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Abstract

Abundant and diverse calcareous nannofossil assemblages were found in organic-rich carbonate sequences which
accumulated in a Campanian—Maastrichtian upwelling belt along the southeastern Tethys. The sequences studied represent
the inner (shallower) and the outer (deeper) parts of the upwelling belt. The paleoenvironmental significance of selected
nannofossil taxa and their utility in productivity reconstruction was established by comparing their distribution to
foraminifera and dinocyst-based productivity profiles.

Based on the calcareous nannofossil assemblages, a high-productivity group and a low-productivity group of species
were determined. The distribution of these groups agrees well with the dinocyst- and foraminifera-based productivity
curves and, hence, can be used to record paleoproductivity changes.

The ratio between the high-productivity and low-productivity nannofossil groups, the Nannofossil Index of Productivity
(NIP), is proposed here as a productivity proxy that can be utilized in reconstructing basinal productivity development.

A quantitative analysis of the nannofossil assemblages indicates that their abundance and diversity increase towards the
open sea, in the outer and less productive part of the upwelling belt. In the inner and more productive part of the upwelling
belt, the nannofossils assemblages become less abundant and less diverse relative to those of the open marine environment.

Micula decussata and Watznaueria barnesae are common to abundant in most samples. M. decussata becomes more
abundant in poorly-preserved samples. On the other hand, the distribution of W. barnesae matches better with intermediate

productivity levels.

1. Introduction

Upwelling systems are characterized by their high
primary productivity that is caused by the displace-
ment of nutrient-depleted water in the photic zone
by nutrient-rich subsurface water. Blooms of auto-
trophic phytoplankton, commonly diatomes, usually
denote periods of enhanced productivity in up-
welling systems (Rojas de Mandiola, 1981; Thiede
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and Jiinger, 1992). However, diagenesis and dissolu-
tion commonly remove diatoms from pre-Quaternary
sediments (Moshkovitz et al., 1983). Total organic
matter in the sediment cannot be used as a measure
of productivity because its preservation is largely a
product of sea-floor processes (Bein et al., 1990;
Pedersen and Calvert, 1990; Almogi-Labin et al.,
1993). Consequently, there is a need to establish
additional parameters to document productivity in
places where diatoms are missing (Bralower and
Thierstein, 1984, 1987). In the present study, calcare-
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ous nannofossil assemblages from two sections of
organic-rich Campanian—Maastrichtian carbonates,
which accumulated under an upwelling zone, were
analyzed in order to characterize nannofossil assem-
blages in productive environments and to establish
parameters that can help to distinguish primary pro-
ductivity from the effects of sea-floor processes, such
as preservation and dissolution.

The palecenvironmental significance of calcare-
ous nannofossils is not yet completely understood
(Wise, 1982; Winter, 1985). This is partly due to
the limited understanding of the functional morphol-
ogy (Young, 1987, 1994) as well as the biogeog-
raphy and ecology of coccolithophores (Mclntyre
and Bé, 1967; Okada and Mclntyre, 1979; Reid,
1980; Giraudeau, 1992; Brand, 1994; Winter et al.,
1994; Ziveri et al., 1995). With few exceptions (e.g.
Watkins, 1989; Lamolda et al., 1992), published pa-
leoproductivity studies concerning nannofossils re-
late to Tertiary or Quaternary sediments, and most of
them do not identify specific significant taxa that can
be used as paleoproductivity indicators. Therefore,
in order to establish environmentally-significant nan-
nofossil taxa that enable accurate productivity recon-
structions, results of this study were compared with
independent data from other sources: geochemistry,
(Bein et al., 1990), planktic foraminifera (Almogi-
Labin et al., 1993) and organic-walled dinoflagellate
cysts (Eshet et al., 1994).

2. Previous studies

Numerous previous studies have indicated the
utility of Recent to sub-Recent nannofossils in pa-
leoenvironmental research: Roth and Berger (1975)
and Winter et al. (1979) studied the distribution and
environmental significance of Recent coccoliths in
the Pacific and in the Red Sea, respectively. Brand
(1994) described the ecology of coccolithophores,
Winter et al. (1994) discussed biogeographical as-
pects of coccolithophore distribution in present-day
oceans, and Young (1994) suggested possible rela-
tions between coccolith morphology and their ecol-
ogy and living requirements. Several studies were
published from marine environments of high produc-
tivity. Giraudeau (1992) analyzed Recent nannofos-
sil assemblages deposited beneath the Benguela up-
welling system (off southwestern Africa) and identi-

fied ecologically-significant taxa. Winter (1985) and
Ziveri et al. (1995) studied living coccolith produc-
tion in the upwelling region off southern Califor-
nia, where they were able to link changes in the
abundance of coccoliths to seasonal changes in pro-
ductivity. Backman and Chepstow-Lusty (1993), and
Chepstow-Lusty and Chapman (1995) suggested the
utility of Discoasters as indicators of low productiv-
ity in Pliocene rocks. Molfino and McIntyre (1990)
and Ahagon et al. (1993) showed that Florisphaera
profunda can be used as an indicator of enhanced
productivity in Quaternary sediments.

Compared to the younger, Pliocene-Holocene fos-
sil record, the use of older nannofossil assemblages
for paleoenvironmental interpretations is problem-
atic, mainly due to the problems of extrapolation be-
tween living and fossil taxa (e.g. Molfino and Mcln-
tyre, 1990; Young, 1994). Despite this, several studies
have suggested the utility of nannofossils in interpret-
ing the paleoenvironments of strata from Cretaceous
and Jurassic intervals. Girgis (1989) made paleoen-
vironmental interpretations of Upper Cretaceous de-
posits in Egypt, based on morphometric changes in
the genus Arkhangelskiella. Coccolith taxa that are
supposed to indicate productivity changes have been
identified in the mid-Cretaceous of the Atlantic and
Indian Oceans (Roth and Krumbach, 1986), in the
Cenomanian—Turonian (Greenhorn Formation) of the
USA (Watkins, 1989) and in Albian sediments in Eng-
land (Erba et al., 1992). Bralower et al. (1994) used
Jurassic-Early Cretaceous nannofossil assemblages
in their analysis of anoxic oceanic events. Lamolda
et al. (1992) analyzed the nannofossil assemblage
changes in Cenomanian sequences in England and
suggested some parameters for the use of nannofos-
sils as paleoenvironmental indicators.

The palecenvironmental significance of Campa-
nian—-Maastrichtian sections in Israel was studied
by various authors: Bartov et al. (1972), Flexer
(1968) and Lewy (1990) have all proposed paleogeo-
graphic reconstructions of this time-interval in Israel.
Reiss (1988) and Shemesh and Kolodny (1988) sug-
gested that these sequences were accumulated in
an upwelling regime. A recent series of geochemi-
cal and paleontological studies that focused on the
Coniacian—Maastrichtian organic-rich sequences in
Israel have enabled detailed reconstruction of the
productivity history in these sequences (Bein et
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al., 1990; Almogi-Labin et al., 1993; Eshet et al.,
1994).

3. Geological setting

During the mid-Cretaceous, the northern Arabian
plate was a passive continental margin at which
Cenomanian—-Turonian shelf sediments (mainly lime-
stones, dolomites and marls) accumulated. From the
Late Coniacian to the Paleocene, a new oceano-
graphic and sedimentologic regime was established
over the southeastern Tethys: transgressive conditions
led to the deposition of the chalks, cherts, phos-
phates and organic-rich carbonates of the Menuha
(Late Coniacian—Early Campanian), Mishash (Cam-
panian), Ghareb (mainly Maastrichtian) and ‘En
Zetim (Campanian—Maastrichtian) Formations, all
grouped within the Coniacian—Paleocene Mount Sco-
pus Group (Flexer, 1968; Bartov et al., 1972).

During Late Coniacian-Maastrichtian times, de-
position in southeastern Israel took place in tec-
tonically-controlled NE-SW trending shelf basins,
whereas open marine conditions prevailed towards
the northwest. Paleogeographic reconstructions sug-
gest that the shoreline during this period was about
100 km to the southeast during the Campanian, and
even further to the east in the Maastrichtian (Ben-
der, 1974; Germann et al., 1987; Glenn, 1990). The
accumulation of organic-rich carbonates, cherts and
phosphorites, as well as the microfossil assemblage
composition, indicates highly productive paleoenvi-
ronments, associated with a large-scale upwelling
system that existed along the southern margins of
the Tethys (Reiss, 1988; Almogi-Labin et al., 1993;
Eshet et al., 1994).

Both sections studied (Fig. 1) are characterized
by organic-rich carbonates (12-13% average Total
Organic Matter, TOM). They belong to two of the
main lithofacies types described for the Mount Sco-
pus Group in Israel by Flexer (1968) and Bartov
et al. (1972): the Shefela section (Shefela Basin)
belongs to the marly-chalky Zefat lithofacies, repre-
senting the outer shelf and upper slope, and the Zin
section (Zin Basin) belongs to the Zin lithofacies of
alternating organic-rich carbonates, cherts, phospho-
rites, marls and porcelanites, representing the more
restricted inner shelf basins in the southeastern part
of Israel (Flexer, 1968; Bartov et al., 1972).

4. Biostratigraphy

Biozonation of the studied sections (Fig. 1) is
based on planktic foraminifera (Almogi-Labin et
al., 1993) and calcareous nannofossils (Eshet and
Moshkovitz, 1995). The nannofossil zonation used
in the present paper is based on the NC zonation
scheme of Roth (1978) because it suits the Is-
racli nannofossil assemblages better than the CC
zonation of Sissingh (1977), as shown by Es-
het and Moshkovitz (1995). The Shefela section
ranges from the Late Campanian Quadrum sissinghii
nannofossil Zone (= NCI19b) to the Late Maas-
trichtian Lithraphidites quadratus nannofossil Zone
(= NC22). It is equivalent to the interval between the
Globotruncana rosetta and the Abathomphalus ma-
yaroensis planktic foraminifera zones (Fig. 1). The
Zin section ranges from the late Early Campanian
(Ceratolithoides aculeus Zone) into the Early Maas-
trichtian (Q. trifidum Zone). It is equivalent to the
interval between the Globotruncana rosetta and the
G. falsostuarti planktic foraminifera zones.

Three distinct stratigraphic datum levels (marked
by the letters A, B and C in all text figures) were
used to correlate between the sections:

(A) The top of the Main Chert Member of the
Mishash Formation (Campanian);

(B) The first occurrence (FO) of the coccolith
Quadrum trifidum (Late Campanian);

(C) The FOs of the Maastrichtian planktic for-
aminifers Globotruncana falsostuarti and Gansse-
rina wiedenmayeri, and the benthic foraminifer
Siphogenerinoides parva (Campanian—-Maastrichtian
boundary). In previous works, these datums have been
found useful for correlation (e.g. Reiss et al., 1985;
Gvirtzman et al., 1989; Almogi-Labin et al., 1993).

5. Materials and methods

The present study is based on the quantitative
analysis of calcareous nannofossils assemblages in
84 Campanian—Maastrichtian core samples: 29 from
two adjacent cores (Hartuv B and Zor’a B) in the
Shefela Basin, Israeli coastal plain, and 57 sam-
ples from the Saraf core section in the Zin Basin,
Negev, southern Israel (Fig. 1). The same samples
were previously used to determine the paleoproduc-
tivity history of the basins, based on geochemistry
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Fig. 1. Litho- and biostratigraphic correlation between the studied sections. A = top of Main Chert; B = first occurrence of Quadrum
trifidum; C = base Maastrichtian (first occurrence of Gansserina wiedenmayeri and Siphogenerinoides parva). Calcareous nannofossil
zonation follows the NC scheme of Roth, 1978, according to Eshet and Moshkovitz (1995).
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(Bein et al., 1990), benthic and planktic foraminifera
(Almogi-Labin et al., 1993) and dinoflagellate cysts
(Eshet et al., 1994). The cherty interval between 60
and 70 m (Main Chert unit in Fig. 1) could not be
processed for calcareous nannofossils. The cores and
the samples are deposited at the Geological Survey
of Israel, Jerusalem.

Nannofossil slides for light microscope study were
prepared following a suspension method (separation
of the heavy fraction after one minute in suspension,
and concentration of the suspended material after 15
minutes of settling in distilled water). A 10% solution
of sodium hypochlorite (NaOClI, bleach) was used to
oxidize and dissolve the organic matter prior to slide
preparation in order to improve the visibility of fossils
under the microscope (Eshet, 1996).

Nannofossil abundance and species diversity were
based on counting a population of 300 specimens per
sample. Since all samples were prepared similarly,
it is suggested that these counts can be used to ap-
proximate the nannofossil assemblages. Abundance
was estimated using the parameter Nannofossils per
Visual Field (NVF of Florés, 1992). The quantita-
tive analysis of nannofossils in the present study
included only species that make up more than 1% of
the sample. Minor species, that make up less than 1%
were included only in the species diversity counts.
The complete semi-quantitative distribution of all
taxa in the studied sections was given by Eshet and
Moshkovitz (1995). Preservation of the nannofossil
assemblage is indicated as the percentage of whole
nannofossils in the assemblage (Figs. 2 and 3). Com-
parative data on the preservation of foraminifers is
only available for the Shefela section. The degree
of planktic foraminifera preservation is expressed as
the percentage of broken foraminifers in the entire
assemblage.

The nannofossil-derived productivity profiles are
compared with profiles from planktic foraminifera
and dinocysts as follows: the planktic foraminifera-
derived productivity reconstruction was obtained by
classifying the assemblages into four groups (P-
Types of Almogi-Labin et al., 1993), ranging from
Type 1 (lower productivity) to Type 4 (highest pro-
ductivity). Each group was defined by abundance
and species diversity, as well as by the pres-
ence of specific indicative taxa (Figs. 2 and 3).
The dinoflagellate-based productivity reconstruction

(P/G ratio in Figs. 2 and 3) is the value of the ra-
tio between the predominating dinocyst groups (the
presumably heterotrophic peridinioids and the auto-
trophic gonyaulacoids), where productivity increases
from a low to a high P/G value (Powell et al., 1990;
Eshet et al., 1994).

Varimax factor analysis (Davis, 1973) was car-
ried out on species and taxa comprising >1% of
the assemblage, on the two ecological groups, and
on several geochemical and independent produc-
tivity-related paleontological parameters, using the
STATISTICA® software package, StatSoft, Release
5.0.

6. Results

Seventy two nannofossil taxa were identified in
the present study. Most samples contain a rich and
diverse flora with Warznaueria barnesae and Mic-
ula decussata as the most prominent taxa. For the
complete taxonomic list and distribution charts, see
Eshet and Moshkovitz (1995). In some intervals, a
‘nannofossil ooze’ was found. Some horizons are
characterized by the predominance of a limited num-
ber of species that form almost ‘monospecific’ nan-
nofossil assemblages, e.g. Shefela section, samples
HRB 26 and ZRB 9, where Micula decussata con-
stitutes almost 70% of the assemblage (Plate I, 14).
Some taxa exhibit a great size-range, among them
Arkhangelskiella cymbiformis, Kamptnerius magnifi-
cus and Gartnerago obliquum. The significance of
this size-variation has not been investigated in the
present paper, but as suggested by Girgis (1989),
it may reflect environmental changes. The possibil-
ity that these variations reflect productivity changes
should not be ignored in future studies.

6.1. Productivity proxies and the nannofossil
assemblages

The following results were obtained for total or-
ganic matter, foraminifera- and dinocyst-based pro-
ductivity proxies, as well as nannofossil abundance,
diversity and preservation:

Shefela section (Fig. 2; Table 1): TOM is quite
uniform throughout the section, with low values at
the top (above 50 m) and higher values at the base
(below 225 m). Independently derived foraminifera-
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Fig. 2. Total Organic Matter, foraminifera- and dinocyst-based productivity reconstructions, and data on nannofossil assemblages in the
Shefela section. For explanation of datum lines, see Fig. 1. Nannofossil zonation after Eshet and Moshkovitz (1995).

and dinocyst productivity reconstructions (Almogi-
Labin et al., 1993; Eshet et al., 1994) show nearly
identical trends with three clear minima: at the FO of
Quadrum trifidum, below the last occurrence (LO) of
Q. trifidum (Early Maastrichtian), and near the FO of
Lithraphidites quadratus. The interval between the
FO of Q. trifidum and the base of the Maastrichtian
is one of high productivity.

Nannofossil abundance (NVF) shows a general
increasing trend from about 30 in the Campanian
to more than 40 NVF in the Maastrichtian. It has
maxima at the FO of Q. trifidum and near the base
of the Maastrichtian, and remains uniformly high
up to the top of the section. Nannofossil species
diversity follows a pattern similar to the nannofossil
abundance curve. Nannofossil preservation varies
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throughout the section, with good preservation in the
lower part, between the FO of Q. trifidum and the
base of the Maastrichtian. Highly-dissolved intervals
were recognized in the lowermost part of the section
and in the A. cymbiformis Zone.

Zin section (Fig. 3; Table 2): The TOM con-
tent in the Zin section is highly variable during
the Campanian. A minimum is evident near the
Campanian—-Maastrichtian boundary, followed by a
uniform and high TOM content in the Early Maas-

trichtian. Dinocyst- and foraminifera-derived pro-
ductivity indices suggest periods of enhanced pro-
ductivity during most of the Campanian, except for
minima near the FO of Q. trifidum (only represented
clearly by the dinocyst P/G curve) and at the base
of the Maastrichtian. A sharp productivity recovery,
followed by a strong decrease, is indicated in the
Early Maastrichtian.

Nannofossil abundance (NVF) and species-
diversity, as well as planktic foraminifera species-
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diversity, show similar trends: in general, low abun-
dance and diversity characterize most of the Cam-
panian interval, except for a maximum at the FO
of Q. trifidum, and at the base of the Maastrichtian.
Nannofossil preservation fluctiates throughout the
section, with well-preserved intervals near the FO
of Q. rrifidum and in the Early Maastrichtian. The
preservation curve shows a very similar pattern as
both the abundance and diversity curves.

6.2. Distribution of nannofossil taxa

Figs. 4 and 5 show the distribution of the se-
lected prominent taxa in the sections (for the semi-
quantitative distribution of all taxa, one is refered
to Eshet and Moshkovitz, 1995). In most instances,
these taxa comprise more than 80% of the assem-
blage. Some of the curves represent the combined
abundance of all species of one genus (e.g. Predis-
cosphaera, Lithraphidites, Vekshinella, Glaukolithus,
Biscutum), whereas others represent the distribution
of individual species (e.g. Thoracosphaera opercu-
lata, Thoracosphaera saxea, Eiffellithus turriseiffelii
and Warznaueria barnesae). Table 3 lists the species
that are included in each of the curves in Figs. 4
and 5. Vekshinella and Vagalapilla were combined
in one curve due to the difficulties in distinguishing
between the two genera.

The distribution patterns of the selected nannofos-
sils enabled the establishment of three distinct groups

of taxa. These groups are labeled I-1II in Figs. 4 and
5, and their members are listed in Table 3.

The curves indicate the following trends:

Shefela section (Fig. 4): T. operculata, Eiffel-
lithus spp., Prediscosphaera spp., Lithraphidites spp.
and Vekshinella spp. (Group I) attain maximum
abundance at the FO of Q. trifidum (Datum B) and
minimum abundance at the base of the Maastrichtian
(Datum C), with a slightly increasing trend above
this datum. Glaukolithus spp., Biscutum spp. and
Thoracosphaera saxea (Group 11) show an opposite
pattern of distribution compared to Group 1. Mic-
ula decussata is prominent in most samples, with
peaks in the lower part of the section and in the
Maastrichtian (A. cymbiformis Zone - NC 21). Waiz-
naueria barnesae is the most abundant taxon, with
high abundance during most of the Campanian, and
a slight decrease during the Early Maastrichtian.

Zin section (Fig. 5): Species belonging to Group
I have two clear maxima: near the FO of Q. trifidum
and at the base of the Maastrichtian. Members of
Group II show an opposite trend of abundance com-
pared to Group 1. Micula decussata and W. barnesae
(Group III) are the dominant taxa in the section, with
a nearly-uniform pattern of distribution for Warz-
naueria, whereas Micula’s abundance changes are
more pronounced.

Some consistent relationships between the groups
can be inferred by comparing their distribution in
both sections (Figs. 4 and 5): Groups I and II show

Plate I

Representative nannofossils of Groups I-IIT. All light microscope photographs are x3750.

Group 1

1. Prediscosphaera spinosa. Shefela Basin, sample ZRB 25.
2. Eiffellithus turriseiffelii. Shefela Basin, sample HRB 29.

3. Eiffellithus gorkae. Zin Basin, sample SA 24.

4. Vekshinella stradneri. Shefela Basin, sample ZRB 12.

5. Lithraphidites carniolensis. Shefela Basin, sample ZRB 12.
6. Thoracosphaera operculata. Shefela Basin, sample ZRB 25.
Group I1

7. Thoracosphaera saxea. Shefela Basin, sample ZRB 8.

8. Lithraphidites quadratus. Shefela Basin, sample ZRB 3.

9. Glaukolithus diplogrammus. Zin Basin, sample SA 33.

10. Zygodiscus spiralis. Shefela Basin, sample ZRB 5.

11. Biscutum constans. Shefela Basin, sample ZRB 13.
Group III

12, 15. Warznaueria barnesae. Zin Basin, sample SA 3.

13. Micula decussata. Shefela Basin, sample ZRB 9.

14. Micula decussata ooze. Shefela Basin, sample HRB 26.
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Table 3

Nannofossil taxa included in Groups I-1I1. For taxa distribution,
see Figs. 4, 5. Selected species are illustrated in Plate I. Taxa in
bold letters represent the curve-title in Figs. 4 and 5.

Group 1

Eiffellithus spp.

Eiffellithus eximius (Stover, 1966) Perch-Nielsen, 1968

Eiffellithus gorkae Reinhardt, 1965

Eiffellithus parallelus Perch-Nielsen, 1973

Eiffellithus turriseiffelii (in Deflandre and Fert, 1954)
Reinhardt, 1965

Lithraphidites spp.

Lithraphidites carniolensis Deflandre, 1963
Lithraphidites praequadratus Roth, 1978
Lithraphidites quadratus Bramlette and Martini, 1964
Microrhabdulus decoratus Deflandre, 1959

Prediscosphaera spp.

Prediscosphaera cretacea (Arkhangelsky, 1912) Gartner, 1968

Prediscosphaera quadripunctata (Gorka, 1957) Reinhardt, 1970

Prediscosphaera spinosa (Bramlette and Martini, 1964)
Gartner, 1968

Thoracosphaera operculata
Thoracosphaera operculata Bramlette and Martini, 1964

Vekshinella spp.

Vagalapilla imbricata (Gartner, 1968) Bukry, 1969
Vagalapilla matalosa (Stover, 1966) Thierstein, 1973
Vekshinella stradneri Rood et al., 1971

Group IT

Glaukolithus spp.

Glaukolithus compactus (Bukry, 1967) Perch-Nielsen, 1984

Glaukolithus diplogammus (Deflandre in Deflandre and
Fert, 1954) Reinhardt, 1964

2Zygodiscus spiralis Bramlette and Martini, 1966

Biscutum sp.
Biscutum constans (Gorka, 1957) Black in Black and
Barnes, 1959

Thoracosphaera saxea
Thoracosphaera saxea Stradner, 1961

Group 111
Micula sp.
Micula decussata Vekshina, 1959

Watznaueria sp.
Watznaueria barnesae (Black in Black and Barnes, 1959)
Perch-Nielsen, 1968

mirror-image abundance profiles. This pattern seems
to prevail throughout the entire succession in both
sections, even in poorly-preserved samples. Distri-
bution patterns for Group III are more complex and
are discussed in the ‘Nannofossil Preservation and
Productivity’ section below.

Table 4
Loadings of the different variables on the four principal compo-
nents in the Shefela Basin

Variable 1 2 3 4
CaCO; 0.22 0.57 0.28 ~-0.006
TOM 063 032 0.02 -0.12
Log P/G 075 0003 047 0.03
P-Type 0.91 0.07 -0.14 ~0.24
Spec. Div. -0.44 0.001 0.60 032
NVF -0.06 0.23 0.82 0.34
Preservation 0.11 0.86 0.15 0.27
M. decussata -0.24 -0.87 0.26 —-0.17
W. barnesae 0.31 0.32 -0.77 —0.05
T. operculata -0.78 0.26 0.04 0.44
E. turriseiffelii —0.34 0.13 0.16 0.83
Prediscosphaera spp.  —0.36 0.12 —0.05 0.77
Lithraphidites spp. -0.25 0.09 0.22 0.82
Veksinel. & Vagalapil. -0.02 0.28 0.13 0.68
Glaukolithus spp. 0.80 0.19 —0.24 —0.42
Biscutum spp. 0.90 0.17 —0.03 —0.31
T. saxea 0.93 0.13 -~0.001 —-0.19
Group 1 —0.57 0.21 0.09 0.76
Group 11 0.90 0.18 —0.11 -0.34
NIP (log Groups IIT) 078 -0.02 —0.19 —0.54
Others -0.27 0.55 0.47 0.001
Total variance

explained 4810 16.64 8.65 6.41
Cummulative % 48.10  64.75 73.40 79.81

Significant values in bold.

6.3. Statistical analysis

Four factors were determined for each basin. They
account for more than 80% of the variance, show-
ing distinct ecological patterns. The loadings of the
different variables on these four factors are listed in
Tables 4 and 5.

Shefela Basin (Table 4): Factor 1 comprises high
loadings of the absolute values of log P/G and P-
Types, which indicates that it represents productiv-
ity. This factor is also characterized by high loadings
of species of Group II, namely Glaukolithus spp.,
Biscutum spp. and T. saxea. Factor 2 comprises
high loadings of the variables Preservation, CaCO;3
content and M. decussata, which suggests that it
represents preservation. Factor 3 is characterized by
high loadings of the variables Species Diversity and
Nannofossil per Visual Field (NVF}, which may in-
dicate that in the Shefela Basin, this factor represents
favorable marine environments for the development
of calcareous nannoplankton. Factor 4 is character-
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Table 5
Loadings of the different variables on the first four principal
components in the Zin Basin

Variable l 2 3 4
CaCO3 024 -0.03 —-0.12 —-0.68
TOM —0.05 0.14 -0.17 0.76
Log P/G —0.79 0.07 0.45 0.15
P-Type —0.57 0.31 0.54 0.14
Spec. Div. 0.74 0.44 -0.09 -0.20
NVFE 0.79 0.38 -0.18 —0.16
Preservation 0.26 0.89 —0.04 0.06
M. decussata -0.10 -0.90 0.01 -0.13
W. barnesae 0.10 -0.32 082 -0.12
T. operculata 092 -0.02 0.04 —-0.07
E. turriseiffelii 0.86 0.005 021 —-0.06
Prediscosphaera spp. 089 006 —-0.09 0.09
Lithraphidites spp. 0.89 0.11 0.05 0.003
Veksinel. & Vagalapil. 0.88 0.05 0.18 0.02
Glaukolithus spp. —-0.87 -0.14 021 0.17
Biscutum spp. —0.87 -0.10 0.20 0.12
T. saxea —-0.76 —0.08 0.07 0.28
Group | 0.96 0.03 0.11 —-0.04
Group I1 —-091 -0.11 0.18 0.20
NIP (log Groups IV/I)  —0.96 0.0004 -0.02 0.11
Others —0.19 0.77 —0.55 0.06
Total variance

explained 55.69 14.17 6.92 4.56
Cummulative % 5569  69.86 76.78 8134

Significant values in bold.

ized by high loadings of taxa from Group I, namely
E. turriseiffelii, Prediscosphaers spp., Lithraphidites
spp., Veksinella spp. and Vagalapilla spp. It is sug-
gested that factor 4 represents intervals of lower
productivity based on the interpretation of Group
I as indicator of lower productivity (see discussion
below).

Zin Basin (Table 5): Factors 1 and 2 are very
similar in their variance and high loadings to the
Shefela Basin. Factor 1 also comprises high loadings
of species diversity and abundance (NVF), which
are reciprocal to the productivity-indicators P/G and
P-Types. Factor 3 comprises high loadings of P-
Types and W. barnesae, reflecting probable relation-
ships between this known solution-resistant taxon
and productivity. Factor 4 comprises high reciprocal
loadings of CaCO; and TOM, suggesting a nega-
tive correlation between carbonate precipitation and
organic matter accumulation and preservation.

To conclude, strong loadings on productivity indi-

cators in both basins explain 50-55% of the variance.
Preservation indicators explain 15%.

7. Discussion

7.1. Nannofossil populations

The relationship between calcareous nannoplank-
ton and productivity was discussed in various studies
of both the living and fossil record. Jimenez (1981)
observed that the nannoplankton population increases
from the center of the Galapagos upwelling system
towards its margins. Ziveri et al. (1995) reported that
maximum coccolithophore flux in the southern Cali-
fornia upwelling system (San Pedro Basin) correlates
with “peak stratification of the upper water column,
low total primary production, and low nutrient con-
tent.” Thunell and Sautter (1992) reported on inverse
population relationships between nannoplankton and
foraminifera, suggesting that during peaks of produc-
tivity, the nannoplankton population declines whilst
the proportion of foraminifera in the sediment in-
creases. Young (1994) indicated that in normal marine
conditions, the nannoplankton population increases
with productivity, but that in extreme eutrophic envi-
ronments, the population is suppressed and decreases
significantly. In many studies (e.g. Reid et al., 1978),
diatoms and organic-walled heterotrophic dinoflagel-
lates are found as the dominant plankton in upwelling
areas, whereas in gyre-centers and low-productivity
areas, calcareous nannoplankton becomes the domi-
nant phytoplankton (Reid, 1980).

Looking at the fossil record, in a paleoceano-
graphic study of the Greenhorn Formation, Watkins
(1989) reported that nannofossil assemblages showed
increase in abundance and diversity in intervals that
were deposited under low productivity conditions,
whereas in intervals that represent enhanced pro-
ductivity, the nannofossil assemblages were impover-
ished. Blooms of nannoplankton in conditions of low
productivity were also described from K/T boundary
layers in Israel (Eshet et al., 1992).

Results of the present study (Figs. 2 and 3) indicate
that nannofossils reach their highest species diversity
and abundance in intervals of lowered productivity.
Conversely, abundance and diversity decline in inter-
vals of the heightened productivity, where the nanno-
plankton populations are suppressed by the extreme
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Fig. 6. The Nannofossil Index of Productivity and its comparison to planktic foraminifera- and dinocyst-based productivity reconstruc-
tions in the Shefela section. Note excellent match between NIP, P/G and P-Type curves.

productivity conditions. The relationships between
productivity and the nannoplankton population are
illustrated by the high reciprocal loadings of Species
Diversity and Nannofossils per Visual Field (NVF)
on Factor 1 in the Zin Basin (Table 5).

7.2. Nannofossil groups and productivity

As in most upwelling systems, change in nutrient
flux is the major factor that affects the distribution

of plankton. Correlation of the curves of nannofossil
Groups I-1II (Figs. 4 and 5) with the dinocyst- and
foraminifera-based productivity curves (Figs. 2 and
3), as well as their high loadings on Factor 1 (Ta-
bles 4 and 5) indicates that Group I shows increase in
intervals of decreasing productivity, whereas, in in-
tervals of increasing productivity, Group II increases
(Fig. 6).

The identification of specific nannofossil taxa as
indicators of productivity in literature is very lim-
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ited. Despite this fact, similar conclusions have been
arrived at in several studies, concerning the signifi-
cance of taxa from groups I and II. Watkins (1989),
suggested that intervals of low productivity are char-
acterized by a higher abundance of, among others,
Vekshinella stradneri, Prediscosphaera spinosa and
Lithraphidites carniolensis, all of which are typ-
ical of Group I. Other taxa that Watkins (1989)
classified as indicators of lower productivity are
Tranolithus orionatus and Zygodiscus theta, which
occur in very low numbers in our samples. Watkins
(1989), Roth (1981), Roth and Bowdler (1981), Roth
and Krumbach (1986) and Erba et al. (1992) also
suggested that Zygodiscus erectus and Biscutum con-
stans, members of Group II, represent intervals of
higher productivity. In the present study, we found
that the distribution of Glaukolithus spp. (possible
paleoenvironmental equivalents of Z. erectus), and
Thoracosphaera saxea can also be used as indicators
of high productivity. The calcareous dinoflagellate
cyst T. operculata (Fiitterer, 1976) is included in
Group [ based on the study of Eshet et al. (1992)
that suggested its significance as an indicator of low
productivity. Lamolda et al. (1992) and Erba et al.
(1992) referred to W. barnesae as an indicator of
low productivity, but commented that the occurrence
of this solubility-resistant taxon is also affected by
preservation, as proposed by Roth and Krumbach
(1986). Based on these arguments, we suggest that
the distribution of nannofossils from Groups I and II
can be used as a sensitive proxy of paleoproductivity
in upwelling, or other high productivity conditions.
This is clearly indicated by the high absolute load-
ings of Groups I and II and their associated taxa,
on Factor I in both Basins (Tables 4 and 5). Of
course, these groups may require modification in
different oceanic environments, where different eco-
logical conditions may create different productivity
signals.

7.3. Towards establishing nannofossils as indicators
of productivity: the NIP Ratio

The good correlation between the distribution of
nannofossils (Figs. 2 and 3) and the foraminifera-
and dinocyst-derived paleoproductivity profiles al-
low the characterization of high and low productivity
conditions (Figs. 4 and 5).

o Low productivity: Assemblage characterized by
high nannofossil abundance and species diver-
sity. It includes taxa from Group I: T. oper-
culata, Eiffellithus spp. (mainly E. turriseiffe-
lii), Prediscosphaera spp. (mainly P. cretacea
and P. spinosa), Lithraphidites spp. (mainly L.
carniolensis), as well as Vekshinella and Va-
galapilla. These taxa have high absolute loadings
on Factor 1, and in the Shefela Basin also on
Factor 4 (Tables 4 and 5).

¢ High productivity: Assemblage characterized by
a lower nannofossil abundance and species diver-
sity. It includes taxa from Group II: Glaukolithus
spp., Biscutum spp. and T. saxea, which have
high absolute loadings on Factor 1.

Given these relationships, we propose the Nan-
nofossil Index of Productivity (NIP) as a sensitive
proxy of productivity. This index is the logarithmical
value of the ratio between Group II (high productiv-
ity) and Group I (lower productivity):

NIP = Group II/Group I(log)

A logarithmic scale is used to construct the NIP
curve because it enables consistent recording of
shifts in productivity at both high and low pro-
ductivities. The logarithmic scale was used similarly
by Powell et al. (1990), Lewis et al. (1990) and Eshet
et al. (1994) to construct the P/G (1994) curve as a
paleoproductivity proxy.

The sensitivity of the NIP to productivity changes,
and its utility as a paleoproductivity proxy, is illus-
trated by the good correlation between the NIP and
the dinocyst- (P/G) and foraminifer- (P-Types) based
productivity profiles (Figs. 6 and 7), and by the high
absolute loadings of NIP on Factor 1. In most sam-
ples, Group III comprises the majority of the assem-
blage and Groups I and II are relatively small (Ta-
bles 1 and 2). This suggests that the clear reciprocal
relationships between Groups 11 and I are genuine and
not an artificial ratio between two very large groups
that comprise the bulk of the assemblage.

7.4. Nannofossil Index of Productivity and tracing
productivity history

The utility of the NIP in reconstructing the spatial
and temporal development of productivity in the study
area is illustrated in Fig. 8, where it is plotted against
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Fig. 7. The Nannofossil Index of Productivity and its comparison to dinocyst-based productivity reconstructions in the Zin section. Note

excellent match between NIP and P/G curves.

the other available productivity proxies. The P-Type
curve of the Zin Basin is not included since, due to the
low abundance of foraminifera in this section, it does
not provide useful data (see Fig. 3). Since the NIP
is sensitive to productivity changes in both basins, it
can be utilized to obtain a more detailed comprehen-
sive understanding of the productivity history of the
basins (Fig. 8). Comparison of the NIP curves in the
two sections suggests that during the Late Campa-
nian, productivity was high in both basins. A trend

of decreasing productivity is seen in both basins in
the Late Campanian, culminating in a productivity
minimum at the FO of Q. trifidum. This minimum
was probably very strong because it is reflected in the
distribution of all the productivity-significant nanno-
fossil groups (Figs. 4 and 5).

The NIP curve (Fig. 8) indicates that in both
basins, the productivity minimum near the FO of
Q. trifidum was followed by a cycle that began
with a sharp rise in productivity and ended in
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a productivity minimum toward the Campanian—
Maastrichtian boundary (Datum C). This minimum,
which is well-manifested by the dinocysts (P/G ra-
tio) and foraminifera (P-Types), was diachronous: it
occurred first in the Zin Basin, near the Campanian—
Maastrichtian boundary, and later in the Shefela
Basin. In the Early Maastrichtian, the NIP, the P/G
ratio and P-Types in both basins indicate the occur-
rence of another productivity cycle that began with a
productivity rise at the top of the Quadrum trifidum
Zone, and ended with a productivity minimum in the
Arkhangelskiella cymbiformis Zone.

7.5. Paleogeographic implications

Analysis of nannofossil assemblage composition,
combined with data from foraminifera and dinoflag-
ellates, can be used to test previously-published
paleogeographic models for the Campanian—Maas-
trichtian in Israel (e.g. Gvirtzman et al., 1989).
Almogi-Labin et al. (1993) suggested that during
Campanian—Maastrichtian times, central and north-
western Israel were located on the upper slope, in
the marginal, seaward side of the upwelling sys-
tem, whereas inner shelf basins (represented by the
Zin Basin) existed in southern Israel). According
to them, a thin layer of well-aerated surface wa-
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ter existed in the Zin Basin, overlying the Oxygen
Minimum Zone (OMZ), which extended from very
close to the water surface to the sea-floor during
times of maximum productivity. Conversely, in the
Shefela Basin, the OMZ never did reach the sea-
floor. These results suggest that a transect from the
Zin to the Shefela Basins can be regarded as a line
crossing the upwelling belt from its center (Zin)
to its margin (Shefela). Similar observations were
made by Eshet et al. (1994), who found that peridin-
ioid dinocysis, which are considered representatives
of heterotrophic (non-photosynthetic) phytoplank-
ton, are more dominant in the Zin than in the Shefela
Basin. In the present study, the nannofossil assem-
blages (Figs. 2 and 3) indicate that species diversity
and abundance are significantly higher (and the cor-
responding NIP values are significantly lower) on
the seaward side of the upwelling system (Shefela),
compared to the central, more productive part (Zin).
This observation probably reflects the suppression of
the nannoplankton populations in extreme produc-
tivity conditions (Young, 1994). The more favorable
conditions for the development of nannoplankton in
the Shefela Basin are reflected by the high loadings
of Nannofossil per Visual Field and Species Diver-
sity on Factor 3 (Table 4), compared to the low
loadings in the Zin Basin (Table 5).

7.6. Nannofossil preservation and productivity

Calcareous nannofossils are subject to various
processes of preservation or destruction in the sea
bottom. Schlanger et al. (1973), Roth and Berger
{1975) and Matter et al. (1975) made observations
on the dissolution of calcareous nannofossils in ma-
rine sediments. Roth (1994) described the distribu-
tion and preservation of calcareous nannofossils in
sediment in different oceanic environments. The re-
lationship between nannofossil preservation and OM
accumulation was examined by Roth (1983) and
Roth and Krumbach (1986), who showed the exis-
tence of an inverse relationship between TOM and
total coccolith abundance in the sediment.

Rocks in the studied sections were deposited well
above the CCD, and therefore, their preservation is
mainly a function of the interplay between the rate of
OM accumulation (= productivity), oxygen content
at the bottom, and diagenesis.

Hill (1975) and Thierstein (1980) have exper-
imentally investigated the solubility resistance of
Late Cretaceous nannofossil taxa. They found that
the smallest nannofossils, and those with fine struc-
tures, are the most solution-susceptible. Thierstein
(1980) discovered that most taxa did not show a sig-
nificant abundance change with dissolution, and only
two small groups, of solution-resistant and solution-
susceptible taxa, could be discerned. Among his
most solution-resistant taxa, which are common to
abundant in the present study, are Micula (stau-
rophora) (= M. decussata), Thoracosphaera oper-
culata and Watznaueria barnesae. From Thierstein’s
most solution-susceptible taxa we note here Bis-
cutum (constans), Prediscosphaera (spinosa) and
Cribrosphaerella ehrenbergii.

Based on the solutionability-resistance of W. bar-
nesae, Roth and Krumbach (1986) and Lamolda et al.
(1992) suggested that positive correlations between
the distribution of W, barnesae and TOC indicate that
most of the nannofossil dissolution resulted from the
release of carbon dioxide from oxidized OM. They
also noted a positive correlation between nannofossil
species diversity and assemblage preservation.

The foraminiferal assemblages in the studied sec-
tions (Almogi-Labia et al., 1993) point to changing
modes of prevailing sea-floor processes during the
studied time-interval: in the Shefela Basin, preserva-
tion was affected mainly by dissolution, whereas in
the Zin section, precipitation of sparry calcite was
dominant. Since dissolution and spar precipitation,
both produce incomplete fossils, it was not possi-
ble to distinguish between the two processes in the
present study.

Comparison of nannofossil preservation with the
OM content, productivity profiles, and nannofossil
abundance and diversity (Figs. 2 and 3) shows that,
despite the fact that in general intervals with high
OM content are associated with poor preservation,
there are intervals that show the opposite, and no
clear preservation — OM content relationship is evi-
dent. This is iHustrated by the low loadings of TOM
on Factor 2.

In the studied sections, delicate and solution-
susceptible taxa (e.g. B. constans, P. cretacea, P.
spinosa, Nephrolithus frequens) are fairly common
and well-preserved. This may suggest that the effect
of dissolution on assemblage composition is lim-



Y. Eshet, A. Almogi-Labin / Marine Micropaleontology 29 (1996) 37-61 57

- —

z| = Micula Watznauenia Preservation % Broken Log PIG
g E | decussata% bamesae % (% Whole Nanno.) Foraminifera  (Productivity Index)
T
“&o’ %Eo 30 60 0 0 60 100 50 0 0 50 100 2 41 0 1 2
= o uw
(72} Wl | VO T | I I ) O | i | | J | | 1 | J ] : A

r A. cymbiformis

Maastrichtian
G falsostuarti ]G. gansseri A mayaroensis FéRANAMK.E&E
L. quadratus

'En Zetim

G. calcarata
Q. trifidum

Campanian

G. rosetta
Q. sissinghii

Fig. 9. Shefela section: Nannofossil preservation and the distribution of M. decussata and W. barnesae, compared to preservation of

foraminifera.

ited, and that dissolution did not eliminate species
completely from the assemblage. This conclusion
is supported by the good match between nanno-
fossil species diversity and the productivity curves
in Figs. 2 and 3. Dissolution does seem to have
an effect on nannofossil abundance, which tends to
decrease in poorly-preserved samples.

In the studied basins, Micula and Watznaueria,
two of the most solution-resistant taxa of Hill (1975),
Thierstein (1980) and Roth and Krumbach (1986),
usually predominate in the assemblages. Our results
indicate that W. barnesae is not only a ‘preservation
indicator’. In intermediate levels its distribution is
strongly affected by productivity. The distribution
pattern of W. barnesae correlates generally with the

productivity curves in intermediate productivity lev-
els (Shefela section, Fig. 9), and with Factor 3 in the
Zin section (Table 5).

Figs. 9 and 10, and the high negative loadings
on Factor 2, show that Micula has a negative corre-
lation with preservation: it becomes more common
in poorly-preserved samples, and usually reaches its
lowest occurrence in well-preserved ones. In par-
ticularly poorly-preserved intervals, Micula becomes
extremely dominant and forms a ‘Micula ooze’. This
observation supports the determination of Micula
as a solution-resistant taxon (Thierstein, 1980) and
suggests its utility as an indicator of sea-floor pro-
cesses and diagenesis. A similar pattern, although
less pronounced, is observable in the preservation
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Fig. 10. Zin section: Nannofossil preservation and the distribution of M. decussata and W. barnesae.

curve of foraminifera (Fig. 9). Discrepancies in the
correlation of Micula abundance with nannofossil
and foraminifera preservation curves are explained
as a result of the difference in solution -susceptibility
between the two groups, as also noted by Roth and
Berger (1975).

8. Conclusions

1. In upwelling systems, calcareous nannofossils
are useful in interpreting paleoproductivity and up-
welling intensity.

2. In the studied sections, nannofossil abundance
and diversity attain maxima at periods when the
intensity of upwelling is decreased, as indicated by
the high reciprocal loadings in the Zin Basin of
Nannofossils per Visual Field and Species Diversity
on the high productivity indicator Factor 1. Since our
data set does not include samples from oligotrophic
environments, the application of these results should
be regarded as limited to upwelling systems only.

3. Quantitative and statistical analyses of taxon
distribution, and comparison to other independent
productivity reconstructions allowed the determina-
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tion of high and low productivity groups of species
within the generally-productive organic-rich carbon-
ate succession.

4. A Nannofossil Index of Productivity (NIP) was
established as a sensitive index of productivity, at
least in upwelling conditions: NIP is the log value
of the ratio between the high- and low-productivity
groups.

5. The Nannofossil Index of Productivity curves
were used to correlate the studied sections and re-
construct the spatial and temporal development of
productivity.

6. Inverse relationships between carbonate precip-
itation and organic matter preservation are reflected
by their reciprocal high loadings on Factor 4 in the
Zin Basin. The utility of the solution-resistant taxon
Micula decussata as indicator of nannofossil preser-
vation is indicated by its high loadings on Factor
2 that represents preservation. W. barnesae matches
the productivity curves in intermediate productiv-
ity intervals. This match is not consistent with the
nannofossil preservation curves.
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