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GENERAL ABSTRACT

This dissertation has been divided into three separate chapters, each of which
examines vaious aspects of the application of the strontium isotope (87s1/865r)
raethodology as a paleoceanographic proxy for salinity change. Chapter | examines and
conclusively dismisses vital effects associated with the uptake of 87Sr and 86Sr in marine
moprecipitates. Chapter 2 tests the application of Sr isotopes (875¢/868r) as a paleosalinity
proxy in a large restricted basin (the Pliocene of the Mediterranean) and Chapter 3 examines
the use of a combined micropaleontological and strontium isotope methodology as a high
resolution salinity proxy in coastal laguon environments.

There exists an undocumented understanding among geochemists that there are no
disequilibrium (vital) effects associated with the uptake of strontium isotopes in
bioprecipitates. Data from Lee Stocking Island, Bahamas confirms and documents this
hypothesis. The data set contains analyses of 40 samples derived from 37 different
calcareous taxa inhabiting a wide range of carbonate subenvironments (i.e. reefal.
intertidal, supratidal, mangrove). The precision of the analyses (mean = 0.709179 £ 2.4 x

10 -3 (26)) was very close to the precision of the strontium isotope methodology
confirming the homogeneity (at the present mass spectrometer resolution + 2.0 x 10-3
(20)) of the 8781/86Sr isotopic composition of calcareous bioprecipitates.

Strontium isotope analysis (875r/86Sr) of foraminiferal calcite from marl/limestone
couplets from the Trubt Fm in southem «aly (Precariti section) revealed a cyclical signal
that could be attributed to precessionally controlled increases and decreases in precipitation
during the early Pliocene of the Mediterranean. However, an attempt to replicate these
results using samples from a different section (Monte Singa) was not successful. Detailed
isotopic and geochemical analysis revealed subtle diagenetic contamination by altered
coccoliths of the original results from the Precariti section.

The coccolith calcite was altered both in its trace element (Sr/Ca, Mg/Ca. Fe/Ca,

Mn/Ca, Na/Ca all were higher) and isotopic (87S/86sr, 5180, §130) composition from
its original values. The coccolith 8751/86Sr values (limestones 0.709010; marls

0.7089512) were lower than Pliocene seawater (0.70904-8) and similar to the 87Sr/86sr
values for Messinian evaporites (0.70885-95).

The foraminiferal calcite was unaltered and retained its trace elemental and isotopic
composition. The original cyclical results from the Precariti section can be attributed to
improper cleaning procedures which did not completely remove the coccolith calcite from
the foraminifera before Sr isotopic analysis. In contrast, the Monte Singa samples were
subjected to a more rigorous cleaning procedure (preleaching 0.01 N HCI) that removed the
altered coccolith fraction.

Archaeological excavations within the inner harbor at Caesarea Maritima, Israel
have been conducted to ur:derstand the history of the ancient harbor built by Herod the
Great at the end of the Istc. BC. An integrated foraminiferal and strontium isotope
analysis (87Sr/86Sr) of three stratigraphic sections (Areas, [9, I14, TN1) from the inner
harbor has greatly enhanced the archaeological interpretation. The foraminiferal analysis of
forty-two sediment samples and forty-two 8751/86Sr measurements of six fossil taxa has
indicated temporal paleosalinity changes that can be related to the form and function of the
inner harbor. The recognition of three salinity controlled biofacies was based on the
diversity and distribution of hyaline, agglutinated, and porcelaneous foraminiferal taxa.

‘ This paleoenvironmental study using an integrated micropaleontological/strontium
isotope approach emphasizes the potential of the methodology for the study of salinity
changes in coastal lagoon environments.
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INTRODUCTION
This dissertation has been divided into three separate chapters, each of which

examines various aspects of the application of the strontium isotope (87Sr/86sr)
methodology as a paleoceanographic proxy for salinity change. Each chapter was written
as a separate journal article for publication and all data were included in the individual
papers with each containing a separate introduction and conclusion. Consequently, each
chapter details the specific aspects of the particular study as a separate entity.

Strontium isotopes have been traditionally used as a chronostratigraphic tool for
dating marine deposits with little research devoted to their potential use as a
paleoceanographic indicator. Marine environments in close proximity to the fluvial sources
of strontium input may have deviant 87S¢/86Sr ratios from that of normal seawater
(0.70918). This deviation can be used to advantage for paleosalinity determinations in
marginal marine or restricted basin environments. Previdusly, only limited research has
been conducted to determine the use of strontium isotopes as a paleosalinity proxy and, to
my knowledge, only one study from an estuarine environment has been published (Ingram
and Sloan, 1992). This dissertation was designed to expand the existing body of
knowledge regarding the use of Sr isotopes as a paleosalinity proxy in diverse
environments. Consequently, one aspect of the dissertation applied Sr isotopes
(8751/868r) as a paleosalinity proxy to a large restricted basin environment (the Pliocene of
the Mediterranean) and, in contrast, also to the more restricted environment of a coastal
lagoon (Israel). This contrast in environments was intended to highlight both the strengths
and the weaknesses of using strontium isotopes (875¢/86Sr) as a paleoceanographic tool
and raise awareness of its potential uses,

This research is important because it further develops the strontium isotopic method
as a paleoceanographic tool, thereby expanding its use beyond that of being used solely for
chronostratigraphic determinations. The background research on the methodology has now
reached the point where our understanding of the behaviour of strontium in the marine




realm can lead to the development of new applications and areas of research. With
increased applications and understanding, the use of strontium isotopes could become a
very important paleosalinity tool for paleoceanographic and paleoclimatological studies.
Currently, there are few reliable salinity proxies and it appears that the very strength of
using strontium isotopes (875r/86Sr) as a paleosalinity tool may lie in its potentiai for
accuracy and reliability.

An important corollary to the issue of using strontium isotopes (87sr/86sr) as a
proxy is the issue of vital effects. Vital effects associated with strontium isotopes (87Sr
and 86Sr) have not been examined in detail even though they could potentially have large
repercussions for all aspects of strontium isotope research. The importance of this issue is
that a vital effect could cause the 87S1/86Sr values recorded in the biogenic precipitates to
deviate from normal marine values. Although the issue of vital effects is crucial to the
accurate use of strontium in paleoceanographic applications, critical analysis of published
studies indicated that many researchers persist in dismissing a strontium isotope vital effect
within marine bioprecipitates — even though no reliable research to determine a possible
vital effect associated with strontium isotopes has been published. The limited studies
regarding this issue do not provide the conclusive evidence required in order to disregard a
strontium isotope vital effect. Therefore, rather than rely on previously published research,
the vital effect study was designed to ensure that any deviation from normal marine water
(if diagenesis could be ruled out) was due to freshwater dilution of seawater. The research
in the Bahamas (Chapter 1) was intended to test for such a biological vital effect which
could potentially discriminate between 87Sr and 86Sr in the uptake of strontium isotopes in
the precipitation of skeletal calcite and aragonite from marine waters. The study was
designed in such a way that it would, if successful, perhaps become the seminal paper
upon which researchers could base their conclusions when evaluating the possible
existence of vital effects.

1~



The analysis of the marl/limestone couplets of the Trubi fm (early Pliocene) of

southern Italy (Chapter 2) was an attempt to test the use of the strontium isotopic method
(8751/86Sr) in a large restricted basin setting. Previous high resolution strontium isotopic
studies conducted by researchers eisewhere had proven initially to be very promising. The
results of their studies indicated that the open ocean 87St/86Sr record varied with
Milankovitch cyclicity as a result of short term climatic changes of 103 - 104 years (Dia et
al., 1992; Clemens et al., 1993). However, attempts to replicate this variation were
unsuccessful (Clemens et al., 1995; Henderson et al., 1993). To further test the utility of
the high resolution technique used to discriminate subtle paleoceanographic changes a more
highly restricted setting (i.e. Mediterranean) was chosen where any strontium isotopic
changes would tend to be maximized (Richter and Turekian, 1993). The effect of the input
of strontium from riverine sources that would have had deviant 37St/86Sr values from that
of Pliocene seawater would be maximized in the restricted basin setting of the
Mediterranean. Previous research indicated the marl/limestone couplets of the Trubi fm
may have been formed by precessionally controlled changes in precipitation. The
formation of the marls was attributed to pluvial periods with increased riverine input, while
dryer periods led to limestone deposition. By analyzing the 8751/86Sr composition of the
marl/limestone couplets in the Trubi fm the strontium isotopic method was tested as a
paleosalinity proxy in the large restricted basin setting of the Mediterranean. This research
was intended to demonstrate the use of strontium isotopes as a paleooclimatic tool in
restricted basin settings, and to add new information to the interpretation of the origin of the
cyclical sedimentation of the Trubi fm.

The study from the ancient harbor at Caesarea Maritima, Israel (Chapter 3) was
conducted in order to test the strontium isotope (875¢/86Sr) methodology in a restricted
coastal lagoon type setting. This enabled a comparison of the validity and usefulness of
this methodology between the highly restricted coastal iagoon environment of Caesarca
Maritima with the relatively open conditions of the Mediterranean (Trubi fm). The




restricted lagoonal environment not only ensured a contrast to that of the Mediterranean, but
it also provided an ideal environment to compare the Sr methodology with initial
micropaleontological results which indicated salinity changes over the life of the harbor.
The accuracy and extent of the micropaleontological data provided a sound control for
salinity and allowed the Sr isotopic method to be tested as a high resolution paleosalinity
indicator in a restricted coastal setting. This research is important since salinity changes
within restricted coastal lagoon settings can be linked to paleoclimatic changes in
precipitation. It was also anticipated that the strontium isotope (37Sr/86Sr) methodology
could provide more detailed indications of salinity changes than micropaleontological
methods alone. Finally, an additional benefit to this application was that it would not only
test the strontium isotope (87Sr/86Sr) method, but it would also add information to the
archaeological interpretation of the ancient harbor.

This dissertation endeavours to provide future researchers with a more advanced
and comprehensive understanding of the potential uses of strontium isotope (875¢/36sr)
methodology and some of the research issues which are associated with its use. The three
detailed studies within the dissertation ensured that aspects of the application of the Sr
methodology. specifically the application to a restricted lagoonal setting and a marginal
marine environment, reccived a detailed and focused examination. Additionally, it also
endeavours to provide researchers with a conclusive and reliable study regarding the issue
of strontium isotope vital effects. The intended result of these studies is to not only expand
the horizons of knowledge regarding the use of strontium isotope (87Sr/86Sr)
methodology and associated effects, but also to provide colleagues with conclusive

research which may provide a basis for future studies.
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CHAPTER 1. Testing for a Strontium Isotope (87Sr/86Sr) Vital Effect: A
Negative Response from Modern Taxa found on Lee Stocking Island,

Bahamas.

ABSTRACT

There exists an undocumented understanding among geochemists that there are no
isotopic fractionation (vital) effects associated with the uptake of strontium isotopes (87Sr
and 86Sr) in bioprecipitates. Data from Lee Stocking Island, Bahamas confirms and
documents this hypothesis. Our data set contains analyses of 40 samples derived from 37
different calcareous taxa inhabiting a wide range of carbonate subenvironments (i.e. reefal,
intertidal, supratidal, mangrove). The precision (std deviation) of our analyses (mean =
0.709179 £ 2.4 x 10 -3 (20)) was very close to the precision of the strontium isotope
methodology confirming the homogeneity (at the present mass spectrometer resolution of +
2.0 x 10-3 (20)) of the 875/86s¢ isotopic composition of calcareous bioprecipitates.

Since our data confirmed the lack of a disequilibrium effect, our forty strontium
isotopic analyses additionally provide a precise estimate of the modern 8751/865r
composition of scawater. Our estimate at 0.709179 + 2.4 x 10 -3 (20) is slightly higher
than previously published values for the 875¢/86Sr composition of modem seawater which
cluster around 0.709175 although they are similar considering analytical uncertainty. We
suggest, based on the excellent analytical characters of our sample set, that our 8751/86s¢

value for mean seawater is a precise estimate.



INTRODUCTION

The 87S1/86Sr isotopic ratio of St in marine deposits has received increased
attention by earth science researchers in recent years as a chronostratigraphic tool (Burke et
al., 1982: DePaolo and Ingram. 1985: Depaolo, 1986: Hess et al., 1986, 1989; Miller et
al., 1988, 1991; Hodell, 1991; Hodell ¢ 1l.. 1989, 1990; McArthur et al.. 1992, 1993ab,
1994; Paytan et al., 1993; Oslick et al. 1994: Patterson et al.. 1995; Farrell et al., 1995; and
many others). The 87S/86Sr ratio of the world's oceans has varied over geologic time
allowing the development of a temporal calibration curve for dating marine deposits in the
Phanerozoic. The utility of the methodology depends upon four major factors. First, the
methodology requires that the 875t/86s ratio be homogeneous throughout the world's
oceans. This phenomenon holds true except in environments such as those in close
proximity to rivers, or to sources of hydrothermal fluids (Ingram and Sloan, 1992; Bryam
et al., 1995; Pichler and Dix, 1996). The homogeneity of the 87Sr/B6Sr signal is autributed
to the residence time of strontium being much longer than the mixing time of the world's
oceans (residence time 2-3 Myrs: mixing time approx. 1500 yrs: Broecker and Peng, 1982;
Hodell et al., 1990; Paytan et al., 1993). Secondly, the rate of 87St/86S¢ change through
time must be rapid enough to allow chronostratigraphic determinations. This is generally
true, with observed maxima and minima in the temporal evolution of the 875/86s¢ signal
during the Phanerozoic (Burke et al., 1982; Koepnick et al., 1985; McArthur, 1994). This
temporal variation of the oceanic strontium isotopic signal has been attributed generally to
varying fluxes from hydrothermal sources at mid-ocean ridges and continental weathering
via rivers (Hodell et al., 1990; Edmond, 1992; McArthur, 1994; Bryant et al., 1995;
Harris, 1995; and many others). Thirdly, the material used to measure a strontium isotope
ratios should be diagenetically unaltered. Research has indicated that some materials are
more stabie than others and are thus more suitable for use in dating material. Examples of
stable marinc materials successfully used for 8751/86Sr determinations include phosphates,
barites, chemical, and biogenic precipitates (Popp et al., 1986; Hess et al., 1986; Miller et



al., 1988; Hodell, 1991; Hodell et al. 1989, 1990; Carpenter et al., 1991: Bertram et al.,
1992; Paytan et al., 1993; Stille et al., 1994; McAnthur et al., 1994, 1990; Farrell et al.,
1995; and many others — see McArthur (1994) for a full discussion). Finally (four), the
methodology depends heavily upon the requirement (particularly with biogenic precipitates)
that there are no disequilibrium, or vital effects associated with the uptake of strontium
from scawater (Bryant et al., 1995).

Vital effect, or nonequilibrium precipitation, is a physiologically mediated vaniation
in the elemental or isotopic composition of a skeleton compared to inorganic carbonate
formed under the same environment (Dodd and Stanton, 1990). Oxygen and carbon
isotope vital effects associated with various taxa are widely known and have been attributed
to kinetic effects in rapidly calcifying organisms, and to metabolic effects arising from
photosynthesis and respiration (Grossman, 1987; McConnaughey, 1989a,b; Dodd and
Stanton, 1990; Spero et al., 1991). There are also known differences in the elemental
composition and concentration of trace elements (i.e. Mg, Sr, Na etc.) between and within
various organisms independent of environment (Bender et al., 1975; Veizer, 1983; Delaney
et al., 1985; Dodd and Stanton, 1990; Niiremberg et al., 1996). When considering
potential disequilibrium effects with strontium isotopes, one might argue that the atomic
weight difference between 36Sr and 87Sr (approx. 1%) is not large enough to be
effectively fractionated kinetically in the way that occurs with the isotopes of oxygen (160
and!80: approx. 11%) and carbon (12C and 13C: approx. 8%). Additionally, strontium
cannot be metabolized although it may be incorporated by various taxa in a chemically
complexed form, possibly explaining the strontium enrichment observed in planktic
foraminifera (Bender et al., 1975). However, the complexing of strontium would result in
a larger overall molecular weight and a reduction in the relative mass difference among the
isotopes of strontium. This would result in a reduced potential for biological or kinetic
fractionation between the isotopes of strontium.




Although some of the mechanisms of biologically mediated disequilibrium effects
are gencrally well understood there still exist many unknown factors. An example is high
magnesium barnacle calcite. which shows 180 enrichment compared to inorganic calcite
equilibrium that cannot be explained by kinetic or metabolic effects. If this enrichment 1s
not caused by factors such as mineralogical changes or Mg+ content then it could
represent another class of disequilibrium effect (Killingley and Newman, 1983;
McConnaughey. 1989a). It is evident that vital effects are still not completely understood
and to our knowledge no on¢ has systematically tested or published any results which
conclusively dismiss a strontium isotope vital effect, even though the strontium isotopic
composition of organic carbonate is used increasingly as a chronostratigraphic tool.
However, vital effects have often been disregarded by researchers based on limited and
scattered data (Veizer, 1983; Schmitz et al., 1991; Bryant et al., 1995). Unfortunately,
these limited studies do not provide the conclusive evidence required in order to dismiss
strontium isotope vital effects within marine bioprecipitates.

In a previous study (Patterson et al., 1995; unpublished data) highly variable
8751/86Sr values from various Neogene taxa from Italy (eg. planktic foraminifera,
echinoderms) were found that could not be definitively ascribed to diagenetic alteration or
niverine influence. Since there was no published data, we questioned whether the observed
deviations in the 8751/86Sr ratios could possibly be due to vital effects.

To satisfy these queries, and to assess conclusively the impact of any strontium
isotope vital effects this study analyzed the 87S¢/86Sr composition of 37 different modern
calcareous and aragonitic (invertebrate and algae) taxa from a wide variety of environments
from Lee Stocking Island, Bahamas (Figs. 1-1 and 1-2). This locality was selected for
several reasons: 1) it is not influenced by continental runoff that may potentially alter the
875c/86Sr signal; 2) it is a shallow environment represented by a wide variety of
subenvironments, thus permitting the sampling of a great number of taxa; and 3) scawater
in this locality is well mixed and openly circulated with marine waters. To eliminate any
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diagenetic effect only modem living, or recently expired, specimens of the various taxa
were selected. Thercfore any observed systematic variation in the strontium isotopic signal
should be due exclusively to a vital effect.

In addition, if our results proved the nonexistence of a vital effect, our sample set
(n=40) from Lee Stocking Island would provide a very high precision 87Sr/86Sr estimate

for modem seawater.

Oceanography

Lee Stocking Island, pant of the Exuma chain of Islands in the Bahamas, is
charactenzed by a vanety of carbonate subenvironments ranging from mangrove lagoons to
deep water v _fal systems (Figs. 1-1 and 1-2). Lee Stocking Island is also situated on the
eastern margin of the Great Bahama Bank where wave. tidal, and oceanographic patterns
result in a freely circulated environment with open marine waters from the Atlantic Ocean.

The open waters of Exuma Sound provide a large fetch distance for wave
development, and the Sound is subject to trade winds from the east and the southeast. As a
result, the seaward side of Lee Stocking Island is subject to high energy waves. In
addition, the bank margins themselves are greatly affected by tidal flow and large scale
oceanographic pattems (Fig. 1-1; Kendall et al., 1988; Dill et al., 1989).

Reversing tidal currents bring together the relatively cool oceanic waters from
Exuma Sound and the more salinc and warmer waters from the bank itself. Flood tides
bring oceanic waters from Exuma Sound on to the Great Bahama Bank's eastern margin,
and ebb tides and wind-driven circulation retum warm and more saline waters formed by
solar heating and evaporation on the shallow bank back to the margin (Fig. 1-1; Kendall et
al.. 1988: Dill et ai., 1989).

The maximum tidal range is 1m but sea level can vary as a result of the intensity,
direction and duration of the winds over the shallow bank. During large tropical storms

and hurricanes, low barometric pressure also raises sea level, creating a storm surge that



increases .urrent velocities over shoal areas of the bank (Fig. 1-1: Kendall et al., 1988; Dull
et al., 1989).

Upwelling occurs when winds move surface waters away from the bank margins
bringing colder and nutrient-rich deep water up onto the shallow bank. During the summer
months, when lower velocity winds prevail. the relatively warm but dense saline waters
formed on the bank flow towards the margins as underflows and spill into the Exuma
Sound as falling currents (Fig. 1-1; Kendall et al., 1988: Dill et al., 1989).

Sample Locations

Sample locations were selected from environments on the windward and leeward
sides of the island (Fig. 1-2). All subenvironments were sampled including intertidal,
supratidal, shallow, and deep reefal hard and soft grounds. Sample localities as labelled in
Fig. 1-2 are: 1) Acropora palmata fringing reef windward side of Lee Stocking Island in
approximately 2m water depth (soft and hard grounds); 2) Thalassia grass beds near
Acropora palmata reef on windward side of the island in approximately 3m water depih. 3)
intertidal «. ' subaerial hardground on windward side of Lee Stocking Island near the
airstrip; 4) mangrove environment, fluctuating from hypersaline conditions dunng the dry
season to hyposaline during the wet (15 cm water depth); 5) Dune Pass Bay. a shallow (1-
2m water depth) cove on the leeward side of the island; 6) subtidal hardground (!-2m)
environment on the opposing windward side of Lee Stocking Island. 7) reef system at
approximately 20m water depth growing on a Pleistocene cliff face (Perry Reef).

METHODS

Samples were collected from the various subenvironments found around Lee
Stocking Island (Fig. 1-2; Table 1-1). Wherever possible, live organisms were collec..d.
However, several of the infaunal species required collection of recently dead specimens. In

this category, only specimens in pristine condition were selected (i.e. articulated bivalves).
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The live specimens were cleaned using standard malacological and micropaleontological
techniques. Bivalve and gastropod specimens were briefly boiled and any living tissue was
removed with forceps and probes. Similarly, living tissue from coral and calcareous algae

was removed by immersing the samples in a bleach bath for several hours. Sediment
samples containing micropaleontological specimens were washed through a 63 micron
sieve and allowed to dry before specimens were selected for analysis. Samples for
chemical analysis were taken from the interior portion of the skeletal material in order to
prevent any contamination from other encrusting or boring organisms. Samples of
individual foraminiferal tests were hand picked from the surficial sediment samples. Only
taphonomically pristine specimens were selected (no abrasion, boring, or fragmentation).

Samples were subjected to a rigorous cleaning procedure that used a strong HCI
(1.0 N for the macroorganisms and 0.5 N for the microorganisms) to etch and remove the
outer portion of the skeletal material, and then washed in-an ultrasonic bath of pure water.
Samples were then dissolved in 2.5N HCI as they were very clean with no contaminating
siliciclastic fraction that may contain radiogenic strontium (see McArthur, 1994). Only an
organic residue was present after dissolution.

Strontium and calcium were separated from the sampies by using ion-exchange
columns of Bio-Rad AG50 X-8 resin with 2.5 N HCI as the eluting agent. The strontium
was scparated from calc.um by using a second column of Teflon powder coated with bis
(2-ethylhexyl) phosphoric acid (HDEHP), with 0.01 N HCl as the cluting agent.

The isotopic compositions of the 40 samples were measured on a Finnigan-MAT
261 multicollector thermal ionization mass spectrometer operated in static mode. Ten
replicate analyses of the SRM 987 standard gave a mean < /Sr/86Sr value of 0.710250 +
2.6 x 105 (20) and our blank value was 369 picograms (Table 1-2). Mass spectrometer
analysis included 10 blocks of 10 integrations giving 100 measured ratios for each of the
40 samples (Table 1-1). No outliers were discarded from the data sets and all sample
values were included in the study to prevent any biasing of the data.




RESULTS AND DISCUSSION
Disequilibrium Effect

Our analyses of 37 different taxa recovered from seven carbonate subenvironments
(i.e. reef, intertidal, supratidal etc.) do not indicate the existence of any strontium
disequilibrium (vital) effect (Table 1-1). All samples had 87$r/86S¢ values that were
clustered within analytical uncertainty of the mass spectrometer making any possible vital
effect indisiinguishable from the analysis statistics.

All individual analyses had in-run statistics (internal precision) with standard
deviations within £ 2.0 x 10°3 (20), and 16 of the 40 samples were within £ 1.0 x 10-3
(20; Table 1-1). All individual analyses were, therefore, well within the £ 2.0 x 10-3
external precision widely reported on the SRM 987 standard at the 95% confidence interval
and were considered good determinations. Our measurement of the SRM 987 standard
over the period of analysis yielded a mean value of 0.710250 + 2.6 x 10-3, which is
consistent with the values reported elsewhere (compilation of values by McArthur, 1994;
0.710248 + 2.0 x 105 (20); Table 1-2).

Our set of forty analyses displayed no aberrant strontium isotopic ratios and there
was no consistent departure from the 87S1/86Sr composition of mean seawater (0.709175)
as compiled from various studies and summarized by McArthur (1994). The mean value of
our determinations was 0.709179 with an uncertainty of £ 2.4 x 105 at the 95%
confidence interval (Table 1-2). The spread of our individual 87S¢/86Sr values was just
outside the resolution of the mass spectrometer based on the repeated analysis of the SRM
987 standard (£ 2.0 x 10-3), indicating that all the samples were analytically homogencous
and there was no resolvable disequilibrium effect.

The frequency distribution of the forty analyses also indicates that there was no
disequilibrium effect, as none of the taxa showed any systematic departure from the mean
875¢/868r value for modern seawater (Fig. 1-3). The frequency distribution of the forty




analyses was slightly negatively skewed (mean 0.709179; median 0.709183; mode
0.709185; Table 1-2). However, the normal probability plot indicates a rclatively normal
distribution and a Chi-Squared test indicates that at the 10% significance level the sample
values are normally distributed (Fig. 1-4; Table 1-2). Thus, the variation exhibited by the

strontium isotope analyses is random.

875r/86Sr Composition of Modern Seawater

Since there are no observable disequilibrium effects associated with any of the
sampled taxa at Lee Stocking Island, the forty analyses provide a high precision estimate of
modern seawater (Table 1-2). Our estimate of mean 87S1/86Sr seawater at 0.709179 is
precise for the following reasons: 1) our estimate is based on a large number of samples
(n=40) of a high precision (£ 2.4 x 10-3 (26)); 2) our 8751/86Sr values are normally
distributed suggesting that the spread of values is due to rendom analytical errors affecting
the precision and not sysiematic errors which might produce an other than normal
distribution (Table 1-2; Figs. 3 and 4); 3) the measurement of SRM 987 at 0.710250 £+ 2.6
x 10°5 (20) is very close to the longterm average reported value of 0.710248 + 2.0 x 10-5
and our A87Sr value (87S1/86Srsample - 87S1/86SrsRM 987) at -1071 x 10°6, is
consistent with longterm values from a variety of studies as reported in McArthur (1994),
suggesting that our value for mean seawater is not affected by a constant bias in the
measurements (McArthur, 1994; Table 1-2); 4) all samples were derived from a well
circulated marine environment far removed from any waters of continental influence; and 5)
only living or recently dead specimens were used, eliminating any possible diagenetic
effect.

Our estimate is slightly higher than the values for the 87S1/86Sr composition of
modern scawater which have clustered around 0.709175 from recently reported analyses
(see McArthur, 1994). However, the collection of 3781/86Sr values for seawater reported
in McArthur (1994) is from a number of laboratories, and may suffer from interlaboratory
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biases, differences in sample preparation, mass spectrometer techniques and data
presentation (see McArthur, 1994 for a full discussion). We suggest that based on the
characters of our sample set, our results are a very good estimate of the 87S/86Sr value for
mean seawater (0.709179 with a standard error of + 2 x 10-6 and a AB7Sr of -1071 x 10-6;
Table 1-2).

CONCLUSIONS

At the present resolution of the strontium isotope methodology, no disequilibrium
effect was distinguishable from 40 samples of 37 calcarcous taxa obtained from a wide
range of marine environments from Lee Stocking Island, Bahamas. Since no
disequilibrium effect was determined, and since the frequency distribution of the 40
analyses was normally distributed, our mean strontium isotope value of 0.709179 £ 2.4 x
10-5 (20) is a very good estimate of the 87Sr/86sr composition of modern seawater.
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Fig. i-1. Location of the Lee Stocking Island study area within the Bahama Islands.







Fig. 1-2. Location of sample sites in the Lee Stocking Island area and the research tacihities

of the Caribbean Marine Research Center (CRMC). See text for a full descniption of

sample localities.
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Fig. 1-3. Histogram showing normal frequency distribution for the forty 37S1/86S¢

analyses of the various taxa from the seven sample locations of Lee Stocking Island.
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Fig. 1-4. Normal probability plot for Lee Stocking Island 8751/86Sr analyses. indicating a

normal distribution.
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Table 1-1. 87sr/86s¢ analyses grouped by location. See Fig. 1-2 and text for descriptions
of the seven sample locations (1-7). The sample analysis statistics are reported as two

standard deviations (20) as an indication of the quality of the measurements.
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Sample

Number

AIR-1
AlIR-2
AIR-3
AIR-4
AIR-5
AlR-6
AIR-7

AR-1
AR-2
AR-3
AR4
AR-5
AR-6
AR-7
AR-8
AR-9
AR-10
AR-11
AR-18

DPB-1
DPB-2
DPB-3
DPB-4
DPB-5
DPB-6
DPB-7
DPB-8
DPB-9
DPB-11
DPB-12
DPB-13
PR-1
PR-2
PR-3
PR-4
PR-§
PR-12

TGA-4
BC-1
WDPB-1

Taxa

Cittarium pica

Tectarius muricatus

Nodilittorina tuberculata
Truncatella puichella

Littorina ziczac

Nerita versicolor

Littonina Ziczac

Clypeaster rosaceus
Siderastrea radians
Hometrema rubrum

Leodia sexiesperforata

Chama congregata
Barbatia cancellarin

Chlamys sentis

Clypeaster rosaceus
Acropora palmata

Millepora alcicornis

Asteriginag sp.

Purites furcata

Helioseris cucullata

Divaricella quadrisulcata
Laevicardium laevigatum

Batiillaria minima

Lucine pensyivanica

Atrina seminuda

Codakia orbicularis

Halimeda incrassata

Udotea flabellum

Soritid sp.
Elphidid sp.
Cibicides sp.

Diploria clivosa

Dichocoenia stokesi
Montastrea annularis

Madracis mirabilis

Meandrina meandrites

Halimeda tuna

Halimeda incrassata

Terebra dislocata

Thais deltoidea

Group Loc. Weight

87Sr/86Sr o

10.00002g
gastropod 3 7.96E-02 0.709177 13
gastropod 3 8.06E-02 0.709184 14
gastropod 3 7.40E-02 0.709174 11
gastropod 3 9.97E-02 0.709201 9
gastropod 3 S.47E-02 0.70919t 13
gastopod 3 T7.74E-02  0.709181 8
gastropod 3 3.15E-02 0.70919t 8
echinoderm 1 6.72E-02 0.709158 11
coral 1 1.11E-01 0.709170 13
foraminifera | 241E-02 0.709171 12
echinoderm 1 S.27E-02 0.709175 9
bivalve 1 4 49E-02 0.709158 10
bivalve 1 8.62E-02 0.709165 12
bivalve | 591E-02 0.709192 15
echinoderm 1 6.84E-02 0709179 14
coral 1 9.59E-02 0.709192 10
coral 1 9 43E-02 0.709185 15§
coral 1 105E-01 0709185 10
foraminifera 1 3.72E-03 0.709191 9
coral 5 1.17E-01 0.709171 13
bivaive 5 9.44E-02 0.709169 8
bivalve 5 5.06E-02 0.709160 16
gastropod 5 5.16E-02 0.709154 14
bivalve s 9.02E-02 0.709172 14
bivalve 5 8.92E-02 0.709172 15
bivalve s 7.45E-02 0.709163 16
algae 5 3.41E-02 0.709184 15
algae ] 6.17E-03 0.709185 10
foraminifera § 6.60E-03 0.709187 12
foraminifera S 2.45E-03 0.709177 9
foraminifera 5 1.37E-03 0.709191 9
coral 7 5.83E-02 0.709170 12
coral 7 9.17E-02 0.709188 9
coral 7 8.78E-02 0.709185 15
coral 7 1.44E-01 0.709160 8
coral 7 9.84E-02 0.709198 17
algae 7 7.44E-02 0.709194 11
algae 2 8.85E-03 0.709189 9
gastropod 4 2.33E-02 0709184 6
6 5.63E-02 0.709188 12

gastropod
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Table 1-2. Summary of 875¢/868r distribution statistics and Chi-Squared test of the forty
samples from Lee Stocking Island and the distribution statistics for our values of the NBS

987 standard over the analysis period.

n



Num. of Cases 40

Min. Value 0.709154
Max. Value 0.70920t
Range 0.000047
Mean 0.709179
Standard Dev. 0.000012
Standard Error 0.000002
Skewness -0.327668
Kurntosis -0.836486
Median 0.709183
Mode 0.709185
AB7Sr 1071 x10E-6
Chi-Squared 2
Deg. of Freedom

Critical value 2

10% Sign. Level

SRM 987

Num. of Cases 10
Mean 0.710250
Standard Dev. 0.000013
Standard Error 0.000004

Median 0.710248
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CHAPTER 2. Testing the Application of Strontium Isotopes as a
Paleosalinity Proxy: Lithologically Controlled Diagenetic Results.

ABSTRACT

Strontium isotope analysis (87S/86Sr) of foraminiferal calcite from altemating
marl-limestone couplets from the Trubi fm in southem Italy (Precariti stratigraphic section)
revealed a cyclical signal that was initially attributed to precessionally controlled
fluctuations in precipitation during the early Pliocene of the Mediterranean. The average
oscillation in the 37S1/86Sr values was just beyond the resolution of the St isotopic method
(2 x10°3). However, an attempt to replicate these results using samples from a different,
time equivalent section (Monte Singa) was not successful, indicating that our original
results were affected by other factors. Detailed isotopic and geochemical analysis revealed
subtle diagenetic contamination of our original results from the Precariti section.

Coccolith calcite in the Trubi fm. was altered both in its trace element (St/Ca,
Mg/Ca, Fe/Ca, Mn/Ca, Na/Ca all wer: higher) and isotopic (875r/86sr, 8180, §130)
composition from its original values. The coccolith 87Sr/86Sr values (limestois.
0.709010; marls 0.7089512) were lower than Pliocene seawater (0.70904-8) and similar to
the 875¢/86Sr values for Messinian evaporites (0.70885-95). SEM analysis revealed that
the coccoliths were overgrown. Elevated trace element values in both the coccolith calcite
and the porewaters suggest alteration by Messinan evaporite derived brines early in the
diagenetic history of the Trubi fm.

The foraminiferal calcite was unaltered and retained its trace elernental and isotopic
composition. The 87Sr/86Sr values of the foraminiferal calcite record the composition of
Pliocene seawater. Therefore, our original cyclical results from the Precariti section can be
attributed to improper cleaning procedures which did not completely remauve the coccolith

calcite from the foraminifera before Sr isotopic analysis. In contrast, the Monte Singa




samples were subjected to a more rigorous cleaning procedure (preleaching 0.01 N HCl)
that removed the altered coccolith fraction. The original cyclical 87Sr/86Sr signal in the
Precariti section can therefore be ascribed to the lower 87Sr/86Sr values in the coccoliths
from the marls and not to precessionally-controlied variation.

Results of this study indicate that (1) a thorough examination of the sample
constituents is crucial in order to select the most appropriate cleaning procedure, and (2)
bulk-rock analysis can provide erroneous results, particularily if the various constituents of

the samples have had a diagenetic history.
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INTRODUCTION

The strontium contained in marine carbonates records the 837Sr/80Sr ratio of
seawater at the time of crystallization. The isotopic composition of strontium in seawater at
any time is determined primarily by the balance between the deep-sea hydrothermal tnput of
strontium of mantle origin (presently. 1x10° tyr) and the fluvial flux derived from
continental weathering (3x100 t/yr) (Palmer and Edmond. 1989; Mc Arthur, 1991). The
8751/86Sr ratio of oceanic water has slowly changed during geologic time as the balance
between these factors has varied. Therefore, the strontium isotopic composition of manne
carbonates may be used as a chronostratigraphic tool (e.g. Wickman, 1948; Burke et al..
1982; De Paolo and Ingram, 1985; Miller et al., 1988, 1990; Hodell et al.. 1991; Patterson
et al., 1995). The ocean strontium isotope record has also been used as a proxy for
changes in chemical weathering rates over geologic time (e.g. Capo and DePaolo, 1990;
Hodell et al., 1990; Krishnaswami et al., 1992; Palmer and Edmond, 1992; Richter et al.,
1992).

Environments in close proximity to sources of strontium input (i.€. hydrothermal
and fluvial) may have 878r/86Sr ratios that deviate from that of normal seawater (Bryant et
al., 1995; Pichler and Dix, 1996). As an example, this deviation has been used to
determine paleosalinity variations in marginal marine deposits from an estuarine
environment of San Francisco Bay during the last interglacial (Ingram and Sloan, 1992).
The goal of the present study wa (o determine whether a combined micropaleontological
and strontium isotope study could be used as a paleoceanographic ¢paleosalinity ) indicator
in a large restricted basin like the Mediterranean Sea. To achieve this goal, we tested the
methodology on two exposures (Precariti and Monte Singa section) of the Pliocene Trubi
formation from the Calabria region in southern ltaly (Patterson et al., 1995; Fig. 2-1).

Previous high resolution strontium isotopic studies (Dia et al., 1992; Clemens et
al., 1993) appeared initially to be very promising. The studies suggested that the open

ocean 87S1/86Ss record varied with Milankovitch cyclicity as a result of short term climatic
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changes of 103 - 104 years (Dia et al., 1992; Clemens et al., 1993). However, attempts to
replicate the variation *vere unsuccessful (Headerson et al., 1993: Clemens et al., 1995 ).
To test further the utility of the high resolution technique to discriminate subtle
paleoceanographic changes we chose to examine samples from a more highly restricted
setting (i.e. Mediterranean Sea) where any strontium isotopic changes would tend to be

maximized (Richter and Turekian, 1993).

Background Geology

The Trubi Formation (Early Pliocene) is a lithostratigraphic marine sedimentary unit
which is present over most of the Mediterranean region. It is characteristically composed
of alternating carbonate-rich and carbonate-poor marl layers. The base of the Trubi fm
represents the restoration of open marine conditions in the Mediterranean Sea following the
Messinian desiccation (Hsu et al., 1977; Cita, 1982). The suddel. post-Messinian
reduction of peri-Mediterranean continental area (and the corresponding deep drowning of
the Messinian coastal accumulations of sediment) produced a decrease of detrital input to
the Mediterrancan Sea until the sediment dispersal system reached a new equilibrium with
the raised base level. In the absence of significant terrizenous input, the influence of
climatic variations on early Pliocene intrabasinal sedimentation would have been maximal.
Previous time series and cross-spectral analysis of isotopic, ,vochemical and
micropaleontological data from the Trubi fm, coupled with detailed biostratigraphic and
paleomagnetic calibration (Gudjonsson, 1987: Hilgen, 1987; De Visser et al., 1989;
Thunell et al., 1991; Lourens et al., 1992), have indicated that a significant amount of the
variance of these parameters reacted strongly to Milankovitch precessional changes in
insolation with quasi-periodicity of 21.7 ka (Hilgen and Langereis, 1989).

Two hypotheses, both based on the influence of Milankovitch precessional
oscillations on climate, have been proposed to explain the observed cyclicity in the Trubi
fm. One hypothesis associates the darker, carbonate-poor marls with periods of increased



continental runoff, greater terrigenous influx, and higher surface water woductivity due to
nutrients and organic matter carried by rivers flowing into the Mediterranean. The lighter,
carbonate-rich limestones are attributed to drier climatic conditions and low surface-water
productivity (Gudjonsson, 1987; Hilgen, 1987; De Visser et al., 1989; Lourens et al.,
1992). The second hypothesis attributes the carbonate-nch hmestones to intensified winds
associated with precession maxima resulting in increased upweiling, higher productivity.
and carbonate deposition; within this scenario the carbonate-poor marls are consequently
associated with time intervals of warm surface waters and oligotrophic conditions (Thunell
et al., 1991).

The exposures of the Trubi fm were selected to test the applicability of streatum
isotopic methodology as a paleoceanographic tool for the following reasons: 1) the
Mediterranean was a restricted basin in the Pliocene with only the strait of Gibraltar open to
the Atlantic Ocean; 2) the Trubi fm is well dated by magnetostratigraphy and
biostratigraphy; the 875r/86s¢ signal for Pliocene seawater 1s known and therefore, if
diagenesis can be ruled out, any deviation from this value can be attributed to continental
influence; 3) the cyclic sedimentation (marls/limestone) indicates an alternating
environmental control, possibly related to Milankovitch forcing of climate. This cyclicity 1s
a very good control for the interpretation of the strontium isotope signal, 4) there is
controversy regarding the creation of the marl/limestone couplets, with one hypothesis
invoking increased/decreased continental runoff; therefore, the application of strontium
isotopic methodology, if successful, couid add new information to the environmental
interpretation of the Trubi fm; 5) there are very good exposures of the Trubi fm 1n southern
Italy that are easily accessible for sampling and which provide a continuous succession of
marl/limestone couplets; 6) there is a substantial amount of previous micropaleontological
research published on these sections which indicates that foraminiferal preservation ts very
good, with no overgrowths or evidence of dissolution or aberrant stable 1sotopic (O and ()

values (Gudjonsson, 1987; De Visseret al., 1989: Thunell et al., 1991; Lourens et al.
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1992; Patterson et al.. 1995); and 7) there is a significant amount of strontium isotopic data
pertaining to various rivers emptying into the Mediterranean, some of which have high

outflows (i.c. the River Nile; Brass, 1976; Emelyanov and Shimkus, 1986).

Previous Results

Precariti Section

Seventeen slightly indurated marl and limestone samples from the Precariti section
of the Trubi fm were analyzed (Fig. 2-2; see Appendix 2-1 for analytical methods). The
875¢/86Sr ratios measurcd from planktic foraminifera (Globigerinoides obliquus) extracted
from the Precariti section. = Trubi fm oscillated in harmony with the marl and limestone
lithologies. The values from the carbonate-rich {imestones, with a mean value of 0.709044
t 14 (20), were generally higher than the values from the marls and correlated well with
the open-ocean 87Sr/86Sr value (0.70906+ 2 (20); Farrell et al., 1995) for e age of the
section (4.5 to 4.3 Ma). The age of the section has been independantly dated using the
chronostratigraphic boundaries of the G. margaritae biozone (4.64 - 4.13 Ma; Langereis
and Hilgen, 1991), the stratigraphic correlation of our section with the nearby
paleomagnetically dated Monte Singa section 1 (Hilgen, 1987) and the average
sedimentation rate of 21.7 ka per couplet (Hilgen and Langereis, 1989; Fig. 2-2; Table 2-
1). The carbonate-poor marls had consistently lower 87St/86Sr ratios with a mean of
0.709022 + 12 (20) and were lower than the value for Pliocene seawater. Although the
magnitude of the oscillation fell (average shift of 87St/86Sr ratios is 2.2 x 10-5) within the
uncertainty associated with strontium isotopic measurements (+ 2 x 10 -5) the regularity of
the signal and the consistent agreement between rock type and the 8751868t values
suggested that the oscillations were not an analytical artifact (Fig. 2-2; Table 2-1). Based
on these results and the modelling of the response of the Mediterranean 87Sr/86s¢ signal to
the modem collective fluvial 87S¢/86Sr ratio (0.7082) of the major rivers (Nile, Po, and the
Rhone) debouching into the Mediterranean, we developed a hypothesis that the marls were
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deposited under increased continental runoff due to a wetter climate. The me el did not
necessitate a homogeneous mixing and dilution of Mediterranean seawater in that the
planktic foraminifera would be recording the 875t/86Sr ratio of the upper water surface
which could have been affected by hypopicnal flow due the increased continental runoff.
The limestones, with their higher 87Sr/86Sr ratios similar to Pliocene seawater, were
considered to be from drier intervals with diminished freshwater influence.

The results of the Sr analyses (8751/86Sr) from the Precariti section were
considered reliable since: 1) SEM examination (JEOL 6400 at the Carleton University
Scanning Electron Microscope Facility) and thin section observations of foraminifera tests
showed no diagenetic alteration, 2) the samples contained no cement, and 3) previous O
and C isotopic studies revealed no abnormal values (Gudjonsson, 1987; De Visser et al.,
1989; Thunell et al., 1991; Lourens et al., 1992). Therefore, we believed that the
systematic alternation of the 87Sr/86Sr values was probably real and due to freshwater
influence and not diagenesis or a lithologically controlled effect. However, since the
8751/86S¢ difference between the marls and the limestones was comparable with analytical
precision (¥ 2 x 10-5), and previous high resolution strontium isotope research had been
recanted (i.e. Clemens et al., 1995) we decided to test another section of the Trubi fm to

determine whether our results could be replicated.

Monte Singa Section

To substantiate the initial results from the Precariti section, 24 marl and limestone
samples of the Trubi fm from the Monte Singa location were selected and analyzed (Fig. 2-
3). The same procedure to disaggregate the samples was used for the Precariti section
samples, and individual foraminiferal specimens (Globigerinoides obliquus) were again
hand picked (see Appendix 2-1). Although there was no reason to believe that the cleaning
and dissolution procedure used in the analysis of the samples from the Precariti section was

biasing the results, a different more rigorous cleaning procedure was used or the Monte
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Singa samples as a precaution, since the observed changes in the 87S1/86Sr ratios were so
small (see Apppendix 2-1 for analytical methods).

Unfortunately, the 87S1/86Sr ratios in the Monte Singa section did not oscillate
with lithology as had been observed in the Precariti section (Fig. 2-3; Table 2-1). The
values of the 87S1/865r ratios in both the marls and the limestones in the Monte Singa
section had a mean of 0.709052 + 22 (26), which is slightly higher than the mean value for
the marls and the limestones from the Precariti section at 0.709033 + 26 (20) (Fig. 2-3;
Table 2-1). Although these two sample means are similar within analytical uncertainty (£ 2
x 10-3 (20)), they are significant since the difference between the two are equal to the
apparent shift in the 8751/86Sr ratios between the marls and the limestones originally seen
in the Precariti section. We were not convinced that the observed signal was due solely to
analytical uncertainty associated with the mass spectrometry because the large number of
marl and limestone samples analyzed and the consistent difference in the 87S1/86Sr ratios
observed suggested a diagenetic or lithologic control for the variance. In order to isolate
further the observed effect the same cleaning and dissolution methodology was applied to
six replicate samples from the Prec-riti section.

The replicate analyses of Precariti section using the more rigorous cleaning
procedure did not reproduce the results obtained in the initial analyses. Although, some of
the samples did follow a cyclical pattern, the second suite of analyses had a mean value of
0.709048 +24 (20) which was higher than the value obtained in the initial analyses (mean
of 0.709033 £26) but similar to the mean value of the Monte Singa section 0.709052 +22
(20) (Fig. 2-2; Table 2-1).

Results from the Monte Singa section and the replicate samples from the Precariti
section indicate a discrepancy between the 87S1/86Sr values obtained using the different
cleaning and dissolution procedures. The more rigorous cleaning procedure would have

reduced the impact of any carbonate contaminant (cleaning with 0.01 N HC). The only



possible carbonate soluble contaminant was coccoliths (there was no cement). however,
their 87S1/86Sr values should have been simiiar to those obtained for the foraminifera.
Two possible causes for the different strontium values obtained using the
preparation methodologies were considered: 1) minor diagenetic alteration of nannofossil
chalk (McArthur et al., 1993a, b and see McArthur, 1994) and 2) the dissolution of the
terrigenous clay component by the stronger HCI during dissolution (McArthur, 1994).
However, this component is generally more radiogenic and could not have generated the

observed lower 87S¢/86sr ratios in the marls (McArthur, 1994).

GEOCHEMICAL ANALYSES

To determine the contaminating phase that was possibly affecting the isotopic
results, the various components of four samples from the Monte Singa section were
isolated. The investigation started by examininy the stroftium isotopic composition of
whole rock samples using both the strong acetic (80%) and HC! acid (2.5N) dissolution
methodologies (Table 2-2). Both methods produced significantly lower ratios than those
obtained using hand picked foraminifera, and the marls had lower values compared to the
limestones. The significantly lower 875¢/868r ratios in the bulk samples could potentially
account for the lower ratios in the previous results. Therefore, it was important to isolate
and determine the source of the lower ratios within the bulk rock samples.

To isolate the contaminating fraction both the isotopic (O, C, Sr) and the trace
element composition (Mg, Sr, Fe, Mn, Na) of the sample constituents were examined.
These constituents included the carbonate (coccoliths) and the terrigenous fractions of the
<53 micron size sediment, as well as the >53 micron size sediment (foraminifera), and the
porewater (see Appendix 2-2 for analytical methods). The use of trace elements and
isotopic analyses has been shown to be an important technique in the assessinent of
diagenetic alteration (Popp et al., 1986; Bates and Brand, 1991; Carpenter et al., 1991;
Veizer et al., 1992; Denison et al., 1994; see McArthur (1994) for a full discussion).
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Analysis of porewater was conducted on 8 samples (SN2, SN3, SN7, SN8,
SNI18, SN19, SN20, SN21) from the Monte Singa section and, for comparative purposes,
4 samples were also analyzed from an outcrop of the Trubi fm at Eraclea Minoa in Sicily

(EM4, EMS, EM16, EM17; see Hilgen, 1991 for location map).

GEOCHEMICAL RESULTS
Strontium Isotopic Ratios

The four components of the marl and limestone lithologies displayed significantly
different strontium isotopic ratios (Fig. 2-4; Table 2-2; Table 2-3). The terrigenous
residues from the four samples from the Monte Singa section (SN2, SN3, SN7, SN8)
were more radiogenic as expected, with ratios ranging from 0.716167 to 0.716912.

The porewater 87S1/86Sr values were also surprisingly high in the lower four
samples (SN2, SN3, SN7, SN8; Table 2-3) from the Mohte Singa section, with values
ranging from 0.709147 t0 0.709161 which are close to that ot modern seawater (0.70918).
Analysis of four other samples from further up the section (SN18, SN19, SN20, SN21)
also produced high values (0.709096 to 0.709108), although these were lower than the
values from the basal samples. The four porewater values from the Eraclea Minoa section,
in contrast to the Monte Singa section, were very low with values that ranged from
0.709007 to 0.709031 (Table 2-3).

The coarse fraction was analysed on a bulk sample of foraminiferal tests and the
ratios were very similar to results obtained from samples analyzed in the original
investigation which used exclusively specimens of Globigerinoides obliquus (Table 2-1;
Table 2-2). The foraminiferal samples from the Monte Singa section all had 837Sr/86S¢
values reflecting Pliocene seawater, and were much lower than the values obtained from
terrigenous material and porewater (Table 2-2; Fig. 2-4; Fig. 2-5). The samples from the
Eraclea Minoa section (EM4, EMS, EM16, EM17) had slightly lower 875¢/86Sr values,
with a mean of 0.709020 (Table 2-3: Fig. 2-5). The relationship between the 87Sr/86s¢
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values of the porewater and the foraminiferal calcite distinguished three groupings of
samples (Fig. 2-5). The lower Monte Singa samples were not analytically different in their
foraminiferal caicite from the upper samples: however, they did have much higher
porewater values. The Eraclea Minoa samples had significantly lower 87S¢/86Sr values
than the Monte Singa samples, and their porewater and foraminiferal values were equal to
each other when analytical uncertainty was considered.

The coccoliths within the samples had significantly lower 87S/86Sr ratios than the
foraminifera (Table 2-2; Fig 2-4). The difference between the foraminiferal and coccolith
875t/86Sr values in the marls (SN2=1.03 x104 ; SN8 = 6.7 x10-5) was much greater
than in the limestone samples (SN3 = 2.7 x10-5; SN7 = 3.5 x10-3). The difference
between the coccolith and foraminiferal ratios is significant (£ 2 x10-3 (26)) in the: marls

but within the error limits in the limestones.

Trace Elemeiit, O and C Isotopic Compoesition

Trace elemental analysis of the four fractions (porewater, coccoliths, foraminifera
and terrigenous components) also revealed dramatically different chemical compositions
which emphasized the heterogeneity of the marl and limestone samples (Fig. 2-6: Fig. 2-7;
Table 2-4; Table 2-5; Table 2-6).

The foraminifera within the limestone and marl samples had lower Fe/Ca and
Mn/Ca ratios with respective means of 1.3 x10-3 and 1.2 x10-3. and were closely
clustered. The coccoliths had higher Fe/Ca and Mn/Ca ratios (6.9 x10-3, 3.9 x10-3)
compared to the foraminifera and they had a larger spread of values (Fig. 2-6; Table 2-6).
There did not seem to be any consistent relationship between the Mn/Ca and Fe/Ca values
of the coccoliths and elevation within the section although the Fe/Ca levels were higher in
the samples from SN7 and SN8 (Fig. 2-6; Table 2-6).

The Mg/Ca and S1/Ca ratios were also lower and more closely clustered in the

foraminifera (mean: 5.4 x10-3, 1.5 x10-3) than in the coccoliths which had ratios that were



significantly higher (mean: 1.9 x10-2, 2.3 x10°3; Fig. 2-6: Table 2-6). There is no
apparent relationship between the Sr/Ca ratios and the 87S1/86Sr vaiues of the coccoliths or
foraminifera, although the coccoliths are more widely spread and the coccoliths in the marls
do have lower 87S1/86Sr values (Fig. 2-6; Table 2-2; Table 2-6). Although the sample size
is small, the coccolith Mg/Ca ratios and their 87S¢/86Sr values do show a general inverse
relationship with the lower 87Sr/86Sr ratios and higher Mg/Ca values associated with the
marl lithologies (Fig. 2-6; Table 2-6).

The 5180%. and 813C%. (PDB) values of the coccoliths and the foraminifera were
also consistently different (Table 2-6}. The coccolith 5180%. and 5!3C%. (PDB) values
were closely clustered. The oxygen ranged from 0.07 to 0.94 (£ 0.15 (26)) and the carbon
ranged from 0.17 t0 0.77 (£ 0.10 (26)). The foraminifera were less consistent and had
5180%. (PDB) values that were negative, ranging from -1.73 to -4.30 (£ 0.15 (25)) and
the 5!13C%0 (PDB) values ranging from -0.24 to +1.58 (+ 0.10 (20); Fig. 2-6; Table 2-6).
A plot of Mn/Ca ratios and the oxygen isotope values demonstrated the geochemical
segregation of the foraminifera from the coccoliths with the foraminifera exhibiting negative
oxygen values and lower Mn/Ca ratios (Fig. 2-6; Table 2-6).

The geochemical composition of the terrigenous fraction was distinct from the
carbonate fractions (Table 2-6). The calcium concentration in the terrigenous fraction was
low resulting in very high ratios of Mg/Ca, St/Ca, Fe/Ca, Na/Ca and Mn/Ca (Table 2-4;
Table 2-6). The Mg, Na, and concentiation values themselves were all higher than in the
carbonate fractions and the Fe concentrations were significantly higher with an average
value of 39.8 ppt. The high Fe concentrations are to be expected in light of the kaolinite
and chlorite mineralogy and the presence of abundant iron oxides and hydroxides which
stain the rocks.

The analysis of porewater geochemistry revealed relationships between the different
concentrations of trace elements and with the strontium isotopic values. There was a

general linear wend (r2=0.64) in the Monte Singa Mg/Ca and Sr/Ca porewater ratios that



47

did not follow any relationship with height in the section or with lithology (Table 2-6; Fig.
2-7). The Eraclea Minoa Mg/Ca and Sr/Ca porewater ratios were very scattered compared
to the Monte Singa samples and followed no clear relationship (Table 2-6; Fig. 2-7). The
samples from both sections had very similar Sr/Ca values that were higher than the modem
Sr/Ca seawater value. The Mg/Ca porewater values from the Monte Singa section all had
values that were lower than modern seawater. The Eraclea Minoa porewater samples
although more highly scattered, had Mg/Ca values that were commensurate to, or higher
than, the modern seawater value (with the exception of one sample; Table 2-6; Fig. 2-7).

The Mr/Ca and the Fe/Ca ratios in the porewater from both the Monte Singa and the
Eraclea Minoa sections showed no clear relationships with lithology or elevation (Table 2-
6; Fig. 2-7). However, the basal samples from the Monte Singa section did have higher
Mn/Ca and Fe/Ca values, although they were highly scattered.

The Na/Ca and the Mg/Ca ratios displayed direct }elationships in both sections.
The Monte Singa section exhibited a general trend; with increasing Na/Ca values there was
a slight increase in Mg/Ca ratios. The Eraclea Minoa samples displayed a wider range in
Mg/Ca ratios relative to the Na/Ca levels and had a better r2 value at 0.84. The N/Ca
values from the Eraclea Minoa section were similar to that of modern seawater, and in the
Monte Singa section the values were all higher (Table 2-6; Fig. 2-7).

The 8751/86Sr values and Na/Ca ratios exhibited a very strong direct linear
(r2=0.83) relationship in the Monte Singa section. The 87S/86Sr values varied

considerably between the two sections with the Eraclea Minoa samples exhibiting lower

and more closely clustered values (Table 2-6; Fig. 2-7).
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DISCUSSION
The diagenetic history of the subaerial exposures of the Trubi fm (Monte Singa and

Precariti sections) is complex and has differentially affected the various components
making up these hemipelagic rocks. The Trubi fm was deposited in a forearc basin with a
significant detrital input that produced moderate to high deposition rates (Gudjonsson,
1987). It was also subjected to moderate burial depths (minimum of 225 m; Zijderweld et
al., 1991; Patterson et al., 1995). Uplift and subaerial exposure of the two sections
occured sometime during the late Quatemary (e.g., Barrier and Montenat, 1987). The
underlying Messinian lithologic unit in the area of the Precariti and Monte Singa sections is
composed of an alluvial fan conglomerate (DeCelles and Cavazza, 1995; Patterson et al.,
1995; Cavazza et al., in press). Messinian evaporites which commonly underlie the fan
conglomerates in other areas are absent from the studied sections (Patterson et al., 1995).
The consequent resuit of this geological background (burial and uplift) and the stratigraphic
setting of the Monte Singa and the Precariti sections have produced a very complex
diagenetic history for the Trubi fm in this area.

Foraminifera Preservation

The foraminifera fron the four samples analyzed in detail from the Monte Singa
section retained their original 87Sr/86sr isotopic composition and were not significantly
altered from their original low-Mg calcite mineralogy (Table 2-2). The foraminifera also
retained much of their original trace element composition (Table 2-4; Table 2-6). The
Na/Ca ratios of the foraminifera ranged from 3.0 to 3.7 x10-3 which is slightly lower than
reported values from recent and subrecent planktic foraminifera, which typically range from
4.010 7.0 x10-3 (Bender et al., 1975; Lorens et al., 1977; Graham et al., 1982; Delaney et
al., 1985; Puechmaille, 1994). The lower Na/Ca ratios could be indicative of slight
alteration of the foraminiferal tests. However, the incorporation of Na ino calcite is not as
well understood as other trace elements (Graham et al., 1982). The lower ratios could be



due to slight diagenetic alteration or environmental parameters that affected the uptake of Na
by the planktic foraminifera (Land and Hoops, 1973; Kitano et al., 1975; White, 1978;
Graham et al. 1982).

The Mn/Ca and Fe/Ca levels within the planktic foraminifera frot: the Monte Singa
section were very high compared those found in modern and sub-recent planktic
foraminifera (Wangersky and Joensuu, 1964; Table 2-4; Table 2-6). Elevated levels of Fe
and Mn within biogenic calcite have been found to be linked with diagenetic alteration
(Brand and Veizer, 1980; Denison et al., 1994). Levels of Mn higher than 75 ppm and Fe
levels higher than 300 ppm can be indicative of diagenetically altered calcite. The
concentrations of Fe and Mn in the foraminiferal calcite within the four samples from the
Monte Singa section had respective ranges of 522 to 717 ppm and 544 to 767 ppm (Table
2-4; Table 2-6). Although these levels are very high they are not representative of the trace
clement composition of the foraminiferal calcite and are more a reflection of Fe and Mn
oxyhydroxide coatings on the foraminiferal calcite (McArsthur, 1994). Although the
samples were preleached before dissolution and dissolved in acetic acid to minimize
contamination from the terrigenous componeats, there was a significant amount of iron
oxide detritus within the solution after dissolution of the foraminiferat calcite. The
solutions were centrifuged to minimize the incorporation of this phase in the ICP analysis.
However, the dissolution method did not completely exclude this contaminating phase.
Subsequent, detailed analysis with an SEM equipped with an Energy Dispersive (EDS) X-
ray analyzer (LINK eXL LZ4) (Carleton University Scanning Electron Microscope
Facilities) of cross sections of foraminiferal calcite indicated undetectable levels of Mn and
very low levels of Fe, which confirmed that the levels were unnaturally high in the ICP
analysis.

The Mg/Ca ratios in the planktic foraminiferal calcite of the four samples from the
Monte Singa section have values that are within the range of Mg/Ca levels found in recent

and subrecent planktic foraminifera (‘'Table 2-4; Table 2-6). The typical range of reported
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Mg/Ca valuesis 2.5t07 x10-3 which is commensurate with the values from Monte Singa
that range from 3.5 to 6.7 x10-3 (Savin and Douglas, 1973; Bender et al., 1975; Lorens et
al., 1977; Graham et al., 1982; Delaney et al.. 1985; Rosenthal and Boyle, 1993;
Puechmaille, 1994; Niumberg et al., 1996). Since there is no increase or decrease in the
Mg/Ca ratios relative to modem planktic foraminifera, and since such changes are indicative
of diagenetic alteration (Brand and Veizer, 1980; Marshall, 1992), it appears that the Mg/Ca
ratios of foraminiferal calcite from the Monte Singa section have remained unaltered.

The 8180% and 513C%. (PDB) levels of the foraminiferal calcite from the Monte
Singa section varied considerably (Table 2-6). The values from SN7 and SN8 match
closely the other stable isotope values previously reported from the Monte Singa section
(Gudjonsson, 1987; 5180%. (PDB) -0.39 to -2.39 and 5!3C%. (PDB) 0.27 to 1.64) and
other sections of the Trubi (Miiller, 1993; De Visseret al., 1989). The other two samples
SN2 and SN3 have lower 8!80%. and 813C%. (PDB) levels suggesting that these
samples may be slightly altered since they are out of the previously reported ranges.

The St/Ca level in biogenic carbonates is dictated potentially by biogenic
discrimination and the Sr/Ca composition of seawater, temperature and rate of precipitation
(Carpenter et al., 1991; McArthur, 1994). Levels of S1/Ca within biogenic carbonates
which are lower than in their modern equivalents are an indication of alteration, as
recrystallization tends to discriminate against the reincorporation of strontium in abiotic
calcite (Matter et al., 1975; Veizer, 1983; McArthur, 1994). The Sr/Ca levels within the
foraminifera from the four samples from the Monte Singa section were closely clustered
ranging from 1.4 to 1.5 x10-3 (Table 2-4; Table 2-6). This range of values, which is
derived from a collection of planktic foraminiferal species is within the reported ranges of
recent and older planktic foraminifera (last 80 Ma) which typically range from 1.1 to 1.8
x10-3 (Odum, 1957; Turekian, 1957; Wangersky and Joensuu, 1964; Bender et al., 1975;
Lorens et al., 1977 Graham et al.. 1982; Delaney et al., 1985; Miiller, 1993; Puechmaille,

1994). The close clustering of the St/Ca values and the general agreement with modem
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and older planktic foraminiferal values indicate that the strontium concentration of the
foraminifera from the Monte Singa section has remained substantially unchanged.

The unaltered strontium composition of the planktic foraminifera has also preserved
their 87Sr/86Sr isotopic ratios. The mean 8751/86S¢ value of the twenty-four analyses
from the lower Mont: Singa section (the base of our section is iess than 10m above the
Mine /Pliocene boundary) is G.709052 which gives an age of 49 Ma (5.4 - 3.7 Ma
(20)) using the curve of Farrell et al. (1995) (Table 2-1). This age, based on the planktic
foraminifera that were dissolved in acetic acid, is consistent with the biostratigraphic (base
of the Zanclean biozone) and magnetostratigraphic determinations previously carried out on
the section and the Trubi in general (Miocene/Pliocene boundary at Monte Singa 4.83 Ma;
Gudjonsson, 1527; and see Hilgen and Langereis (1993) for a full discussion).

In summary, the planktic foraminiferal calcite from the four samples analyzed from
the Monte Singa section have retained their original isotopic and trace element composition.

Coccolith Alteration

The contaminating fraction within the limestone and marls from the Monte Singa
and the Precariti sections that affected our previous results was the coccolith fraction.
Examination of the coccoliths with an SEM revealed a wide range of preservation ranging
from well preserved to highly dissolved and overgrown (Plate 2-1; late 2-2). The trace
element geochemistry of the coccolith fraction also indicates that this fraction is
diagenetically altered (Fig. 2-6. Table 2-4; Table 2-6). Although there is not nearly as
much background research on the trace chemical makeup of coccoliths as with planktic
foraminifera, there are several studies that allow a comparison and judgement on the degree
of coceolith alteration to be made.

The coccolith forming algae, like planktic foraminifera, discriminate against the
incorporation of Mg into their calcite crystal lattice. The coccoliths, thesefore, are

composed of low magnesium: calcite with St and Mg concentrations that are very . ‘nilar to
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that of planktic foraminifera (Milliman, 1974; Matter et al., 1975; Veizer, 1983). Thisis
clearly not the case in the samples from the Monte Singa section where the coccoliths have
clevated ratios of both Sr/Ca and Mg/Ca in comparison 10 the planktic foramunifera Fig. 2-
6; Table 2-4; Table 2-6). The coccoliths have Sr/Ca ratios that are approximately 8.0 x 10~
larger than the planktic foraminifera. Additionally, they aso have Mg/Ca ratios several
orders of magnitude larger suggesting some form of diagenetic alteration. Observations
obtained using the SEM indic:te overgrowths of the coccoliths that dramatically altered the
trace element chemistry (Plates 2-1, 2-2).

The composition of calcite overgrowths is apparently determined by the Mg2+ 10
CaZ+ concentration ratio in the precipitating solution (Mucci and Morse, 1982) and the
amounit of Sr2+ incorporated in the overgrowth is dependant on the MgCO3 content of the
precipitate (Mucci and Morse, 1982). The incorporation of Sr 2+ in the calcite lattice may
serve 1o relieve some of the stress caused by the incorporation of Mg 2*. The levels of Mg
in the coccoliths and overgrowths froin the Monte Singa section are within the
compositional realm of low Mg calcite (Veizer, 1983), although the levels are higher than
the unaltered foraminifera (Fig. 2-6; Table 2-4; Table 2-6). The levels of Mg in the
coccoliths (4-5000 ppm) are much higher than the highest values reported (2000 ppm) from
the pelagic sediments in the sections from the Shatsky rise in the northwest Pacific by
Matter et al.(1975) and are also much higher than the values reported by Elderfield et al.
(1982) from Ontong Java Plateau (maximum value Mg/Ca of 4.37 x 10-3). Dissolution of
the surrounding sediment and then the reincorporation in cements or overgrowths
discriminates against the inclusion of Sr, which has been used to explain the decrease with
depth of Sr content in recrystalized calcareous fossils and ihe increases in porewater Sr
(Manheim and Sayles. 1971: Sayles et al., 1974; Matter =t al, 1975; Elderfield et al.,
1982). The elevated levels found in the overgrown coccoliths from the Monte Singa
section suggest higher pore ..ig and Sr concentrations than wouid be normally available

trom dissolution of the surrounding sediment and indicates the introduction of foreign ionic



species into the porewaters. Some of the Mg on the overgrowths could be attnbuted to

dolomite, althoug!. during SEM examination only one 1solated rhomb was found and X-ray
diffraction analysis of the sediment revealed no presence of dolomite (Neugebauer, 1974;
Matter et al, 1975).

The Na/Ca levels in the coccoliths were lower than the values in the plankuc
foraminifera (Fig. 2-6: Table 2-4: Table 2-6). Assuming that the normal level ot Na for the
coccoliths is within the range for planktic foraminifera, the lower values could indicate as
mentioned previously, abiotic overgrowth forrmation which contains less Na than biogenic
precipitates.

The Fe/Ca and Mn/Ca levels were also higher in the coccoliths than in the planktic
foraminifera and much of this Fe and Mn must be in the form of oxyhydroxide coatings on
the coccoliths (Fig. 2-6; Table 2-4; Table 2-6). No preleaching was done on the coccohth
samples before dissolution for ICP analysis. The solution after dissolution, as with the
foraminifera, had a considerable amount of suspended Fe oxides which settled out of
suspension with centrifuging. Therefore, the amount that was actually part ot the coccolith
crystal lattice is difficult to determine.

The 5180%. and 513C%«(PDB) values from the coccoliths are all positive which
contrasts with the predominantly negative values of planktic tforamnifera (Fig. 2-6; Table
2-6). Since the coccolith calcite is precipitated in isotopic equilibnium with seawater the
0180%¢ and 513C%«PDB) values should be in close ~greement with the plankuc
foraminifera data (Mclntyre, 1967; Douglas and Savin, 1975; Margolis et. al., 1975,
Anderscn and Steinmetz, 1981; Czemiakowski et al., 1984). The contrast between the
foraminifera and coccoliths indicates that the coccoliths have been diagenetically altered
from their original 5!80%. and 513C%«PDB) values.

The 8751/86Sr values from the coccoliths also clearly indicate their alteration (Fig.
2-4; Fig. 2-6; Table 2-2). The coccolith values are significantly lower than the unaltered

planktic foraminiferal calcite in both the marl and the limestones from 'he samples trom the




Monte Singa section. Previous research on the nannoplankton biostratigraphy of the Trubi
fm indicated only minor contamination from reworking of older specimens (that may have
lower B7S¢/86Sr ratios), ruling out this as a source of contamination (Rio et al., 1984).
Therefore, the lower 87S:/86Sr ratios in the coccoliths indicate alteration with a source of
strontium other than that derived from the dissolution of carbonate grains from within the
section. A possible source of less radiogenic strontium, which could cause the lowering of
the 87Sr/86Sr values in the coccoliths, could be that derived from volcanic material. Mafic
volcanic and intrusive rocks from ocean basins are characterized by low 8751/86Sr ratios
(0.703). Elderfield et al.(1982) and Hawkesworth and Elderfield (1978) reported the
presence of volcanic materials at depth that lowered the 87Sr/86Sr values of recrystallized
calcites. There is evidence of volcanism during the late Miocene and Pliocene in the
Calabria region in southem Italy and in Sicily (see Cita and Colombo, 1979; Savelli, 1988
for full list of locations and types) that could have been a source of volcanic ash for the
Trubi fm. However, this does not seem to be a source of less radiogenic strontium since
there has been no volcanic material reported in the Trubi fm; X-ray diffraction analysis did
not reveal any characteristic minerals (although they may present in undetectable amounts)
and the terrigenous component had a very high 875r/86Sr value (the 87S1/86Sr value might
have been dominated by other mineral constituents).

The lower 8751/868r ratios could have also been due to the migration of porewaters
from an external and p- >bably older source than the Trubi fm. The Sr age of the ccccoliths
is from 8 to 5.5 Ma (Hodell et al., 1991) suggesting reequilibration with porewaters
containing lower 87S1/86Sr ratios. The ratios from the coccoliths are very similar to the
ratios from the lower Messinian evaporites (0.70885 to 0.70895) and the underlying
Tortonian marls and glauconite sand (=0.70895) reported from various locations around
the Mediterranean by Miiller and Mueller (1991), and slightly higher than the upper
evaporites which range from 0.70885 to 0.70855. 87Sr/86Sr values from the mudrock of

the Serravallian - Tortonian unit from the Stignano Section (see Patterson et al., 1995)
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which is in the same area as the Monte Singa section are also low at 0.70887 and could also
be a source for the lower ratios. The Messinian evaporite 87St/86Sr values are in very
close agreement with the values from the coccoliths and could be a potential source tor the
less radiogenic Sr. However, there are no evaporites present in the immediate vicinity
although they do typically underlie the Messinan fanconglomerates in other locations. A
similar model of diagcnetic alteration of the original 87Sr/86Sr signal in Paleogene
carbonate samples to less radiogenic values by the influx of brines derived from older

evaporite deposits was proposed by Denison et al.(1993).

Porewater Composition and Diagenetic Model

The porewater composition of the samples from the Monte Singa and the Eraclea
Minoa sections displayed distinctly different chemical and isotopic compositions (Fig. 2-7;
Table 2-3; Table 2-5; Table 2-6). The porewaters in the Monte Singa section were
characterized by high 875r/86Sr ratios (Table 2-3). The Na/Ca and St/Ca values were
higher than modern seawater values and the Mg/Ca values were lower. The Eraclea Minoa
samples displayed a distinctly different pattern with lower 87Sr/86Sr values and Na/Ca
values similar to that of modern seawater. The Sr/Ca values were similar to the Monte
Singa samples and were all higher than modern seawater. The Mg/Ca ratios were scattered
but were generally 2t or above modern seawater (Fig. 2-7; Table 2-3; Table 2-5; Table 2-6).

Porewater evolution in the Monte Singa section appears to have been complex as is
the case in continental margin settings which are typified by the rapid sedimentation of
organic rich sediments with high proportions of terrigenous silts and clays and biogenic
carbonate (Sayles and Manheim, 1975). A possible model, as described in the preceding
section, involves the introduction of brine derived from Messinian evaporites into the Trub

fm during dewatering and compaction of the sediments. In light of our results, this may be

a plausible explanation for the alteration of the coccoliths to less radiogenic values, for

several reasons: 1) The 875r/86Sr value of the altered coccoliths is close to the value of the




Messinian evaporites; 2) The coccolith Mg/Ca and Sr/Ca ratios are high which suggests
precipitation or recrystallization from fluids with high concentrations (brines), 3) The St/Ca
[ .. Wwater ratio is very close to the ratio reported by Miiller and Mueller (1991) for the main
salt unit of the lower evaporites; and 4) The Na/Ca ratio of the porewaters is orders of
magnitude larger than modern seawater, which suggests a brine influence (perhaps halite).
We can also account for the coccolith St/Ca values from the St/Ca contained in the
porewater using a rough calculation. Using a distribution coefficient of 0.13 for the direct
precipitation of calcite (Veizer 1983; Moore 1989) the precipitate from the porewaters
(mean Sr/Ca = 2.7) in the Monte Singa section should be in the order of 3.5 x10-3. If we
consider overgrowths comprising 50% of the coccoliths (see Douglas and Savin, 1975;
Matter et al., 1975; Czerniakowski et al., 1984) and the original Sr/Ca unaltered ratio as
1.5 x10°3 (planktic foraminifera) the resulting ratio would be 2.5 x10-3 which agrees with
the measured Sr/Ca ratios in the coccoliths. The lower levels of Mg/Ca in the porewaters
relative to modern seawater can be explained by the increased concentration found in the
coccoliths (Table 2-6). The dramatic increase in the 87Sr/86Sr ratios of the porewaters can
be ascribed to the alteration of the terrigenous fraction (i.e. feldspars to kaolinite, or
isotopic homogenization between clays and porewaters; Clauer et al., 1975). The
weathering of the feldspars to kaolinite with their higher 87St/86Sr ratios could release a
significant amount of Sr and Na, causing increases in the 8751/868r ratios of porewaters
and may have produced the direct relationships observed between Na/Ca and St/Ca.

The porewaters in the Eraclea Minoa section are dramatically different both in their
trace chemistry and in their 87Sr/86Sr ratios which reflect a different diagenetic pathway.
The samples from the Eraclea Minoa are more indurated and cemented as they did not
disaggregate as easily as the samples from the Monte Singa or the Precariti sections. The
porewater and the foraminiferal calcite both had 87S1/86Sr ratios that weze equivalent
considering analytical uncertainty, which suggests that the Sr isotopic composition of the

units was unchanged or had been homogenized during pressure solution and



57

recrystallization (Elderfield ei al., 1982). The porewater Na/Ca levels within the Eraclea
Minoa section were slightly lower than modern seawater, which is in contrast to the Monte
Singa section which had much higher levels (Table 2-6; Fig. 2-7). The Sr/Ca levels were
also higher and had approximately the same distribution as that of the Monte Singa section.
These contrasting elements indicate the unique diagenetic history of the Monte Singa and
Precariti secticns. The Eraclea Minoa section was probably indurated and cemented during
burial, reducing permeability and creating a relatively closed system. In contrast, the
Monte Singa section which was less indurated. was a relatively open system subject to

increased weathering and alteration in the burial and subsequent subaerial realm.

Contamination of Original Precariti Results

The contaminating effect on the 87S/86Sr signal of the planktic foraminifera by
coccolith carbonate is clearly evident. By considering 87Sr/868r ratios in the coccoliths we
can account for the lower 87S1/86Sr values in the marls that were found in the original
Precariti section. Using a two-component mixing equation with the mean coccolith and
foraminifera 87Sr/86Sr values in the marls and the limestones and their respective
concentrations as the two end-members we can account for our original cyclical signal in
the Precariti section (Fig. 2-8; Table 2-2; Table 2-7). Assuming a constant contamination
level in both lithologies the required 2 x10-3 change in the 87Sr/86Sr can be reached with
18% coccolith contamination in both the limestone and the marls (Fig. 2-8). The greater
contamination potential in the marls is apparently due to the lower ratios in the coccoliths
found in the marls. Infillings of sediment within the foraminiferal tests were abundant
when thin sections were examined with an SEM (Plate 2). It would not require a
significant amount of infills to cause the 18% contamination for the 2 x10-5 change in the
8751/86Sr signal and there is no reason to believe that the degree of infilling would change

between the marl and limestone lithologies. Careful cleaning by crushing and preleaching



would eliminate the potential contamination, and this procedure was followed in the Monte
Singa samples.

The bulk rock values both in the limestones and the marls are dominated by the Sr
concentration from the coccoliths which have concentrations t.12 and 1.02 ppt in the marls
and 0.72 and 0.95 ppt in the limestones (Table 2-7). The weight percent of coccoliths in
the carbonate fraction within the marls had a mean of 86% and the limestones were higher
at 94%. When considering the abundance of the coccoliths within the marls and the
limestones, the lower ratios in the bulk rock samples are due to the lower 87Sr/86Sr values
of the coccoliths themselves. These results have very important implications for the use of
bulk rock for Sr isotope stratigraphy and emphasize the need for careful selection of

individual unaltered components.

CONCLUSIONS

The diagenetic alteration of the various constituents of the marl and limestone
lithologies from the Monte Singa section was determined through detailed trace element and
isotopic analysis. This information allowed the assessment of the original 8751/863r signal
that alternated with the marl and limestone lithologies in the Precariti section that we had
originally thought was due to precessionally controlled changes in precipitation and runoff
into the Mediterranaean during the Pliocene. The 87S1/86Sr isotope methodology did not
prove to be a useful proxy in such a large restricted basin.

This research emphasizes the care that must be taken in the selection and preparation
of sample material for 87Sr/86Sr determinations. The lack of consideration of differential
diagenetic alteration of the various constituents lead to erroneous results in the Precariti
section. The contamination that resulted from the inclusion of the altered coccoliths with
the planktic foraminifera in the 87S1/86Sr determinations was not exceptionally great. The

difference in the mean ratios was just outside analytical uncertainty at 2 x10-3. However,
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with the increased analytical precision and with the development of higher resolution

8751/868r curves, subtle diagenesis becomes more and more important (McArthur, 1994).

The use of bulk samples from Monte Singa and the Precariti sections for strontium
isotope stratigraphy would yield very erroneous values. Sample SN2 which exhibited the
largest difference between the 87St/86Sr ratio of the bulk sample and the foraminifera
would have yielded a value ix 104 lower. This emphasizes the heterogeneity of the
875¢/86Sr distribution within the limestone and marl samples and the need for detailed
examination [ r diagenetic alteration before bulk samples are used.

The heterogeneity of the trace element and isotopic composition of limestones and
marls also emphasizes the complexity of the diagenetic history of sediments deposited in a
continental margin environment with a high proportion of terrigenous material (Sayles and

Manheim, 1975).
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Fig. 2-1. Geological map of southern Italy showing the location of the Monte Singa and

Precariti sections (after Cavazza and Dahl, 1990).
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Fig. 2-2. Stratigraphic section from the Precariti location showing the cyclical relationship
of the 87S1/86Sr values with lithology. The solid line represents the 875r/868r results
using the HCI digestion method and no preleaching; the dashed line represents results using

the acetic acid digestion method and preleaching. The error bar repres.:1is two standard

deviations (20).
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Fig. 2-3. Stratigraphic section from the Monte Singa location showing no relationship of
the 8781/86Sr values with lithology. The error bar represents two standard deviations

(20).
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Fig. 2-4. Bar graphs showing the disiribution of 37Sr/80S; values amongst the
constituents of the four limestone and marl samples from the Monte Singa sectio i. The

error bar represents two standard deviitions (20).
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Fabie 2-1. Strontum vtope data tor the Precantt section (PR samplesy and the Monte
Singa section (SN samples)  The uncertainty (269 15 included as a measure of the quality

ot the determination.
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Fig. 2-6. Bivanate plots of the trace element and isotopic compositions of the foraminifera
and coccoliths from the four samples (SN2.3.7.8) from the Monte Singa Section. Note the

clear separation of the coccolith and foraminiferal values.



SriCa

— T ——
~ SN3 Sns ™~

[‘Ei-]-

{ . .
NN ™ SN2 )
—~_~ e .
R < l-\ Coccoiive
~ __ A
1083 Foraminiters

SOt 8 I
QEeQ Y + + N 4

’ + +

Coccoiiths
5 0E-3 — ~
4 5E-3 - " SN?
4 0E-3 " sNz2 . SNS
3 SE-3 r*., S
3 0£-3 \ SN3 -
MNC..'.’SE-B \_____,.//
2 JE-3
vsEe3d S
voE-3 i )
S 0F-4 Foraminifers
2 0€-0 + — ' .
D 08«0 5 0E-3 T SE-2 LT
Fa/Ca
0 709Cé 7N
70904 4 y
0 7080 Foraminifera \**./ /\
0 70202 4 \
[*=
a-,s‘ﬁs‘ 0 70900 + \
0 70898 4 Coceotithe | ,
L
070896 ¢+ ‘ /
0 70894 ¢ \ . y
070892 + + + + S +
OGE+QO 5 OE-4 1 OE-3 1 SE-3 2 OE-3 2 SE-3
Sr/Ca
Coccolithe
— ——
! ~ MY
[ ]
04 + ~+ :\ Lot /4
OIOE¢0 1.0E-3 2 OE-3 3.0E-3 4 DE-3 S 0QF-3
Bwowoc PEN Mn/Ca
- -
.3 / \ Foraminiters
b
-4 \. 7
g

OB+ SO 3 108 0 SE D S0 0 L
Mg/Ca
Q70906
/‘d\
0 70904 ¢ ._/ rs\ .
Q9 70902 — N3
. Foraminifera \Ne » AN Coccolithe
70900 \ S N
0 70898 \ . \
0 70896 ANEL RN
) ~
7 s
0 70894 \.m\
070892 4 + + + + By
QO0E«C S OE-3 1 0F 21 5F 2208 2 ok
Mg/Ca
2 00
yal 013Cyppa
. 150
/SNT .
sna/ Caccolithe
/ Y06 .
/ / o
/ / 350 /
* + A 0 !)0{- ———t
.6 00 SN3 !y oo /-2 00 , 5?00 SO0
. SN2 ) 5
5180yp08 | N I
N~ 100

B



Fig. 2-7 Buvariate plots of the trace element and 87Sr/86Sr values of the porewaters from
the Monte Singa section. the Eraclea Minoa section and modern seawater. Note the clear

separation of the Eraclea Minoa values and those from the Monte Singa section.
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Fig. 2-8. Two-component nuxing equation with foraminiferal and coccolith calcite as two
end-members. Dashed line 15 the mixing curve for limestones and the solid line 1s the
mixing curve for the marls. Vertical dashed hne represents the percent contamination of the
foramuniferal caleite that 1s needed to obtain the 2 x10-3 difference in the 37Si/36Sr ranos

found 1n the Precanti section.
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Table 2-1. Strontium isotope data for the Precariti section (PR samples) and the Monte
Singa section (SN samiples). The uncertainty (207} is included as a measure of the quality

of the determination.



Nample

PR
PR2
PR3
FR4
PRS
PRo
PR?
PRE
PRY
PRIO
PRI
PR12
PRI}
PR3
PRIS
PRI16
PR17

Mean

N1
SN2
N1
NS
SNS
SNé
SN?
SNE
SN9
SNIO
SN1)
SN12
SNi13
SN14
SNIS
SNig
SNI1T
SNIS
SNI19
SN20O
SN2t
SN22
SN23
SN24

Mean

Hydrochloric
Acd
$78r/RANY

[t 11¥Y
© 9028
8 TOR0s
O TN
O UM
O 709047
00NN 7
) RN S
O TOMH Y
1 TONOSAG
07U 26
£ THROGY
Il TR
€ TR0
1) THRN W)
O T
0 700028

4 O

i
Y
2R
23
IR
24

"y

is
1l
4
1
12

23

re

i
i
i6

Adetic
Acd
RISr/ReSe

o TORM) IR
0 TENISE
o TIROLY
0 T
(R 1A
& TON0S7

{3 THO48

O TR
(4 7002y
O HOLY
1} HWOHR
1 TS
0O 031
1 TIRGST
) 79061
13 TR0
3 70955
O T09071
0 78072
1 709056
0 19061
0 TH904%
O 709048
0 709036
O 79046
£) TO3%
() 737
0 T8 3
€ TS
(1 TirM64
(0 70M0GS7

£ T0M)S2

&

L]

& X

SEX L LOXIXTTIZIET SR RS X C

~i X

< x

920



Table 2-2. Strontium 1sotope data 8781/868r) of the constitucnts of the four limestone and

marl samples from the Monte Singa section. The uncerntainty (20) is included as a measure

of the quality of the determination.
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Table 2-3. Strontium wsotope data (37S1/30Sr) of the foraminifera and the porewater from

the Monte Singa section (SN} and trom the Eraclea Minoa section (EM). The uncertainty

(20 1s included as a measure of the quality of the determination.




Foraminifera
SN2 SN3 SN7 SN8

Ca 3655 3757 3738 3521
Mg 08 13 13 |3
Na 08 07 07 07
Fe 0717 0522 0699 0629
Mn 0767 0587 0544 0544
St 1169 1.193 1160 1979

Coccoliths
SN2 SN3 SN7 SN8

Ca 3386 3984 3864 3809
Mg 48 37 41 45
Na 04 04 04 05
Fe 1752 2533 4972 5441
Mn 1720 1.770 2545 2101
St 1.677 2066 1882 1904

Terrigenous
SN2 SN3 SN7 SN8

Ca 60 51 5.3 7.1
Mg 104 69 B4 80
Na 35 35 32 35
Fe 40310 42.576 39.314 36.794
Mn 0227 0214 0227 0258
St 0.080 0059 0059 0058




Table 2-4. Trace element concentrations in ppt (mg/g) of the foraminifera, coccoliths and

terrigenous fractions of the marls and the limestones.
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Foraminifera
SN2 SN3 SN7 SNS8

Ca 3655 3757 3738 3521
Mg 08 13 13 14
Na 08 07 07 07
Fe 0717 0522 0699 0629
Mn 0767 0587 054 0544
Sr 1169 1.193 1.160 1979

Coccoliths
SN2 SN3 SN7 SN8

Ca 3386 3984 3864 3809
Mg 48 37 41 45
Na 04 04 04 05
Fe 1752 2533 4972 5.441
Mn 1720 1770 2545 2101
St 1677 2066 1.882 1904

Terrigenous
SN2 SN3 SN7 SNS

Ca 60 S1 53 11
Mg 104 69 84 80
Na 35 35 32 35
Fe 40310 42.576 39.314 36.794
Mn 0227 0214 0227 0258
Sr 0080 0059 0059 0058




Table 2-5. Porewater trace element concentrations in mg of element per gram of whole
rock used (ppt) from the Monte Singa section (SN) and the Eraclea Minoa section (EM).

Dash symbol indicates element not detected.
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Porewater
SN2 SN3 SN7 SNS8

Ca 0.60 0.19 0.30 029
Mg 100 0.26 0.67 0.52
Na 3600 2349 4900 3629
Fe 00035 00034 00013 0.0000
Mn 0.0008 - 0.0003 0.0005
Sr 0.0358 00106 0.0233 0.0206

SNI8 SNI19 SN20 SN21

Ca 047 0.77 047 0.77
Mg 056 154 068 1.30
Na 3290 7946 19.68 64.67
Fe - - (1.0003
Mn - - - -

Sr 0.0158 0.0476 0.0192 0.0587

EM4 EMS EMle EMI7

Ca 348 462 187 2.14
Mg 2175 24582 1295 166
Na 8850 79.76 71.18 1688
Fe - 0.0006 -
Mn 0.0003 0.0007 0.0002 (0003
St 0.2505 0.1769 0.1677 0.1356




Table 2-6. Ratios of trace elernents relative to Ca within the four components of the
limestone and marl samples in the Monte Singa (SN) and Eraclea Minoa (EM) sections.
Dash symbol indicates that the element was not detected.- §180%c and §13C%. values are

relative to PDB.
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Foraminifera

Terrigenous

Samples

SN2
SNJ
SN7
SN8
SN2
SN3
SN7
SN8
SN2
SN3
SN7
SN8
SN2
SN3
SN7
SN8
SNis
SN19
SN20
SN21
EM4
EMS

EMI16
EM17
Seawater

Mg/Ca

3.5E-3
57E-3
S8E-3
6.7E-3

2.3E-2
1.5E-2
1.7E-2
2.0E-2

2.7
24
37
30
20
i3
24
28
10.3
8.7
55
1.3
52

Sr/Ca

1.5E-3
1.5E-3
1.4E-3
1.4E-3

2.3E-3

24E-3
2.2E-3
2.3E-3

6.0E-3
5.3E3
5.1E-3
3.7E-3

2.7E-2
1.6E-2
3.6E-2
3.2E-2
1.6E-2
2.8E-2
1.9E-2
3.5E-2
3.3E-2
1.7E-2
2.0E-2
2.9E-2
9.1E-3

Na/Ca

.7E-3
3.0E-3
31E-3
15E-3

2.2E-3
1.6E-3
1.7E-3
2.1E-3

10
1.2

I.1
8.6E-1

FOE+2
2.3E+2
2.8E+2
2.2E+2
1.2E+2
I.8E+2
7.4E+!
1.5E+2
4 4E+1
3.0E+1
3.2E+]
13.8
4.6E+]

Mn/Ca

1.SE-3
11E-3
LIE-3
1L1E-3

17E-3
3.2E-3
4.8E-3
40E-3

27E-2
JIE-2
3.1E-2
27E-2

9.7E-4

6.5E-4
1.3E-3

5.7E-5
1.1IE4
3.1E-S
1.2E-4
5.8E-6

180% 1M%,
412 -07s
430 -0.24
-216 1SR
-L73 1.39
0.07 017
0.54 n.1
0.84 073
0.82 06
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Table 2-7. Table showing the compositional characters of the marl and limestone samples
{SN2.,3,7,8) and the concentration of strontium of the four fractions relative to the bulk

rock.



% Rock Composition

Foraminifera (%) 2
Coccoliths (%) 43
Terrigenous (%) 55

% Carbonate Composition

Coccoliths(%) 95
Foraminifera (%) 5
Rock Sr Conceutration
Foraminifera Sr (ppt) 0.02
Coccoliths Sr (ppt) 0.72
Terrigenous Sr (ppt) 0.04

Porewater Sr (ppt) 0.04

54

39 -

87
13

0.08
1.12
0.02
0.01

KL

85
15

009
102
0.02
0.02

0.04
095
0.03
0.02




Piate 2-1. . Altered coccoliths from Pliocene Trubi Formation of southern Italy. Cocolith
plate with arrow showing thickening from overgrowth (mag.10.625x). 2. Partially
overgrown coccolith plate (mag.10.625x). 3. Completely overgrown coccolith plate
(mag.13,750x). 4. Coccolith plate with arrow pointing to overgrowths in central portion
(mag.10,120x). 5. Extensively corroded and overgrown discoaster (mag.10,135x). 6.
Side view of coccolith platelet showing increased thickness with overgrowth

(mag.11.250x).
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Plate 2-2. Coccoliths and foraminifera from the Pliocene Trub: Formation of southern
Italy. 1. Discoaster showing results of overgrowth (mag.12.500x). 2. Coccolith platelet
showing corroded margin (arrow) and overgrowth featufes (mag.13.330x). 3. Cross
section through the tests of two planktic foraminifera showing preservation of
mucrostructure (SEM in backscatter mode: mag.200x,. 4. The saine image in normal mode

showing (arrows) the partial infilling of the test with sediment (mag.200x).
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Appendix 2-1  Strontium 1+ .ope analy tical methods tor the samples from the Precant

section and the Monte Singa ~section




Precariti Section

The samples were oven dried and then soaked in herosene wich was decanted atter
several hours, water and soda ash were then added and the muntire was heated and allowed
to bol (a subsequent procedure determined that the samples were <o poordy indurated that
soaking 1n freshwater overnight caused complete disaggregatuion of the samples). Onee
Jdisaggregated. the sample was sieved through a 63 micron mesn sereen removing the it
and clay sized fraction. The sampies were then dned under heat lamps. Afterward. the
foraminifera were separated from the mineral fracton using a heavy hquid (CCly, - ¢
1.56). Individual foramuniferal tests were hand picked using a vacuum § wker vsample size
was 3 to S mg). washed 1n pure water tultrasound), and then dissolved in 25 N HCL Sy
and Ca were separated from the sample solutions using 1on-exchange columns ot Bio-Rad
AGS50 X-8 resin with 2.5 N HCl as the elutung agent. The separation of Sr from Ca was
achieved using a second column that used Tetlon powder coated with bisi 2-ethylhexyh
phosphonc acid (HDEHP). with 0.01 N HCl as the eluting agent (Patterson et al . 1995,
The isotopic composit. ~ of the Sr was measured on a Finmgan-MAT 261 mulucollector
mass spectrometer operated 1n static mode. Replicate analysis of NBS 987 standard over
the analysis period had a mean 875/86Sr ratie of 0.710248 * 20 (20) and vur laboratory

blank was <300 picograms.

Monse Singa Section

In contrast to the methodology used for the Precanu section, the Monte Singa
samples were crushed and washed in a dilute HCI solution (0.01N3 to dissolve any
carbonate contaminants and to etch the outer surface of the foramuniferal tests. This was
followed by a ultrasound wash in high punty water samples were then dissolved 1n
concentrated acetic acid (80% ) to munimuze the dissolution of any sihiciclastic contaminants

and the solution was drawn off before all the carbonate was consumed. The sample




solutions were then centrifuged to remove any residue and then dried down and reacidified

with 2.5 N HCL. Sub: ., ‘ent chemical procedures followed those of the Precariti section.
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Appendix 2-2. Separation and geochemical analytical procedures for the four components

of the marl and limestone lithologies.




Separatory and Geochemical Methods
Silt and Clay-Sized Teri . Sedi

The silt and clay-sized terngenous sediment was isolated from the suite of four
samples (two marls and two limestones) by dissolving the carbonate fraction with acetic
acid. Samples were disaggregated by soaking each sample in pure water for twenty-four
hours. The samples immediately began to disaggregate and did not require the more
rigorous cleaning procedure described previously. The silt/clay fraction was collected by
sieving through a 53 micron sieve and the terrigenous componer.t was isolated by
dissolving the carbonate in a concentrated weak acid (acetic 80%) to minimize the
dissolution of clays. The residue was retained and then repeatedly rinsed in pure water to
remove any trace of dissolved carbonate. The terrigenous residue was dissolved using the
following combination of acids: 1) 15 ml of weak nitric (2-3N) acid was added to
approximately 200 mg of sample which was then gently warmed (100 "C) and dried down
to a moist paste; 2) a solution of concentrated HF (6ml) and strong nitric (12N; 1ml) acid
was then added and the samples were capped and left for twenty four hours to flux at 125
"C and then allowed to dry down to a moist paste; 3) nitric acid (9N) was then added,
allowed to evaporate, and reacidified wiih 2ml of 6.0 N HCIL. The samples were capped
and gently heated at 125 °C for 24 hrs; 5) the sample solutions were then dried down and
reacidified with 1.5 mi of HCI (2.5N), capped, and gently heated for twenty-four hours.

Strontium isotopic analysis followed the same procedure as described above.
Geochemical analysis for Sr, Ca, Fe, Na, Mg, Mn was carried out by ICP (Inductively
Coupled Plasma) analysis from ARECO (Nepean, Ontario, Canada). Aliquots of solution
were dried down and reacidified (2.5 N HNO3) for ICP analysis.

X-ray diffraction determined the mineralogy of the terrigenous component. The siit

and clay-sized particles in both the limestone and marl samples were composed of quartz,

hydrous micas, chlorite, kaolinite and feldspars. Previous research on the Trubi fm. from
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Sicily determined the clay mineralogy in more detail and revealed the presence of smectite,

kaolinite, illite, chlorite and palygorskite (De Visser et al., 1989)

Fraction olit

The coccolith component (3-15 microns) of the silt and clay sized sediment was
concentrated by repeated gravity settling to remove the coarser and finer fractions. The
concentration of coccoliths was then determined using both light microscopy and an SEM.
The coccoliths were washed several times in pure water and then selectively dissolved
using concentrated acetic acid (80%) to minimize any potential contaminating etfect of the
clay minerals. Aliquots of solution were analysed both geochemically and isotopically (Sr)
as described above. In addition, oxygen and carbon isotopic compositions were
determined at the Ottawa-Carleton Geoscience Centre Stable Isotope Faucility at the
University of Ottawa. Samples were baked in a deuterium furnace at 400 “C under vacuum
to remove any organic compounds within the sediment. Samples were then dissolved with
H3PO4 and analyzed with a VG (SIRA-12) mass spectometer using standard carbon and

oxygen isotope analytical techniques.

E inifera -
The foraminiferal tests were similarily analyzed for elemental and isotopic
com.position. The strontium isctopic analysis used a bulk sample of foraminiferal tests that
were cleaned in HCI and then dissolved in acetic acid (80%). The oxygen and carbon
isotopic determinations were carried out following the same procedure used for the
coccoliths on 3-6 clean hand picked tests of Globigerinoides obliquus. In addition, the
elemental analyses (Sr, Na, Ca, Mn, Mg, Fe) of the bulk foraminiferal samples wcre also
conducted in a fashion similar (ICP-AES) to that done for the coccoiith fractions. Before
elemental analysis, the tests were cleaned in a weak solution of HCl (0.01IN), followed by

a wash in pure water in an ultrasonic bath.
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Pore Water Geochemistry

Whole rock samples from the Monte Singa section were soaked in pure water until
they were completely disaggregated (48hrs) to remove any dissolvable salts. In contrast,
the Eraclea Minoa samples were generally more indurated and did not completely
disaggregate after two days of soaking in water. Aliquots of the disaggregating solution
were drawn off for geochemical and strontium isotopic analysis. The solutions were
allowed to sit undisturbed for four days and then repeatedly centrifuged to remove any
particulate matter. Solutions were then dried down and acidified with 2.5 N HCI for
strontium isotope analysis and 2.5 N HNO3 for ICP analysis. The elemental results are
reported as concentrations per gram of total oven dried rock, and as ratios relative to

calcium so that they may be related to the other fractions within the rocks as the porosity of

the individual samples was not known.



CHAPTER 3. A Combined Micropaleontological/Strontium Isotopic

Methodology as a Paleosalinity Indicator; Evidence from King Herod the

Great's Harbor, Caesarea Maritima, Israel

ABSTRACT

Archaeological excavations within the inner harbor at Caesarea Maritima, Israel
have been conducted to understand the history of the ancient harbor built by Herod the
Great at the end of the st c. BC. An integrated foraminiferal and strontium isotope
analysis (37S1/86Sr) of three stratigraphic sections {Areas, 19, i14, TN1) from the inner
harbor has greatly enhanced the archaeological interpretation. The foraminiferal analysis of
forty-two sediment samples and forty-two 8751/86Sr measurements of six fossil taxa have
indicated temporal paleosalinity changes that can be related to the form and function of the
inner harbor. The recognition of three salinity controlled biofacies was based on the
diversity and distribution of hyaline, agglutinated, and porcelaneous foraminiferal taxa.

Areas 19 and 114 in the inner harbor were situated in a restricted but relatively well
circulated brackish water environment in at least the 1st c. AD and probably up to the 3rd c.
AD with periods of higher salinity. A highly restricted lagoon dominated by the deposition
of organic matter was created, probably by formation of a sand bar, sometime during the
3rd c. AD. The lagoon became more restricted and brackish and began to shoal and be
breached on a regular basis by marine waters by the 5th c. AD. Continued infilling of the
brackish water lagoon with sand overwash deposits continued into at least the 7th ¢. AD.

Area TN1, which was further seaward in the inner harbor was a quiet restricted
brackish water environment in the 6th -7th c. AD and may have been the center of harbor
activity during this time. The restriction of this area was likely due to a renovation in the
form of a seawall or a sandbar. The area was deliberately infilled with rubble, probably 1n

the 7th c. AD, to prevent seaborn naval invasions.
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This paleoenvironmental study using an integrated micropaleontological/strontium

isotope approach emphasizes the potential of the methodology for the study of salinity

changes in coastal lagoon environments.



INTRODUCTION

Oigoing archaeological studies at Caesarea Maritima, Isracl are being camed out to
determine the history of the ancient harbor built by Herod the Great in Ist ¢. BC. As pit
of this work, we previously carried out a combined micropaleontological and
archaeological study to provide detailed information on the timung and nature of events
which determined the history and condition of the outer harbor at Caesarea (Reinhardt et
al., 1994). To our knowledge, this was the first time foraminiferal studies had ever been
used in archaeological investigations of ancient harbors.

The main goal of the present study is to document further the areal and temporal
environmental changes within the ancient inner harbor in order to enhance archacological
interpretation and to shed light on its environmental history. We also wanted to test the use
of a combined micropaleontological and strontium isotope mcthodology as a high
resolution paleosalinity proxy in marginal marine enviroriments. This study from the
ancient harbor at Caesarea demonstrates the use of this combined methodology, not only
for marine archaeological research, but also for paleoenvironmental investigations in the

earth sciences.

Historical Context

Caesarea 1s a historical site situated on the Isracli Mediterranean coast (34°53.5'E
32°30.5°'N) midway between modern Tel Aviv and Haifa (Fig. 3-1). In 21 BC, King
Herod the Great, ruler of the Jewish state of Judea, commissioned an all-weather harbor at
Caesarea (Holum et al., 1988; Raban, 1992). He hoped to ingratiate himself with the new
ruler of Rome, Caesar Augustus, and at the same time to satisfy some of his economic
needs. The harbor was built at an existing Hellenistic site called Straton’s Tower, that
comprised a small settlement and harbor (Raban, 1989; Raban, 1992). The construction of
the harbor was difficult due to the natural constraints presented by the Israeli coastline since

the coast is straight with no natural topography that could be expanded upon to build a




harbor (Raban and Hohlfelder, 1981: Fig. 3-1). However, Herod's engineers succeeded
in overcoming this limitation by using hydraulic concrete, a new Roman building material,
to form the breakwaters of an all-weather harbor (Raban, 1989; Raban, 1994; Brandon,
1996; Fig. 3-2). Construction of the harbor took twelve years, and Herod named the
completed city Caesarea and the harbor Sebastos (Greek for Augustus; Raban, 1989).

Current research suggests that the ancient harbor started to degenerate as early as
the first century AD, affecting its ability to provide safe haven for ships (Raban, 1989;
1995). Underwater excavations on the tip of the southern breakwater (Fig. 3-1) revealed a
shipwreck that was carrying lead ingots from the period of the Emperor Domitian (83-96
AD) (Raban, 1995; Raban et al., 1997a; Fig. 3-1). Primary documents also suggest that
by 500 AD, four hundred years later, the harbor was in very poor condition (Hohifelder,
1v¥35; Hohlfelder, 1988; Raban, 1992; Raban 1994). Procopius of Gaza, an early
Christian bishop, wrote and complained to the Roman Fmperor Anastasius I (491-518 AD)
that he used to watch ships wreck regularly in the exposed harbor (Raban, 1989). Not
long after Procopius’ account, it appears that Anastasius provided means by which the
ha-bor could be refurbished, although the extent of this refurbishment is not known
(Oleson et al., 1984; Raban, 1989; Raban, 1991; Raban 1992; Raban, 1994). While the
precise historical record of the ancient harbor remains to be revealed, it is apparent that it
embodied many forms during its history and was used in various configurations and
capacities up to the Crusader period (1265 AD), after which it was destroyed and
abandoned (Holum et al. 1988). The Herodian breakwaters are presently submerged 5m
below the water surface (Figs. 3-1, 3-2). There is ample archaeologica' and geological
¢vidence indicating that the submergence was due to subsidence from tectonic activity
which may have occurred sometime during the seventh century AD, although the exact date
1s not known (Mart and Perecman, 1996; Fig. 3-1).

The ancient harbour was divided into three sections enclosed by breakwaters: an

outer. middle, and inner harbour (for detailed discussion of the outer harbor see Reinhardt
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etal.. 1994). To understand better the general history of the ancient harbor, researchers

have begun to focus on its individual sections, and excavations within the inner harbor
have been conducted in detail since 1991 (Raban, 1996). Archaeologists report that the
inner harbour may reflect the artificial rock-cut harbour of the original Straton’s Tower
(Raban, 1989: Yule and Barham, 1997; see Raban, 1996 for summary and description of
inner harbor archaeological research: Fig. 3-7). When functional, the inner harbor may
have been protected from siltation by sluicing channels which were intended to flush
sediments from the harbour as part of a sediment-management system (Raban. 1989; Yule
and Barham, 1997). Additionally, the inner harbor environment may also have been
further restricted by the presence of a tower wall (Raban, 1989). Currently, the inner
harbor is silted up and landlocked. The sedimentary, micropaleontological. and
archaeological record preserved in the silted inner harbor provides a unigue opportunity tor
the reconstruction of the history of the ancient harbor that cannot be provided by the outer
harbor. Not only was the inner harbor tectonically stable (it lies east of the two fault lines;
3-1), but it has not been subjected to the same degree of destructive physical processes as
the outer harbor.

To understand the processes which may have affected the manne environment of
the inner harbor, it is important also to understand the sources of freshwater which fed the
ancient city of Caesarea and may have flowed into the inner harbor. Throughout its
history, Caesarea had two main sources of freshwater: springs in the Carmel mountains
from which freshwater was conducted to the city via a series of aqueducts (high level and
low level) that spanned a distance of up to 19 km (Olani and Peleg, 1977; Raban, 1989),
and local groundwater from excavated wells. The water from the springs in the Carmel are
derived predominantly from Cretaceous limestone and dolostones (Issar, 1990; Mart and
Perecman, 1996). The groundwater on the coastal plain flows primanly through
Pleistocene marine calcareous sandstones (locally known as kurkar). Precipitation on the

coastal plain penetrates and infiltrates the subsurface and accumulates on underlying clays
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of Neogene age, forming a regional groundwater table with flow towards the
Mediterranean (Issar, 1990). Near the Mediterranean. ephemeral streams become perennial

due to groundwater discharge (Issar, 1990).

Foraminifera

Foraminifera are testate unicellular animals (protozoans) that inhabit a wide vanety
of marine and marginal marine environments and have proven to be a very useful tool for
paleoenvironmental analysis in the earth sciences and. more recently, in marine archaeology
(Fedje, 1993; Reinhardt et al., 1994; Reinhardt et al., 1996). Foraminifera may be
omnivores, carnivores, herbivores or detritivores and use pseudopodia (net-like extensions
of protoplasm) to anchor, move and retrieve food. They live on or below the sediment
surface (benthic; epifaunal or infaunal), or float in the upper water column in the deep
ocean (planktic; Culver, 1993).

Foraminiferal shell types may be divided into three categories basca cpon their
composition; organic (membranous or tectinous), agglutinated, and calcareous. The
aggiutinated shells are composed of foreign sediment particles glued together with an
organic cement, and the calcareous shells are formed from secreted calcium carbonate. The
calcarecus shells can be further subdivided into hyaline, porcelaneous and microgranular
types which differ in their calcite crystal arrangement (Culver, 1993)

The proportions of different shell types and the diversity of foraminiferal fauna
(Fisher Index; Murray, 1991) have been shown to be useful indicators of paleo-seawater
salinities (Murray, 1991). The relative proportions of porcelaneous, hyaline, and
agglutinated genera follow a general pattern with the agglutinated and hyaline taxa tending
to dominate brackish water environments and the porcelaneous dominating more normal
marine and hypersaline conditions (Murray, 1991). Bolivinid-type genera, although part of
the hyaline shell assemblage, have been shown to indicate depressed oxygen levels or
hypoxia (Murray. 1991; Sen Gupta and Machain-Castillo, 1993; Tables 1-3). The



bolivinid specimens in this depressed oxygen environment tend to be small. and thin-

walled (Sen Gupta and Machain-Castillo, 1993).

Foraminifera are an ideal tool for paleoenvironmental analysis since: 1) they are
very abundant in most marine and marginal marine environments, with a living population
density often exceeding one million individuals per square meter; 2) they have a mineralized
shell and thus have a high preservation potential in the sedimentary record; 3) only smatl
sediment samples are needed to obtain fossil populations large enough for statistical
treatment; 4) being single-celled organisms they respond rapidly to environmental changes:
5) many foraminiferal species characterize very specific environments; and 6) many species
form a carbonate o5t that records the isotopic and trace elemental water chemistry of the
environment in which they lived.

Due to these charactenstics, foraminifera are widely used in the earth sciences for a
variety of applications (e.g. paleoceanography, paleoclimatology. environmental impact
assessment, etc.) and there is a large body of environmental information on specific
foraminiferal species. This background information makes them a powertul tool for manne

archaeological research, specifically for the study of ancient harbors.

Strontium Isotope Research

Strontium isotopic data (87S1/80Sr) have received increased attention by earth
science researchers in recent years as a chronostratigraphic tool for the dating of marine
deposits in the Phanerozoic (DePaolo and Ingram, 985: McArthur, 1994; Farrell et al.,
1995; Patterson et al., 1995; Zhang and Scott, 1996 and many others). The methodology
is based on the observation that strontium contained 1n marine carbonates (biotsic and
abiotic) records the 87S1/86Sr ratio of the ocean at the time of crystallization and that the
875r/86s¢ signal is homogeneous throughout the world’s oceans (residence time 2-3 Ma;
mixing time approx. 1.5 Ka: Broe ker, 1963; Hodell et al., 1990; Paytan et al., 1993).

The methodology also depends upon observed variation in strontium (87S1/86Sr) maxima




and minima through the Phanerozoic (Burke et al., 1982). This temporal variation of the
oceanic strontium 1sotopic signal has been attnbuted to varying fluxes from hydrothermal
sources at mid-ocean ridges and conunental weathering via rivers (Hodell et al.. 1990:
Edmond, 1992; Harms, 1995; and many others).

Environments 1n close proximity to the fluvial sources of stroniium input may have
87S¢/86Sr ratios that deviate from that of normal seawater (0.70918). This deviation can
be used to advantage for paleosalinity determunation in marginal marine or restricted basin
environments if: 1) the fluvial Sr concentration and 87S1/86Sr ratio are known. and 2) the
fluvial strontium concentration 1s high and/or the 875¢/86Sr ratio sufficiently differs from
that of seawater. If an estimate of these criteria 1s known, the analysis of the 87S/86sy
ratio in skeletal material can zive a paleosalinity determination of the environment in which
the organism lived by using a two compenent mixing equation normalized to salinity with
the Sr isotopic ratios and concentrations of freshwater and seawater acting as two end
members (Faure, 1986; Schmutz et al., 1991; Ingram and Sloan, 1992; Bryant et al.,
1995).

The use of strontium isotopes as a paleosalinity proxy has several advantages over
conventional methods: 1) There are none of the vital effect phenomena associated with
strontium isotope methodology as compared with other paleosalinity techniques such as
trace elements (i.e. Sr/Ca, Mg/Ca) and oxygen and carbon isotopes ( Veizer, 1983; Dodd
and Stanton, 1990: Reinhardt et al, 1996); 2) The worldwide 87S1/86Sr ratio 1s a constant
at any given time and if diagenetic effects can be eliminated, any deviation from this value
is the result of freshwater dilution; this is not the case with other geochemical proxies: and
3) There is a simple relationship between salinity and the 87S1/86Sr ratios if the
charactistics (Sr concentration and 37Sr/86Sr ratio) of the freshwater and seawater are
known, or can be reliably estimated. This is not always a simple relationship with other

geochemical salinity proxies.
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The ecological constraints on foraminifera are generally well known and. as
discussed previously. there is a general distributional trend correlated with sahmty,
although the distribution of many species with regard to salimty is only poorly defined
(Murray. 1991). Many species are opportunistic and are curvhaline, tolerating a wide
range of salintties (e.g. Ammonia tepida) while others are relatively stenohaline, existing
only in narrow salinity ranges. However. many of these species also have relatively wide
salinity ranges (i.e. manne to hypersaline >32 ppt salinity; Murray. 1991).

In this study of the inner harbor at Caesarea we wanted to have a higher resolution
measurement of the temporal salinity shifts so that we could better recognize restrictions on
the inner harbo. and their relation to harbor form and funcuon. By using Sr isotopic data
and the ecological constraints of the foraminiferal distnbution within the three stratigraphic
sections within the inner harbor we were able to determine the salinity shifts at a hugher
resolution than with foraminifera alone. In addition, by analyzing the 875/863y
composition of the potential sources of freshwater influx and by analyzing the various
fossil taxa in the sections we were able to constrain the origin of the freshwater entenng the

inner harbor.

METHODS -

Micropaleontological Methods

Forty-two samples were analyzed from three sections 1n the inner harbor. The
samples from Area 14 and Area 19 were recoverzd during land-based excavation of two
trenches within the silted inner harbor; samples from Area TN1 were recovered from a
trench dug underwater (Figs. 3-3, 3-4). The samples from Area 19 were recovered from
the balk of an excavation trench (excavated by the Combined Caesareca Expeditions) and the
samples from Area 114 were recovered from a series of sediment cores that were retrieved
by the MOLAS (Museum of London Archaeological Service) team (Williamson, 1994;

Yule and Rowsome, 1994; Raban, 1996; Yule and Barham, 1997; Raban et al., 1997a.b).




In Area TN1 the sampling area was 1.5 meters below mean sea level {Fig. 3-4). SCUBA
and undcrwater excavation techniques were used to excavate and expose a vertical face.
Samples were obtained by pressing small core barrels into the five sedimentary units
which, upon removal, were placed in p:astic sample bags and brought to the surface. Due
to the abundant archaeological material found in the sediment and the hostile working
environment (wave surge) the sampling resolution of the underwater trench at Area TN1
was limited.

Samples of approximately 80 cc were shaken in tap water on a Burrel shaker until
they were broken up and suspended. They were then washed under a 63 micron sieve to
remove the silt/clay sized fraction and examined with a binocular microscope (100x).
Samples were then dried and floated in a heavy liquid (Carbon tetrachloride, S.G. 1.56) in
order to separate the lower density foraminiferal tests from the heavier sediment grains.

The samples were divided using a dry spiiiic: until an aliquot containing
approximately 500 specimens was obtained. After quantitative analysis, species counts
were compiled and ch-aiged into fractional abundances per sample.

The uncertainty for the counting errors was calciziuted using the methods proposed

by Patterson and Fishbein (1989). The standard error is,

SXi=[Xi(1-Xj)/N]1/2 (1)

where SXj is the standard error; X; is the estimated fractional abundance for each
1=1.2,3... | species; where I= (the total number of species in a particular sample); i is each
species. and N is the total number of specimens counted in a sample.

When making N specimen counts the actual fractional abundance fj lies between,

Xi - 1.96 SXj < fj < Xj + 1.96 SX; (2)



95% of the time regardless of the number of the species contained in the sample. The 95%

confidence interval on the estimated fractional abundances is therefore Xt 1.96SX;.

Thirty-six species were present in statistically significant numbers in at least one of
the samples (confident 95% oi the time that there was at least 1% abundance in one of the
samples; Appendix 3-2; Tables 3-1. 3-2). The statistically significant foraminiferal species
in each sample were subsequently grouped into relative proportions of hyaline,
porcelaneous, and agglutinated shell types (Tables 1-3). In addition, the bolivinid-type
genera (although part of the hyaline shell type category) were separately grouped and the
Fisher-Diversity Index was caiculated.

Using these characters. three foraminiferal assemblages or biofacies were
documented indicating three distinct depositional environments within the sections of Area
114, Area 19, and Area TN1 (Table 3-1, 3-2, 3-3). Selected specimens were mounted on a
plug and coated with a palladium/gold mixture and examined on a Jeol JSM 6400 Scanning
Electron Microscope at the Scanning Analytical Microscope Facility of Carleton University.

Ottawa, Canada.

Geochemical Methods

Individual specimens of the vrious taxa (foraminifera, gastropods, bivalve,
ostracod) were hand picked from the selected samples (sample size was 3 to 5 mg). All the
specimens selected for 87Sr/86Sr determinations were in pristine condition. Only
articulated bivalves and ostracods were selected for examination and foraminifera and
gastropods had to be unbroken and unabraded. Samples were examined using both light
microscopy and the SEM. No overgrowths, dissolution features, or cvidence of
recrystallization were noted on the specimens for isotopic analysis. The selection of
specimens for isotopic analysis was dictated by the abundance and diversity of the varnious

taxa, which in certain samples were very low.




Samples for isotopic analysis (87Sr/86Sr) were cleaned in pure water (ultrasound)
and then preleached in 0.01 N HCI (to remove any carbonate contaminants), dissolved in
strong acetic acid (80%: to minimize the contaminating effect of clay minerals), dried down
and then reacidified with 2.5 N HCl. Sr and Ca were separated from the sample solutions
using ion-exchange columns of Bio-Rad AGS50 X-8 resin with 2.5 N HCIl as the eluting
agent. The separation of Sr from Ca was achieved in a second column that used Teflon
powder coated with bis (2-ethylhexyl) phosphoric acid (HDEHP), with 0.01 N HCI as the
eluting agent (Patterson et al., 1995). The isotopic composition of the Sr was measured on
a Finnigan-MAT 261 multicollector mass spectrometer operated in static mode. Isotopic
ratios are normalized to 86Sr/88Sr = 0.11940. Replicate analysis of NBS 987 standard
over the analysis period had a mean 87Sr/86Sr ratio of 0.710250 + 2.6 x 19-5 (26) and our
laboratory blank was <400 picograms.

The overall precision of the 875:/86Sr determinations is 2 x10-5 (26) which is
based on the longterm analysis of the NBS 987 standard. Statistics of individual samples
as two standard deviations (26) are reported as an indication of the quality of the analysis.
All sample analyses had internal statistics (20) that were generally at or below 1.2 x 10-3-
which is well below the longterm uncertainty of 2 x10-3 (20). indicating that all reported
values are good determinations.

Travertine samples from the aqueducts were sampled from the side walls of the
water channels. The precipitation of travertine will incorporate Sr without isotopic
fractionation, recording the 875¢/86s; composition of the original water. Thus travertine
samples should provide a weighted average of the overall 8751/86sr composition of the
spring water that was fed to the city. Subsamples from the central portion of the travertine
were carefully cleaned in an ultrasonic bath, followed by a leach in dilute HC1 (0.01N).
Digestion was conducted with strong acetic acid in order to minimize the contaminating
effect of the dissolution of any clay minerals. Separation of Sr from the samples and mass

spectrometer analysis followed the procedure outlined above.



Groundwater samples were collected tfrom an excavation trench within the inner

harbor beside an exposure of the inner pier face. The freshwater (<0.5 ppt total dissolved
solids) within the inner harbor sediments is well above mean sea level (approx. 0.5 m).
Excavations further seaward, close to the present shoreline, also revealed fresh
groundwater very near the surface. There was no .\ /idence of seawater intrusion within the
inner harbor sediments.

Samples of water were also collected from the modern inner harbor at a water depth
of approximately 2m and from the Shuni Springs in the Carmel mountains (which was
taken as a comparative sample for the aqueduct travertine).

Particulate matter within the water samples was removed by allowing the samples to
remain undisturbed for several months. Aliquots of approximately 10 ml were then
collected and centrifuged for 20 minutes: however, no residue was found. The aliquots
were then dried down and reacidified with 2.5N HCI, the Sr was separated, and the
8751/36Sr measured as described above.

Concentrations of Sr from the water samples were measured on filtered water
samples by ICP-AES (Inductively Coupled (argon) Plasma Atomic Emission Spectrometer)
on a Thermo Jarreli Ash Atomscan 25 at the Ottawa-Carleton Geoscience Center
Geochemistry Laboratory at the University of Ottawa. The error on the measurements is
approximately £ 1.5%.

Salinities were calculated using a two-component mixing equation normalized to

salinity as described by Bryant et al. (1995) where:

878r/868rmix = [87S1/80Sry, C.w S + 87S1/86Srq,, Cr (1-S))
X [(Csw S) + Cry (1-8)}-! (3)

and S = (Smix - Sfw) / (Ssw - Sfw) (4)




C is the concentration of Sr in either freshwater (fw) or seawater (sw) and S is the
salinity factor which is the fraction of idealized normal marine and freshwater salinity (35
and O ppt) with Spmijx as the salinity of the mixture of fresh and marine waters and Ssw is
the salinity of seawater. We have also taken a conservative view with our salinity

calculations by considering the widely reported longterm uncertainty of +2 x10-3 (25) on

all our 875¢/86Sr values.

RESULTS
Sedimentology / Foraminifera

The foraminiferal distribution in the three sections followed a distinct pattern and
can be divided into three Biofacies based on the relative distribution of hyaline, miliolid,
agglutinated, and bolivinid type taxa (Table 3-1,3-2, 3-3; Fig.3-4). The three biofacies and
their associated sedimentological characters are described below. Sedimentological
description of the Area [14 section was obtained from Williamson (1994) and Yule and

Barham (1997). The sections from Areas 19 and TN1 are also mentioned in Raban et al.

(1997a,b).

Biofacies 1.

Biofacies 1, found in the lowest stratigraphic portion of the harbor sediments, was
deposited under quiet brackish lagoonal conditions, punctuated by episodic influxes of

normal marine water.

Lithology
At all three sites, sediments containing a Biofacies | foraminiferal fauna were
characterized lithologically by silt/clay with a variable organic matter component (Fig. 3-4).
In Area TN, sediments containing Biofacies 1 fauna were found in the interval

from -220 to -270 cm below MSL. At the base of the section there was a moderate to well-



sorted silt/clay unit (-260 to -270 cm below MSL) that overlaid the Kurkar bedrock. This

silt/clay unit was in tumn overlaid by 4 compact framework-supporied unit of angular
pottery with a siltclay sized matrix.

In Area I9 the Biofacies | depositional environment was tound in the interval
between -162 to -280 cm below MSL (Fig. 3-4). This interval was charactenzed
lithologically by silt/clay with a significant organic matter and angular pottery sherd
component. At the base of this interval, from -265 to -280 cm below MSL, there was a
unit of silt/clay and very fine sand without the organic matter component (Fig. 3-4).

In Area I14 the interval bearing Biofacies 1 is lithologically similar to Area 19,
although the unit was much thinner (-209 to -264 cm below MSL) and the basal sand unit

(-260 to -270 cm below MSL) had a much coarser grain size (Fig. 3-4).

E inif

The Biofacies 1 foraminiferal fauna in Areas 19, [14, and TN! facked a
porcelaneous fraction, but had a large hyaline and bolivinid component (Tables 1-3: Fig. 3-
4). Agglutinated foraminifera were also present in this biofacies and the faunal diversity
was very low with a Fisher Index of 5.21. The lack of a porcelaneous component, the
large hyaline fraction, and the low diversity were all typical of a brackish (<32 ppt) water
lagoonal environment. The porcelaneous species typically only exist under normal (32-37
ppt) to hypersaline (> 37 ppt ) marine conditions and are usually associated with higher
diversity faunas (Murray, 1991).

The samples in Biofacies ! also had very high abundances of Ammonia spp. with
fractional abundances in some samples as high as 0.80 (Tables 3-1, 3-2). Ammonia spp.
are notably euryhaline tolerating a wide range of salinities (Poag, 1981, Murray, 1991).
They have been found to dominate biofacies in the brackish middle to lower reaches of

Gulf of Mexico estuaries and lagoons (Poag, 1981).




In contrast, Biofacies 1 sediments in Area TN1 (-220to -270 cm below MSL) were
dominated by elphidid-type genera (Tables 3-1, 3-2). Elphidid dominated biofacies typify
many of the lower reaches of Gulf of Mexico estuaries and they have also been found to
dominate many temperate brackish water environments (Poag, 1981;. Miller et al., 1982).
This interval in Area TN indicated slightly higher cverall salinity conditions further from
the shore as compared to the more landward sections of Areas 19 and 114.

The bolivinids found in Biofacies | sediments were all typically very small, thin-
walled, and very abundant, which indicated hypoxia-type conditions (Sen Gupta and
Machain-Castillo, 1993). The low oxygen condition likely was caused by the decay of the
abundant organic material within the sediment which produced hypoxia (Fig. 3-4). The
periodic increase of bolivinids and overall foraminiferal diversity in the Biofacies |
intervals indicated periods of improved salinity conditions due to the influxes of marine

waters probably by storm action (Fig. 3-4).

Biofacies 2
Biofacies 2, deposited in sediments above Biofacies 1. was characteristic of a quiet

lagoonal environment that had fluctuatirg salinities due to the regular influxes of marine

waters.

Lithology

In Area TN 1, Biofacies 2 sediments were present in the interval between -210 to
-220 ¢m below MSL and were composed lithologically of a moderate to well-sorted sand
(Fig. 3-4).

In contrast, Biofacies 2 sediments in Area [9 (-121 to -162 cm below MSL) and
Area H4 (-166 to -209 cm below MSL) were characterized lithologically by silt/clay and

organic matter, with an increased sand content as compared to Biofacies 1 (Fig. 3-4).



Foraminif

In the three sections (Area TN 1. Area [9. and Area {14 Biofacies 2 was

characterized by the first appearance of a porcelaneous foraminiteral tauna (average
fractional abundance = 0.08) and had a very high diversity (mean Fisher Index = 11.25).
However, the proportions of both agglutinated and bolivinid foraminifera were lower in
this biofacies than in Biofacies 1 (Tables 1-3; Fig. 3-4).

Fluctuating foraminiferal diversity within this biotacies, particularly in Area 114,
indicated a quiet environment of low salinity and hypoxia with interspersed periods of
better oxygenation and higher salinity conditions probably brought about by storm action
(Fig. 3-4). Although the proportions of porcelaneous foraminifera in this biofacies were
higher than Biofacies 1, and are often a good indication of elevated salinities, the generally
abraded nature of their shells when compared to rest of foraminiferal tauna in this biofacies
indicated that they were likely transported into a quiet lagoonal environment through storm

action (Tables 1-3: Fig. 3-4).

Biofacies 3
Biofacies 3. deposited above Biofacies 2, reflected deposition in a marine to

hypersaiine, high energy sub-tidal environment.

Lithology

The sediments of the Biofacies 3 bearing intervals at all sites (Areas 9, 114, and
TN1) were composed primanly of sand (Fig. 3-4). The lithology of the basal Biofacies 3
interval (-140 to -210 cm below MSL) in Area TN1 was characterized by a moderate o
well-sorted sand. This sand was overlain by a framework supported rubble unit consisting
of cobble to boulder-sized material with a matrix composed of moderate to well-sorted sand

(Fig. 3-4).
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In Area I9 and Area 14, Biofacies 3 was found between 0 to -121 cm and 0 to -164

cm below MSL respectively (Fig. 3-4). At the base of the Biofacies 3 interval in both areas
(Area 19: -100 to -121 cm below MSL; Area I14: -150 to -164 cm below MSL) there was a
significant silt/clay and organic matter component (Fig. 3-4).

The upper portion of the Biofacies 3 interval in Area 19 consists entirely of well-
sorted sand. In Area I14, the -126 to -150 cm below MSL interval was only moderately
sorted, with a high siltclay and organic matter component. However, the remaining
portion (0 to -126 ¢m below MSL) in Area [14 like Area 19 was composed of well-sorted
sand (Fig. 3-4).

Foramunifera

The foraminiferal fauna in Biofacies 3 was characterized by a very high
porcelaneous component (mean fractional abundance of 0.28) and faunal diversity (mean
Fisher Index of 9.86) (Tables 1-3; Fig. 3-4). The high porcelaneous component and
diversity indicated a subtidal marine to hypersaline environment (Murray, 1991). The
generally abraded nature of all the foraminiferal tests also indicated a high energy
environment. One anomalous sample at the top of the section n: Area I9 (-10to-15cm
below MSL) lacked a porcelaneous fraction. Since this sample was close to mean sealevel.
this sample may have been located in the upper shoreface where conditions were harsh and
not conducive to the epifaunal lifestyle of the taxa in the porcelaneous fraction (Tables 3-1.

3-2 Fig. 3-4).

Strontium Isotopic Data

The foraminiferal analysis as described above, identified three distinct biofacies that
were linked to salinity and oxygen variations within the three stratigraphic sections from the
inner harbor at Caesarea. By combining various Sr isotopic analyses we were able to

constrain the source of the freshwater creating the brackish water conditions in the inner




harbor, and we were also able to determine salinity shifts at a higher resolution compared to
the foraminiferal analysis. Coupled with the sadimentological evidence we were able to

determine restrictive changes in the morphology of the inner harbor through time.

Mixing Equation and Source of Freshwater

The 8751/86Sr ratios of the various taxa from the three sections from the inner
harbor exhibit a wide range of values (0.709041 to 0.709196; Table 3-4; Fig. 3-5) that are
at or below the modern 8751/86Sr value for seawater (0.70918). Since the preservation of
the taxa was pristine (no diagenetic overprint), and since careful sample preparation
minimized any potential contaminating effect, values different from the 87Sr/86Sr value for
modem seawater may be interpreted as resulting from the treshwater dilution of seawater.
The possible sources of freshwater for ancient Caesarea included groundwater and water
from the aqueducts that originated from the springs in the’ Carmel Mountains.

The travertine samples from the aqueduct (AQ94/1, AQY4/2; Table 3-5), the Shuni
Spring (C94/W3) in the Carmel Mountains and the groundwater (C94/W 1) all had values
lower than the 87S/86Sr value of seawater (0.70918) which was a reflection of the older
marine limestones (Cretaceous), marls (Pliocene) and sandstones {Pleistocene) aquifers that
the waters were flowing through. The 87St/86Sr values of the travertine (0.708048) and
the modern Shuni Spring (0.708511) are in reasonable agreement with each other
considering that the 875r/86sy composition of riverine water may vary considerably over
time (i.e. Ganges 87Sr/86S¢ varies 0.760-0.710; Palmer and Edmond, 1989. 1992; Bryant
et al., 1995). This close similanity indicates that the isotopic composition of the springs has
not appreciably changed over the last 2000 yrs.

The predominant source of the freshwater affecting the 87Sr/86Sr vatues within the
three sections in the inner harbor was groundwater. Using the two-component mixing
equation normalized to salinity (Equation 3), only dilution by groundwater matched the

ecological constraints of the foraminifera found within the sections (Murray, 1991; Fig. 3-
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6). The mixing curve using the 87Sr/86Sr and Sr concentration values from the Shuni
Spring and modern seawater resulted in the majority of the salinities for the various taxa in
the three studied sections (19, 114, TN1) to range from O to S ppt (Fig. 3-6a). This salinity
range was too low for the salinity requirements of the foraminiferal fauna found in the
sections (Murray, 1991). In addition, the mixing curve for the travertine samples from the
aqueduct, with their lower 87S/86Sr values, also indicated that the salinities did not match
(Fig. 3-6b). The mixing curve produced with the 87Sr/86Sr and Sr concentration values
for the groundwater and modem seawater produced salinities that were within the
ecological constraints of the foraminifera, with the majority of the salinity values ranging
from 10 to 25 ppt (Fig. 3-6¢). In addition, the lowest reported 875r/86sr value from all
the taxa analyzed was from the predominantly brackish water ostracods (0.709041;
Cyprideis sp.) which was identical within uncertainty to the groundwater value (0.709053;
Table 3-4). The resolution offered by our mixing curve for salinity determinations was due
pranarily to the high concentration of Sr (3.37 ppm) in the groundwater (Table 3-5). The
level of Sr in the groundwater was much higher than reported riverine values. However,
very little comparative information on the Sr concentrations in groundwater is available
(Chauduri and Clauer, 1986; Palmer and Edmond, 1989, 1992). We are confident that our
value was not contaminated by marine waters since the measured salinity of the
groundwater was less than 1 ppt. The high levels of Sr were probably due to the
dissolution of the Quaterary carbonate rich sandstone (kurkar) in the coastal plain that are
very porous and permeable and very good aquifers (Neev et al., 1987; Issar, 1990).

Dilution by groundwater influx into the modem harbor environment is also evident.
The 875¢/86Sr value for the seawater sample collected from modern inner harbor was
0.709148 (C94/W2) which, if analytical uncertainty is considered (2 x10-3), is not
significantly different from ihe global 87S1/86Sr value (0.70918; Table 3-5). However,
the Sr conceatration of the seawater sainple was lower by 25% (6.03 ppm) than the

standard concentration of Sr in the modern oceans (8 ppm; Carmichael, 1982). The




8751/86Sr value of 0.709148 vielded a salinity value of 22 ppt from the mixing curve and it

could range from 15 to 32 ppt with analytical uncertainty. However, the foramuniferal
sample from the upper sedimentary unit in Area TN1. deposited in a high energy marine
environment similar to the modern environment, was also slightly lower at 0.709152
suggesting that the 87Sr/86Sr value was in fact lower. This data from the modern seawater
values may suggest that there is significant groundwater flow into the modem inner harbor
that affects the local 87S1/86Sr ratio of the seawater.

Using the mixing equations to derive salinity measurements depends upon several
factors that can limit its use. Our mixing model required that the 37S/86Sr value and the
Sr concentration from the modem groundwater did not differ from values in the past (last
2000 yrs). Our 875¢/86Sr value from the freshwater to brackish water ostracods and its
very close agreement with the groundwater 8751/865r value suggested that the values have

remained constant within the resoiution of the method during the period in question.

Micropaleontological / Strontium lIsotopic Paleoenvironmental
Interpretation

The 87S1/868r values of the various taxa found in the three sections from the inner
harbor, and calculated salinities, were hi, dy vanable from sample to sample and within the
same unit (Table 3-4; Fig. 3-5). A very surprising result is the degree of variation found
within the different taxa from the same sample horizon. For example, Area 14 (164-166
cm below MSL) had 87S/86Sr values that ranged from 0.709041 10 0.709119. This
corresponded to a salinity range of 0 to 17 ppt when analytical uncertainty was considcred
(Table 3-4; Fig. 3-5). Since only taphonomically pristine specimens were seiected for
analysis (indicating limited reworking), the vanation between taxa within the san.e sample
horizon suggests that the taxa existed in an environment of highly variable salsnity.

The 87S1/86Sr values from the sample horizons that were designated as Biofacies |

based on the foraminiferal data all indicate lower salinity conditions with possibly some




higher salinity intervals (Table 3-4; Fig. 3-5). The samples from Area 114 indicated salinity
levels that ranged from around 11 t« 27 ppt. However, one sample towards the base of the
section (255-257 cm below MSL) showed a normal marine 37S1/86Sr value (Table 3-4;
Fig. 3-5). Similarly, the values from the Biofacies 1 interval in Area 19 displayed lower
sahinity levels which ranged from 5 to 25 ppt when analyucal uncerntainty was considered
(2 x10°3). The samples from Area TN1 had lower salinity values from the other two
sections, varying from 4 to 12 ppt .

The low salinity conditions were in keeping with the foraminiferal biofacies
analysis and ihe corresponding environmental interpretation. However, one marine
dominated sample interval from the base of the section at 114 also indicated dramatically
fluctuating salinities within this unit. The low oxygen conditions probably played a large
role in keeping diversity low and preventing colonization by miliolids. The 87Sr/86S¢
values of Biofacies | samples from Area TN1 indicated lower salinity conditions relative to
Areas [9 and 114 which contrasted with our original foraminiferal interpretation that
suggested higher salinity conditions compared to these other sections (Table 3-4; Fig. 3-4,
3-5). However, this environment was not dominated by tolivinid-type genera which are
indicative of better oxygenation. The hypoxia conditions u: Biofacies | of the 19 and 114
sections must have had a large effect on the foraminiferal distribution.

Biofacies 2 was characterized by highly variable salinity conditions. This is
exempufied in Area 114 by the sample interval 164-166 cm below MSL which as
mentioned previously, varied from O to 17 ppt (Table 3-4; Fig. 3-5). The highly variable
salinity conditions are in keeping with the foraminiferal interpretation which suggested
increased tnflux of manine water. However, the foraminiferal fauna also suggested an
increased salinity with the appearance of a significant porcelaneous population. The
B75c/86Sr values, although highly variable, seem to indicate a slight reduction in salinity
from conditions during deposition of Biofacies | (Table 3-4: Fig. 3-5). The lower

salinities and their dramatic fluctuations within Biofacies 2 suggest either a more restricted



environment with increased periodic influx of manine waters or increased groundwater tlow
into the inner harbor.

The foraminiferal fauna and sedimentology of Biofacies 3 indicated a normal
salinity and high water energy subtidal environment. However, the 8751/86Sr values of
the various taxa within this biofacies were not indicative of a normal salimty environment
(Table 3-4: Fig. 3-5). The 87S¢/86S¢ values were equally as variable as those in Biotacie 2
but leaned to slightly elevated salinity levels which varied from 3 to 35 ppt. This suggested
periods when the area consisted of restricted pools of brackish water. These could have
been created by shifting sandbars or berms. The abundant small (approximately 1 mm n
diameter) articulated bivalves in certain honzons suggested periods of lower water energy.
and the cerithid gastropods found here, typical of euryhaline environments. reintorced this
interpretation. The high groundwater level in the modem inner harbor sediments
(approximately 0.5 m above MSL) indicated that pools of water formed by berms or
sandbars were dominated by groundwater. The low 875868t values of the miliohds
(Massilina gualtierana) was contrary to our original Biofacies 3 interpretation since
Massilina gualtierana appears to be able to tolerate a wider range of salinities.(Table 3-4;

Fig. 3-5).

DISCUSSION

The eastern Mediterranean at present experiences morte evaporation than
precipitation resulting in high surface water temperatures and hypersalinity (Emelyanov and
Shinkus, 1986). Consequently, one would expect conditions within the inner portions of a
restricted harbor in the eastern Mediterranean such as the one at Caesarea to be hypersaline.
However, the foramimferal faunas, and the 87Sr/86Sr values within the sections from Area
TNI, Area I9, and Area 114, all located within the inner harbor, indicated deposition 1n a

brackish water environment.
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Accounting for this evidencs of brackish water conditions in the inner harbor
required consideration of the sources of fresh water. Throughout Caesarea’s history,
aqueducts were constructed to transport water from springs in the Carmel mountains to the
city (Olami and Peleg, 1977; Raban, 1989). In addition, the city itself had many wells and
cisterns, and was known for its elaborate sewer system, as clearly described by authors in
antiquity (Raban, 1989). Modern excavations of the inner harbor have also uncovered
evidence of a significant freshwater ground water table at approximately 50 cm above MSL
(Raban, 1996). As our 87St/86Sr data has shown the majority of freshwater came from
this groundwater, with probably smaller contributions from precipitation runoff and from
sewer systems.

In order to obtain the necessary salinity shifts found in the sections from the inner
harbor, some form of restricting barrier was required. The modern, relatively open, inner
harbor appeared to be affected by high groundwater flow although not to the same degree
as noted in the three stratigraphic sections. Assuming that groundwater flow has not
changed greatly, the magnitude of the observed salinity shifts within the sections from the
i.1er harbor indicated some form of restriction. The assumption that groundwater flow has
not changed over time is not necessarily valid since there is evidence of a climatic hange
towards more -arid conditions around 600 AD. Unfortunately, the magnitude of this change
on the groundwater flow is hard to estimate, however there has been found to be little
variation in the groundwater level in ancient wells in the coastal plain during historic times
(Nir and Eldar, 1987). Our interpretation that the salinity shifts were representative of
more restricted conditions is supported by the sedimentological evidence (deposition
silts/clays and organic matter) found in the sections. Any temporal climate induced changes
in the groundwater flow in the inner harbor would probably be overprinted by
morphological changes, both anthropological and natural, which altered the inner harbor.

Based on the pottery dates and the sedimentological, micropaleontological, and

1sotopic evidence it appears tlat the inner confine of the harbor (Area 19 and Area 114) was




a restricted brackish environment in at least the st ¢. AD and ranging to the Sth¢. AD
(Raban, 1996: Raban et al.. 1997a.b: Yule and Barham, 1997: Figs. 3-4, 3-7 c.d.e.D.
However, the basal unit that contained the Ist -2nd c. AD pottery was thin and not laterally
extensive, suggesting that there may be a significant hiatus in deposition from the top of
this unit (top of interval -265 to -280 cm below MSL) and the overlying high organic unit
of the 3rd to Sth c. AD (bottom of interval -162 to -265 ¢cm below MSL) in Area 19 (Fig. 3-
4). In Area 114 there was no evidence of deposits prior to the 4th c. AD, although the basal
sand unit (-260 to -270 cm below MSL) might be older ( Yule and Barham, 1997). This
hiatus might have been caused by the removal of sediment through dredging activity, or by
the lack of deposition due to a sluicing current. However, because the basal sand units do
not contain any significant organic matter does suggest that the portion of the inner harbor
covered by Areas I9 and 114 was a restricted but relatively well circulated brackish water
environment at least in the 1st c. AD and probably up to the 3rd c. AD (Fig. 3-7 c.d). It
also appears that there were per.ods of higher salinity as evidenced by the 875r/86Sr data in
the basal portion of Area 114.

The increase in the silt/clay and organic matter content of the sediments (from the
basal sands) in Area I9 and Area 114 suggested that there was a shift towards a more
restricted and stagnant environment, and active dumping of human refuse (Raban, 1996;
Raban et al., 1997a,b; Yule and Barham, 1997; Figs. 3-5, 3-7e¢. f). The highly restricted
environment may have reflected the development of sand bars which further restricted the
inner harbor to form a localized lagoon sometime during the 3rd c. AD (Biofacies 1; Raban,
1996; Fig. 3-7e). Based on archaeological evidence this incursion of sand probably started
in the 2nd ¢. AD and developed due to the destruction of the main harbor breakwaters (Fig.
3-7d). This resulted in a higher energy environment allowing the influx of sand. This
lagoon became probably more restricted and brackish with variable salinities (based on the

8751/865r data) during the deposition of Biofacies 2, and began to shoal and be breached
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on a regular basis by marine waters, perhaps as storm overwash deposits (Biofacies 2;
Area [14 and Area 19) sometime by the Sthc. AD (Fig. 3-7).

The overlying well sorted sands (Biofacies 3) from Area 14 (0 to -164 cm below
MSL) and Area I9 (0 to -120 cm below MSL) are typical of a high-energy subtidal
environment and are evidence of continued infilling with overwash deposits of the
previously organic matter dominated lagoon (Biofacies 2; Fig. 3-4). This sand interval that
has pottery dates from the 5th, 6th and 7th c. AD marked the complete infilling of the inner
harbor (Raban, 1996; Raban et al., 1997; Yule and Barham, 1997. Fig. 3-4). However,
the pottery in this interval was generally rounded and eroded, suggesting that the sands
could be much younger than indicated by the pottery dates (deposited perhaps during or
after the 7th c. AD). The 87S/86Sr data also suggested a continued freshwater influence
(Fig. 3-5). The orackish water conditions indicated the continued presence of a sand
barner forming brackish water pools within the sands that likely shifted on a regular basis
due to reworking during storms (Fig. 3-7g). Some layers of higher organic sands with
trace fossils were evident within the basal portions of Biofacies 3 in Area 14 which
suggested periods of sediment stability. The sediments continued to accrete to sealevel
within the inner harbor, fully land locking the area probably by the mid-8th c. AD (Raban,
1996).

Area TN documented the depositional history of the more seaward portion of the
inner harbor. The basal silt/clay unit (-260 to -270 cm below MSL) may have been created
by deposition prior to the 6th c. AD with the abrupt contact between the underlying silt/clay
unit and the overlying high pottery concentration (late 6th to early 7th c. AD; -220 to -260
c¢m below MSL), possibly indicative of a significant depositional hiatus or erosional
surface. However, the silt/clay unit had the same consistency and color as the mud matrix
in the pottery concentration, the same foraminiferal distribution and similar 87Sr/86s
ratios which suggested that the two units represented continuous sedimentation. The pre

6th-7th c. AD deposits mus: have been removed through dredging activity. The high
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concentration of angular pottery in this layer, as well as the surrounding mud/silt matrix,

the foraminiferal fauna (Biofacies 1). and the 878e/80Sr data all indicated that this part of
the harbor was a restricted, groundwater fed, brackish water environment sometime during
the 6th-7th ¢. AD (Fig. 3-7f, g). However, the evidence for a quiet water state into the late
6th to early 7th c. AD is environmentally inconsistent with the high energy beach deposits
(late 6th- early 7th c. AD) in Area I9 and Area [14. The dates from Area TN1 were also
inconsistent with the dates of the silt/clay organic matter units (Biofacies 1) in Area [9 and
Area 114 (4th-5th c. AD and 3rd-5th c. AD) since sediments from the the 6th-7th ¢. AD
were not present. At this time the inner portion of the harbor represented by Areas 19 and
[14 was probably unusable, having filled in with sand from the south and west. A
renovation that may have involved the emplacement of a sea wa'l and/or dredging may have
been an attempi to extend the life of the inner harbor (perhaps by Anastasius I in 500 AD)
and Area TN1 was the location of the harbor activity in the 6th and 7th c. AD. The
overlying, poorly-sorted rubble unit may have been deliberately dumped into the harbor by
Arab occupants to prevent seaporne invasions of the Byzantine naval fleet in the later part
of the 7th ¢. AD (Raban, 1996; Raban et al., 1997a).

The implications of a high groundwater flow into the Herodian inner harbor have
not been considered previously. There is archacological evidence of sluicing channels that
operated within the inner harbor that would have channeled seawater into the harbor,
increasing the amount of water in the basin. and creating a current flowing out of the
entrance that would keep the harbor silt-free (Raban, 1996). However, the large influx of
freshwater into the inner harbor would also have had this same effect and the water would
also be silt and sediment free. The influx of water into a contained area would cause a net
outflow out of both the inner harbor and out of the harbor in general thereby aiding in the

production of a sluicing current.




CONCLUSIONS

Foraminiferal and strontium isotope analysis of Areas TN1, [14 and 19 has
enhanced the archaeological interpretation of the inner harbor at Caesarea. The Sr isotopic
analysis of the potential sources of freshwater (aqueduct and groundwater) and the
foraminifera contained in the deposits from the inner harbor, has determined the primary
source of freshwater flowing into the ancient harbor. In addition, the combined
micropaleontological and strontium isotope analysis has documented high resolution
salinity changes within the inner harbor from its inception in the Ist c. AD to its demise
sometime during or after the 7th c. AD. The brackish water environment was the product
of both the influx of freshwater and some form of restricting barrier which was initially
provided by the harbor breakwaters and, later. by sand bars. In the functioning harbor, the
high freshwater influx would have created a current outflowing from the inner harbor,
aiding the sluicing system, and helping to prevent silting.” The complete silting and decline
of the inner harbor occurred sometime during or after the 7th c. AD as evidenced by the
sedimentological and micropaleontological data.

This study has also demonstrated the effectiveness of a combined
micropaleontological/strontium isotope methodology as a high resolution paleosalinicy
proxy in the analysis of coastal lagoonal environments. The combined
micropaleontological/strontium isotope research on the inner harbor at Caesarea has
recognized changes in the restriction of a human-built lagoonal environment. However, the
combined methodology could be equally used in studies on naturally formed coastal lagoon
environments to determine changes in restriction and possibly climatic variation through
changes in the influx of freshwater. This research has also emphasized again the
importance of micropaleontological and isotopic techniques for the interpretation of coastal

marine archaeological deposits.
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Fig. 3-1. Modem representation of the ancient harbor complex, showing the location of

the submerged harbor moles and the modermn breakwaters (after Holum et al., 1988).
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Fig. 3-2. Representation of the probable configuration of Herod's harbor based on

archaeological evidence (after Raban and Holum, 1996).
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Fig. 3-3. Detail map of the modem inner harbor showing the location of the three

excavation areas.
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Fig. 3-4. Stratigruphic representation of the three excavation areas analyzed showing

lithological. biofacies and pottery age distnibutions
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Fig. 3-5. 87S1/86Sr determinations fiom the six different fossil tuxa and the salinity
determinations for the three excavation areas. Rectangles represent the 95% confidence

interval for the 87Sr/86Sr values.
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Fig. 3-6. Calculated mixing curves normalized to salinny for the sources of freshwater to
the inner harbor. a) Water from the Shunt Spring: by Travertune from the aqueduct; ¢)

Groundwater trom the inner harbor.
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Fig. 3-7. Various stages of the inner harbor through e based on archaeological evidence

which 1s based on Rab g (1996,
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Table 3-1. Data matrix showing the fractional distributions of the statistically significant

foraminiferal species in Areas TN1 and I9. The upper portion of the matrix contains the

summary data as shown in Fig. 3-4.
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Table 3-2. Data matrix showing the fractional distributions of the statistically significant
foraminiferal species in Areas [14. The upper portion of the matrix contains the summary

data as shown in Fig. 3-4.
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Table 3-3. Summary of the average vaiues of each foraminiferal characteristic within the

three biofacies.
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Table 3-4. 87S/86Sr determinations trom the six different fossil taxa from the three

excavation areas. The 20 (1wo standard deviations) entries are from analysis statistics

which are included as a measurement of data quality.
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Table 3-5. 87S1/86Sy determinations from the groundwater (C94/°V 1), modern seawater
(C94/W2), Shuni spnngwater (C94/W 3) and the aqueduct travertine (AQ94/1 and 2). The
20 (two standard deviations) entries are from analysis statistics which are included as a
measurement of data quality. The strontium concentrations for the water samples are also

shown, the error on these measurements 1s approximately £ 1.5%.



AQu4/1
AQY4/2
C94/W
CO4W?2
Co4/w3

N7Sr6Sr

0 708066
0 708029
0.709053
0709148
0 708511

2o Sr(ppm)
11 -

18 -

6 13

9 603
14 (LR RE
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Plate 3-1. 1. Rectuvigerina rover Bermidez and Fuenmayer, 1963 x140. 2.Bolivina
pseudoplicata Heron-Allen and Earland, 1930 .. 0. 3. Bolivina variabilis (Williamson,
1858). 4. Brizalina striatula (Cushman, 1922) x210. 5. Elphidium gerthi Van
Voorthuysen, 1957 x100. 6. Elphidium transiucens Natland, 1938 x100. 7.
Porosononion granosum (d'Orbigny. 1846) x160. 8. Tretomphalus bulloides

(""Orbigny, 1839) x117. 9. Havnesina depressulu (Walker and Jacob, 1798) x171. 0.

Elphidium margaritaceum (Cushman, 1930) x100. 11. Ammonia tepida (Cushman,

1936) x245. 12. Ammonia parkinsoniana (d'Orbigny, 1839) x75. 13. Ammonia inflata

(Sequenza, 1862) x115.

175






177

Plate 3-2. 14. Quinqueloculina patagonica d'Orbigny, 1839 x203. 15. Sorites orbiculus
Ehrenberg, 1839 x100. 16. Miliolinella subrotunda (Montagu, 1803). 17.
Pseudontriloculinag rotunda (d'Orbigny, 1826) x138. 18. Triloculing subgranulara

Cushman, 1918 x120. 19. Mussilina gualtierana (d'Orbignv, 1839) x190.






Reussella spinulosa = Vernewtlina spinulosa Reuss. 1850

Rosalina floridensis = Rosaliia berthelon (dOrbigny ) var. floridensis Cushman, 1931
Rosalina sp |

Rosalina vilardeboana d'Orbigny. 1839

Sigmoilinita costata = Sigmotlina costara Schlumberger, 1893
Siphonaperta agglutinans = Qrunqueloculing agglunnans, dQrbigny. 1839
Siphouvigerina sp 1

Sorites orbiculus Ehrenberg. 1839

Textularia bocki Hoylund, 1947

Tretomphalus bulloides = Rosulina bulloides d'Ortngny, 1839

Triloculina adriatica Le Calvez. J. and Y., 1958

Triloculina marioni Schlussberger, 1893

Triloculina plicata Terquem. 1878

Triloculina spl

Triloculina subgranulata Cushman, 1918

Uvigerina mediterranea, Hotl.cr, 1932

Virgulopsis italica = Bolivina nalica Cushman, 1949
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Appendix 3-1. Species are listed alphabetically. As the nature of this paper was not

taxonomic, full species synonymies are not provided. Where the original generic

designation varied with the present usage. the original was provided.




FAUNAL LIST

Abditodentrix rhomboidalis = Textularia rhomboidalis Millett, 1899
Adelosina carinata-striata = Adelosina milletti var. carinata-striata Wiesner, 1923
Adelosina dubia = Triloculina dubia d'Orbigny, 1826

Adelosina mediterranensis Le Calvez. J. and Y., 1958

Adelosina sp 1

Adelosina sp 2

Adelosina sp 3

Affinetrina planciana = Triloculina planciana d'Orbigny, 1839
Ammonia inflata = Rosalina inflata Sequenza, 1862

Ammonia parkinsoniana = Rosalina parkinsoniana d' Orbigny, 1839
Ammonia sp 1

Ammonia tepida = Rotalia beccarii var. tepida Cushman, 1936
Articulina carinata Wiesner, 1923

Asterigerinata mamilla = Rotalina mamilla Williamson, 1858
Aubignyna planidorso = Buccellu plunidorsa Atkinson, 1969
Bolivina pseudoplicata Heron-Ailen and Earland, 1930

Bolivina variabilis = Textularia variabilis Williamson, 1858
Bolivinellina sp 1

Brizalina difformis = Textularia variabilis var. difformis Williamson, 1858
Brizalina dilatata = Bolivina dilatata Reuss, 1850

Brizalina striatula = Bolivina striatula Cushman, 1922

Bulimina elongata d'Orbigny. 1846

Bulimina marginata d'Orbigny, 1846

Cassidella sp 1

Cibicidella variabilis d Orbigny, 1846

18



Cibicides pseudolobatulus Perelis and Reiss, 1975

Cibicides sp 1

Conarbella patelliformis = Discorbma patelliformis Brady, 1884
Comuspira foliacea = Orbis foliuceuws Philipp, 18344

Cvcloforina sp |

Cymbaloporenta sp |

Elphidium advenum = Polyvstomella udvena Cushman, 1922
Elphidium gerthi Van Voorthuysen. 1957

Elphidium jenseni Cushman, 1905

Elphidium limbatum = ¢ f. Polystomella macella Fichtel and Moll var. limbata Chapman,
1909

Elphidium margaritaceum = Elphidium advenum var. margaritacewum Cushman, 1930
Elphidium sp 1

Elphidium translucens Natland. 19338

Eponides repandus = Nautilus repandus Fichiel and Moll, 1798
Floresina sp |

Fursenkoina acuta = Polymorphina acuta d'Orbigny. 1846
Globofissurella sp 1

Gyroidinoides lamarckiana = Rotalia lamarckiana d'Orbigny, 1839
Haynesina depressula = Nautilus depressulus Walker and Jacob, 1798
Haynesina sp 1

Haynesina sp 2

Hopkinsinella sp 1

Lenticulina sp 1

Lobatula lobatula = Nautilus lobatulus Walker and Jacob, 1798
Loxostomina sp 1

Massilina gualtierana = Quinqueloculina gualtierana d'Orbigny, 1839




Miliolinella semucostuta = Miliolina semicostata Wiesner. 1923
Miliotinella »p |

Miliohinella subrotunda = Vermiculum subrowindium Montagu, 1803
Nonwon commune

Nonionella opima Cushman, 1947

Pararotalia spinigera = Globorotalia spinigera Le Calvez. 1949
Parrina brudyi = Nubecularia bradvi Millett, 1898

Peneroplis pertusus = Nautilus pertusus Foskal, 1775
Parasononion granosum = Noionina granosa d'Orbigny, 1846
Porosononion sp 1

Pseudotriloculina laevigata = Triloculina laevigata d'Orbigny, 1826
Pseudotriloculina rotunda = Triloculina rotunda d'Orbigny, 1826
Pseudotriloculina sp 1 '
Pyrgoella sphaera = Biloculina sphaera d'Orbigny. 1839
Quinqueloculina auberiana d'Orbigny, 1839

Quinqueloculina laevigata d'Orbigny, 1839

Quinqueloculina parvula Schlumberger, 1894

Quingueloculina patagonica d'Orbigny, 1839

Quinqueloculina sp 1

Quinqueloculina sp 2

Quinqueloculina sp 3

Quinqueloculina sp 4

Quinqu .oculina sp 5

Quinqueloculina sp 6

Quinqueloculina sp 7

Quinqueloculina ungeriana d' Orbigny, 1846

Rectuvigerina royoi Bermidez and Fuenmayer, 1963
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Reussella spinulosa = Vernewdina spimdosa Reuss, [830

Rosalina floridensis = Rosaltna bertheloti (d'Orbrgny) var. flondensis Cushman, 1931
Rosalina sp |

Rosalina vilardeboana d'Orbignv, 1839

Sigmoilinita costata = Sigmoling costata Schlumberger, 1893
Siphonaperta agglutinans = Quinqueloculina agglunnans, d'Orbwgny. 1839
Siphouvigerina sp 1

Sorites orbiculus Ehrenberg. 1839

Textularia bocki Hogiund, 1947

Tretomphalus bulloides = Rosalina bulloides d'Orbigny. 1839

Triloculina adriatica Le Calvez. ). and Y., 1958

Triloculina marioni Schlunsberger. 1893

Triloculina plicata Terquem. 1878

Triloculina sp!

Triloculina subgranulata Cushman, 1918

Uvigerina mediterranea, Hotl.cr, 1932

Virgulopsis italica = Bolivina talica Cushman, 1949
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Appendix 3-20 Foranumiteral fractional abundance~ in Areas TN 19 and 114 with

associated 959 confidence 1tenval.
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CONCLUSIONS

This doctoral dissertation resolved some of the many issues conceming the
application of strontium isotopes as a paleosalinity indicator for paleoceanographic
research. It determined that there was no vital effect associated with the uptake of
strontium isotopes (36Sr and 87Sr) and it determined that the methodology could be

effectively and reliably applied to coastal lagoon environments, but not to larger restricted
basins. The findings of this dissertation buiit on existing research to expand the boundaries
of St isotope (875¢/S¢86) research by providing an understanding of the potential uses,
strengths, and weaknesses of the methodology as a paleosalinity indicator in various
environments. No longer will strontium isotope research be associated solely with
chronostratigraphic determinations.

The vital effect study (Chapter 1) determined that there was no biological
discrimination between 87Sr and 86Sr isotopes. thus indicating that any deviation in the
8751/86sr ratios found in bioprecipitates is due to diagenesis or the influcace of foreign
sources of Sr (fluvial or hydrothermal). Additionally, by conducting this study first and
using it as a basis for following research, it provided confidence for the interpretation of the
875¢/86Ss results from the Trubi fm and from Israel. These results proved that there is no
vital effect associated with the uptake of Sr isotopes in bioprecipitaes, a factor which was
previously only assumed by other researchers. Since there was no resolvable vital effect,
the analyses of forty samples from the Bahamas, which was far removed from any
continental riverine or hydrothermal influence, provided a good estimate of the 8751/86s¢
value for modern scawater.

With regard to the application of the strontium isotope (8751/86Sr) methodology,
this dissertation proved conclusively that the application of the Sr isotope (87Sr/86Sr)
method as a paleosalinity indicator in large restricted basins is not effective. The initial
results from the Trubi fm (Precariti section) of the Pliocene Mediterranean appeared to
indicat * a dilution of seawater by riverine sources during marl deposition. However,




subsequent analysis of another section of the Trubi fm (Monta Singa section) proved that
the original results could not be replicated. Detailed trace element and isotopic analyses of
the various components of the marls and limestones revealed diagenetic alteration of the
coccoliths. This subsequent detailed investigation indicated that the original results from
the Precariti section were due to improper cleaning of the foraminiferal calcite. This
detailed research from the Trubi fm indicated that the 8751/86Sr isotope methodology did
not prove to be a useful proxy in large restricted basins. Unfortunately, since the
8751/86sr isotope methodology did not work in application to the Trubi fm none of the
issues associated with the origin of the marl/limestone couplets were resolved as originally
intended. However, the research did indicate some of the diagenetic alterations that are
important for the interpretation of past, present , or future isotopic geochemical results, and
it emphasized the care that must be taken in the sclection and preparation of sample material
for 87S¢/86Sr determinations to prevent diagenetic contamination.

In contrast to the inapplicability of the methodology to a large restricted
environment (ie Mediterranean), the application of the strontium isotope methodology to a
restricted coastal lagoon environment (Caesarea Maritima) did prove to be an effective and
useful high resolution paleosalinity proxy. The combined micropaleontological/strontium
isotope research on the inner harbor at Caesarea recognized changes in the restriction of a
lagoonal environment. The subtlety of the salinity changes would not have been as evident
or as reliably indicated using only micropaleontological data. The use of 875r/868r isotope
methodology provided much more detailed results and provided insights into the
archaeological history of the form and function of the inner harbour. While the
methodology was determined to be useful in application to a man-made restricted
environment, it was also concluded that the combined methodology could be used in
studies of naturally formed coastal lagoon environments to determine changes in restriction
and possibly climatic variation through changes in the influx of freshwater.
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The intention cf this dissertation was to provide future researchers with a more

advanced and comprehensive understanding of the potential uses of strontium isotope
(878¢/86Sr) methodology. This goal was accomplished and the results may lead future
rescarchers to continue to explore the application of this methodology as a proxy in other
natural and man-made restricted lagoonal environments. Researchers may also work to
determine the threshold for accuracy in an environment which lies between a restricted
lagoon such as Caesarea and the marginal marine environment of the Mediterranean. The
emphasis on avoiding diagenetic contamination of samples may also lead to new
developments in analytical methodology. The diagenetic study of the Trubi fm will raise
awareness of the potential contaminantion of 87Sr/36Sr results which will increase the
reliability of the methodology as a paleosalinity proxy. Finally, the study of vital effects
associated with Sr isotopes (36Sr and 87sr) will provide researchers with a reliable and
sound study upon which they may dismiss a strontium isotope vital effect in
bioprecipitates.









