0 x 1073  Kitano et al.

the solution ratio
in both studies

(1975)
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coefficients in inorganic calcites.
Strontium. The Sr distribution coefficient varied with temperature
and with Sr concentration in a recent study of aragonite recrystallization
to calcite (Baker et al,, 1982). A fit to all four data points in this

study (two temperatures, two Sr concentrations) gave the relationship:
D = 0.0591 - 14.6[Sr] +(9.0 x 1072 + 0.1[Sr])(T - 80)

where T is in ° C and Sr concentration is in mol/l. The Sr distribution
coefficient is dependent on precipitation rate, with higher distribution
coefficients at faster precipitation rates (Lorens, 1978). Sedimentary
recrystallization reactions probably take place at very slow rates.

Magnesium. The wide range of values suggested for the Mg
distribution coefficient in inorganically precipitated calcite (1.2 x 102
to 5.7 x 10~2) were recently summarized (Mucci and Morse, 1983). The
studies to date indicate that the inorganic calcite Mg distribution
coefficient is higher than the biogenic calcite one.

Comparison of the bulk carbonate chemistry at DSDP site 305 (Shatsky
Rise, Pacific, Leg 32) with interstitial water Sr/Ca and Mg/Ca ratios
suggested that the Mg distribution coefficient for inorganic calcite
precipitation in sedimentary recrystallization reactions is 8.1 x 1074
(Baker et al., 1982). No conclusions about the variation of this
distribution coefficient with temperature were made. This value, fifteen
to seventy times lower than those summarized in Mucci and Morse (1983), is
used in this study.

Sodium. In two reported studies of Na coprecipitation in calcite,
different values were determined for the distribution coefficient (White,

1978; Kitano et al., 1975). At seawater values of Na/Ca, White (1978)
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reported that inorganically precipitated calcite had a Na/Ca mole ratio of
8 x 1074, corresponding to a distribution coefficient at that solution
ratio of 1.8 x 1073, Kitano et al. (1975) measured a calcite Na/Ca ratio
of 4 x 10'3, equivalent to a distribution coefficient of 9.0 x 1075 at
seawater Na/Ca. The two distribution coefficients differ by approximately
a factor of five. Distribution coefficients were not constant with changes
in solution Na/Ca ratios in either study. The relative insensitivity of
calcite composition to solution composition seen in the experimental
results is approximated here by relating the solid Na/Ca ratio to the cube
root of the solution Na/Ca ratio, with different proportionality constants
for the two sets of experimental results (Table 3.3). The effects of

temperature on the Na distribution coefficient have not been tested.

MODELLING OF DIAGENESIS

SIMPLE MODEL

The simple model of diagenesis compared to the foraminiferal calite
chemistry in the following discussion is based on the difference beween
biogenic and inorganic calcite distribution coefficients (Baker et al.,
1982). Elemental ratios in 100% recrystallized calcite are computed at
each depth in the sediment from the present—-day interstitial water
chemistry and the inorganic calcite distribution coefficients.

The model relates three values of a calcite trace elemental
ratio — the original biogenic calcite ratio reflecting seawater chemistry
at the time of deposition, the measured ratio reflecting this original
ratio plus any diagenetic effects, and the recrystallized inorganic calcite
ratio reflecting 100% equilibrium with the present day interstitial

water —— to the percentage recrystallization, 7 R. The equation is:
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(measured - original)
2R = x 100

(equilibrium - original)

The assumptions inherent in this calculation are that: (1) the
interstitial water presently in contact with a given sediment layer
represents the solution with which the reprecipitated calcite is in
equilibrium and (2) the inorganic reprecipitated calcite does not
redissolve.

The Sr isotopic composition of the solids and interstitial waters can
be compared to the seawater Sr isotopic composition through time. If the
calcite has completely recrystallized, its isotopic composition will be
equal to that of the interstitial water at the time of recrystallization.
For calcite ratios intermediate between those of the contemporaneous
seawater curve and of the interstitial water, the percentage
recrystallization can thus be calculated in a fashion similar to the
elemental ratio approach (Elderfield et al., 1982). However, this analysis
requires assumptions about the seawater Sr isotopic curve, for which
published versions differ in some age ranges (compare Dasch and Biscaye,

1971 and Burke et al., 1982; Figure 4.5, Chapter 4).

INTERSTITIAL WATER COMPOSITIONS

Interstitial water compositions for the five sites studied and
inorganic calcite compositions calculated from the simple model of
diagenesis are listed in Appendix 3.2 (Tables 3.10 - 3.14).

Li in interstitial water was not typically analyzed in early DSDP
legs. Of the sites studied, Li data was available only for Site 526 (Leg
74). Sealed, acidified interstitial water samples from Sites 366 and 366A

(Leg 41) and Sites 369 and 369A (Leg 41) were furnished by J. M. Gieskes.
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No samples were available from Site 289 (Leg 30) or Site 305 (Leg 32). Li
was analyzed on diluted aliquots of the archived interstitial water samples
by GFAAS. Samples were analyzed by one-point standard additions, with
ascorbic acid added to give 1% by weight in the final solutions. Duplicate
analyses agreed within 10%. An TAPSO standard analyzed as a sample had a
calculated concentration of 28.3 pmol/l. Li/Ca ratios for Sites 366 and
366A and Sites 369 and 369A were calculated from the corrected Li analyses

on the archived samples and the original reported Ca concentrations.

FORAMINIFERAL CHEMISTRY AND DIAGENESIS

Li/Ca, Sr/Ca, Mg/Ca, and Na/Ca ratios in foraminiferal calcite are
plotted for the five sites in Figures 3.2 - 3.6. The ratios expected in
100% recrystallized calcite were calculated from the inorganic calcite
distribution coefficients given in Table 3.3, assuming equilibrium with the
measured composition of the interstitial water. These ratios are plotted
as dotted lines as a function of age from comparison with foraminiferal
calcite ratios.

Neither the correct model of diagenesis nor the extent of diagenesis
is independently known. Accordingly, the data plotted in Figures 3,2 - 3,6
are first used to evaluate the diagenetic model. The extent of diagenetic

changes in these samples is then discussed.

DISTRIBUTION COEFFICIENTS

The inorganic calcite Sr distribution coefficient for sedimentary
recrystallization reactions is the best known. This distribution
coefficient and the diagenetic model have been used to successfully model
the distribution of Sr in interstitial water and sediments in a number of

DSDP sites (Baker et al., 1982). The following discussion proceeds by
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FIGURE 3.2 Foraminiferal calcite composition as a function of age for Site
289 (Leg 30), Ontong-Java Plateau, Pacific.

a. Li/Ca
b. Sr/Ca
c. Mg/Ca
d. Na/Ca

Foraminiferal data for this site are listed in Table 3.5; interstitial
water and inorganic calcite compositions are listed in Table 3.10.
Interstitial water Li data were not available for this site.

NOTES FOR FIGURES 3.2 - 3.6, a - d

Foraminiferal calcite mean ratios are plotted as a function of sample
age. The smaller symbols represent a single analysis; all other samples,
represented by larger symbols, were run at least in duplicate.

a. Li/Ca

Dashed line is inorganic calcite Li/Ca calculated from interstitial
water composition and Li distribution coefficient, 7 x 10~4 (Table 3.4).
Interstitial water Li data were not available for Sites 289 (Leg 30) and
305 (Leg 32). No inorganic calcite Li/Ca line is plotted for these sites.
b. Sr/Ca

Dashed line is inorganic calcite Sr/Ca calculated from interstitial
water composition and Sr distribution coefficient as given in Table 3.3
(Baker et al., 1982).
c. Mg/Ca

Dashed line is inorganic calcite Mg/Ca calculated from interstitial
water composition and Mg distribution coefficient, 8.1 x 10’4, given in
Table 3.3 (Baker et al., 1982).
d. Na/Ca

Line (1) is inorganic calcite Na/Ca calculated from distribution
coefficient based on data in White (1978) (Table 3.3):

(Na/Ca)ealeite = (023 x 1073) x [(Na/Ca)golution] /3

Line (2) is inorganic calcite Na/Ca calculated from distribution
coefficient based on data in Kitano et al. (1978) (Table 3.3):

1
(Na/Ca)calcite = (1.13 x 1073) x [(Na/Ca)golution! /s
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FIGURE 3.3 Foraminiferal calcite composition as a function of age for Site
305 (Leg 32), Shatsky Rise, Pacific.

a. Li/Ca
b. Sr/Ca
c. Mg/Ca
d. Na/Ca

Foraminiferal data for this site are listed in Table 3.6; interstitial
water and inorganic calcite compositions are listed in Table 3.11.
Interstitial water Li data were not available for this site.

See explanatory notes in caption of Figure 3.2.
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FIGURE 3.4 Foraminiferal calcite composition as a function of age for Site
366 (Leg 41), Sierra Leone Rise, Atlantic.

a. Li/Ca
b. Sr/Ca
c. Mg/Ca
d. Na/Ca

Foraminiferal data for this site are listed in Table 3.7; interstitial
water and inorganic calcite compositions are listed in Table 3.12. The Li
distribution coefficient used in calculating the inorganic calcite Li/Ca
was determined from the 45 m.y. foraminiferal calcite sample at this site
(Table 3.4).

See explanatory notes in caption of Figure 3.2.
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FIGURE 3.5 Foraminiferal calcite composition as a function of age for Site
369 (Leg 41), Spanish Sahara continental slope, Atlantic.

a. Li/Ca
b. Sr/Ca
c. Mg/Ca
d. Na/Ca

Foraminiferal data for this site are listed in Table 3.8; interstitial
water and inorganic calcite compositions are listed in Table 3.13.

See explanatory notes in caption of Figure 3.2.
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FIGURE 3.6 Foraminiferal calcite composition as a function of age for Site
526 (Leg 74), Walvis Ridge, Atlantic.

a, Li/Ca
b, Sr/Ca
c. Mg/Ca
d. Na/Ca

Foraminiferal data for this site are listed in Table 3.9; interstitial
water and inorganic calcite compositions are listed in Table 3.14.

See explanatory notes in caption of Figure 3.2.
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assuming that the prediction of the Sr/Ca inorganic calcite composition is
accurate and then evaluates the agreement or discord of the other
indicators with Sr/Ca.

Magnesium. For four of the five sites studied (Sites 289, 305, 366,
and 369), the calculated inorganic calcite Mg/Ca ratio is < the
foraminiferal ratio for most ages.

In Site 289, the foraminiferal Sr/Ca ratios at ages greater than ~18
m.y. are equal to the calculated inorganic ratios (Figure 3.2.b). In a
previous study of Sr/Ca and Sr isotopes in interstitial water and
foraminiferal calcite at Site 289, Elderfield et al. (1982) concluded that
all foraminiferal calcite from ages greater than ~18 m.y. were in
equilibrium with the interstitial water. Over the same age range where
Sr/Ca in foraminiferal and inorganic calcite coincide at Site 289, the
inorganic Mg/Ca ratio is decreasing while the foraminiferal calcite ratio
remains approximately constant (Figure 3.2.c). If calcite older than 18
m.y. at Site 289 is recrystallized, the Mg distribution coefficient must be
a factor of three to five higher than that calculated by Baker et al.
(1982). The conclusions about diagenesis in Site 289 are discussed further
in a later section.

At Site 305, foraminiferal Sr/Ca ratios generally decrease with
increasing age (Figure 3.3.b). The interstitial water elemental ratios at
Site 305 are approximately constant with depth; therefore, so is the
calculated inorganic calcite composition. The foraminiferal Sr/Ca ratios
approach, but do not coincide with, inorganic calcite Sr/Ca ratios (Figure
3.3.b). Mg/Ca foraminiferal calcite ratios at Site 305 increase steadily
with increasing age, coinciding with the assumed equilibrium Mg/Ca ratios

around 50 m.y. and then exceeding them (Figure 3.3.c). To explain this
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trend in foraminiferal Mg/Ca ratios, the inorganic Mg distribution
coefficient must be 35_}3352_1.5 times higher than that suggested by Baker
et al. (1982), who based their value on bulk carbonate chemical data at
Site 305.

Further evidence for this conclusion is seen in the foraminiferal
calcite chemistry at Site 366 (Figures 3.4, a - d). Sr/Ca and Mg/Ca
foraminiferal calcite ratios are approximately constant with increasing age
at Site 366, with markedly lower Sr/Ca (and Li/Ca) ratios in the three
oldest samples analyzed (Figures 3.4, a, b). Sr/Ca ratios in the three
oldest samples (45 - 59 m.y.) coincide with the inorganic calcite ratio.
Inorganic calcite Mg/Ca ratios are lower than all the foraminiferal ratios
except in the very youngest samples (Figure 3.4.c) and the Mg/Ca ratios in
the 45 - 59 m.y. samples with the low Sr/Ca and Li/Ca ratios are, if
anything, slightly higher than the Mg/Ca ratios in the younger samples.
Using the Mg distribution coefficient from Baker et al. (1982), Sr/Ca and
Mg/Ca do not agree as indicators of the percentage recrystallization at
Site 366, Site 289, or Site 366. The Mg distribution coefficient indicated
by the chemistry at Site 366 must be higher than that determined by Baker
et al. (1982) by a factor of eight.

Further support for a higher Mg distribution coefficient is found in
the foraminiferal calcite composition at Site 369 (Figures 3.5, a - d).
Interstitial water composition at this site is strongly influenced by an
underlying brine intrusion (Gieskes, 1981). The interstitial water
profiles have almost certainly changed significantly through time at this
low-carbonate site; this unknown temporal variation complicates the
application of the diagenetic model at this site. In any case, Mg/Ca

foraminiferal calcite ratios increase by a factor of five over 110 m.y.
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(Figure 3.5.c). Inorganic Mg/Ca ratios based on the distribution
coefficient of Baker et al. (1982) decrease with increasing age and are
much lower than foraminiferal calcite ratios for all samples older than 40
m.y. The Mg distribution coefficient necessary to explain the observed
increase in foraminiferal calcite ratios at Site 369 is a minimum of a
factor of seven times higher than the one recently suggested to be
applicable to sedimentary recrystallization reactions (Baker et al., 1982),

Foraminiferal calcite Sr/Ca ratios at Site 526 are approximately
constant with increasing age and significantly greater than the decreasing
inorganic calcite Sr/Ca ratios (Figure 3.6.b). Bulk carbonate analyses of
Sr/Ca and Mg/Ca at this site are substantially similar to these
foraminiferal analyses (Gieskes et al., preprint) except in the deepest
bulk carbonate sample from a chalk layer at 225 m (38 m.y.). The chalk
layer sample had a Sr/Ca ratio of 0.34 x 10"3, lower than those in the
younger samples and in good agreement with the calculated equilibrium
value of 0.36 x 1073. The Mg/Ca ratio of that sample was 12.9 x 1073, a
factor of 3,5 times the equilibrium ratio calculated from the distribution
coefficient of Baker et al. (1982).

The evidence from the comparison of Sr/Ca and Mg/Ca ratios as
indicators of recrystallization for the foraminiferal calcite at four sites
and for the bulk carbonate at a fifth suggests that the Mg distribution
coefficient for sedimentary recrystallization reactions must be a minimum
of 1.5 times the value determined by Baker et al. (1982) and up to eight
times as large.

Other elements. By comparing Sr/Ca ratios in calcite and

interstitial water (along with the Sr distribution coefficient), several

samples are observed to be in ~100% inorganic equilibrium: foraminiferal
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samples older than ~18 m.y. from Site 289 (Figure 3.2; Elderfield et al.,
1982); foraminiferal samples from 45 - 59 m.y. from Site 366 (Figure 3.4);
and the bulk carbonate sample from the chalk layer at 38 m.y. from Site 526
(Gieskes et al., 1982). If these samples are in equilibrium, their
chemistry and the interstitial water compositions can be used to calculate
inorganic distribution coefficients for sedimentary recrystallization
reactions.

The results of these calculations are listed in Table 3.4. The
results from Site 366 indicate that the inorganic Li distribution
coefficient is ~7 x 10"4, approximately an order of magnitude lower than
the foraminiferal calcite one (5 x 10‘3; Chapter 2). As discussed, the
calculated Mg distribution coefficients are higher than the one suggested
by Baker et al. (1982) of 8.1 x 10~%, Calculation of the Na distribution
coefficient is complicated by the nonlinear relationship between solid and
solution Na/Ca ratios (Kitano et al., 1975; White, 1978). Assuming a
cube-root dependence of solid on solution ratios, the Na distribution
coefficients calculated from the samples at Sites 289 and 366 listed in
Table 3.4 are equivalent to values at seawater Na/Ca intermediate between
those found in the two experimental studies (Table 3.5). The nature of the
incorporation of Na and the mechanisms for its behavior in
recrystallization may be different than for Li, Sr, and Mg which show
linear relationships between solid and solution chemistries for

foraminiferal and inorganic calcites.

DIAGENETIC CHANGES AT THE SITES STUDIED

Site 289. Based on a comparison of Sr/Ca ratios and Sr isotopes in

foraminiferal calcite and interstitial water at Site 289, it was concluded
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TABLE 3.4 1Inorganic calcite distribution coefficients from
"recrystallized"” calcite from Sites 289, 366, and 526 2
elemental location foraminiferal interstitial distribution P
ratio calcite water coefficient
Mg/Ca Site 289 3.85 x 1073 0.82 4.7 x 1073
Site 366 4,32 x 10~3 0.65 6.7 x 1073
Site 526 12.9 x 1073 4,54 2.8 x 1073
c
Na/Ca Site 289 2.45 x 1073 15.7 16 x 1073
c
Site 366 1.11 x 1073 12.2 9 x 1072
d e
Li/Ca Site 366 7.3 x 1076 9.8 x 10~2 7 x 1074

Notes: a.

The samples used in these calculations are ones whose Sr/Ca
ratio was equal to the equilibrium calcite ratio based on the
interstitial water ratio. The samples used are: Site 289,
foraminiferal sample 86/6/25-27, 815.3 m, 28.2 m.y. and
interstitial water sample 86/5/144~150, 815.0 m, 28.2 m.V.;
Site 366, foraminiferal sample 21/3/80-82, 521.8 m, 45.3 m.y.
and interstitial water sample, 20/1/145-150, 510.0 m, 44.8
m.y.; Site 526, bulk carbonate sample and interstitial water
sample, A/45/2/143-150 (Gieskes et al., preprint).

Distribution coefficients were calculated as:

(element/Ca) )
D = C31C1té////?;lement/Ca)
water

The relationship between solid and solution Na/Ca ratios is
nonlinear. The calculated distribution coefficients are only
applicable at the solution ratio at which they were determined.
Using the cube-root dependence of solid ratios on solution
ratios, these correspond to values intermediate between those
of Kitano et al. (1975) and White (1978) at the seawater
solution Na/Ca ratio of 44.7.

This sample had a replicate with a high Li/Ca ratio of

38.6 x 1073, However, the two oldest samples at this site had
low Li/Ca ratios, so the lower of the two replicates is used
in this calculation.

Li was not analyzed on this sample, so this ratio is determined
from the two adjacent younger interstitial water samples.
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that foraminiferal shells from depths greater than 550 m (~18 m.y.) were in
equilibrium with the interstitial water chemistry and therefore 100%
recrystallized (Elderfield et al.,, 1982). There are two weaknesses in this
argument. The first concerns the original biogenic Sr/Ca ratio. Sr/Ca
ratios in the foraminiferal calcite at Site 289 are similar to Sr/Ca ratios
of other samples of the same age from different locations (Figure 4.2,
Chapter 4; Graham et al., 1982). Since the original Sr/Ca ratio is close
to the inorganic recrystallization one, Sr/Ca is an ambiguous and
insensitive indicator of percentage recrystallization in this site.

The second objection arises from the comparison of the Sr isotopic
compositions of foraminiferal calcite and interstitial waters with the
contemporaneous seawater Sr isotopic curve (Elderfield et al., 1982 using
data from Dasch and Biscaye, 1971)., The Sr isotopic composition of
foraminiferal calcite at Site 289 followed the Dasch and Biscaye (1971)
contemporaneous seawater curve in the shallowest 550 m, then jumped to an
isotopically lighter composition equivalent to that of the interstitial
water (Elderfield et al., 1982; their figure 6). Therefore, foraminiferal
calcite below 550 m was considered to be substantially recrystallized. If
this comparison is made to a different seawater Sr isotopic curve (Burke et
al., 1982; summary in Brass, 1976), the Sr isotopic composition of the
foraminiferal calcite looks precisely like the contemporaneous seawater
curve at all depths. The interstitial water profile still requires a
source of isotopically light Sr constituting about 15% of the total Sr
concentration in the upper 550 m (Elderfield et al,, 1982). The
observation that the Sr isotopic compositions of the interstitial water and
foraminiferal calcite in the upper 550 m are different and the agreement of

the Sr isotopic ratios of the foraminiferal calcite with either
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contemporaneous seawater curve implies that foraminiferal shells from
0 - 550 m (0 - 18 my.) are not recrystallized. However, the concordance
below this depth of the Sr isotopic ratios of foraminiferal calcite and
interstitial water does not require recrystallization; both calcite and
water Sr isotopic ratios are in accord with Sr isotopic curves in
contemporaneous seawater other than that of Dasch and Biscaye (1971). From
the Sr isotopic data, the foraminiferal calcite could as easily be
interpreted to be completely unrecrystallized in the older age ranges. The
Dasch and Biscaye (1971) curve is isotopically heavier than others for ages
older than ~10 m.y. (see summary in Brass, 1976). The foraminiferal
samples in those age ranges in that study have low Sr/Ca ratios, and may
thus be themselves recrystallized.

Based on the Sr, Mg, and Na inorganic distribution coefficients
discussed, the older samples at Site 289 could well be in equilibrium with
interstitial water., There is no abrupt change in the Li/Ca foraminiferal
ratios in the proposed zone of recrystallization. If samples older than 18
m.y. are 100% recrystallized, interstitial Li concentrations in the depth
range 550 m - 815 m would have to be 0.42 - 0.44 mmol/l (based on the
inorganic Li distribution coefficient estimated from Site 366 data (Table
3.4) and the Li/Ca ratios of the foraminiferal calcite), an approximately
constant value fifteen times higher than the seawater Li concentration.

Site 305. For Site 305, if the oldest samples are 100%

recrystallized, the inorganic Li distribution coefficient and the
foraminiferal Li/Ca ratios would require constant interstitial Li
concentrations of 0.21 mmol/l. This is 7.5 times the seawater
concentration., In Site 305, the interstitial water composition was fairly

constant (Table 3.11), so there is no obvious reaction source for this
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elevated Li seen in the other profiles. The minima seen in the
foraminiferal Li/Ca ratios are not easily explainable in terms of
diagenetic effects evident in the other elemental profiles.

Sites 366 and 526. For most samples at Sites 366 (Figure 3.4) and

526 (Figure 3.6), Li/Ca, Sr/Ca, and Mg/Ca foraminiferal ratios are not in
equilibrium with the interstitial water, suggesting that foraminiferal
calcite at these sites is substantially unrecrystallized. For Site 526,
the interstitial waters have been analyzed for Sr isotopic ratios (J. M.
Gieskes and H., Elderfield, pers. comm.). This conclusion could be verified

by measuring the Sr isotopic ratios of the bulk carbonates.

CONCLUSIONS
INORGANIC DISTRIBUTION COEFFICIENTS

The simple model of diagenesis as described has been applied to the
foraminiferal calcite and interstitial water compositions at five DSDP
sites. From the measured calcite chemistry of the oldest foraminiferal
samples at Site 366 (Leg 41), the inorganic Li distribution coefficient is
estimated to be ~7 x 10’4, approximately an order of magnitude lower than
one determined for foraminiferal calcite of 5 x 10~3 (Chapter 2).
Comparison of the foraminiferal calcite (and bulk carbonate) and
interstitial water compositions suggested that the Mg distribution
coefficient for sedimentary recrystallization reactions is as much as a
factor of eight higher (and at least a factor of 1.5 higher) than the value
suggested from a comparison of bulk carbonate Sr/Ca and Mg/Ca ratios at
Site 305 (Baker et al., 1982). This value is at least a factor of two (and
up to a factor of nine) lower than any of the Mg distribution coefficients

determined in laboratory studies (summary in Mucci and Morse, 1983). The
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Na/Ca distribution coefficient appears to be intermediate between the
values determined in two experimental studies (Kitano et al., 1975; White,
1978). The nonlinear relationship of solid and solution chemistry for
Na/Ca ratios makes this analysis less certain for Na than for the other

elements.

DIAGENETIC MODELLING

Quantification of diagenetic changes in foraminiferal calcite
chemistry is hampered by the lack of knowledge about distribution
coefficients applicable to sedimentary recrystallization reactions. The
variation of these distribution coefficients with temperature and the
temperature profiles themselves in the sediments need to be better known.
The most promising indicator of sedimentary recrystallization reactions is
the Sr isotopic compositions of foraminiferal calcite and interstitial
water. However, the interpretations of Sr isotopic data depend directly on
the presumed Sr isotopic history of seawater. Different choices of
contemporaneous seawater curves can lead to quite different conclusions, as
was discussed for Site 289, Further sophistication in modelling the time
course of these diagenetic changes will be required to make the various
indicators (elemental ratios, Sr and O isotopes) agree with each other
within a site and to have the models successfully applicable to more than
one site. There are certainly diagenetic changes which affect the chemical
composition of foraminiferal calcite and bulk calcium carbonate in oceanic
sediments. An exact deconvolution of these processes is not yet possible.

In the construction and application of diagenetic models, the
open-system nature of the interstitial water—sediment system must be

explicitly included. For example, Killingley (1983) modelled the effect of
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recrystallization on foraminiferal calcite oxygen isotopic records. He
concluded that the oxygen isotopic trend observed in the Tertiary of
increasing 180/160 ratios with decreasing sample age could be due to
extensive recrystallization of carbonate (807 at 60 m.y.), not to oceanic
paleotemperature changes. This model treated the sediments and their
associated interstitial water as a closed system. The s 180 changes in the
interstitial water in a "typical” sediment column from carbonate
recrystallization were calculated to be < -0.1 °/°°/100 m, with § 180
becoming more negative from 0 - 30 m.y. and more positive from 30 - 60 m.y.
However, 8180 in interstitial water usually becomes consistently more
negative with depth. The average §180 gradient in thirty-six DSDP sites
was -0.72 * 0.38 °/00/100 m (Lawrence and Gieskes, 1981). These isotopic
decreases correlated with Ca increases. Both gradients are due to
reactions primarily with underlying basalts and secondarily with volcanic
matter in the sediments (Lawrence and Gieskes, 1981).

The differences between §180 values for 60 m.y.b.p. and present-day
produced by recrystallization in Killingley's model for planktonic and
benthic foraminifera were -0.5 °/oo and -3.5 °/oo, respectively. To obtain
these differences by the mixture of calcite recrystallized in equilibrium
with the interstitial water of a typical sediment column and calcite with
initial 6180 of -1 °/oo (planktonic foraminifera) and +3.5 °/oo (benthic
foraminifera), the percentage recrystallized calcite required is only 97
for the planktonic foraminifera and 36% for the benthic foraminifera. (The
typical sediment had the following properties: sedimentation rate, 10
m/m.y.; 8180 gradient, -0.5 °/00/100 m; and temperature gradient,
3.5° C/100 m with a 2° C temperature at the sediment-water interface.) The

open system model requires that the benthic foraminifera recrystallized to
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a greater extent than the planktonic foraminifera if both isotopic signals
are due primarily to recrystallization, not oceanic paleotemperature, as
was assumed by Killingley. Killingley's model assumed that the
recrystallization rates were the same for planktonic and benthic
foraminiferal shells.,

Although caution should be exercised in interpreting oxygen isotopic
records from older samples, Killingley's model was not representative of a
typical sedimentary system. In fact, the problem may be potentially
greater than was indicated by the closed system calculation. To produce a
negative 1°/oo shift (equivalent to ~4° C paleotemperature signal) in an
oxygen isotopic ratio of a benthic foraminifera by the mixture of
recrystallized calcite in equilibrium with the interstitial water and
temperature profiles of the typical sediment modelled above, only 10%
recrystallized calcite at 60 m.y. is required to change an initial isotopic
ratio of +3.5°%°/co0,

The similarity of oxygen isotopic records from different locations is
encouraging evidence that the measured signal does mainly represent oceanic
paleotemperature differences. The measurement of oxygen isotopic records
in different sites with different interstitial water profiles and thermal
gradients can elucidate which part of the records represent oceanic
paleochemistry and paleotemperature. Analyses of trace elemental ratios
and Sr isotopic ratios in calcite and interstitial water in the same

samples could further clarify this situation.
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APPENDIX 3.1 Foraminiferal calcite composition —— DSDP samples
Foraminiferal calcite trace elemental ratios for samples from the
five sites studied are listed in Tables 3.6 - 3.10. Mixed planktonic
foraminiferal samples were analyzed. Each sample is identified in the
following tables by a series of numbers: (optional letter designation for
additional holes at a site) core/section/interval; CC in place of
section/interval indicates a core catcher sample. Depth below the seafloor
for each sample was figured to the top of the 2 cm sample interval
following standard DSDP assumptions in cases of incomplete recovery. Core
catcher samples were assumed to represent the bottom of the cored interval.

Depths were figured according to the formula:

depth in depth to top of
hole below = top of + 1.5 m(section # - 1) + interval in
seafloor (m) core (m) section (m)

Because of incomplete recoveries, the uncertainty on an assigned
depth can be as much as several meters. The resulting age uncertainty
depends on the accumulation rate.

Mean Li/Ca, Sr/Ca, Mg/Ca, and Na/Ca ratios, standard deviations, and
number of values averaged are listed in the tables. The format used is:

mean

standard deviation
number of values

Reported values have been corrected for variability between analyses
at different times (see Appendix 1 for a discussion of analytical precision
within and between data sets). Where replicate samples were analyzed in
separate analytical runs, individual values were consistency-standard

corrected before means were calculated.
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Trace elemental ratios marked by parentheses were not included in
data plots; the reason for questioning the value is given in a footnote.
In some cases, sample replicates disagreed significantly for one or more
elemental ratios of a sample with no obvious reason to disregard one of the

values. In such cases, both values are listed and plotted.
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TABLE 3.5 TForaminiferal calcite composition at Site 289 (Leg 30)
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Foraminiferal calcite composition at Site 305 (Leg 32)

TABLE 3.6
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continued
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3.6 continued

sample depth age LisCa Sr-Ca My-Ca Na~sCa
(M) (May.) (1e7® (1e® g 1e >
4371-120-122 392.7 198.3  (20.4) (1.37) (s.46) (s.39) solids after
€.2 8,17 8.72 1.76 dissolution
2 2 2 2
43-34 25- 27 394.8 189.9 12.3 9.91 5.¢9 2.58 )
9.¢ g,22 8.43 8.42
& 6 g €
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TABLE 3.7 Foraminiferal calcite composition at Site 366 (Leg 41)

sample depth age Li~Ca SP/QP Mg~-Ca Na-<Ca

€3] (M.y.) 1975 1e7% 19°% e

2467 28— 22 12.7 8.3 15.1 1.34 2.98 S.7€

1.1 8.01 9,48 0.4S

2 2 2 2

R 9-5-110-112 79.6 4.9 14.1 1.29 2.83 S5.987
8.1 v.85 ©.320 8.91

2 2 2 2

A 1275-118-112 183.1 €.1 15.6 1.35 2.48 4.87
g.1 g.94 8,09 .12

2 2 2 2

A7 14-5-119-112 127.1 11.8 12.1 1.37 3.28 4,914
8.0 8.94 .08 1.49

2 2 2 2

As 16-5-148-158 14€.5 13.8 13.4 1.22 4.321 2.87
8.1 8.685 B8.45 8.07

2 2 2 2

fs 1776-139~-141 157.4 14.7 13.8 1.26 4.55 3.66
0.7 .86 8.38 8.25

2 2 2 2

fir 217€-148~-142 195.4 17.8 14,8 1.29 4,14 3.57
8.3 9.084 8.16 8.55

2 2 2

A/ 26-5-128-122 241.2 21.4 12.6 1,27 2.68 3.29
8.3 .81 8.92 8.25

2 2 2 2

As 30-1-148-142 273.4 23.7 11.89 1.322 2.98 4.06
8.1 B.91 8,26 8.75S

2 2 2 2

fs 2306-120-122 399, 2 2€.9 12.5 1.41 2.66 J.21
8.2 0.97 8.8S g.41

2 2 2 2

A< 36-2-1328-132 2321.8 z27.4 12.¢ 1.49 2.828 2.4S
9.3 9.59 B.04 8.35

2 2 2 2

7r4-119-112 338.6 22.9 1€.5 1.24 2.89 2.19

8.9 0.84 v.86 8.18

2 2 2 2

§74-149-142 469,94  34.¢ 12.1 1.28 3.24 3,07
9.0 .90 9.690 9.080

1 1 1

16-57 94~ 8¢ 429.4 37.7 16.9 1.31 2.97 2.85
8.9 0.90 8.98 6.09

i 1 1 1

13437 94- 356 445.9 49,4 32.3 1.23 2.99 3.29
8.8 9.909 .60 8.99

1 1 1 1
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3.7 continued

sample depth qye LisCa Sr-Ca Mg -Ca Hafgg
> may.Y E® e (1e7% ae®
21-3~ 89- 82 521.8 45,3 35.8 8.74 4,32 1.11
7.3 ©0.94 g.14 8.80
2 2 2
48-6-142-144  783.4 5¢.4 4.6 0.£5 2.70 g.82
9,2 8,82 .91 0.081

2 2 2 2 <
49-€-139-141 ©T382.5 59.3 4.2 9.632 2.52 g.64
g.5 a, 04 8,83 v.18
2 2 2 2




170

TABLE 3.8 Foraminiferal calcite composition at Site 369 (Leg 41)
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TABLE 3.9 Foraminiferal calcite composition at Site 526 (Leg 74)
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continued
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APPENDIX 3.2 Interstitial water compositions and calculated inorganic
calcite compositions

INTERSTITIAL WATER COMPOSITIONS

Interstitial water compositions listed in Tables 3.10 - 3.14 were
taken from published and unpublished reports as follows:

Site 289 (Leg 30): Gieskes (unpublished report) and
Elderfield et al. (1982).

Site 305 (Leg 32): Matter et al. (1975).

Site 366 (Leg 41)

and

Site 369 (Leg 41): Couture et al. (1977); Li analyzed
in this study.

Site 526 (Leg 74): Gieskes et al. (preprint) and J. M. Gieskes
and H, Elderfield, Sr isotopic data (pers.
comm. ).

Na concentrations listed in the following tables were calculated from
reported salinities.

Ages for the interstitial water samples were calculated from the
sample depths using procedures described in Chapter 3 for foraminiferal
samples.

Interstitial water Li/Ca, Sr/Ca, Mg/Ca, and Na/Ca ratios for the five

sites are plotted as a function of age in Figure 3.7.

CALCULATED INORGANIC CALCITE COMPOSITIONS

Elemental ratios in calcite from inorganic recrystallization were
calculated from interstitial water ratios using the distribution
coefficients listed in Table 3.3 (and in Table 3.4 for Li/Ca). The Sr
distribution coefficient was calculated as a function of Sr concentration
and temperature; no corrections were made for precipitation rate dependence

of the distribution coefficient, Temperatures used in calculating the Sr
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coefficients were estimated from sample depths, assuming that the
temperature at the sediment-water interface was 0° C and that the
geothermal gradient was 35° C/km. No temperature dependence was used in
calculating inorganic calcite Mg or Na distribution coefficients.

Since the interstitial water elemental ratios for the five sites are
different as a function of age (Figure 3.7), computed inorganic calcite
ratios are also different for the five sites. For Li/Ca, Mg/Ca, and Na/Ca,
the inorganic calcite ratio as a function of age is simply the interstitial
water ratio multiplied by a constant distribution coefficient. Sr
distribution coefficients depended on Sr concentration and temperature, but
the inorganic recrystallization plots are similar to the interstitial water

Sr/Ca plots.

NOTES FOR TABLES 3,10 - 3,14

a. Li/Ca calculated from inorganic calcite Li distribution coefficient,
7 x 1074 (Table 3.4).

b. Mg/Ca calculated based on Mg distribution coefficient in Table 3.3 from
Baker et al. (1982).

¢c. Na/Ca calculated based on proportlonallty derived from data in White
(1978), (Na/Ca)ealeite = (0.23 x 1073) x [(Na/Ca)golution] /3 (Table
3.3).

d. Na/Ca calculated based on proportionality constant derived from data in
Kitano et al. (1975),
(Na/Ca)ealeite = (1.13 x 1073) x [(Na/Cadgolution) e (Table 3.3).



TABLE 3.10 Interstitial water compositions and calculated inorganic calcite compositions at
Site 289 (Leg 30)

INTERSTITIAL WATER COMPOSITIGOHNS CALCULATED IMNORGANIC CALCITE COMPOSITIONS
sample depth age Ca Li  Sr Iy S Na 87Sr /86 Li~Ca® Sr<Ca My~-Ca® Na~sCa® Na-Ca®
d o mayld sl gl mlel o mlel gsks aled 108 (10 107H 187y (1™
1-5-144~-159 7.5 9.5 19.9 9.194 Sz.2 35.2 478 0.7091f .93 4.23  0.82 4.10
5-5-144-150 49.5 2.3 11.1 9.411 S2.3 35.2 478 1.686 2.32 06.81 3.96
18-4-144-158 91.5 3.3 11.7? 0.628 47.2 3S5.2 47% ©.768899 2.87 3.27 ©.73% 3.89
15-3-144-150  137.5 4.9 13.2 9.816 44,8 35,2 478 0.70893 2.14 2.?5 8.7 2.74
20-5-144-15¢ 1€%.8 7.4 15,2 9.992 41.4 35.2 478 1.96 2.2t 9.72 2.57
25-3-144-150 2322.5 9.2 15.9 B.822 48.9 35.2 478 0.70886 1.1 2.3 9.72 3.5%
e-24 B- € 278.5 18.1 17.5 0.334 29,4 35.2 473 ©.706892 1,67 1.82  8.69 2.40
35-3-144-159  327.5 11,3 13,2 6.895 28.2 35.5 482 1.68 1,79  ©.6% 3.37
48-5-144-159  3272.9 2.6 19.7 ©.89¢ 25.2 35.5 482 8.70877 1.5¢  1.49  ©.67 3,28
45-2-144-1568 422.5 12.8 21.3 8,850 35.2 35.3 486 0.79866 1.42 1.34 8.55 3.20
S8-5-144~158 472,98 13.6 22.4 B.598 34.2 35.8 496 .35 1.24  ©.64  3.15
55-5-144-1506 S528.5 15.1 25.8 6.85¢ 208.7 32€.9 489 08.70852 1.20  B8.9¢ 8.51 3.61
68-5-144-158 5€8.0 19.2 24,5 1.616 21.3 32£.9 483 0.760344 1.37 1.85 ©.62 3.6€
€5-2-144~-158 €11.0 20.5 24.9 6.873 32.7 3235.2 493 1.22  1.14 ©.83  3.99

GLT



3.10 continued

INTERSTITIAL WATER COMPOSITIONS , CALCULATED INORGANIC CALCITE COMPOSITIONS
sample . depth age Ca Li Sr My S Ha Sr A% Li<Ca® SrsCa My~Ca® Ha-Ca® Ha-Ca
(> mayld alsl alAl mlel plel arky Ao 198 (187> 1™ (1™ 107y
?8-5-144-159 653.9 22.3 238.2 @.930 29.€ 326.2 493 0.70826 1.17 ©.85 ©9.60 2.93
75-3-144-159 707.5 24.9 28.8 9.95% 28.7 325.23 493 1.17  8.81 9,59 2.91
80-8-144-158 7?55.9 26.6 29.7 6.8¢2 27.1 326.2 492 0.703816 1.89  0.74 9.59 2.8%
86-5-144-150 §&15.8 28.2 31.4 B.867 25.€ 326.3 493 0.760798 1.84 ©.66 ©6.58 2,83
91-2-144-159 £19%.5 298.3 26,4 434
99-4-144-150 937,08 31.8 5.2 493
93/4-144-159 937,86 31.8 2.6 497
105-4-144-150 1982.5 42,2 43,2 548
126-2-144-159 11£7.5 €7.1 35,6 497
942 ¥ 826,80 9.1 38, 22.4 8.50
992 ¥ 932,88 21,7 6.1 29,2 8,45
18574 ¥ 1962.6 42,1 37,9 2r.z2 0.58

¥ squeezed after prolonged storage of cores

9LT



TABLE 3.11 Interstitial water compositions and calculated inorganic calcite compositions at
Site 305 (Leg 32)

vt ag gar LTSSTIIINTR SOURSITIOG, L SOOI g oty cowgrion

Yy sl el nMsl mMZl gokg nlde) 168% {18°»  19™™ e e

157144150 7.5 1.2 16,1 8.989 Sz2.4 34.9 474 9.44 4,20 0.83 4.067
3-2-144-150 29.90 2.1 16.1 g.119 52.8 35.2 78 8.58 4,23 9.83 4,69
6-5-144-150 S2.5 22,7 11.3 0.131 Sz2.2 35.5 482 8,57 3.74 8.36 3.95
11-5-144-158 $9.8 S8.3 11.2 6.123 S2.2 35.2 478 8.55 3.78 8,89 3.95
16-5-144-150 14€.5 €6.4 11,3 0.1223 S52.4 35.8 4g6 8,54 3.76 9.31 3.9¢6
21-4-144-158 132,89 78.2 11.3 B8.117 S2,7 35.S5 48z 8,52 2.78 8.8 3.95
26-4-144~-159 229,89 73.7 11.3 8.114 S2.4 35.5 482z u.51 3.76 g.30 2.95

LLT



TABLE 3.12 1Interstitial water compositions and calculated inorganic calcite compositions at
Site 366 (Leg 41)

INTERSTITIAL WATER COMPOSITIONS CALCULATED IHORGAHIC CALCITE COMPOSITIONS
sample depth age Ca Li  Sr Mo S Ha ®7r 2%r LisCa® SrsCa Mg-Ca® HarsCa® NasCa?
1) Crlyld nMsl o ulel o alel aksl o gskg sl 19™% (197> (9™ (187> 17y
t-2« 8- & 1.5 8.1 11.6 34.6 0.886 S1.8 35.2 478 2.1 8.35 3.62 8.79 3.99
354 9- € 131.5 12.2 1%.9 116.8 6.518 45.7 35.5 482 4.3 1.11 1.95 0.68 3.32
4,2-144-150 248.5 22.8 232.8 167.0 09.660 43.6 35.8 486 S.1 1.11 1.54 8.64 3.12
5.5,142-150 373.5 30.2 25.6 239.0 9.750 49.4 326.6 489 6.3 1.10 1.28 6.61 2.92
18-4-144-1506 419.,5 37.¢ 31.8 305.8 68.959 34.5 35.0 473 6.7 1.08 0.88 8.57v 2.78
15-27 98- 10 462,5 42,2 32.9 328.0 0.938 324.4 325.3 492 7.0 0.9% 9.85 w.5¢7 2.°?9
20-1-145-1586 S10.9 44.8 40,2 1.228 26.1 36.9 489 6.87 8.53 0.53 2.68
A’ 1-3-144-158 4.5 8.2 11.3 32.5 6.068 S53.1 325.2 478 2.1 9.27' 3.81 8.80 3.34
As 5-4/144-158 40.5 2.4 13.2 49.% ©8.199 S1.9 35.8 486 2.6 8.69 2.18 g.77 3.78
] 9-5-144-158 8v.9 4.0 15.4 73,8 ©.220 Sv.4 35.8 486 3.3 8.94 2.65 8.732 3.57
fs 14-5-144-1590 127.5 11.8% 19,2 1089.0 0.4%9 48.8 326.0 489 4.0 1.96 2.81 .68 3.32
fis 20-2-144-150 188.9 16.5 22,7 179.0 ©8.€28 45.7 26,0 489 5.5 1.87 1.€63 9.64 3.14
A- 26-,3/144-159 2328.5 21.2 26.8 204.9 8.740 42.5 36.3 4393 5.3 1.02 1.28 8.61 2.98
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TABLE 3.13 Interstitial water compositions and calculated inorganic calcite compositions at
Site 369 (Leg 41)

INTERSTITIAL WATER COMPOSITIONS CALCULATED INORGANIE CALCITE COMPOSITIONS
sample depth age Ca Li Sr My S Ha 87gp 88 Li~Ca® SrsCa Mg-Ca® HasCa® HNa“Cad
M) nay.) allst uMel aliel nMsl gske MM e 187> (187> (197d»  (187d
1-2-144-158 3.9 3.2 18.6 321.7 9.679 S3.1 35.2 478 2.1 .33 4.06 0.82 3.82
5-47144-150 3?.5 5.0 12.7 104.8 B.248 48.9 35.5 482 5.7 B.89 3.12 8.?77 3.88
R 5<5-144-158 8v.5 12.1 15.0 137.8 0.420 408.0 26.2 491 6.4 1.23 2.18 0.74 3.2
R/ 18-5-144-15 135.8 18.8 14.2 156.8 8.528 38.5 36.8 493 9.4 1.51 2.20 8.75 3.70
A7 14-5-144-1580 1€3.9 19,1 15.8 205.8 8.548 38.4 37.3 586 3.1 1.39  1.9? 8.72 2.59
A- 28-5-144-156 238.9 27.¢ 19,4 276.0 ©9.6509 32.3 329.9 529 1.8 1.30 1.62 9.8% 3.40
As 25-5-144-158 277.S5 31.86 19.9 352.0 9.€99 23,3 39.9 S42 12,4 1.21 1.58 9.59 2.40
fiv 38-4-144-150 323.5 35.4 21.6 29.8 48,7 5S2 1.43 8.68 3.23
As 31-5-144-150 324.5 36.7 22.9 295.8 9.€79 49.2 41.2 559 9.1 t.14 1.42 8,67 3.28
A 35-3-144-158 32€9.S5 S2.2 24.5 34€.0 0.579 42.4 42.4 589 9.9 1.24 1.99 B.56 3.2€
fir 48-2-144-1586 415.5 §2.2 26.4 269.9 1.166 45.9 46.2 627 9.8 1.28 1.38 B.86 32.25
A 44-1-144-150 452,99 183.6 27.2 3280.9 1.030 45.4 46.2 €28 9.7 1.232 1.35 0.65 3.21
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TABLE 3.14 Interstitial water compositions and calculated inorganic calcite compositions at
Site 526 (Leg 74)

S LI PR P i 1 i V1S g B 1 P O T B I P " B 13 P (107  (16™ (1873 (9™ (18™
R 1-1-143~159 29.0 3.7 18.9 138.2 8.178 S2.5 35.2 472 0.70910 1.23 0.79 3.90 0.81 3.98
R 6-2-143-150 53.0 6.8 11.2 S1.7 35.2 478 3.74 0.806 3.95
R 11-2-140-159 f5.0 18.1 11.3 22,5 9,249 51.8 34.9 474 0,70899 1.39 1.00 3.71 g9.88 3.93
A 186-2-144-150 S7.0 12.4 11.4 17.6 0.282 51.7 34.9 474 1.08 8.8S 3.67 8.80 3.91
A 21-1-140-150 119.6 14.6 11.4 16.2 0.185 51.6 35.2 478 6.70965 8.99 ©8.79 3.6¢7 ©8.88 32.92
As 26-2-148-1S9 141,86 18,8 11,5 17.€ ©9.17?4 S1.9 35,2 78 1.87 8.7 3.66 6.89 3.91
A” 21-2/148-159 163,98 22.1 11.5 17.82 8,157 S2,2 35.2 7S ©,7685916 1.68 08.67 3.88 6.388 3.91
A’ 36-2-148-158 183.8 2z7.2 11.7 $3.2 35.5 482 0,.78929 3.9 0.78 3.90
As 41-2-143-158 207,0 26.3 11.7 11.4 6.131 52.8%8 35.5 482 6.68 ©.56 3.86 8.73 3,99
A 45-2-143-158 225.8 323.2 11.7 11.7 ©.832 52.1 35,5 482 6.70924 8.78 ©0.2¢ 3.€8 9,79 32.99
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FIGURE 3.7 Interstitial water elemental ratios as a function of age. Plot
symbols are:

<> Site 289 (Leg 30) Ontong-Java Plateau, Pacific

< Site 305 (Leg 32) Shatsky Rise, Pacific

] Site 366 (Leg 41) Sierra Leone Rise, Atlantic

"\ Site 369 (Leg 41) Spanish Sahara continental slope, Atlantic

\V4 Site 526 (Leg 74) Walvis Ridge, Atlantic
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CHAPTER FOUR:

OCEANIC PALEOCHEMICAL VARIATIONS OVER THE LAST 100 M.Y.

Global crustal generation rate and heat flow at the ridge crest
80 - 110 m.y.b.p. were estimated to have been as much as a factor of two
higher than at present from several geological and geophysical models
(Larson and Pitman, 1973; Turcotte and Burke, 1978; Davis and Solomon,
1981); other investigators have disagreed with these estimates (Berggren et
al.,, 1975; Parsons, 1982). The suggested variations in spreading rate,
heat flow, and plate velocity would have resulted in hydrothermal fluxes at
80 - 110 m.y.b.p. double the modern ones with a decline in these fluxes
over 80 m.y. to the present-day values.

The oceanic cycle of Li is dominated by input from hydrothermal
circulation at the ridge crest (Edmond et al., 1979, 1982). TIts oceanic
concentration should have been larger if hydrothermal fluxes were greater.

Li/Ca, Sr/Ca, Mg/Ca, and Na/Ca ratios as a function of age were
measured in foraminiferal calcite from five DSDP sites. The sites studied,
these measurements, and the effects of diagenesis on the original calcite
composition are described in Chapter 3. An oceanic mass balance model for
Li is used with the oceanic paleochemistry, as determined from foraminiferal
calcite chemistry, to evaluate changes in hydrothermal fluxes through time.
Alternate models concerning the importance of hydrothermal circulation to

oceanic mass balances, variations in removal processes with changing
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inputs, and changing continental fluxes as they affect Li and other
elements are considered for their impact on the ability to quantify changes

in hydrothermal circulation from observations of oceanic Li/Ca ratios.

THE CONNECTION BETWEEN SPREADING RATES AND HYDROTHERMAL FLUXES

As discussed in Chapter 1, the connection between global crustal
generation rates and hydrothermal fluxes to the ocean is not necessarily
direct. The proportion of the total heat lost by convection is similar on
present—-day ridge crests with spreading rates differing by factors of two
to three (327% - 42% of the total ridge heat flow) (Wolery and Sleep, 1976).
The degree of cracking at spreading centers may vary with crustal
generation rate; therefore the amount of basalt surface accessible for
reactions with seawater may be different. It is the circulation of water
through the ridge crest and the concurrent basalt-seawater reactions which
generate the chemical fluxes. Therefore, increases in the rate of crustal
generation and in the water flux through the ridge crest should increase
the associated chemical fluxes. The hydrothermal systems sampled to date
(Galapagos, EPR 21° N, Guaymas Basin, EPR 13° N) are from ridges with
approximately equal spreading rates. Sampling of hydrothermal solutions
from ridge crests with faster or slower spreading rates has yet to be
accomplished. For the purposes of the following discussion, doubling the
global crustal generation rate is assumed to double the chemical fluxes
associated with hydrothermal advection of heat at the ridge crest. The
ability to define changes in seafloor spreading rates from oceanic Li
concentration depends on this assumption of predicatable geochemical

consequences.
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PALEOCHEMICAL RECORDS

Li/Ca, Sr/Ca, Mg/Ca, and Na/Ca ratios in foraminiferal calcite were
measured in samples from five DSDP sites and are plotted versus sample ages
in Figures 4.1 - 4.4, Simple modelling of recrystallization of biogenic to
inorganic calcite indicated that many of the foraminiferal samples are
substantially unrecrystallized. Samples which were severely affected by
diagenesis or which were analytically questionable are not plotted. No
other qualitative or quantitative corrections for diagenetic changes are
made in these plots. Because the potential for diagenetic changes
increases with increasing sample age and because samples from only two
sites had ages older than 40 m.y., conclusions about paleochemical

variations for times beyond 40 m.y.b.p. are less certain.

LITHIUM/CALCIUM

Li/Ca ratios in foraminiferal calcite are plotted versus sample ages
in Figures 4.1, a and b. Oceanic Li/Ca ratios have not been a factor of
two higher than those at present at any time during the past 100 m.y. The
validity of this constant Li/Ca ratio in foraminiferal calcite is strongly
supported for the past 40 m.y. by the similarity of the foraminiferal data
from three sites (366, 369, and 526) with different interstitial water
Li/Ca ratios (Figure 3.7). The calcite ratios would not agree in these
three sites if the chemical signals were due to inorganic recrystallization
reactions, rather than to oceanic paleochemistry. Mean ratios reach a
minimum between 40 and 60 m.y. and possibly another minimum between 70 and
90 m.y. (determined primarily by the samples from Site 305) (Figure 4.1.b).
Mean Li/Ca ratios range from 1l4.1 x 107® for 0 - 2.5 m.y. to 8.9 x 10-6
for 80 - 90 m.y., for a maximum decrease of 377 from present-day values,
The mean values in each time range are generally within *207%7 of the mean

Li/Ca ratio of all samples (12.7 x 10-6).



FIGURE 4.1
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Li/Ca ratios in foraminiferal calcite as a function of age.

a. Li/Ca ratios in foraminiferal calcite from all sites. Plot symbols

are:
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Site

Site

b. Li/Ca ratios
intervals for 10
shaded area represents *20/V¥n of the mean for each age interval,

289 (Leg 30) Ontong-Java Plateau, Pacific

305 (Leg 32) Shatsky Rise, Pacific

366 (Leg 41) Sierra Leone Rise, Atlantic

369 (Leg 41) Spanish Sahara continental slope, Atlantic
526 (Leg 74) Walvis Ridge, Atlantic

averaged in 2.5 m.y. intervals for 0 - 10 meye; 5 m.y.
- 40 m.y.; and 10 m.y. intervals for 40 - 110 m.y. The
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STRONTIUM/CALCIUM

Sr/Ca ratios in foraminiferal calcite from the five DSDP sites are
plotted versus samples ages in Figure 4.2. Mean Sr/Ca ratios are at a
minimum from 5 - 6 m.y., approximately 207% lower than the values at
present, and show a general decrease with increasing age (Figure 4.2.b).
Sr/Ca ratios in samples older than 40 m.y. are similar in two sites (305
and 369) which have different interstitial water compositions (Figure 3.7)
and, therefore, different inorganic recrystallization Sr/Ca ratios
(Appendix 3.1). Mean Sr/Ca ratios as a function of age agree well for 0-50
m.y. with those determined in another study (Figure 4.2.b); that study
found a minimum between 45 and 55 m.y. not clearly defined by these samples

(Graham et al., 1982).

MAGNESIUM/CALCIUM

Mg/Ca ratios in foraminiferal calcite from the five DSDP sites are
plotted versus samples ages in Figure 4.3. The ratios are approximately
constant from 0-40 m.y. In the two sites (Sites 305 and 369) with samples
older than 40 m.y., Mg/Ca ratios increase similarly with increasing age
despite different interstitial water compositions (Figure 3.7) and,

therefore, different recrystallized calcite compositions (Appendix 3.2).

SODIUM/CALCIUM

Na/Ca ratios in foraminiferal calcite from the five DSDP sites are
plotted versus sample ages in Figure 4.4. The ratios decrease with
increasing sample age, with the sharpest decrease from 0-10 m.y. Similar
results were found in another study of foraminiferal calcite composition
(Graham et al., 1982). The results of foraminiferal culture experiments

(Chapter 2) and inorganic precipitation experiments (Kitano et al., 1975;
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FIGURE 4.2 Sr/Ca ratios in foraminiferal calcite as a function of age.

a. Sr/Ca ratios in foraminiferal calcite from all sites. Plot symbols

are:

é>

7

e

-]
A
7

b. Sr/Ca ratios
intervals for 10

Site 289

Site 305

Site 366

Site 369

Site 526

(Leg 30)
(Leg 32)
(Leg 41)
(Leg 41)

(Leg 74)

Ontong—-Java Plateau, Pacific

Shatsky Rise, Pacific

Sierra Leone Rise, Atlantic

Spanish Sahara continental slope, Atlantic

Walvis Ridge, Atlantic

averaged in 1.0 m.y. intervals for 0 - 10 m.y.; 5 m.y.
- 40 m.y.; and 10 m.y. intervals for 40 - 110 m.y. The

shaded area represents +20/¥Yn of the mean for each age interval. For
comparison, the dotted lines are the mean Sr/Ca ratios and 807 confidence
limits determined in another study (Graham et al., 1982).
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FIGURE 4.3
all sites.
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Mg/Ca ratios in foraminiferal calcite as a function of age for
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FIGURE 4.4
all sites.
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Na/Ca ratios in foraminiferal calcite as a function of age for
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White, 1978) showed that Na/Ca ratios in biogenic and inorganic calcites
did not respond linearly to solution chemistry changes. Because of this
nonlinear relationship between solution and solid chemistry, the
interpretation of foraminiferal Na/Ca in terms of oceanic paleochemistry is

uncertain.

SEAWATER STRONTIUM ISOTOPIC RATIOS

Seawater 87Sr/36sr ratios for 0 - 110 m.y. are plotted in Figure 4.5
(Burke et al., 1982; Brass, 1976; Veizer and Compston, 1974; Dasch and
Biscaye, 1971; and Peterman et al., 1970). The 875r/86Sr ratio of seawater
has increased from ~0.7072 at 110 m.y.b.p. to ~0.7091 at present. The rate
of increase is greater for the past 40 m.y. (from ~.7077 to ~.7091) than

for the earlier time period.

SUMMARY

According to the foraminiferal calcite records, at no time in the
past 100 m.y. has the Li/Ca ratio in the ocean been significantly higher
than the present-day ratio., Over the past 100 m.y. while Li/Ca ratios
appear to have been relatively constant, seawater 87Sr/86Sr ratios have
been increasing to present-day values.

The constancy of the Li/Ca oceanic ratio is discussed primarily in
connection with spreading rate and hydrothermal fluxes to help to define

the extent of geophysical changes over the past 100 m.y.
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Seawater 87Sr/86Sr ratios as a function of age. Plot symbols

foraminiferal shells, Dasch and Biscaye (1971)

fossil shells from shallow marine sediments, Peterman et al.
(1970)

foraminiferal shells, Brass (1976)

carbonate, evaporite, and phosphate samples, Burke et al.
(1982)
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LITHIUM MASS BALANCE MODEL

Li concentrations in various reservoirs and estimated fluxes to and
from the ocean are summarized in Table 4.1 and discussed in Appendix 4.1.
There are two significant sources of dissolved Li to the ocean —
high-temperature seawater-basalt reactions at the ridge crest and river
input. The sinks removing Li from the ocean are the enrichment of Li in
marine sediments as compared to their igneous rock precursors and the
uptake of Li in low-temperature basalt alteration products. Estimating the
global magnitude of the sinks is more difficult than for the sources
because of the paucity of adequate geochemical and geological data.
Although the Li sinks can be tentatively identified, the mechanisms of the
removal are not well-known.

The mass balance for oceanic Li concentration as a function of time

can be expressed as:

d[Li]
=Fre + Fri - Fs ~ F1t

dt

where: [Li] = oceanic Li concentration

Fro = rate of Li input from high-temperature
basalt-seawater reactions at the ridge crest

rate of Li input from rivers
Fg = rate of Li removal in oceanic sediments

F1t = rate of Li removal in basalt alteration products
from low-temperature basalt-seawater reactions
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TABLE 4.1 Li concentrations and fluxesl

reservoir concentration estimated flux2
(mol/y)

seawater 28 pmol/1

river water 0.2-0.4 pmol/1 (+) 6-14 x 109

ridge crest hydrothermal circulation 350° C end member solutions3

Galapagos Spreading Center 690-1140 umol/1 (+) 95-160 x 109
21° N, EPR (1979) 820 pmol/1 (+) 115 x 107
21° N, EPR (1981) 890-1320 umol/kg (+) 125-190 x 109
Guaymas Basin, Gulf of California 630-1080 umol/kg (+) 90-150 x 109
suggested average4 (+) 140 x 109
oceanic tholeiitic basalts 1.3 £ 0.9 mmol/kg
continental material
granites 7.3 mmol/kg
basalts 2.7 mmol/kg
"average" igneous rock 5 mmol/kg
sedimentary rocks
shales and clays 10 mmol/kg
sandstones 4,5 mmol/kg
carbonates 2.2 mmol/kg
“"average" sedimentary rock 7 mmol/kg
oceanic sediments 5-16 mmol/kg - 25-65 x 109
low-temperature basalt alteration
celadonite zones, whole rock 0-17 mmol/kg
saponite zones, whole rock 0-12 mmol/kg
submarine weathered basalts 1.2-8.7 mmol/kg
dredged pillow basalts
altered glass rim 2-10 times fresh basalt

altered basalt interior 2-4 times fresh basalt




TABLE 4.1
Notes: 1.
2.
3.
4,
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continued

See Appendix 4.1 for a discussion of these values and
references.

(+) indicates Li input to the ocean
(-) indicates Li removal from the ocean

The hydrothermal fluxes are those calculated from the
hydrothermal solution end member compositions with the
assumption that 1007% of the 3He flux and heat flow anomaly are
due to hydrothermal circulation associated with chemical fluxes
from high-temperature basalt-seawater reactions (Edmond et al.,
1979).

From geophysical models of hydrothermal circulation, it has
been suggested recently that the global fluxes are one-sixth to
one—-tenth those calculated with the above assumptions (Sleep et
al,, in press). Hydrothermal Li fluxes would be on the order
of 14 - 24 x 10° mol/y in this model.
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The removal fluxes can be modelled as first—order with respect to Li

concentration:

Fg = kglLi]

The sum of the two removal constants is the inverse of the oceanic
steady-state residence time; the magnitude of the constants reflects the
proportional importance of removal in each sink.

The solution to the mass balance equation is then:

[Li] = [Li]® - {[Li]® - [Li]o}exp{-(ks + kye)t}

Fre + Fri
, oceanic steady-state
Li concentration

where: [Li]®

kg + kit

0 .
[Li] oceanic Li concentration at time t=0

LITHIUM AS AN INDICATOR OF HYDROTHERMAL FLUXES

There are two properties of oceanic Li concentration critical to its
use as an indicator of changes in hydrothermal circulation fluxes: its
temporal responsiveness to changes in sources or sinks and its
concentration change, or sensitivity, in response to changes in input
fluxes.

A measure of the responsiveness of the Li concentration is the

residence time of Li in the ocean. The oceanic residence time with respect

to inputs, Ty, is defined as:

total oceanic inventory  V,[Li]

Tr

total input flux Fee + Fri
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where: Vg, = volume of the ocean, 1,37 x 1021 1
[Li] = oceanic Li concentration, 28 x 10=6 mol/1
Frc = rate of Li input from high-temperature
basalt-seawater reactions at the ridge crest
Fri = rate of Li input from rivers

The residence time of Li depends on the total hydrothermal and river flux.
After an instantaneous change in input fluxes, for each increment of time
equal to the residence time, the difference between the oceanic Li
concentration and the steady-state concentration decreases by a factor of
1/e. Changes in input fluxes can thus be discerned on a time scale equal
to or greater than the residence time.

The sensitivity of the oceanic Li concentration as an indicator for
hydrothermal circulation changes is the second consideration. The
steady-state Li concentration for the mass balance model described, with
hydrothermal and river sources and sedimentary and basalt alteration sinks,
is:

(Li]® = Fre + Fri

kS + klt

Defining today's ocean as state number two and the ocean at some time
in the past as state number one, the ratio of the steady-state Li

concentrations for the two oceans is:

[Li]w (l) Frc (1) + Fri (1) Frc (2) + Fri (2)

[Li]® (2) kg (1) + k1¢ (1) kg (2) + k1t (2)

The ratio of the Li concentrations for the two steady-state oceans is
directly proportional to the ratio of the total input fluxes and inversely

proportional to the ratio of the removal constants.
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OCEANIC LI/CA RATIOS OVER THE LAST 100 M.Y.

Oceanic Li concentrations would have been higher than those at
present if seafloor spreading rates and hydrothermal fluxes were a factor
of two greater 80 - 110 m.y.b.p. The measurement of foraminiferal calcite
Li/Ca ratios showed that oceanic Li/Ca ratios have not been greater than
those at present at any time in the last 110 m.y. (Figure 4.1). Hypotheses
for the lack of any Li/Ca ratios greater than those at present are examined
in light of the possible conclusions about oceanic Li concentrations and

hydrothermal flux variations. These explanations include:

1. The hydrothermal fluxes are not correct as extrapolated.
Hydrothermal fluxes may be of less importance to oceanic
mass balances than calculated, so that oceanic Li concentrations
might not be responsive to hydrothermal fluxes.

2. The processes removing Li from the ocean vary in coucert
with the hydrothermal fluxes so that changes in hydrothermal fluxes
have no net effect on oceanic Li concentrations,

3. River Li fluxes have changed through time, so that
hydrothermal flux variations have been obscured.

4., Oceanic Li concentrations have varied and oceanic Ca
concentrations have also changed so that Li/Ca ratios have remained

constant.
These hypotheses are evaluated below.
MAGNITUDE OF HYDROTHERMAL FLUXES

The mass balance for Li (Table 4.1 and Appendix 4.1) and the fluxes

given for the other elements (Ca, Sr, Mg, Na; Table 1.1) were calculated
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with the assumption that the chemical compositions of hydrothermal
solutions can be extrapolated to global fluxes by assuming that 100% of the
ridge-crest 3He and ridge crest heat flow anomaly are due to hydrothermal
circulation associated with high—-temperature basalt-seawater reactions
(Edmond et al., 1979). The extrapolations by this method resolve a number
of classical geochemical imbalances; the global advective heat flow
calculated from the 3He budget and the observed 3He/heat ratio in
hydrothermal systems agrees with that determined from geophysical estimates
of the convective heat anomaly (Jenkins et al., 1978; Edmond et al., 1979).
Despite these successes, the validity of the global fluxes has been
questioned from geophysical models of cooling of the magma chamber by
hydrothermal circulation (Sleep et al., in press) and from arguments about
the size of the crustal reservoir of Rb and Cs available to supply
hydrothermal fluxes (Staudigel and Hart, 1983; Hart and Staudigel, 1982).
Hydrothermal fluxes have been suggested to be one-sixth to one-tenth as
large (Sleep et al., in press) as the previous global estimates (Edmond et
al., 1979). The chemical resolution of this problem would be the
measurement of an anomaly in the oceanic water-column profile of an element
which has conservative behavior in the mixing of hydrothermal solutions
with ambient seawater; this anomaly could be compared to the water—column
3He anomaly to calculate the global fluxes.

The two extrapolations of global hydrothermal fluxes are quantified
as follows for this discussion. For the higher estimate, hydrothermal
inputs of Li are assigned to be 10 times the river flux (Edmond et al.,
1979, 1982; Von Damm, 1983). Models requiring lower hydrothermal fluxes
are represented here by assuming that the hydrothermal flux of Li is equal

to the river flux.
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The impact of lower hydrothermal fluxes on the utility of oceanic Li
concentration as an indicator of hydrothermal fluxes must be considered.
Lower hy&rothermal inputs affect the mass balance of Li in two ways.
Smaller input fluxes result in longer oceanic residence times. With a
river flux of 14 x 109 mol/y, the Li residence times for the two global
extrapolations (hydrothermal flux equals ten times the river flux and
hydrothermal flux equals the river flux) are 0.25 x 106 y and l.4 x 106 y
respectively, differing by a factor of approximately six. The residence
time with respect to river input alone is 2.7 x 106 y. The postulated
variations in spreading rate occurred over tens of millions of years, so
that Li is a time responsive indicator for hydrothermal circulation changes
even if hydrothermal fluxes are one—tenth those calculated by Edmond et 3al.
(1979).

The second effect of lower hydrothermal fluxes is on the sensitivity
of the oceanic Li concentration as an indicator for hydrothermal
circulation changes. As discussed with the Li mass balance model, the
ratio of the steady-state oceanic Li concentrations in two hypothetical
oceans is directly proportional to the total input flux ratio and inversely
proportional to the ratio of the sum of the removal constants. If the
removal constants do not change with time or with changes in the input

fluxes, the ratio of the steady-state Li concentrations is:

[Lllm (1) Frc (1) + Fri (1)

[Li]°° (2) Frc (2) + Fri (2)

Another assumption that simplifies this expression is that the river

input has not varied between the two oceanic states compared. The
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present—-day ridge crest flux can be considered as a factor (X) times the
river flux. The effect of changing crustal generation rate by a factor (N)
is assumed to change the ridge crest flux by the same amount, as discussed
earlier. The ratio of the steady-state Li concentrations in the two
oceanic states, assuming invariant removal constants and a constant river
flux, is:

[Li]® (1) NX + 1

[Li]® (2) X+ 1

The two extrapolations of global hydrothermal fluxes are equivalent
to setting X = 10 for the model based on the fluxes of Edmond et al., 1979,
and X = 1 for the model of lower global fluxes (Sleep et al., in press).
For a doubling of the hydrothermal flux (N = 2), the ratio of the
steady-state Li concentrations in the two systems is 1,9 for X = 10 and 1.5
for X = 1. 1In other words, for a doubling of the hydrothermal flux, the
oceanic Li concentration would be 907 or 50% higher than at present for the
high and low flux models, respectively. This shows that the relationship
between the ratios of the steady-state Li concentrations and the factor (X)
of the relative importance of hydrothermal inputs is nonlinear; the ratio
of steady-state concentrations increases more rapidly than does the
relative importance factor. The calculation demonstrates that an order of
magnitude decrease in the relative importance of the hydrothermal flux
(X = 1 compared to X = 10) results in only a difference of 40% in the model
steady-state Li concentration for an increased input flux. This is
because, even with the lower global fluxes, hydrothermal circulation is

still a significant source of Li to the ocean (equal to the river flux).
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The steady-state Li concentration ratio for a given relative factor
(X) is a linear function of changes in the hydrothermal input (N). For a
Li hydrothermal flux 10 times the river flux, the steady-state Li
concentration would be 187% greater for a 207 increase in hydrothermal
fluxes (N = 1,2); for a hydrothermal flux approximately equal to the river
flux, a 20% increase in hydrothermal flux result in a 10% increase in the
steady-state Li concentration; and for a hydrothermal flux 0.5 times the

river flux (i.e., one-twentieth of the flux calculated by Edmond et al.,

1979), a 20% increase in hydrothermal flux results in a 7% increase in
steady-state oceanic Li concentration. Examination of the Li/Ca
foraminiferal calcite record (Figure 4.1), coupled with this analysis of
the Li mass balance, indicates that hydrothermal fluxes at any time in the
past 100 m.y. could not have exceeded those at present by more than 20%,
even for global extrapolations significantly lower than those calculated by
Edmond et al. (1979). The assumptions in reaching this conclusion are
that: (1) removal constants for Li have not changed with time, (2) river
fluxes of Li have not changed with time, and (3) oceanic Li/Ca ratios can
be interpreted directly in terms of Li concentrations. These assumptions

are examined below.

REMOVAL CONSTANTS

In constructing the mass balance model, Li removal in oceanic
sediments and in low-temperature basalt alteration products was assumed to
be directly proportional to the oceanic Li concentration. The above
calculation of the sensitivity of the oceanic Li concentration to changes
in hydrothermal fluxes was done assuming that these first-order time

constants were invariant in the systems compared. The possibility of
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variations in the removal processes and the effect on oceanic Li
concentration are examined here,

The mechanism of the enrichment of Li in oceanic sediments is not
known; it is undoubtedly some monotonic function of oceanic Li
concentration. If removal is due to a reaction occurring in all detritial
igneous sedimentary material, then global increases in sedimentation rates
of this material could result in a change in the operation of the
sedimentary sink, equivalent to an increase in the removal constant,
Removal may be more localized, however, in authigenic phases or in specific
geographical locations. Quantifying the changes in the removal constant
for this process requires more detailed knowledge of the mechanisms
involved.

The second major Li sink is enrichment in low-temperature basalt
alteration products. Again, the specific phases accounting for this
removal and the conditions governing their formation are not known. It is
possible that when crustal generation rates and hydrothermal fluxes
increase, the size of the oceanic crustal Li sink could also increase.

If removal constants do increase when hydrothermal fluxes increase,
the sensitivity of the oceanic Li concentration as an indicator of
hydrothermal fluxes decreases. In the extreme, if both removal processes
are directly proportional to hydrothermal fluxes, the steady-state Li
concentration is approximately constant for all variationms in hydrothermal
fluxes.

If the sedimentary sink, the low-temperature basalt alteration sink,
and the hydrothermal inputs do covary, this is a powerful feedback loop
maintaining constant oceanic Li concentrations. If removal does vary with

inputs, it is, however, more likely that only the basalt alteration sink is
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proportional to the hydrothermal flux to the ocean. The removal of Li in
the oceanic sedimentary sink must consume the river flux and some fraction
of the hydrothermal flux; the ocean crust as a whole must represent a net
source for Li to the ocean as discussed in Appendix 4.1. For the models
requiring lower hydrothermal fluxes, a proportionally smaller quantity of
Li is removed in the oceanic crustal sink. The lower the proportion of the
total Li input flux due to hydrothermal circulation, the smaller the
proportion of removal due to low-temperature basalt alteration. Therefore,
the sensitivity of Li as an indicator is less degraded by covariations of
the hydrothermal flux and the basalt alteration sink if hydrothermal fluxes

are smaller than those calculated by Edmond et al. (1979).

RIVER FLUXES

The assessment of the sensitivity of oceanic Li concentration as an
indicator of changing hydrothermal inputs assumed that river fluxes
remained constant while hydrothermal inputs varied. Plausible geologic
arguments can be constructed for a wide range of assumptions —— faster
seafloor spreading rates mean periods of increased orogeny (because of the
link between rates of crustal production and consumption) and therefore
faster weathering and increased river fluxes or faster seafloor spreading
rates mean that a greater percentage of the continental area is covered by
water therefore weathering rates and river fluxes are smaller. As well,
continental fluxes may vary with the distribution of land masses. River
dissolved fluxes and particulate loads may vary independently.

In general, if the river flux increases when the hydrothermal flux
does, the ratio of the steady-state Li concentrations is larger for a given

increase in hydrothermal flux than if the river flux were constant. If the
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river flux decreases when the hydrothermal flux increases, the oceanic Li
concentration is not as sensitive an indicator to changes in the
hydrothermal flux; the ratio of the steady-state Li concentrations is
smaller., The degree of sensitivity enhancement or suppression depends on
the proportion of the total Li flux due to river input. The greater the
river fraction, the greater the effect of covariations of the river and

hydrothermal fluxes.

CALCIUM AND LITHIUM

Another hypothesis to explain the relative constancy of the oceanic
Li/Ca ratio over the last 100 m.y. is that oceanic Ca and Li concentrations
have both varied. Ca and Li have different oceanic cycles (Table 1.1).
Hydrothermal circulation is an important source for Li, approximately ten
times the river flux according to the fluxes computed by the assumptions of
Edmond et al. (1979). For Ca, the hydrothermal flux is only 15 - 30% of
the river flux. While the magnitude of the extrapolated global fluxes may
be incorrect (Sleep et al., in press), the relationship between the
elemental fluxes must remain the same. If hydrothermal fluxes are
one-tenth those calculated by Edmond et al. (1979), the hydrothermal Li
flux would be equal to the river flux, while the hydrothermal Ca flux would
be 1.5 - 3.0% of the river flux. Thus, even if hydrothermal fluxes are
lower than those calculated by Edmond et al., (1979), the oceanic Li
concentration should be much more responsive to hydrothermal circulation
than the Ca concentratiom.

The major source of Ca is river input; the major sink at present is
removal in biogenic carbonates (Turekian, 1965). For Li, the major source

is hydrothermal circulation at the ridge crests; the major sinks are
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removal in oceanic sediments and low-temperature basalt alteration
products. For Li and Ca oceanic concentrations to vary identically with
time, geochemical processes at the ridge crest, in the oceanic crust, and
on the continents would have to be closely linked so that two such
different geochemical cycles exactly balanced. Additionally, the oceanic
residence time of Ca is approximately three to five times the residence
time of Li as based on the higher hydrothermal fluxes.

To test the hypothesis that the constancy of the oceanic Li/Ca
ratio was due to Ca and Li covariations, Li/Sr ratios were calculated in
the foraminiferal samples analyzed. Li/Sr ratios in foraminiferal calcite
are plotted as a function of age in Figure 4.6. Within the scatter of the
data, Li/Sr ratios are approximately constant from 0 - 70 m.y. except for a
minimum around 50 m.y. in the foraminiferal shells from Site 305. This
minimum is due to low Li/Ca ratios, not high Sr/Ca ratios, in these
samples. Li/Sr ratios may increase somewhat from 70 - 110 m.y.

Li and Sr also have very different oceanic cycles. Similarly to Ca,
the major source of Sr is river input and the major sink is removal in
biogenic calcites (Turekian, 1963). The Sr concentration of hydrothermal
solutions does not appear to be changed from that of seawater, although the
Sr isotopic ratio of these solutions indicates exchange of seawater Sr
isotopes with basaltic Sr isotopes (Table 1.1). The constancy of Li/Sr
ratios in the ocean over 70 m.y. also suggests that Li hydrothermal fluxes
have not been significantly greater at any time during that period than at
present. The higher Li/Sr ratios from 70 -110 m.y. could either be due to
higher Li concentrations or lower Sr concentrations. If hydrothermal
fluxes had been higher, oceanic Li and Ca concentrations and Li/Ca ratios

should have been greater. This is not evident in the foraminiferal calcite
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FIGURE 4.6 Li/Sr ratios in foraminiferal calcite as a function of age.

a. Li/Sr ratios in foraminiferal calcite from all sites. Plot symbols
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Li/Ca record (Figure 4.1). The general decline in Sr/Ca ratios with
increasing age (Figure 4.2) may reflect an increasing proportion of Ca
deposition in the past as a calcium carbonate with a higher Sr/Ca ratio,
such as in the aragonite deposited by corals. Oceanic Sr concentrations
would thus be lower. The conclusion from examining the Li/Sr record
remains the same as the one from the Li/Ca record -- oceanic Li
concentrations have not been significantly higher than those at present at

any time in the last 100 m.y.

CONCLUSIONS
OCEANIC LITHIUM CONCENTRATION

From Li/Ca ratios measured in foraminiferal calcite over the last 100
m.y., including a consideration of the possible coupling of oceanic Li and
Ca cycles, the conclusion is that oceanic Li concentration in the past

has not exceeded that at present, certainly not by a factor of two.

OTHER CYCLES

Over the time period when oceanic Li/Ca and thus presumably oceanic
Li concentration have been constant, seawater Sr isotopic ratios have been
increasing (compare Figures 4.1 and 4.5). The Li mass balance model and
the foraminiferal calcite records require that hydrothermal fluxes have not
been significantly greater at any time in the past 100 m.y. than those at
present. The increasing 87Sr/86Sr contemporaneous seawater ratios toward
the present day can not, therefore, be due to a decreasing contribution of

basaltic Sr from hydrothermal reactions at the ridge crest.
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SEAFLOOR SPREADING RATE CHANGES

If seafloor spreading rates were a factor of two greater 80 - 110
m.y.b.p. (Larson and Pitman, 1973; Turcotte and Burke, 1978; Davis and
Solomon, 1981), the oceanic Li concentration could have been as much as a
factor of two higher than at present. From an examination of the oceanic
mass balance of Li, the effect of changing hydrothermal fluxes, and of
other geological variations (sedimentation, low-temperature basalt
alteration, continental fluxes), it appears that hydrothermal fluxes in the
past have probably not been greater than those at present by more than
~20 - 30%. This conclusion agrees with revised estimates of the magnitude
of the sea level change over the past 100 m.y. and of the changes in ridge
volume necessary to account for this (Watts and Steckler, 1979; Parsonmns,
1982). When other factors determining eustatic sea level, such as changes
in total oceanic area and changes in the distribution of consumption of
oceanic crust with age are considered, only small increases in the crustal
generation rate (on the order of ~12%) are necessary to be compatible with
the observed sea levels (Parsons, 1982).

The Li/Ca ratios in foraminiferal calcite rule out the possibility
that crustal generation rates and hydrothermal fluxes were a factor of two
greater 80 - 110 m.y.b.p. Foraminiferal calcite Li/Ca ratios lower than
those at present have occurred in the past. Interpretation of these
decreases will require more precise analyses and a more exacting screening
of samples. Additionally, the Li mass balance model used in reaching this
conclusion required a number of assumptions. To evaluate the smaller Li/Ca
changes, more careful consideration of the other factors (river fluxes,
removal constants, etc.) would be required to make definitive statements

about smaller-scale hydrothermal flux variations.
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APPENDIX 4,1 Li —— reservoirs and fluxes!
SEAWATER

Reported Li concentrations in seawater are 24 - 28 umol/1l (Chow and
Goldberg, 1962; Riley and Tongudai, 1964; Angino and Billings, 1966). Li
has conservative water column behavior and is well-mixed in the ocean.
RIVERS

The world average concentration of Li in rivers was estimated to be
0.43 ymol/1 (Turekian, 1969). A survey of major rivers confirmed this
value (M.I.T. laboratory, as reported in Edmond et al., 1979). In a survey
of large North American rivers, the Li concentration range was 0.0l - 5.3
umol/1l; the median was 0.16 umol/l (Duram and Haffty, 1963). A range of
0.01 - 23 pmol/l was found in Russian rivers and a world-wide weighted mean
of 0.36 umol/1 suggested (Morozov, 1969).

The estimates for the average Li concentration in rivers range from
0.2 - 0.4 uymol/1. Assuming a river flux to the ocean of 3.15 x 1016 1/y,
these concentrations are equivalent to a dissolved Li flux of 6 - 14 x 109
mol/y. The higher estimated river flux is used in the mass balance model

in Chapter 4.

RIDGE CREST HYDROTHERMAL CIRCULATION

The 350° C hydrothermal solution end member Li concentrations from
the systems sampled to date range from 630 - 1320 umol/kg (data sources:

Galapagos Spreading Center, Edmond et al., 1979; 21° N, East Pacific Rise,

lFor the sake of consistency and geochemical sense, literature values
have been converted to mole units in the following discussion: mol/1 or
mol/kg for water; mol/kg for solids. The atomic weight of Li is 6.939
g/mol. %eawater density is assumed to be 1.026 g/cm”; freshwater density,
1.0 g/cm?.
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1979 expedition, Edmond et al., 1982; 21° N, East Pacific Rise, 1981
expedition and Guaymas Basin, Gulf of Califormia, Von Damm, 1983). The
resultant estimated global Li fluxes to the ocean range from 90 - 190 x 109
mol/y. An intermediate value of 140 x 1092 mol/y is used in the
mass balance model in Chapter 4.

Geophysical models of hydrothermal circulation have been recently
used to suggest that the hydrothermal fluxes to the ocean are one-—sixth to
one—tenth those calculated by Edmond et al. (1979) (Sleep et al., in
press). A hydrothermal flux of 14 x 109 mol/y of dissolved Li to the
ocean, equal to the river flux, is used in the mass balance model in

Chapter 4 to represent these extrapolations.

BASALTS

The average Li concentration in oceanic tholeiitic basalts was
estimated to be 1.3 * 0.9 mmol/kg (Engel et al., 1965). The range of Li
concentrations in northeast Atlantic tholeiitic basalts found in a
literature survey was 0.6 — 1.0 mmol/kg (Bailey and Gwozdz, 1978).
Experimental water-rock systems (Ellis and Mahon, 1964; Gieskes et al.,
1982), interstitial water and bulk sediment chemistry in the Guaymas Basin
(Gieskes et al., 1982), hydrothermally altered oceanic basalts (Humphris,
1977), and evidence from continental thermal springs water samples (Brondi
et al., 1973) all demonstrated the mobility of Li in high-temperature
water-rock interactions. The water flux through the ridge system is
1.41 x 1017 g/y, assuming a convective heat flux of 4.9 x 1019 cal/y, an
end-member temperature of 350° C, an ambient water temperature of 2° C, and
a specific heat for water of 1.0 cal/g. The reaction of basalt of oceanic

tholeiitic composition to produce the estimated hydrothermal flux of
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140 x 109 mol/y requires a water/rock ratio of 1.3, assuming complete
removal of Li from the rock phase. The depth of reaction required is 12 km
assuming that the current production of lithosphere at the ridge crest
is 2.94 km2/y (Wolery and Sleep, 1976) and that basalt density is 3.0
g/cm3. The uncertainty in the average oceanic tholeiitic basalt
composition is large (60% at least); a larger initial basalt concentration
would give a larger water/rock ratio and a shallower depth of reaction.
Conversely, incomplete removal of Li from the basalt phase or a lower

initial concentration would require a greater reaction depth.

CONTINENTAL MATERIAL

A survey of literature reports of Li measurements in igneous rocks

gave the values (Styrt, 1977):

granite 7.3 mmol/kg
basalt 2.7 mmol/kg
"average" igneous rock 5.0 mmol/kg

Morozov (1969) gave the following values (see his Table 2):

igneous rock 4,6 mmol/kg
soils 4.3 mmol/kg
river suspensates 8.5 mmol/kg

In several western American rivers, the mean concentration of
suspended load particulates (> 2.5 um) was 2 mmol/kg; of bottom sediment,

4.4 mmol/kg (Sreekumaran et al., 1968).

OCEANIC SEDIMENTS

Based on a survey of sedimentary rocks, the suggested Li

concentration in average sediment is 7.6 mmol/kg (Horstmann, 1957). A
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literature survey gave the following values (Styrt, 1977):

shales and clays 10 mmol/kg
sandstones 4.5 mmol/kg
carbonates 2.2 mmol/kg
"average" sedimentary rock 6.7 mmol/kg

Eleven Atlantic clay samples from five cores had a Li concentration
range of 8.4 - 16.3 mmol/kg, with a mean of 13.1 mmol/kg (Ohrdorf, 1968).
Pacific sediments had a range of 7.1 - 10.1 mmol/kg (Goldberg and
Arrhenius, 1958). A study of Gulf of Mexico sediments determined an
average Li concentration of 5.0 mmol/kg (Welby, 1958).

These averages show that the average Li content of oceanic sediments
is higher than the average content in source rocks (Styrt, 1977); marine
shales are enriched in Li (and boron) relative to fresh water shales (Keith
and Degens, 1959). A representative concentration range from these
measurements for oceanic sediments is 8 - 10 mmol/kg.

Assuming an average river suspended load of 400 mg/1 (equivalent to a
flux of 1.3 x 1016 g rock/y to the ocean (Turekian, 1969)) with a Li
concentration of 5 mmol/kg as the source for oceanic sediments, the
enrichment of oceanic sediments to 10 mmol/kg is a Li sink for 65 x 109
mol/y. If a smaller estimate for the amount of igneous rock being
weathered is used (0.5 x 1016 g/y; Holland, 1978), oceanic sediments are a
Li sink for 25 x 109 mol/y. A smaller enrichment in oceanic sediments
would remove proportionally less Li. These removals are two to five times
the dissolved river input of 14 x 109 mol/y and 16 - 42% of the estimated
total maximum hydrothermal and river flux of 154 x 109 mol/y.

These estimates of the oceanic sediment Li sink are probably order of
magnitude approximations. The chemical process by which Li is enriched in

average oceanic sediment is not known. This enrichment may be due to the
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formation of authigenic phases., The detrital flux of sediments to the
ocean and its temporal variability may not be directly related to the size

of the sedimentary Li sink.

LOW TEMPERATURE BASALT ALTERATION PRODUCTS

A range of Li concentrations in submarine weathered basalts of
1.2 - 8.7 mmol/kg was measured (Thompson and Melson, 1970), enrichments of
0.9 - 6.7 over the oceanic tholeiitic basalt value of 1.3 mmol/kg. A
literature survey of Li concentrations in northeast Atlantic tholeiitic
basalts found values ranging from 1.5 — 3 mmol/kg for weathered samples
(Bailey and Gwozdz, 1978). A study of dredged pillow basalts (Thompson,
1973) gave a range of enrichment factors of 2 - 10 for altered glass
rim/fresh basalt and 2 - 4 for altered basalt interior/fresh basalt.

Secondary phases of diagenetically altered, deep-ocean floor,
tholeiitic basalts were analyzed for (Li + B) using charged particle track
analysis (McMurtry et al, 1979). The results showed:

celadonite 600-700 ppm Li + B
saponite 30-160 ppm Li + B

Whole-rock analyses of these altered basalts showed:

celadonite zones 40-170 ppm Li
saponite zones 40-130 ppm Li

+ +
[~ o=}

B enrichment factors in altered glass zones in dredged pillow basalts
were greater than those for Li, approximately 10 (Thompson, 1973). By
assuming that 50 ppm of the above whole-rock enrichments are B (5 ppm B in
oceanic tholeiites; Fairbridge, 1972), the whole rock analyses represent:

celadonite zones 0-17 mmol/kg Li
saponite zones 0-12 mmol/kg Li

B concentrations are probably overestimated for the less weathered
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samples, so the lower limits for Li concentrations are underestimated. The
upper Li limits are enrichments of 9 - 13 over fresh basalts.

At DSDP sites 478 and 481 (Leg 64) in the Guaymas Basin, Gulf of
California, basaltic sills were present at depth in the sediment. The
sills are currently at temperatures of 30 - 35° C, while isotopic evidence
indicated that temperatures during intrusion were greater than 167° C
(Gieskes et al., 1982). Interstitial water profiles showed reversals in
dissolved Li gradients above and below the sills (Gieskes et al., 1982;
Site 478, reversal only below the sill). These profiles are evidence for
the release of Li to solution in high-temperature water-rock (or
water-sediment reactions) and for the uptake of Li in low-temperature
water-rock reactions. This behavior was confirmed by sampling of solutions
from experimental water-rock reactions which showed increasing solution Li
concentrations in reactions at 200° C and 300° C; slight decreases in
dissolved Li at 150° C; and no change in dissolved Li after 27 months at
25° C (Gieskes et al., 1982).

The estimated oceanic sedimentary Li sink leaves 58 - 84% of the
maximum total Li input to be removed (90 - 130 x 109 mol/y). (If the lower
hydrothermal fluxes are assumed, the oceanic sedimentary sink can account
for removal of the total estimated input.) Low-temperature alteration
processes accompanying seawater circulation in the crust occur to at least
500 m and the chemically active phase may terminate within 5 - 10 m.y.
after crustal formation (Hart and Staudigel, 1978; Richardson et al.,
1980). Circulation and alteration may occur to depths greater than 500 m;
depths up to 5 km have been suggested on the basis of heat flow arguments
(Anderson et al., 1977). If alteration occurs to 500 m depth, removal of

the maximum Li flux remaining would result in an average crustal
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composition for this 500 m section of 20 - 30 mmol/kg, enrichments of
15 - 23 times the oceanic tholeiitic basalt concentration of 1.3 mmol/kg.
Different secondary alteration products may have different Li
concentrations; the effects of reactions on the chemistry of the water and
rock reacting may depend on the phases formed as seen for K and Rb
(Staudigel et al., 1981; Staudigel and Hart, 1983). Li concentrations
typical in alteration products and estimates of the modal abundances of
these secondary phases for the entire ocean crust (Staudigel and Hart,
1983) are needed to define the exact size of the oceanic crustal Li sink.

The maximum hydrothermal flux model requires alterations of large
amounts of the ocean crust for both inputs and removals of Li. The sizes
of the sedimentary and basalt sinks are not adequately constrained from
existing data to precisely define the hydrothermal flux. In either model
of the extrapolated hydrothermal fluxes, the ocean crust as a whole is a
source for Li since some of the hydrothermal flux of Li from
high-temperature basalt-seawater reactions is removed by oceanic sediments.
This can be contrasted with the behavior of the other alkalis, K, Rb, and
Cs, for which the ocean crust, as a whole, was estimated to be a sink (Hart

and Staudigel, 1982).
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CHAPTER FIVE:

CONCLUSTIONS

This thesis has examined the role of foraminiferal calcite as an
indicator primarily of oceanic Li/Ca ratios. The paleochemical history of
Li deduced from measurements in foraminiferal calcite from the past
100 m.y. implies that hydrothermal fluxes from high-temperature
basalt-seawater reactions at the ridge crest have not significantly
exceeded those at present. In turn, given the present understanding of the
connection between crustal generation rates and hydrothermal circulation,
this suggests that sea floor spreading rates have also remained
approximately constant. These conclusions have profound implications about
geophysical and geochemical cycles over the last 100 m.y.

As part of this research, laboratory culture experiments on modern
planktonic foraminifera tested the relationships between the chemistry of
the foraminiferal shells and the seawater from which the shells were
deposited. This was the first direct determination of these chemical
relationships in foraminifera. Because of the importance of foraminiferal
shells for biostratigraphy and for determining oceanic paleotemperatures
from their oxygen isotopic ratios, they are potentially exciting tracers of
oceanic paleochemistry. Recent work on Cd/Ca ratios in benthic
foraminifera in glacial/interglacial cycles over the last 100 m.y. and on
Sr/Ca ratios in planktonic foraminifera in the Cenozoic have demonstrated

their usefulness in this regard.
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This thesis has touched on several questions which need more thorough
investigation before the interpretation of the chemical compositions of
these shells are truly secure. Vital and species effects on trace
elemental ratios must be understood. 1In particular, there are differences
in the trace element compositions of biogenic and inorganic calcites
precipitated from seawater. The causes of these differences (e.g.,
precipitation rate differences as is probably the explanation for Sr, or
physiological discrimination) must be related to basic chemical principles.
The crystal sites and modes of incorporation of elements (especially omnes
such as Na) must be determined as part of this understanding. To
investigate the biological and chemical processes controlling the trace
elemental ratios in foraminiferal shells, the effects of environmental
parameters other than temperature must also be studied.

This thesis discussed the effects of diagenesis after deposition in
the sediments, particularly recrystallization, on the chemical composition
of foraminiferal calcite. There is much to be learned about these
processes and the controlling mechanisms that determine how and when
changes take place. The knowledge of inorganic calcite distribution
coefficients for the incorporation of trace elements is incomplete., A more
thorough evaluation of the effect of the chemistry of typical interstitial
water and of the chemical and minerological composition of the sediments is
needed. As with biogenic calcites, the crystal sites and modes of
incorporation of trace elements should be determined for inorganic
calcites. This may help explain the differences in biogenic and inorganic
calcites. Significant progress in understanding carbonate diagenesis
should come from the use of Sr isotopic ratios and Sr/Ca ratios in

interstitial water and calcite in the sediments, coupled with mass balance
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models which include diffusive transport. The understanding of chemical
diagenetic effects on biogenic calcite is important in evaluating oceanic
paleotemperature history from the oxygen isotopic ratios of foraminiferal
shells.

Two as yet unresolved questions about geochemical cycles were
discussed in the thesis: (1) the magnitude of global hydrothermal fluxes
to the ocean and (2) the role of the oceanic crust as both a source and
sink for elemental oceanic cycles. Further determinations of present day

mass balances and of oceanic chemical history can help define the answers.



233
APPENDIX 1 Analytical methods for trace elemental ratios in foraminiferal
calcite

Foraminiferal calcite samples were typically 0.5 - 1.0 mg calcite
dissolved in 300 pl 0.3 N HNO3, with proportionally smaller dissolution
volumes when sample material was limited. Li, Sr, Mg, Na, and K were
determined by graphite furnace atomic absorption spectroscopy (GFAAS). Ca
was determined by flame atomic absorption spectroscopy (FAAS).

Li was analyzed on undiluted aliquots of the samples. Ca and Sr were
analyzed on dilutions of the samples, typically 10 ul sample solution in 5
ml distilled water. A 250 pl aliquot was used for Sr GFAAS analyses; La
was added to the remainder as an interference suppressant before Ca FAAS
analyses. Mg and Na were analyzed on a dilution of the samples, usually 20
ul sample solution added to 500 pl 0.3 N HNO3. Some K analyses were done
on the dilutions used for Mg and Na analyses. Because of contamination
problems, K was later analyzed on undiluted samples on a reduced
sensitivity line.

A Perkin-Elmer Model 5000 spectrophotometer with a Perkin-Elmer
HGA-500 or HGA-400 heated graphite analyzer and a Perkin-Elmer AS-1
Auto-sampling system were used for GFAAS analyses. Background correction
with a continuum source was utilized for all GFAAS analyses (deuterium arc
for wavelengths < 350 nm; tungsten halide lamp for wavelengths > 350 nm).
Ca FAAS analyses were done using a Perkin-Elmer Model 403 spectrophotometer

with a triple-slot burner and an air-acetylene flame.
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CALCIUM
For the Ca FAAS determinations, La was added to samples and standards
to suppress interferences; samples and standards were brought to the same
acid concentration (final sample and standard solutions were ~5 mmol La/l
in 0.1 §_HC1). Standard readings were taken at intervals throughout a
sample run. Sample absorbances were corrected for the La blank, Dilution

blanks were generally equivalent to the blank due to the La alone.

GFAAS ANALYSES

Analytical conditions and furnace programs are listed in Table Al.l.
Ca and acid concentrations interferences were investigated for the various
elements and were not found to be significant. Even so, sample and
standard Ca and acid concentrations were kept as uniform as possible to
minimize the potential for unrecognized interferences.

Secondary standards were diluted for each sample set from primary
standards whose compositions are listed in Table Al.2, Working standards
from these secondary standards were made up in a Ca-NO3 matrix diluted to
approximately match the samples in Ca concentration. Four point standard
curves were run at frequent intervals during the analysis of a sample set,
approximately every 6 — 12 sample injection pairs. Standard concentratiomns
and furnace conditions were chosen to give absolute absorbances in the
linear range for the highest standard (generally maximum absorbance < 0.15)
and to bracket the sample concentrations. Samples and standards were
injected in duplicate. When duplicate injections disagreed significantly,

the solution was reinjected.
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Analytical conditions and furnace programs

ANALYTICAL CONDITIONS

235

element wavelength slit comments atomization gas flow during
(nm) (nm) temperature atomization
Li 670.8 1.4 wider slit in 2500° C MpH 30
0.4 earlier runs
Sr 460.7 0.4 2500° C MPH 160
Mg 202.6 0.7 secondary line 2200° C MPH 250
Na 330.2 2.0 secondary line 2100° C MPH 50
330.3
K 769.9 l.4 diluted samples 2400° C 30
secondary line 1 sec ramp
404,41 2.0 undiluted samples 2400° C MPH 30
404,72 secondary line
Ca 422.7 1.4 PE 403 FAAS
air-acetylene flame
FURNACE PROGRAMS
HGA-500 program
step # temp ramp hold recorder read auto— gas
(°C) time time on (sec) cycle zero flow
(sec) (sec) (sec) (sec) (ml/min)
1 140 1 0
drying 2 160 15 10
char 3 1000 15 10 23 19 24
atomization & 2500 0 4 0 0 30
cleaning 5 2700 2 2 0
cool-down 6 20 1 1 0
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HGA-400 program

step it temp ramp hold recorder read  auto- mini
(°c) time time on (sec) cycle zero flow
(sec) (sec) (sec) (sec) starts

1 140 1 0

drying 2 160 15 10

char 3 1000 15 7 19

char 4 1000 1 2 1 2 0

atomization 5 2500 0 4 0 0 0

cleaning 6 2700 2 2 0

cool-down 7 20 1 1 0

Comments:

Argon was used as the purge gas throughout. Drying temperatures
were adjusted as necessary to ensure smooth, complete drying of the sample
aliquots. If drying temperatures were substantially higher than normal,
either due to low cooling water temperature or to formation of abnormal
resistive coatings on the furnace, char temperatures were raised by an
equivalent amount.

For atomizations with 0 sec ramp time (maximum power heating or MPH),
the atomization temperature was calibrated with an optical pyrometer. Gas
flows on the HGA-500 are entered as numbers in the program and controlled
by internal valves. Gas flows on the HGA-400 are turned on and off by the
program, but are set manually by a valve with readings on an analog meter.,
Reduced gas flows take longer to come to equilibrium on the HGA-400 as
deduced from visual observations of the gas flow meter. The programs for
the HGA-400 thus have a split char step with reduced gas flow in the second
part.

Early runs for all elements used graphite tubes which were
pyrolytically coated using a mixture of methane and argon with the HGA-500.
Later runs for Mg used non-pyrolytically coated graphite tubes. Later runs
for the other elements used the new-style pyrolytically coated graphite
tubes which were more sensitive and more stable for these elements.

An integration time of 4 seconds for the read cycle of the PE-5000
was used for all elements. The peak appearance times of these elements are
all much shorter than this integration time.



TABLE Al.2 Primary standards

element concentration composition
(umol/ml)
Ca 20.04 CaC0O3 in ~1% v/v HC1
Li 40,08 LioCO3 in 1% v/v HC1
Sr 19.72 Sr(N0O3)9 in 1% v/v HNO3
Mg 39.45 Mg metal in 1% v/v HC1
Na 20,11 NaCl in distilled water
K 19.84 KC1l in distilled water

237
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Distilled water and acid blanks were analyzed with each sample set.
Occasionally, an empty sample container was processed as a sample in the
cleaning, dissolution, and analysis procedures. These sample handling
blanks were low, either zero or equivalent to the low blank levels
sometimes found in the acid solutions. When necessary, sample absorbances
were corrected for these blanks; the blank corrections were usually not

significant compared to sample concentrations and were generally zero.

LITHIUM BLANK

Early runs for Li were plagued by a persistant blank present during
an analysis cycle of the tube with no sample. Careful investigation showed
this to be an artifact of a negative inflection in the AA-only mode tube
signal relative to the BG-only mode tube signal, rather than to any Li
being atomized. Early attempts to correct this problem used an elliptical
template positioned where the light beam reenters the PE-5000 after passing
through the furnace. This template improved the correspondance between the
AA and BG sources, and lowered the apparent blank. It also lowered sample
absorbances ~10%. Later investigations showed that this "tube blank" could
be reduced, usually to zero, by careful alignment of the furnace with the
primary source light and of the background corrector with the furnace and

primary source.

CALCULATIONS

A drift-corrected slope was calculated for each sample from the
slopes of the standard curves before and after an interval of samples and
from the number of samples in that interval. This drift-corrected slope

was used to compute sample concentrations. For sample i in an interval of
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n samples bracketed by standard curves with slopes sj and s9 (in units of
absorbance/concentration), the concentration was calculated as:

absj; - blank abs
concj =

s; + i{(sp - s1)/(n + D}
Concentrations were corrected for dilutions to give final results in
umol/ml in the undiluted samples. Results were reported as mole ratios of

the trace elements to Ca.

CONSISTENCY STANDARDS, INTERRUN COMPARISONS, AND ANALYTICAL PRECISION

Samples comprising a single data set (e.g. those from a foraminiferal
culture experiment or from one DSDP site) were generally analyzed in one
GFAAS run. With each set of samples, two to four consistency standards
were analyzed. The consistency standards were artificial samples made by
dissolving reagent grade CaCO3 in 0.3 N HNO3 with spikes of standards added
to give concentrations similar to those of samples. They were treated as
samples in the dilutions, GFAAS analyses, and calculations.

The concentration results for the consistency standards calculated
from individual data runs were averaged to give the best estimate of their
solution compositions. Table Al.3 lists the mean concentrations of the
consistency standards.

The trace elements in the consistency standards have two sources:
the added amounts of solution spikes from the primary standards and the
amounts associated with the reagent grade calcite. Because of the
uncertainties in the amounts contributed by the calcite, accurate
calculations of the expected concentrations are not possible. There is
semi—quantitative agreement of expected and measured values. Two of the

consistency standards (FC3 and FC4) were made by spiking two aliquots of
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TABLE Al.3 Mean values for compositions of consistency standards

standard Ca Li Sr Mg Na K
(1076) (10™3) (1073) (10™3) (10™3)

FC3 mean 38.47 589 54,7 81.9 130 4.26
% SD 2.1% 8.67% 8.2% 6.5% 9.67% 537%

(n) (22) (35) (37) (29) (29) (7)

FC4 mean 38.87 893 80.5 162 209 5.95
% SD 1.7% 8.7% 7.07% 6.9% 7.47 37%

(n) (21) (34) (36) (31) (30) (7)

FC5 mean 19.93 319 17.0 234 55.2 11.6
% SD 2.07% 137% 10% 5.27% 217% 107

(n) (19) (27) (28) (23) (22) (4)

FC6 mean 29,48 986 31.8 309 244 13.3
% SD 2.0% 6.8% 8.5% 5.3% 6.8% 167

(n) (18) (27) (27) (23) (22) (4)

difference of
FC4 and FC3: measured 304 25.8 80 79 1.69

expected 297 23.8 77 78 1.93
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the same original solution. The difference in concentrations for these two
standards can be accurately computed. The expected and measured
differences are listed in Table Al.3. A comparison of the two shows that
the GFAAS methods are accurately measuring relative concentration
differences.

The percent standard deviations of the mean concentrations and number
of points included in the mean for the consistency standards are also
listed in Table Al.3. The analytical variability is highest for the lowest
absolute concentration of each element and decreases with increasing
concentration. These percent standard deviations represent the uncorrected
differences possible between data sets analyzed separately.

The concentrations determined in each individual run for the
consistency standards were divided by the calculated mean values. These
ratios were used to calculate an average factor to correct each individual
data set to the best average results. This correction procedure ideally
eliminates the variability between runs indicated by the standard
deviations on the mean concentrations.

The analytical precision for an individual data set was checked at
various times by multiple consistency standard analyses within an
analytical run. Table Al.4 lists the percent standard deviations and the
number of points included in the mean for several such tests. The
agreement within an analytical run is substantially better than the
uncorrected interrun variability. Most data sets were processed in a
single analytical run, so these estimates of precision apply to individual
data sets. The correction procedure outlined above improves the agreement
between separate analytical rums; those standard deviations represent the

maximum uncorrected precision between different data sets.
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TABLE Al.4 Standard deviations (%) of means of multiple determinations of

consistency standards within analytical runs

run standard n Ca Li Sr Mg Na
number (1076) (10~3) (1073) (1073)
26 FC3 2 0.9 1.1 0.8 4.0
FC4 2 3.9 1.1 0 4,7
FC5 2 4.3 0.7 2.1 2.7
FC6 2 3.1 1.7 0 0.5
43 FC3 3 0.62 1.5 3.4 2.8 2.6
FC4 3 2.02 1.7 1.4 0.4 2.2
FC5 3 0.67 1.4 4,0 3.6 7.4
FCo6 3 1.12 1.9 5.6 1.2 3.3
46 FC3 4 0.35 6.5 3.9
FC4 4 0.40 5.4 2.9
FC5 4 0.72 7.3 11
FC6 4 0.63 3.1 6.5
46 FC3 2 1.9 0.5
FC4 2 0.4 0.3
FCo 2 2.7 0.3
481 FC3 2 7.1 3.5
FC4 2 4.7 1.6
FC5 2 5.5 1.7
FC6 2 2.0 0.6
Notes: 1. The same conditions and standards were used in these

determinations, but different graphite tubes.
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REAGENTS AND LABWARE

Distilled water and acids twice distilled in Vycor stills were used
for all sample handling and analytical procedures. Centrifuge tubes used
as sample holders for cleaning, dissolution, and storage and containers
used for GFAAS solutions were acid leached in ~1 N HC1l at 60° C for a
minimum of 6 hours. Glass vials used for Sr and Ca dilutions were
initially acid-leached and later kept filled with distilled water between
analytical runs. All equipment was thoroughly rinsed with distilled water
after acid leaching and dried in a Class 100 laminar flow hood. All sample
transfers and dilutions were done in a laminar flow hood. Transfers and
dilutions were done with Eppendorf and Finn pipettes, with the tips having
been rinsed in dilute hydrochloric acid and then distilled water
immediately prior to use. Pipettes were calibrated for the actual volumes
delivered for each analytical run by weighings of distilled water aliquots.

These corrected volumes were used in all calculations.
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