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PLANKTONISCH ORGANISCH MATERIAAL UIT OPPERVLAKTE 
MONSTERS VAN DE BANDA ZEE (INDONESIE) - EEN 
PALYNOLOGISCHE BENADERING 

SYNOPSIS 

Het microscopische organische materiaal dat in zuren onoplosbaar is en in 
mariene sedimenten bewaard blijft (de palynofacies), vertegenwoordigt maar 
een kleine fractie van de mariene en terrestrische biomassa, die aan de snelle 
afbraak en de terugvoer naar de koolwaterstof reservoirs van de atmosfeer en 
de hydrosfeer ontsnapt is. Een palynofacies bestaat uit: (1) organische 
microfossielen (de palynomorfen); (2) de fragmenten van de grotere organische 
structuren (het palynodebris) en (3) de afbraak produkten van zowel het debris 
als de palynomorfen (de diffuse organische aggregaten). 

De samenstelling van een palynofacies wordt biologisch, chemisch en fysisch 
bepaald door de seleclieve werking van (1) de kwalitatieve en kwantitatieve 
samenstelling van de oorspronkelijke biomassa; (2) het chemisch preservatie 
potentieel bij sedimentatie en diagenese van de individuele biomacromoleculaire 
structure van de organische resten; en (3) een grote verscheidenheid aan 
externe chemische en fysische factoren zoals waterstroming, sedimentatie 
snelheid, zuurstofgehalte en temperatuur. In aanvulling op de biochemische 
analyse, kan de palynologische analyse van de organische bestandelen van de 
(sub) recente sedimentmonsters, een inzicht geven in (1) de biologische 
affiniteil van de individuele palynofacies kategorien, en (2) de invloed van de 
differentiele selectie en de differentiele degradatie op de palynofacies 
samenstelling. 

Op wereldschaal wordt het meeste organische materiaal (80%) in deltai"sche
shelf sedimenten begraven (Berner, 1989). Uit palynologisch onderzoek blijkt 
dat in deze sedimentaire milieus, de organische resten voornamelijk van een 
landvegetatie afkomslig zijn (Caratini et al. 1975; Combaz en Matharel, 1978; 
lorente, 1986; Van Waveren, 1989a). In diep mariene mileus vindt een relatief 
hoge opslag plaats (8%) in gebieden van seizoensgebonden opstroming 
(Berner, 1989). In dergelijke gebieden wordt de accumulalie van organisch 
materiaal overwegend in verband gebracht met een hoge planktonische 
produktivileit. In de afzettingen van opstromingsgebieden wordt de 
overweldigende hoeveelheid aan 'amorfogen' (struktuurloos organisch materiaal 
van vermoede planktonische oorsprong) beschouwd als de palynologische 
reflectie van een hoge produktiviteit (Powell et aI., 1990, 1992). Nietemin, moet 
men er zich van bewusl zijn, dat de meesle van oorsprong planktonische 
biomacromoleculen, zeer labiel zijn en jUist niet in aanmerking komen om in 
sedimenten selectief gepreserveerd te worden (Emerson and Hedges, 1989). 
Hier uit voigt dat elke significante accumufatie van planktonisch organisch 
materiaal afhankelijk is van externe faktoren die het organisch preservatie 

potentieel bevorderen. In het mariene milieu is hierbij van groot belang dat er 
een positieve correlatie tussen de graad van preservatie van het organische 
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materiaal en de sedimentatie snelheid bestaat (Berner, 1989; Betts and Holland, 
1991 ). 

Een gebied, dat zich bij uitstek goed leent voor palynologisch onderzoek aan 
organisch materiaal bij hoge seizoensgebonden planktonische produktiviteit, is 
de Banda Zee in Indonesia. In het voor U Iiggende proefschrift is, aan de hand 
van box-core monsters van de Snellius II Expeditie, getracht een dergelijke 
analyse te realiseren. De beschrijving en de interpretatie van de verschillende 
palynofacies komponenten afkomstig uit monsters van kontrasterende milieus 
en sedimentatie snelheden, heeft hier tot doeI de evaluatie van (1) de rol van de 
planktonische komponenten in de samenstelling van de organisch materiaal 
associatie, en (2) de invloed van de sedimentatie snelheid op de selectieve 
preservatie van de planktonresten. 

In een vroeg stadium van de analyse is al vastgesteld dat planktonische 
bestanddelen uit de Banda Zee voor een groot deel van zooplankton afkomstig 
zijn (Van Waveren, 1989b, tabel 3). Over het algemeen is bij palynologische en 
geochemische overwegingen, wanneer het om de samenstelling van organisch 
materiaal uit sedimenten gaat, tot nog toe niet veel betekenis aan zooplankton 
toegekend. Daarom wordt in de voor u liggende studie de nadruk met name 
gelegd op de beschrijving en interpretatie van de zooplanktonische 
palynofacies komponenten. 

Hoofdstuk 1 geeft de algemene resultaten van een palynologische analyse 
van box-core monsters afkomstig uit drie in de Banda Zee genomen transecten 
weer. Deze resultaten tonen aan, dat de palynofacies voornamlijk bepaald wordt 
door terrigene en zooplanktonische bestanddelen. De aanwezigheid van 
verrassend hoge verhoudingen aan zooplanktonische bestanddelen (met name 
de eier-envelopen en de exoskelet fragmenten van copepoden) geeft weer dat, 
in gebieden van hoge produktiviteit, een belangrijke opslag van organisch 
materiaal afkomstig van primaire konsumenten plaats kan vinden. Net zoals een 
groot deel van het terrigeen organisch materiaaJ, bestaan de resten van 
zooplankton uit stoffen die chemisch gekenmerkt worden door een hoog gehalte 
aan polysacchariden (dierlijke chitine en plantaardige cellulose). De 
kwantitatieve dominantie van deze relatief labiele palynofacies komponenten, 
kan verklaard worden door een hoge influx aan organisch materiaal in 
samenhang met een hoge sedimentatiesnelheid. Veranderingen van de 
verhouding tussen de labiele en de overige komponenten kunnen in jonge 
afzettingen dienen als een proxy-indicator voor veranderingen in de opslag
effectiviteit. 
Voorkomens van gekonserveerde organische strukturen, die vermoedelijk uit 
chitine of cellulose bestaan, worden beschreven uit sedimenten van het 
Paleozoicum. Om een volledig inzicht te krijgen in dergelijke gevallen van 
langdurige preservatie wordt, aansluitend op een samenvatting van deze 
beschrijvingen, de nadruk gelegd op de behoefte aan vergelijkende studies van 
de struktuur en de chemische samenstelling van zowel recente als fossiele 

organische resten. 
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Hoofdstuk 2 beschrijft een grote verscheidenheid van uit chitine bestaande 
palynomorfen. Deze palynomorfen kunnen als de exoskelet fragmenten van 
copepoden beschouwd worden. Een deel van de doorzichtige palynodebris 

bestaat vermoedelijk uit de exoskelet fragmenten van kreeftachtigen. De 
voortgezette afbraak van deze laatst genoemde kategorie kan uitmonden in de 
ontwikkeling van de diffuse aggregaten van zooplanktonisch afkomst. 

Hoofdstukken 3-5 concentreren zich op de morfologische studie en 
discussie van een grote verscheidenheid aan palynomorfen die als de 
envelopen van copepode eieren ge"identificeerd worden. Nadat op grond van 
(sub) fossiel materiaal van de Banda lee, 20 verschillende morfologische 
groepen onderscheiden zijn (Hoofdstuk 3), wordt de vermoede affiniteit van 
deze categorie experimenteel ondersteund door middel van de studie van de 
van levende copepoden afkomstige eier-envelopen (Hoofdstuk 4). Geografisch 
bepaalde verschillen in de kwantitatieve samenstelling van copepode eier
envelopen associaties kunnen vermoedelijk in verband gebracht worden met 
variatie in het nutrienten regime van de Banda lee (Hoofdstuk 5). 

Hoofdstuk 6 legt de nadruk op de brede morfologische variatie die 
aangetroffen wordt bij de van tintinniden afkomstige organische microfossielen. 
Het is zeer wei denkbaar, dat van deze organismen zowel de lorica als de cyst 
als palynomorfen in het palynologisch residue aangetroffen worden. Daarbij 
wordt de taxonomische behandeling van de van tintinniden afkomstige 
palynomorphen bemoeilijkt, doordat de levenscycli van de individuele taxa nog 
niet in detail bestudeerd zijn. Daarom wordt hier een voorstel gedaan voor een 
eerste aanzet tot een informele artificiele klassificatie van tintinnomorfen (de 
palynomorfen van tintinniden). 

Hoofdstuk 7 handelt over de ecologische informatie die door de 
dinoflagellaten cysten weergegeven wordt. De dinoflagellaten cysten zijn de 
enige phytoplanktonische palynomorfen die in Banda lee sedimenten 
voorkomen. De dinoflagellaten cysten worden gedomineerd door de cysten van 
de heterotrofe (protoperidinoide) dinoflagellaten. Hier wordt aangetoond, dat de 
kwantitatieve verspreidingspatronen van deze 'P-cysten' in de sedimenten, in 
verband te brengen zijn met de nutrienten distributiepatronen in de euphotische 
zone gedurende de periode van 'downwelling'. 
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PLANKTONIC ORGANIC MATTER IN SURFICIAL SEDIMENTS OF 
THE BANDA SEA (INDONESIA) - A PALYNOLOGICAL APPROACH 

SYNOPSIS 

The acid resistant microscopic organic matter preserved in marine sediments 
(palynofacies) represents a small fraction of marine and terrestrial biomass that 
escaped rapid degradation and recycling to the atmospheric and hydrospheric 
carbon reservoirs. Palynofacies consists of (1) organic microfossils 
(palynomorphs), (2) fragments of larger organic structures (palynodebris), and 
(3) degradation products of both debris and palynomorphs (diffuse organic 
aggregates). 

Palynofacies composition is biologically, chemically and physically determined 
by the combined selective effects of (1) qualitative and quantitative 
composition of source biomass, (2) chemical preservation potential of individual 
biomacromolecular structures in organic remains during sedimentation and 
diagenesis, and (3) a wide variety of external chemical and physical conditions, 
such as water currents, sedimentation rate, oxygen level, and temperature. 
Complementary to biogeochemical analysis, the palynological analysis of 
organic matter constituents from (sub)recent sediment samples can provide 
insight in (1) the biological affinity of individual palynofacies categories, and (2) 
the influence of differential sorting and differential degradation on palynofacies 
composition. 

On a global scale, most organic matter (80%) is presently buried in deltaic-shelf 
sediments (Berner, 1989). Palynofacies studies confirm that in these 
sedimentary environments the organic remains are predominantly derived from 
land vegetation (Caratini et aI., 1975; Combaz and De Matharel, 1978; Lorente, 
1986; Van Waveren, 1989a). In deep-marine environments, relatively high 
organic matter burial (8%) presently occurs in areas with seasonal upwelling 
(Berner, 1989). In such areas organic matter accumulation is generally 
correlated with high planktonic productivity. In sediments from upwelling areas, 
an overwhelming dominance of 'amorphogen' (structureless organic matter of 
presumed planktonic origin) has been considered to be a palynological 
reflection of high productivity (Powell et aI., 1990, 1992). It should be realized, 
however, that from a chemical point of view most biomacromolecules originating 
from planktonic organisms are extremely labile and not prone to preservation in 
the sediments (Emerson and Hedges, 1989). Consequently, any significant 
accumulation of organic matter of planktonic origin is dependent on external 
factors that enhance organic preservability. An important point for 
consideration is the positive correlation between the degree of organic matter 
preservation and sedimentation rate in marine environments (Berner, 1989; 

Betts and Holland, 1991). 
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An excellent study area for palynological analysis of organic matter deposited 
under conditions of seasonally high planktonic productivity is the Banda Sea in 
Indonesia. Such an analysis is attempted in the present thesis on the basis of 
box-core samples provided by the Indonesian-Dutch Snellius-II Expedition (Van 
Hinte et aI., 1986; Situmorang, 1992). A description and interpretation of 
palynofacies constituents from sediments reflecting different depositional 
environments and contrasting sedimentation rates is aimed at the evaluation of 
(1) the role of planktonic remains in the composition of organic matter 
associations, and (2) the influence of sedimentation rate on the selective 
preservation of planktonic remains. 

Already in an early phase of the analysis, it was found that planktonic 
palynofacies constituents in the Banda Sea are to a large extent derived from 
zooplankton (Van Waveren, 1989b, table 3). With respect to the composition of 
organic matter in (sub)recent marine sediments, a significant role of 
zooplankton is not generally appreciated in palynological and geochemical 
considerations. In the present study, therefore, emphasis is notably given to a 
description and interpretation of zooplanktonic palynofacies components. 

- Chapter 1 provides the overall results of a palynological analysis of box-core 
samples taken along three transects in the Banda Sea. It is shown that the 
palynofacies is mainly determined by terrigenous and zooplanktonic 
constituents. The presence of s'yrprisingly high proportions of zooplankton 
remains (notably egg-envelopes and exoskeleton remains of copepods) 
indicates that areas with high productivity can serve as an important sink of 
organic carbon derived from primary consumers. The zooplankton remains, as 
well as a considerable part of the terrigenous organic matter is derived from 
animal and plant tissues that are chemically characterized by a high 
polysaccharide content (chitin, cellulose). The quantitative prominence of these 
relatively labile palynofacies components can be explained by high organic 
matter influx in combination with high sedimentation rates; variations may serve 
as a proxy indicator for variations in organic carbon burial efficiency in young 
sediments. Records of structurally preserved organic matter with a presumed 
chitinous and cellulosic composition go back into the Palaeozoic. Following a 
review of such structures, it is emphasized that comparative structural and 
chemical studies of recent and fossil material are needed to fully understand 
such a prolonged preservation. 

- Chapter 2 describes a wide variety of chitinous palynomorphs that can be 
interpreted as exoskeleton fragments of copepods or other planktonic 
crustaceans. Also part of the transparent palynodebris is likely to represent 
crustacean exoskeleton remains. Further degradation of the latter category 
may result in the formation of zooplankton-derived diffuse organic aggregates. 

- Chapters 3-5 concentrate on the morphological study and the discussion of 
a wide variety of palynomorphs that can be identified as envelopes of copepod 
eggs. After recognition of 20 distinctive morphological groups on the basis of 
(sub)fossil material from the Banda Sea (Chapter 3), the copepod affinity of the 
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palynomorphs could be experimentally corroborated through the study of eggs 
derived from living copepods (Chapter 4). Geographically determined 
differences in the quantitative composition of associations of copepod 
egg-envelopes are likely to be related to variations in nutrient regime (Chapter 
5). 

- Chapter 6 emphasizes the wide morphological variation among organic 
remains of tintinnids encountered in Banda Sea sediments. These 
palynomorphs are likely to include both loricae and resting cysts. Their 
taxonomic treatment is hampered by the fact that life cycles of individual taxa of 
living tintinnids have not yet been studied in detail. A first attempt to an informal 
artificial classification of tintinnomorphs (tintinnid palynomorphs) is therefore 
presented. 

- Chapter 7 deals with the environmental information provided by 
dinoflagellate cysts, the only category of phytoplanktonic palynomorphs 
present in the Banda Sea sediments. Dinoflagellate cysts are dominated by 
cysts produced by heterotrophic (protoperidinioid) dinoflagellates. It is 
demonstrated that quantitative distribution patterns of these 'P-cysts' may be 
related to primary productivity during the downwelling season. 
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CHAPTER 1 

PALYNOLOGICAL ANALYSIS OF THE COMPOSITION AND 
SELECTIVE PRESERVATION OF ORGANIC MATTER IN 
SURFICIAL DEEP-SEA SEDIMENTS FROM A 
HIGH-PRODUCTIVITY AREA (BANDA SEA, INDONESIA) 

ABSTRACT 

Palynological analysis ofbox-core samples from surficial dee,:rsea sediments 
along three transects in the Banda Sea (Indonesia), demonstrates that 
associations ofpalynomorphs, palynodebris and diffuse organic aggregates are 
mainlycomposed of terrigenous andzooplanktonic constituents. Organic 
remains ofphytoplankton and benthos playa subordinate role in this area. The 
presence ofsurprisingly high proportions ofnotably egg-envelopes and 
exoskeleton fragments of copepods indicates that areas with seasonally 
enhanced high productivftycan serve as an important sink of organic carbon 
derived from primary consumers. These zooplankton remains, as well as a 
considerable part of the terrigenous organic matter originate from animal and 
plant tissues that are chemically characterized by a high polysaccharide (chitin, 
cellulose) content. The quantitative prominence ofsuch labile components can 
be explainedby high organic matterinflux in combination with high 
sedimentation rates in the area. Considering the positive relationship between 
organic matterpreservability andsedimentation rate, variations in the amount of 
transparent palynodebris derived from crustacean exoskeletons may serve as 
a proxy indicator for spatial variations in organic carbon burial efficiency in 
surficial sediments. It is emphasized that occurrences ofstructurally preserved 
organic matter with a presumedchitinous and cellulosic composition are not 
restricted to young sediments. For reasons notyet fully understood, some 
structures may even remain preserved under conditions of thermal maturation, 
so that their records maygo well back into the Palaeozoic. 

INTRODUCTION 

The mechanisms. controlling the correlation between organic matter composition 
and concentration in ocean sediments are still insufficiently understood; the 
same holds for mechanisms controlling the correlation between organic 
production and sedimentation. As a consequence, caution should be exercised 
in utilizing the organic content in sediments as a quantitative record of 
palaeoproductivity (see Emerson and Hedges, 1988). Before quantifying 
organic carbon fluxes on the basis of sedimentary organic matter records, 
various lines of research are needed to improve our conceptual framework of 

the processes and effects of selective preservation of sedimentary organic 
matter. Complementary to biogeochemical analysis, notably the palynological 
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(palynofacies) analysis of organic residues prepared from (sub)recent sediment 
samples can provide insight in differential sorting of organic particles 
(palynomorphs, palynodebris) during sedimentation, as well as differential 
degradation during burial. 

It has been demonstrated that the burial rate and the degree of organic matter 
preservation are positively correlated with sedimentation rate (Berner, 1989; 
Betts and Holland, 1991) and that the nature of organic matter in sediments 
affects the rate and extent of its degradation (Hedges et al. 1988a,b). The two 
principal categories of sedimentary organic matter in palynological residues, the 
terrigenous and the planktonic organic matter, yield a range of 
biomacromolecules of a different nature and resistance to degradation. Notably 
in vascular plants, one may recognize biomacromolecules that are particularly 
resistant (Iignins, tannins, sporopollenin, cutans, suberans; Tegelaar et aI., 
1989; Tegelaar, 1990). This also applies to the algaeans, characteristic of 
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various algal categories. Organic matter remains composed of such resistant 
biomacromolecules should occur in a wide range of sediments, irrespective of 

sedimentation rate. Conversely, considering a predicted low chemical 
preservation potential of polysaccharides (Tegelaar et aI., 1989; Tegelaar, 
1990), notably the regular occurrence of chitinous remains of arthropods, 
annelids, protists and fungi in the Palaeozoic-Cenozoic palynological record is 
likely to be restricted to deposits characterized by high sedimentation rates, 
and/or other environmental factors that may enhance preservation. 

On a global scale, most organic carbon (approximatly 80%) is presently buried 
in deltaic-shelf sediments (Berner, 1989). In general, palynofacies studies 
confirm that in these sedimentary environments the organic remains are 
predominantly derived from land vegetation (Caratini et aI., 1975; Combaz and 
De Matharel, 1978; Lorente, 1986; Van Waveren, 1989a). In deep-marine 
environments, relatively high organic carbon burial occurs in areas with 
seasonal upwelling (approximatly 8% on a global scale; Berner, 1989). 
Palynological studies of Late Neogene to recent sediments from major upwelling 
zones (off southern Africa and Peru) have largely concentrated on the study of 
palynomorphs (Davey, 1971; Davey and Rogers, 1975; Wall et aI., 1977; Powell 
et aI., 1990, 1992). Relevant information on the composition and origin of 
palynodebris associations from modern sediments in upwelling areas has so far 
remained limited. Since accumulation of sedimentary organic matter in upwelling 
areas is generally corrrelated with high plankton production, analysis of both 
palynomorphs and palynodebris may reveal to what extent different 
phytoplankton and zooplankton remains are selectively preserved in deposits 
formed under upwelling conditions. 

An excellent study area for palynological analysis of organic matter deposited 
under recent conditions of both high productiVity and high sedimentation rates 
is the Banda Sea in Indonesia. Tectonic evolution of the area (e.g., Katili, 1991) 
has resulted in a variety of morphotectonic environments (continental shelf and 
slope, trench, accretionary complex, forearc basin, volcanic arc, back arc 
basin), characterized by highly contrasting water depths and sedimentary 
regimes (Situmorang, 1992). Where measured, Late Pleistocene-Holocene 
sedimentation rates are high (Ganssen et aI., 1989), but may be regionally 
contrasting. Primary production in the Banda Sea ecosystem is predominantly 
determined by picocyanobacteria and diatoms (Gieskes et aI., 1988; 
Zevenboom, 1990). At a higher trophic level, planktonic crustaceans (notably 
copepods) play ~n important role. It has been demonstrated that production of 
both phytoplankton and zooplankton in the Banda Sea is at least locally 
enhanced by nutrients supplied by seasonal upwelling (Schalk, 1987; Gieskes 
et aI., 1988; Baars et aI., 1990). In addition, the Banda Sea is part of the 
second-most important river input system into oceans (Milliman and Meade, 
1983). Similarly to the situation in the Arabian Sea and the Bay of Bengal 
(Ittekkot et aI., 1992), on a more regional scale high productiVity as well as high 
sedimentation rates may be related to the effects of monsoon-induced periods 
of very high river discharge. 
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The present study is aimed at the palynological analysis of sedimentary organic 
matter from contrasting depositional environments in the Banda Sea. In addition 
to an assessment of the contribution of land-plant derived organic matter, 
principal objectives are (1) evaluation of the role of phytoplanktonic and 
zooplanktonic remains in the composition of organic matter associations, and 
(2) evaluation of the influence of sedimentation rate on the selective 
preservation of planktonic remains. 

MATERIAL AND METHODS 

On the basis of box-core samples taken along three transects in the Banda 
Sea, during cruise G-5 of the 1984-1985 Snellius II oceanographic expedition in 
the Indonesian waters (Van Hinte et aI., 1986; Fig.1), the palynological analysis 
was conducted throllgh the following steps: (1) analysis of organic particle 
concentration along the transects; (2) assessment of biological origin for the 
different categories of organic matter particles in the sediment; (3) analysis of 
the ratio of terrigenous to marine particles; (4) analysis of the variation in ratio of 
low-resistant to high-resistant organic matter particles along the transects; and 
(5) analysis of the variation in ratio of diffuse organic aggregates to chemically 
labile particles. 

Samples and sample processing 

Samples were taken from the top 7 cm of sediments from 62 box-cores (Table I), 
taken at various depth along three transects crossing all major morphotectonic 
units of the Banda Sea area (Fig.2): the Seram transect (leg 2; Fig.3), the 

3' 

4' 

5' 

130' 131' 132' 133' 

Fig.3. Sample locations Seram transect. 
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Table I.
 

Box-core numbers, water depth and general lithological
 

description (after Van Hinte et al., 1986; Situmorang, 1992).
 

Box core Water depth Lithology 

16 4090 
20 5334 
22 6023 
24 5056 
26 4068 
27 3351 
32 1960 
34 1399 
36 671 
38 372 
40 618 
42 627 
45 874 
47 1476 
49 1349 
54 2119 
58 1846 
60 1564 
61 1402 
62 1097 
63 919 
64 684 
65 486 
66 160 
68 358 
71 78 
74 141 
76 346 
78 713 
81 1077 
83 1654 
86 1391 
88 1023 
90 780 
91 591 
94 460 
95 681 
97 582 
98 1079 
99 2141 
102 3272 
104 4941 
106 6241 
110 6251 
111 5199 
121 4059 
128 1414 
129 1777 
130 2772 
133 2592 
135 1727 
138 1038 
139 1570 
141 2294 
143 2870 
146 3000 
148 1951 
150 1832 
152 1286 
157 416 
159 210 
162 90 

washed out clay with volc. debris, Rabdomina at the top 
clay with volc. pebbles, at top sand with Rabdominas 
clay with volc. pebbles, at top sand with volc. debris
 
homogeneous and burrowed clay
 
homogeneous clay with scattered foram.
 
clay containing loram, top is clay with volcanic debris and loram.
 
loram ooze, loram clay
 
homogeneous Icram ooze with burrows and pteropods
 
loram ooze, sandy caly with some shells at the top
 
sandy clay
 
silty pteropod sand
 
loram ooze containing some pteropods
 
loram ooze
 
loram ooze
 
silty/sandy clay very unconsolidated
 
brown loram clay
 
brown loram ooze
 
homogeneous and burrowed loram ooze
 
homogeneous and burowed Icram clay
 
loram clay
 
clay with some loram.
 
loram clay with some glaukonite and pteropods
 
clay with some lorams and some volc. glass
 
coquina (shell hash) with silty clay pebbles
 
biogenic ooze
 
bioclastic sand with some volc. glass and clay pebbles
 
sand with volc. particles, at the top calcareous sand
 
blue stiff clay with some Icrams at the surface coarse black sand
 
loram sand on burrowed Icram sand
 
loram ooze with distinct biotite/glauconite
 
loram with nanno-ooze, top with Icram ooze
 
loram sand mixed with clay
 
claywith some loram. and pteropods, loram ooze at the top
 
biogenic sand, coarser at the top
 
foram sand with dark grains
 
foram sand
 
foram ooze of sand size, coarsening upwards
 
fcram sand, the base is coarser, contains granules and pebbles
 
foram sand with ill sorted granules and pebbles 
nanno-foram ooze, homogeneous and very soft 
homogeneous clay with foram. 
clay, overlain by sandy clay with volc. sand and FU foram, 
clay (oxidized) on silly clay 
clay on laminated clay 
homogeneous sandy mud with volc. clastics and tuff pellets 
homogeneous clay with feacal pellets also some black grains 
muddy sand with dispersed glass granules 
homogeneous foram ooze with floating dark volc. (?) grains 
foram bearing muddy silly clay, dispersed volc. grains 
fcram clay, at the top fcram muddy layer 
foram ooze with a layer of metamorphic gravel 
clayey foram sand with ylerrigeneous pebbles 
foram ooze over Icram sand 
calc. ooze with fcram. and burrows 
clay with planktonic fcram. 
homogeneous calcareous silty clay 
fcram clay with characteristical vertical burrows 
foram nanno-ooze with burrows 
brown clay on planktonic foram. clay 
fcram ooze on nanno-foram ooze 
fcram ooze with shell hash (biogenic sand underneath) 
sand with biomorpha on lamellibranchiata hash 
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Tanimbar transect (leg 4; Fig.4) and the Timor transect (leg 6; Fig.5). The 
samples were dried and dry weight was measured (for each sample 
approximately 5 g of sediment). Calcium carbonate was dissolved with 
hydrochloric acid (30%). Two tablets containing a known number of exotic 
spores (Lycopodium) were added for subsequent assessment of particle 
concentration. Silicates were dissolved with hydrofluoric acid (43%). The 
residue was sieved over a 10 ~m mesh screen, mounted on a cover glass using 
a wetting agent (Cellobond), and dried. Elvacite was used as a mounting 
medium. 

Palynodebris and palynomorph categorization 

On the basis of physical characteristics, individual palynodebris components 
were classified through comparison with 24 idealized particle categories 
(categories 1-24; Fig.6). Discriminating criteria include (1) translucency 
(opaque, brown, transparent), (2) length/width ratio (LIW <2, LIW >2), (3) outline 
(angular, sub-rounded) and (4) dimensionality (two-dimensional, 
three-dimensional) . 

In addition, part of the palynodebris could be categorized on the basis of 
microscopic structures reflecting the biological origin of the particles. Analysis 
of such structures allowed for the recognition of six land-plant derived particle 
categories (categories I-VI): 
I. tracheal structures (Plate I, 4); 
II. sclerenchymous structures; 
III. vascular structures; 
IV. epidermal structures (cuticular structures with attached epidermal tissue; 
Plate I, 2); 
V. cuticular structures; 
VI. spongeous structures (interpreted as land-plant derived, because of the 
similarity with orange-brown semi-amorphous material experimentally obtained 
from plant material under aerobic conditions in an aqueous environment; Masran 
and Pocock, 1981); 

Apart from microscopicical structures, also the shape of particles may provide 
information on their biological origin. Notably the chacteristically pentagonal or 
hexagonal elements within debris categories 23 and 24 (Plate I, 1) can be 
correlated with exoskeleton fragments of planktonic crustaceans (Chapter 2). 

Among the palynomorph component, the following categories of terrigenous and 
marine palynomorphs were recognized (categories A-K): 
A. pollen and spores (land plants and fungi; Plate I, 10,11); 
B. dinoflagellate cysts (phytoplankton; Plate I, 9); 
C. foraminiferal inner linings (predominantly benthic; Plate I, 8); 
D. copepod egg-envelopes (zooplankton; Plate I, 6); 
E. copepod appendages (zooplankton; Plate, 1,7); 
F. tintinnomorphs (Ioricae and cysts of tintinnids; zooplankton; Plate I, 3); 
G. elongated organic palynomorphs ('micro elephant teeth' sensu Van Waveren, 
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1989b (zooplankton, probably crustacean; Plate I, 5); 
H. scolecodonts (mouthparts of predominantly planktonic annelids); 
J. miscellaneous (unidentified palynomorphs, such as hairs, spines, teeth and 
spheres, probably originating from marine organisms); 
K. palynomorph fragments (mainly parts of copepod egg-envelopes and 
appendages). 

Fig.6. Idealized particle categories among opaque (1-8), brown 

(9-16) and transparent (17-24) palynodebris. 1: opaque, 

three-dimensional, rounded, L/W (length/width ratio) <2; 2: 

opaque, three-dimensional, rounded, L/W >2; 3: opaque, 

three-dimensional, sub-rounded to angular, L/W <2; 4: opaque, 

three-dimensional, sub-rounded to angular, L/W >2; 5: opaque, 

flat, rounded, L/W <2; 6: opaque, flat, rounded, L/W >2; 7: 

opaque, flat, sub-rounded to angular, L/W <2; 8: opaque, flat, 

sub-rounded to angular, L/W >2; 9: brown, three-dimensional, 

rounded, L/W <2; 10: brown, three-dimensional, rounded, L/W >2; 

11: brown, three-dimensional, sub-rounded to angular, L/W <2; 

12: brown, three-dimensional, sub-rounded to angular, L/W >2; 

13: brown, flat, rounded, L/W <2; 14: brown, flat, rounded, L/W 

>2; 15: brown, flat, sub-rounded to angular, L/W <2; 16: brown, 

flat, sub-rounded to angular, L/W >2; 17: transparent, 

three-dimensional, rounded, L/W <2; 18: transparent, 

three-dimensional, rounded, L/W >2; 19: transparent, 

three-dimensional, sub-rounded to angular, L/W <2; 20: 

transparent, three-dimensional, sub-rounded to angular, L/W >2; 

21: transparent, flat, rounded, L/W <2; 22: transparent, flat, 

rounded, L/W >2; 23: transparent, flat, sub-rounded to angular, 

L/W <2; 24: transparent, flat, sub-rounded to angular, L/W>2. 
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It has also been attempted to describe structure, colour and shape of diffuse 
aggregates. Any objective categorization of this amorphous organic fraction, 
however, remained unrealistic as a result of qualitative and quantitative effects 
of preparation techniques. In general terms, two main types could be 
recognized: (1) brown diffuse aggregates, and (2) greyish to transparent diffuse 
aggregates with opaque inclusions. 

Abundance analysis 

All slides were counted for their organic particle content (palynodebris, 
palynomorph, diffuse aggregates, added exotic spores), using transmitted-light 
microscopy. For each sample a first count (between 100 and 300 particles) 
focused on the classification of palynodebris in terms of the 24 physical and six 
biological categories distinguished (Appendix I). From the ratio between 
sedimentary organic particles and added exotic spores, the concentration of 
particles per gram of dry sediment sample was calculated according to the 
method of Stockmarr (1971). In a second step, the palynomorph content of a 
whole slide was classified in terms of the 10 recognized palynomorph categories 
(400-800 palynomorphs for each sample; Appendix II). 

RESULTS 

Organic particle concentration along the transects 

Organic particle concentration in surficial sediments of the Banda Sea appears 
to be extremely variable (Fig.7). Along the Seram transect, the highest organic 
particle concentrations per gram of dry sediment are found at the Irian Jaya 
slope and in the Seram Trough. Abundances show a decreasing trend towards 
the Weber Trough. Lowest abundances occur at the accretionary complex 
(Gorong Structural High). Along the Tanimbar transect), both high and low 
concentrations are found in samples from the Tanimbar Structural High. 
Samples from both the Tanimbar Trough and the Weber Trough show relatively 
high abundances. Along the Timor transect), extremely high particle 
abundances occur in the Banda Basin (sample 121: more than 1,500,000 
particles per gram of dry sediment). Also in the Wetar Basin, the southwestern 
continuation of the Weber Trough, concentrations are high. Low abundances 
occur in samples from the Timor Structural High, the Timor Trough and the 
Australian shelf. 

Biological origin of organic particles 

The palynodebris counted for each physical category (Appendix I) has been 
summed for all samples in order to establish an overall percentage of identifiable 
structures in that category (Table II). This percentage was used to interpret the 
biological origin of a category, by assuming that particles with identical shape 

and colour are likely to have the same biological origin. Most of the palynodebris 
(44.8%) belongs to the brown debris (categories 9-16). All brown debris 
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Fig.B. Overall composition of main categories of terrigenous and 

marine organic particles in sediments of the Banda Sea. 

a: Palynodebris composition 
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!ill 2 
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o 4 

a - Palynodebris; 1: terrigenous opaque; 2: terrigeneous brown; 

3: terrigeneous transparent; 4: marine transparent 

b: Palynomorph composition 

o 1 

eI 2 
~ 3 
• 4 
[J 5 

D 6 

b - Palynomorphs; 1: zooplankton remains (categories D, E, F, G, 

H); 2: phytoplankton (dinoflagellate) remains (category B); 3: 

benthos (foraminiferal) remains (category e); 4: pollen and 

spores (category A); 5: miscellaneous palynomorphs (category J); 

6: fragmented marine palynomorphs (category K) . 

c: Total organic particle composition 
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IJ 5 

c - Total organic particles (palynodebris and palynomorphs); 1: 

zooplanktonic particles; 2: terrigenous particles; 3: 

phytoplanktonic particles; 4: benthonic particles; 5: 

miscellaneous particles. 
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categories include significant percentages of structured elements that indicate 
a predominantly terrigenous origin. Opaque palynodebris (categories 1-8) 
constitutes 22.4% of the debris. Although predominantly structureless, at least 
categories 3-8 can be directly related to land plants. Following the 
considerations of Fisher and Hannock (in Cope, 1981) that rootlets deteriorating 
in soils become inertinized and structureless, also the dominant opaque 
category 1 is here interpreted as having a land-plant origin. Transparent debris 
constitutes 32.5% of the debris (categories 17-24). The transparent categories 
17-22 include structured elements indicative of land plants. The predominant 
transparent category 23, on the other hand, shows subordinate percentages of 
structured elements, whereas in category 24 structures have not been 
observed. Frequently the flat sub-angular particles concerned have a 
characteristic pentagonal or hexagonal shape (Plate I, 1). Such particles have 
been identified as exoskeleton fragments of planktonic crustaceans (Chapter 
2). 

Table II.
 

Overall percentages of identifiable structures among physical
 

palynodebris categories 1-24 (Fig. 6) . I: tracheal structures;
 

II: sclerenchymous structures; III: vascular structures; IV: 

epidermal structures; V: cuticular structures; VI: spongeous 

structures; %: percentage of categories 1-24 in the overall 

palynodebris composition of sediments from the Banda Sea. 

Shape II III IV V VI % 

1 11.8 
2 1.0 
3 0.3 0.3 6.0 
4 8.1 2.1 
5 25.0 5.0 0.4 
6 25.0 0.1 
7 ".1 2.7 5.5 0.7 
8 20.0 0.3 
9 0.1 0.1 1.5 0.2 0.1 18.6 24.3 
10 2.4 1.2 25.1 1.8 11.6 3.2 
11 5.6 15.5 5.6 18.3 4.2 1.4 
12 14.6 21.3 4.5 1.7 
13 1.5 1.1 0.7 0.3 8.2 36.2 5.2 
14 7.2 3.6 7.2 32.7 1.1 
15 4.6 0.3 1.7 4.0 5.7 6.9 
16 11.1 5.5 1.8 5.5 5.5 1.0 
17 1.7 6.9 1.1 
18 12.5 0.1 
19 0.0 
20 9.0 27.2 0.2 
21 3.6 1.8 2.7 2.1 
22 2.2 4.4 2.2 0.9 
23 0.1 0.1 0.1 26.2 
24 1.9 
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An assessment of the overall palynodebris composition in the Banda Sea 

suggests that about 72% is of terrigenous, and about 28% of marine origin 
(Fig.8a). 

Ratios of palynomorphs to palynodebris fluctuate along the transects (Fig.9). 
Values <1 predominate in the Seram transect, values>1 in the Timor transect. A 
compilation of the results of the palynomorph counts (Appendix II) for individual 
samples (Fig.8b) shows an overall dominance of zooplanktonic palynomorphs 
(57.2%) in the Banda Sea. Most frequent are equatorially dehiscing spheres, 
identified as copepod egg-envelopes (category D, see Van Waveren, 1992; 
Chapter 3 and 4) and elongated, curved transparent zooplanktonic 
palynomorphs (category G). Other zooplankton remains are copepod 
appendages (E), tintinnomorphs (F), representing both organic loricae and 
cysts of tintinnids (Chapter 6), and scolecodonts (H). Phytoplankton is 
represented by dinoflagellate cysts (category B) and accounts for 4.5% of the 
total number of 

palynomorphs; the cysts predominantly belong to heterotrophic 
(protoperidinioid) dinoflagellates (Chapter 7). Organic foraminiferal inner-linings 
(category C) are interpreted as a predominantly benthic signal and account for 
8.1 % of all palynomorphs. The subordinate (3.6%) land-derived pollen and spore 
component (category A) is dominated by fern spores, in addition to a variety of 
pollen types (notably of Chenopodiaceae, Caryophyllaceae and Poaceae) as 
well as rare fungal spores. In some samples reworked PermianfTriassic 
gymnospermous pollen could be identified. The category miscellaneous 
palynomorphs (J) includes a wide variety of unidentified palynomorph types, 
probably to a large extent of marine origin. Fragmented palynomorphs (K) are 
mainly parts of copepod egg-envelopes. 

A combination of the overall palynodebris and palynomorph records for the 
Banda Sea (Fig.8c) suggests that marine remains account for approximatly 
65% of the overall particle record; this marine component is dominated by 
palynodebris, palynomorphs and palynomorph fragments of zooplanktonic 
origin. About 35% of all organic particles is derived from land plants. 

Ratio of terrigenous to marine particles 

In order to calculate the terrigenous to marine particle ratios along the transects 
(Fig.1 0), the sum of the terrigenous particle categories (debris and 
palynomorphs) was divided by the sum of the marine fractions (debris and 
palynomorphs). Ratios ('TIM index') are slightly higher in the Seram Trough than 
in the Timor Trough. Also the relatively shallow areas on the accretionary 
complex have relatively high TIM indices. An exceptionally high ratio in sample 
135 of the Timor transect is related to the high percentage of opaque debris. 

In Fig.11 for each sample terrigenous organic particle concentration per gram of 
dry sediment is plotted versus marine organic particle concentration. The 

calculated regression line indicates a positive correlation between terrigenous 
and marine organic particle concentrations. 
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Fig.ll. Correlation between terrigenous and marine organic 

particle concentrations. For each sample the sum of terrigenous 

organic particles was plotted versus the sum of marine organic 

particles, and a regression line was calculated (R2 = 0.452). 

Ratio of low-resistant to high-resistant organic matter particles 

Considering a low preservation potential of polysaccharides, from a chemical 
point of view the chitinous transparent exoskeleton fragments (categories 23 
and 24) represent the most labile (low-resistant) fraction of the palynodebris. 
The ratio of exoskeleton fragments to all other particles (debris and 
palynomorphs; Fig.12) may therefore be regarded as the ratio of relatively 
low-resistant to relatively high-resistant organic matter particles. Along the 
Seram transect this 'lability index' varies between 1.0 and 0.0, being high in the 
Seram Trough (0.5-0.6), very low (0.0) on the Gorong Structural High, and again 
high (approximatly 0.8) in the northern Weber Trough. It varies between 0.5 and 
0.0 along the Tanimbar transect, showing a gradual decrease from East to 
West; the accretionary complex shows a ratio as low as at the Gorong 
Structural High. The ratio is low all along the Timor transect (0.0-0.12). 

In addition to the 'lability index', the ratio of brown palynodebris to opaque 
palynodebris (Fig.13) may serve as an indication for the relative lability of 
land-derived organic matter. It should be realized, however, that (1) brown 
palynodebris represents a mixture of labile and resistant material, and (2) 
opaque palynodebris may partially represent reworked (Palaeozoic-Cenozoic) 
organic matter. Again, in comparison to the Seram and Tanimbar transects, the 
ratio of relatively labile debris to relatively resistant particles is low along the 
Timor transect. 

Ratio of diffuse organic aggregates to labile particles 

Apart from palynodebris and palynomorphs, also amorphous organic material 
represents an important constituent of the organic matter associations. Brown 
or greyish/transparent diffuse aggregates frequently dominate the palynological 
residues. Also the organic fraction <10 ~m, sieved away during sample 
processing, mainly consists of amorphous material. In the Seram transect 
diffuse aggregates are predominantly brown. Sometimes they are difficult to 
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distinguish from the land-derived brown particles with a spongeous structure. In 
the Timor Trough, on the other hand, diffuse aggregates are generally of the 
greyish/transparent type and show an optical affinity to degraded zooplanktonic 
exoskeleton particles. Considering these relationships, raUos of diffuse 
aggregates to combined brown and transparent palynodebris (Fig.14) may 
reflect variations in relative degradation of labile organic matter. These ratios 
are low all along the Seram transect; considerable higher values occur along the 
Tanimbar and Timor transects. 

DISCUSSION 

Particle concentration 

There is little information on palynodebris concentrations in Quaternary and 
modern marine deposits. If we assume a regional balance between palynodebris 
and palynomorph content, with a reduction of 50%, the particle concentrations 
for surficial sediments of the Banda Sea may be compared with known 
palynomorph concentrations in various marine sedimentary settings 
(compilation by Traverse, 1988, fig.17.20). In general, palynomorph 
concentrations rarely reach 50,000 per gram of sediment, not even in 
deltaic/shelf environments. Abundances largely exceeding values of 100,000/g 
have only been reported from the Black Sea. It should be realized, however, 
that estimates of palynomorph concentrations in Quaternary and modern 
sediments are usually based on organic residues that have been either 
acetolyzed or oxidized before analysis. Consequently, most palynomorph 
concentrations reported in literature may be biased as a result of selective 
destruction of chemically labile (zooplanktonic) palynomorph categories. 

The overall high particle concentration (Fig.7) is in agreement with the often high 
organic carbon content measured in surficial as well late Pleistocene-Holocene 
sediments in the Banda Sea. For a number of contrasting lithologies, 
Situmorang (1990, table 2; 1992) calculated the following mean values: (1) black 
sands: 6.02%; (2) sandy mud: 4.78%, (3) top turbidites: 5.97; (4) middle part 
turbidites: 4.42%; (5) base turbidites: 5.08%; (6) clay and silty clay: 4.94%; (7) 
sandy foram ooze: 2.96%; and (8) biogenic sediments: 3.4%. Some 
non-calcareous pelagic sediments in the area have been classified as 'humic 
clay'. The extreme concentration of organic particles in clays from the South 
Banda Basin (Timor transect, sample 121), coincides with a reported abundance 
of faecal pellets in the sample. 

Variations or trends in organic particle abundances cannot be correlated with 
water depth or carbonate content. Similarly to organic carbon figures (e.g., 
1.1-33.4% for black sands), concentration values for individual lithological 
categories have a wide spread. There may well be, however, an obvious relation 
between low organic particle concentration per gram and the presence of gravel 
clasts from sedimentary, metamorphic or volcanic sources. Most of the studied 
samples in which larger clasts were recognized (Situmorang, 1992), have a 

35 



Water depth Brown/OpaqueSERAM TRANSECT 
25o 

/' "" '-- .... 
-1000 / " I 20

/ 
/ 

/-2000 
/ " 15/-3000 

/ " 
I-4000 10, I
 

, I
 
, I
-5000 

\ I 

'./ 5 
-6000 

-7000 +r...........-'r'T........r'T"T'"rT""T".........TT"T.....,r'T"T'"rT""T"......-T...,...."TT'"1r'T"T'"rT""T"......-T...,........-+ 0
 

Box-core number 

Water depth Brown/OpaqueTANIMBAR TRANSECT 
,_-- 25o 

r-""'---.... .-.-' 
I - .... , ,....'-1000 I .... _ , 

I --; 20 
I-2000 

/ 
/ 

/ 15-3000 
/ " 

/
-4000 I 10 

I 
/

-5000 I
 
\ I
 5
\ /-6000 ----'
 

-7000 0
 
~ ~ ~ ~ g 0 m~ ~ ~ m~ ~ ~ ~ 00 ~ ~ ~ ~ ~ 

10 

-7000 ~::;::::::3;e;::;:9:;.O=:;::;~~~::;.~~T"T""T~-l0 
N ~ ~ ~ ~ M ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ m~ 

Box-core number 

Fig.13. Ratio of brown paiynodebris to opaque palynodebris in 
sediments along the Seram, Tanimbar and Timor transects. 

Water depth 

o 
-1000 

·2000 

-3000 

-4000 

-5000 

-6000 

Box-core number 

5 

36
 

15 

20 

TIMOR TRANSECT 



relatively low organic particle content (samples 16, 20, 22, 27, 40, 71, 97, 98,
 
111,128,135,138).
 
A similar correlation may be observed in samples characterized by the presence
 
of macroscopic shell hash (samples 36, 66, 159, 162).
 

The presence of gravel clasts is confined to the accretionary complex, the
 
forearc basin (Weber Trough, Wetar Basin) and the volcanic arc. Shell hash is
 
notably found on the shelf as well as on relatively shallow parts of the
 
continental slope and the Gorong-Tanimbar-Timor Structural High.
 
Consequently, the difference between relatively low organic particle
 
concentration in the Timor Trough and high concentrations in the
 
Seram-Tanimbar Trough are unlikely to be related to effects of the presence of
 
coarse mineral debris.
 

Similarly to the declining trend in organic particle concentration, along the
 
Seram transect curves for land-derived elements such as Th, Cr and light rare
 
earth elements (Troelstra et aI., 1989; Situmorang, 1992), show decreasing
 
concentrations from the Irian Jaya slope towards the Weber Trough. Of
 
particular interest is the close association of high Br values and high organic
 
particle concentration in the Seram Trollgh. A similar enrichment of
 
(marine-derived) Br has been observed in Mediterranean sapropels (Troelstra et
 
aI., 1989; Situmorang, 1992). The significance of a positive correlation between
 
organic carbon and bromium content requires further investigation.
 

TIM index 

For the whole area studied, about 35% of the organic particles (palynodebris 
and palynomorphs) are estimated to have been derived from land plants 
(Fig.8c), implying an average terrigenous to marine particle ratio (TIM index) of 
approximatly 0.5. In general terms, there is a positive correlation between 
terrigenous and marine organic matter particle concentrations (Fig.11). In the 
Seram transect, one can recognize an increased TIM index (1-2) in samples 
from the continental slope and, particularly, the accretionary complex (Fig.1 0). 
Thus the corresponding particle concentrations may be affected by relatively 
high terrigenous influx. Yet, if we explain the high particle abundances in the 
northern part of the Seram transect in terms of enhanced terrigenous influx, it 
should be realized that in the Seram Trough (TIM = 0.5) a high terrigenous 
particle influx should be proportionally balanced by a high marine particle 
deposition. A high delivery rate of marine organic matter would require enhanced 
planktonic productivity in this area. 

An extremely high TIM index (34) is encountered in sample 135 from the Timor 
Structural High (Fig.10). The particle association is overwhelmingly dominated 
by opaque palynodebris. Such a monotypic composition deviates completely 
from the regional pattern and can only be explained by assuming a secondary 
source. 'Since the sample is rich in gravel clasts, it seems plausible that the 
opaque organic matter is derived from enclosed sedimentary debris of 
pre-Quaternary age. This explanation is corroborated by the presence of 
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distinctive Permo-Triassic bisaccoid pollen, such as the form-genus 
Lunatisporites. 

Lability index 

The ratios of transparent marine debris to all other particles (lability index; 
Fig.12) calculated for individual samples shows a fluctuating pattern in the three 
transects. If we estimate a ratio of 0.2 as a mean regional value, one can clearly 
recognize predominant positive deviations in the Seram transect and negative 
deviations in the Timor transect. High organic particle concentrations in the 
Seram Trough correlate with lability indices >0.3, whereas concentrations in the 
Timor Trough correspond to values <0.1. Since both areas are characterized by 
low T/M indices, this would imply an enhanced preservation of transparent 
debris in the superficial sediments of the Seram Trough. Better preservation of 
organic particle categories in the Seram Trough is also evident from the 
relatively high ratio of brown to opaque palynodebris (Fig.13), the low ratio of 
palynomorphs to palynodebris (Fig.9) and the low ratio of diffuse aggregates to 
labile particles (Fig.14). 

Sedimentation rate 

When concentrating on a comparison of the Seram Trough with the Timor 
Trough, one may observe a positive correlation between organic particle 
concentration and sedimentation rate. High particle contents in the Seram 
Trough coincide with high Holocene sedimentation rates (approximatly 48 
cm.ka-1 after 2690 yr BP; Ganssen et aI., 1989; Situmorang, 1992). Relatively 
low particle concentrations occur in the Timor Trough under conditions of low 
sedimentation rate (approximatly 5 cm.ka-1 after 3950 yr BP; Ganssen et aI., 
1989; Situmorang, 1992). Since high sedimentation rates have a diluting effect 
on particle concentration, these positive correlations have to be explained by 
differences in supply and/or preservability of both terrigenous and marine 
organic matter. 

The Seram Trough is situated close to the coast of Irian Jaya. The rich 
vegetation of this island is an obvious source area of land-derived organic 
matter. This is confirmed by the late Pleistocene-Holocene pollen/spore record 
in two piston cores from the Seram Trough (Van der Kaars, 1991). Relatively 
high concentrations of pollen and spores are dominated by mangrove elements 
from Irian Jaya. In marked contrast, the late Pleistocene-Holocene record in a 
piston core from the Timor Trough reflects a predominant Australian origin of 
terrigenous organic particles. Pollen is dominated by elements transported over 
long distances from grassland and eucalypt woodland vegetation; pollen 
concentrations are an order of magnitude lower than in the Seram Trough. 

The Banda Sea is influenced by the biannually reversing monsoonal wind 
pattern, creating seasonal upwelling of cool nutrient-rich .waters during the 
southeastern monsoon (Wyrtki, 1961; Fig.15). Phytoplanktonic and 
zooplanktonic productivity, already high as a result of massive nutrient supply 
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by rivers, is enhanced during the upwelling season (Schalk, 1987; Gieskes et 
aI., 1988; Baars et aI., 1990) and is likely to be responsible for elevated 
concentrations of marine organic particle categories in the Seram Trough. The 
Timor Trough, on the other hand, is situated well outside the area of upwelling. 
During the southeastern monsoon planktonic organic particle flux may be 
considerably lower than in the Seram Trough. 

Residence time in water column and oxic zone of sediments 

Considering the contrasting sedimentation rates in the Seram Trough and the 
Timor Trough, organic particle associations studied from the top 7 cm of the 
surficial sediments can be estimated to correspond to organic matter deposition 
during 150 and 2000 yr, respectively. Through effects of differential 
decomposition of particle categories, this contrasting age is likely to be 
reflected in the composition of organic particle associations. 

It has been demonstrated that in deep-sea settings, notably in areas with high 
primary productivity, organic matter sedimentation is predominantly determined 
by the relatively rapid downward flux of organic aggregates, consisting of 
mucus f10cs ('marine snow') produced during periods of phytoplankton bloom 
(Honjo, 1982; Deuser et aI., 1983; Alldredge and Silver, 1988). When these 
aggregates settle through the water column, they may catch dispersed organic 
and mineral particles. Thus, both terrigenous and marine organic particles are 
rapidly removed from surface waters. Mass transport of organic matter 
accomplished via aggregates considerably exceeds the quantitative 
significance of zooplankton faecal pellets to organic particle flux in the deep 
sea (Pilskaln and Honjo, 1987). The short residence time of the aggregates in 
the water column prevents labile organic matter to become degraded before 
reaching the sediment. 

In young sediments, initial decomposition of chemically labile organic matter 
takes place rapidly under conditions where aerobic bacteria can use molecular 
oxygen in pore water to oxidize organic compounds. As burial continues, 
however, organic matter is decomposed more slowly in anaerobic micro- and 
macro-environments (Tissot and Welte, 1984). Consequently, the rate of oxic 
decomposition varies with sedimentation rate (Canfield, 1989). At low 
sedimentation rates, oxygen is responsible for proportionally more organic 
carbon decomposition than at high sedimentation rates, when labile organic 
matter rapidly reaches the sulphate reduction zone (J0rgensen, 1982). 
Accordingly, the relatively low lability indices for organic particles from the Timor 
Trough can be explained by prolonged residence time in the oxic zone resulting 
in selective destruction of labile palynodebris. This is corroborated by the 
proportionally high amount of diffuse aggregates in the organic residues from 
sediments in the Timor Trough (Fig.14). 

Organic carbon burial efficiency 

The organic carbon preservation in young sediments may be quantified by 
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calculating the organic carbon burial efficiency, the percentage of the organic 
carbon flux arriving at the sediment surface that becomes buried. Data sets 
from a wide variety of marine sediments consistently indicate that the 
sedimentation rate is the most important parameter controlling the organic 
carbon burial efficiency. From the empirical relationship between organic carbon 
burial efficiency and sedimentation rate (Henrichs and Reeburgh, 1987; Berner, 
1989), one can predict a burial efficiency of 14.1 % and 5.7% for the Seram 
Trough and Timor Trough, respectively. 

At least for the Seram Trough, the predicted burial efficiency may be too low. In 
the Savu Basin (the southwesterly structural continuation of the Wetar Basin) 
studies by Helder (1989) allowed for direct calculation of the organic carbon 
burial efficiency. The calculated value of 24.4% was found to be lower than a 
predicted value of 10.9% that matches the sedimentation rate of 25 cm.ka-1 

reported for the Savu Basin. However, in general, higher values are 
encountered in anoxic environments. The calculated percentage is intermediate 
between those of normal marine and of euxinic environments (Berner, 1989; 
Canfield, 1989). An increased value for the Savu Basin is in accordance with the 
low oxygen concentration in bottom water of the Savu Basin, a restricted 
oxygen penetration in the sediment (maximum 1.3 cm), high organic carbon 
content (up to 2.3%), and sulphate reduction at shallow depth below the 
sediment-water interface (Helder, 1989). A similarly increased burial efficiency 
(possibly up to 25%) could well occur in the Seram Trough. Bottom water in the 
Seram Trough is characterized by low oxygen concentration, whereas 
assemblages of benthic foraminifera are dominated by species with a known 
tolerance to low-oxygen conditions and/or high organic carbon levels (Van 
Marie, 1988). In any event, in the Seram Trough, high lability indices of organic 
particles reflect a high burial efficiency. Along the Timor transect, species 
diversity and richness among benthic foraminifera is considerably higher and in 
agreement with more oxic conditions (Van MarIe, 1988). The corresponding low 
lability indices indicate a low burial efficiency. It is here considered, therefore, 
that the lability index could well serve as a proxy indicator of organic carbon 
burial efficiency in the recent sediments of the Banda Sea. 

Degradation of polysaccharides 

The contrasting lability indices, the ratios of brown to opaque palynodebris, and 
the ratios of diffuse aggregates to labile particles all indicate that selective 
destruction of organic particles notably affects the transparent and brown 
palynodebris categories. Because of a predominant polysaccharide nature of 
the organic particles concerned, the apparent lability of these categories is in 
harmony with organic geochemical concepts of organic matter preservation. It 
is generally recognized that polysaccharides can be rapidly depolymerized and 
hydrolyzed through enzymatic processes (Stout et al., 1988,1989; Moers, 
1989; Moers et aI., 1989). Characteristic polysaccharide biomacromolecules, 
such as cellUlose, chitin and various hemicelluloses, are thus considered to 

have a low preservation potential (Tegelaar et aI., 1989; Tegelaar, 1990). 
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The transparent palynodebris from the Banda Sea (categories 23,24), as well 
as the greyish/transparent diffuse aggregates, predominantly originate from the 
chitinous exoskeletons of planktonic crustaceans. Chitin is a nitrogenous 
polysaccharide; its molecular structure is very similar to that of cellulose, 
differing only in the presence of side acetamide groups. In general, arthropod 
exoskeletons are composed of a complex of chitin (15-27%) and protein 
(12-73%), with the rest of the exoskeleton consisting of inorganic and 
non-amino containing organic compounds (Austin et aI., 1981). According to 
figures cited by Poulicek (1985), on a global basis, annual production of chitin 
may be estimated to correspond to approximatly 40.1013 gr organic carbon, 
about the same as cellulose. It should be realized, that this amount is not in 
harmony with conventional estimates of marine primary production 
(35.1013gr.ka-1; Berner, 1989). 

In marine environments, notably chitinoclastic bacteria playa prominent role in 
the rapid decomposition of the chitin fraction (Campbell and Williams, 1951; Seki 
and Taga, 1963; Seki, 1966); most of these bacteria were found to be aerobic. 
Highest concentrations are found in relatively coarse sediments (ZoBell and 
Rittenberg, 1938). Chitinoclastic bacteria remain active under deep-sea 
conditions (Kim and ZoBell, 1972). The rate of chitinoclastic bacterial 
degradation may drastically decline with decreasing water temperature (Seki, 
1965). Study of the decomposition of chitin in recent marine sediments 
suggests that most chitin breakdown occurs in the upper aerobic zone (Seki, 
1966); a marked slowdown or cessation of bacterial activity may occur under 
anoxic conditions. In general, the chitin content of deep-sea sediments is 
reported to be very low (Poulicek et aI., 1986). The present study indicates, 
however, that under conditions of high productivity and high sedimentation rate, 
the preservation potential of chitinous remains in surficial sediments may 
become considerably enhanced. 

There is sufficient evidence, that the brown debris in the Banda Sea still 
contains a significant amount of cellulose, representing cell walls of land plants. 
For example, among structured brown elements it can be frequently noted that 
cellulosic epidermal cell tissue is still attached to highly resistant cuticle 
fragments (structure category IV). Also woody remains, in nature composed of 
both cellulose (40-60%) and lignin, may still have a considerable polysaccharide 
component. With respect to terrestrial sedimentary environments, organic 
geochemical studies emphasize the progressive removal of the cellulose 
component of ligno-cellulosic cell walls during peatification and early 
coalification (Stout et aI., 1987, 1989). In marine settings, bacteria responsible 
for the degradation of cellulose remain active under deep-sea conditions (Kim 
and ZoBell, 1972). Organic geochemical analysis has shown that glucose, 
probably derived from cellulose of land plants, is consistently present in young 
marine sediments. With increased temperature, in ancient sediments the 
glucose content drastically declines but is selectively preserved relative to 
other monosaccharides (Moers, 1989). Simulation experiments have indicated 

the potential of glucose and cellulose to form organic sulphur compounds that 
may be more resistant to microbial attack than their saccharide precursors 
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(Moers, 1989). 

The 'chitin paradox' 

Although enhanced by external factors, the preservation potential of brown and 
transparent palynodebris from Banda Sea sediments does not contradict 
chemical considerations on the lability of polysaccharides. The study of 
palynomorphs from the area, on the other hand, may clearly emphasize the 
'chitin paradox', that is currently becoming recognized by palynologists. 
Despite their predicted lability, presumed chitinous palynomorphs paradoxically 
constitute well-preserved, rich and diverse associations. Records of some of 
these palynomorph categories have been known for a long time from Cenozoic, 
Mesozoic and Palaeozoic deposits. Although being a reality in palynological 
research, such records are 'puzzling' (Traverse, 1988) from a chemical point of 
view. 

Apart from the transparent palynodebris, exoskeleton remains of crustaceans 
(mainly copepods) in the sediments from the Banda Sea are also represented by 
a wide variety of chitinous fragments that could be classified as separate 
palynomorphs (categories D, G; Chapter 2). Notably copepod appendages or 
parts thereof, are regularly present in the palynomorph associations studied 
from the three transects (Fig.8b). Although some types appear to be more 
degraded in the Timor Trough, the palynomorphs are remarkably well-preserved. 
In general, the organic exoskeleton layers are considerably thicker than the 
chitinous transparent palynodebris particles. Exoskeleton palynomorphs also 
occur in late Pleistocene-Holocene sediments from piston cores in the area 
(Van Waveren, personal observation). Although unidentified, similar fragments 
have been illustrated from recent, Quaternary and Pliocene deep-marine 
sediments in the Pacific, Atlantic and Indian Oceans (e.g., Boulouard and 
Delauze, 1966; Caratini et aI., 1975, 1978; Van der Kaars, 1987). In older 
sediments, notably denticulate segments are preserved, characterized by a 
relatively thick chitinous layer. Also in palynological assemblages from 
terrestrial Quaternary deposits palynomorphs of arthropod (mostly insect, but 
also copepod) origin are well-known (e.g., Van Geel, 1978; Mateus, 1992). 
Organic exoskeletons of Palaeozoic to Cenozoic arthropods have been 
frequently claimed to contain chitin. Such claims were contradicted by 
Schimmelmann et al. (1988), who demonstrated the virtual absence of nitrogen 
in organic fragments of fossil crustaceans. 

The chemical nature of the frequently occurring palynomorphs, identified as 
copepod egg-envelopes (category D; Van Waveren, 1992; Chapter 3 and 4) has 
not yet been determined. However, since they are not always resistant to 
acetolysis, it may be presumed that the organic walls could well contain a 
considerable polysaccharide fraction. The copepod egg-envelopes are well 
preserved throughout the Banda Sea; they also occur in late 
Pleistocene-Holocene samples from piston cores (Van Waveren, pers. 
observ.). Elsewhere, they have been detected (either identified, misidentified or 
unidentified) in recent and Neogene-Quaternary sediments from varied marine 
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settings (Van der Kaars, 1987; McMinn et al., 1992). Apart from the Banda Sea, 
copepod egg-envelopes (misidentified as dinoflagellate cysts) are particularly 
abundant in Holocene sediments of the Gulf of California (Martinez-Hernandez 
and Hernandez-Campos, 1991). Classified as Schizosporis or morphologically 
related form-genera (schizomorphic acritarchs sensu Segroves, 1967), similar 
palynomorphs are known to range down into the Cretaceous. 

Another category of presumed chitinous palynomorphs that can be regularly 
encountered in the Banda Sea sediments is represented by the foraminiferal 
inner linings (category C). These palynomorphs, frequently termed 
'microforaminifera' or 'microforaminiferal linings' by palynologists (Stancliffe, 
1989), represent the inner organic layer that is located between the inner test 
surface and the cytoplasm of a wide variety of foraminifera. The chemistry of 
the organic linings is not yet fully determined. A review by Banner et al. (1973) 
clearly indicates that the composition may be highly complex and is not 
necessarily uniform when comparing different taxa. There seems to be 
agreement, however, that polysaccharides are a regularly occurring 
component. There is a single record of the presence of glucosamine, the 
characteristic unit of chitin sensu-stricto (Towe and Cifelli, 1967). In practice, 
the chemical nature of both living and fossil material is frequently regarded as 
either chitinous, pseudochitinous or chitinoid. From the Permian onwards 
(Visscher, 1971), the organic linings can be found in a wide variety of marine 
sedimentary settings. Despite their presence in some recent planktonic 
foraminifera (Hemleben et aI., 1977), (sub)fossil representatives are generally 
considered to represent benthic categories (e.g., Traverse and Ginsburg, 
1966). A high preservation potential is further demonstrated by their resistance 
to acetolysis during palynological sample treatment (Traverse and Ginsburg, 
1966). 

Early accounts on the composition of the loricae of tintinnids (palynomorph 
category F) referred to the wall as consisting of chitin or cellulose (see Tappan 
and Loeblich, 1968). Although some authors have preferred the terms 
pseudochitinous or chitinoid, in practice, the wall substance is usually denoted 
as chitin. Optically, loricae of modern tintinnids suggest a broad range in 
composition; they may be extremely delicate and of a gelatinous or 
membranous consistency, or they may be relatively firm and resistant. Remains 
of tintinnids are regularly present in modern sediments; they can be particularly 
abundant in Quaternary lake deposits (see review by Frey, 1964). It should be 
realized that at least part of tintinnid palynomorphs (tintinnomorphs; Chapter 6) 
represent resting cysts (Reid and John, 1978). Pre-Quaternary records of 
organic-walled tintinnid remains are extremely scarce; earliest known 
occurrences are from the Lower Triassic (Visscher, 1970, 1971; Eshet, 1990). 
Some authors have suggested a relationship between tintinnids and 
chitinozoans (Reid and John, 1981). The latter represent a distinctive but 
enigmatic category of Palaeozoic marine palynomorphs (Traverse, 1989; 
Cashman, 1990, 1991), having a highly resistant wall that is commonly referred 

to as chitinous or pseudochitinous, despite evidence of the absence of chitin 
(Voss-Foucart and Jeuniaux , 1972). 
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Also scolecodonts (palynomorph category H) are generally claimed to be 
chitinous (Colbath and Larson, 1980; Traverse, 1988). They represent various 
parts of the 'jaw' apparatus of the mouth-proboscis of polychaetous annelid 
worms. The palynological record of scolecodonts goes back to the early 
Palaeozoic; they are especially prominent in Ordovician to Permian marine 
shales, whereas Cenozoic records are scarce (Germeraad, 1980). Identification 
of the highly resistant organic matter as chitin, however, is based on general 
appearance rather than on chemical analysis. 

Outside the animal world, cell walls of many fungal groups are long since known 
to have a chitinous component (Moore-Landecker, 1972; for a review of 
chemical research of fungal cell walls, see Weijman, 1979). The amount of chitin 
relative to cellulose or other polysaccharides can be used in fungal 
chemotaxonomy (Weijman, 1977; 1979). In the Banda Sea, fungal spores are 
rare (included in palynomorph category A). In shallow Indonesian waters, such 
as the Java Sea, they are much more prominent (Van Waveren, 1989a). Many 
palynological studies of recent and Quaternary deposits, both terrestrial and 
marine, have reported the presence of fungal remains (e.g., Van Geel, 1978). 
Pyrolysis products of chitin were detected in young peats and correlated with 
frequently occurring fungal hyphae (Van Smeerdijk and Boon, 1987). The fossil 
record of fungi goes back to the early Palaeozoic. Although there are some 
earlier records of massive occurrences of organically preserved spores and 
hyphae (e.g., at the Permian-Triassic transition; Visscher and Brugman, 1988; 
Eshet, 1990), fungal palynomorphs become notably abundant and diverse by 
late Cretaceous and Paleogene time (Elsik, 1976,1992; Traverse, 1988). It was 
noted by Elsik (1992) that Cenozoic fungal palynomorphs are sometimes even 
more resistant to decay and chemical sample treatment than pollen and spores 
of vascular plants. 

In addition to presumed chitinous remains, it is noteworthy that also cellulosic 
tissues of land plants may show prolonged structural preservation after burial. 
This is particularly well demonstrated byleaves of bryophytes. In Holocene 
peat-forming environments, characterized by mass-occurrences of Sphagnum, 
the leaves of these peat mosses almost entirely consist of non-biodegradated 
polysaccharides (Van Smeerdijk and Boon, 1987). But also Pliocene 
brown-coals that are largely composed of fossil Sphagnum are known to still 
have a characteristically high cellulose content (Lu Jie and Zhang Xiuyi, 1989). 
Even from the Mesozoic and Palaeozoic well-preserved organic remains of 
bryophytes have been regularly reported (Oostendorp, 1987). Delicate leaves 
of liverworts, for example, can be obtained through bulk maceration of shales 
associated with Carboniferous coal beds. 

The above points may emphasize the reality of prolonged preservation of a wide 
variety of animal, fungal and plant structures composed of polysaccharide 
biomacromolecules. The chemical composition of such fossil organic structures 
needs to be thoroughly investigated through time, together with that of extant 
counterparts, in order to explain their resistance to microbial degradation and 
even thermal maturation. 
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CONCLUSIONS 

(1) In surficial deep-sea sediments of the Banda Sea, the composition of 
associations of microscopic acid-resistant organic matter (palynomorphs, 
palynodebris and diffuse organic aggregates) is mainly determined by 
terrigenous and zooplanktonic constituents. Remains of phytoplankton and 
benthos playa subordinate role. 

(2) The presence of surprisingly high proportions of zooplankton remains 
(crustaceans, notably egg-envelopes and exoskeleton remains of copepods) 
indicates that areas with (seasonally enhanced) high productivity can serve as 
an important sink of organic carbon derived from primary consumers. It needs to 
be verified whether high amounts of structureless plankton-derived organic 
matter, frequently classified as 'amorphogen' (e.g., Powell et aI., 1990, 1992), 
include a zooplanktonic component. 

(3) The microscopical remains studied by palynological methods include only 
part of the sedimentary organic matter. Therefore, any quantitative estimate of 
zooplankton-derived organic matter has to await the availability of 
biogeochemical data. The probability that copepods may contribute to the 
organic matter composition in marine sediments has already been 
biogeochemically indicated by Lee et aI., (1970). Notably in stable-isotope 
studies aimed at the recognition of the biological origin of organic matter in 
marine sediments (e.g., Goering et aI., 1990), the possibility of a supplementary 
zooplankton component should therefore be considered when interpreting a13c 
and a15N values. 

(4) A considerable part of the particulate and diffuse organic matter is derived 
from plant and animal tissues that are chemically characterized by a high 
polysaccharide content (cellulose, chitin). From a chemical point of view, these 
structures have a relatively low preservation potential. Their quantitative 
prominence can be explained by high organic matter influx in combination with 
high sedimentation rates. Short residence time in the oxic layer and, possibly, 
low temperature may slowdown bacterial degradation. 

(5) Considering the relation between organic matter preservability and 
sedimentation rate, the ratio between the most labile palynodebris (transparent 
debris) and all other particles may serve as a proxy indicator for variations in 
organic carbon burial efficiency in young sediments. 

(6) Despite the lability of polysaccharide plant and animal tissues, paradoxically 
their structurally preserved remains occur throughout the Palaeozoic to recent 
organic matter record. The chemical background for such preservation is 
unknown. Similarly to the investigation of the fate, for example, of 
biomacromolecules of cuticles of land plants (Tegelaar, 1990; Tegelaar et aI., 
1991), comparative structural and chemical studies of living and fossil material 
are needed to obtain further insight in the relationship between chemical 
composition of polysaccharide-bearing plant and animal tissues, and their 
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subsequent chemical transformation and selective preservation during 
diagenesis and thermal maturation. 

Plate I. 

Selection of palynodebris and palynomorph elements in 

palynological assemblages from surficial sediments of the Banda 

Sea. 1: hexagonal crustacean exoskelton fragment segment, 

characteristic constituent of marine transparent palynodebris, x 

700; 2: brown debris with epidermal structure (category IV), x 

400; 3: tintinnomorph (category F), x 250; 4: brown woody debris 

with tracheal structure (category I), x 500.; 5: elongated 

crustacean remain (category G), x 250 (SEM); 6: copepod 

egg-envelope (category 0), x 540; 7: copepod appendage remain 

(category E) x 100; 8: foraminiferal inner lining, (category C), 

x 400; 9: dinoflagellate cyst (category B) x 1000; 10: fern 

spore (category A), x 1000; 11: fungal spore (category A), x 

1000. 
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CHAPTER 2 

CHITINOUS PALYNOMORPHS AND PALYNODEBRIS 
REPRESENTING CRUSTACEAN EXOSKELETON REMAINS FROM 
SEDIMENTS OF THE BANDA SEA (INDONESIA) 

ABSTRACT 

Palynological residues from surface sediments in the Banda Sea (Indonesia) 
are characterized by the presence ofchitinous palynomorph types that can be 
cOffelated with exoskeletons ofcrustaceans, notablycalanoid copepods. A 
series of27palynomorph types are described and infonnally categorized. Also 
the quantitativelyprominent transparent palynodebris and its diffuse 
degradation products are derived from crustaceans. Selective preservation of 
the chitinous remains is considered to be related to the effects ofhigh plankton 
production andhigh sedimentation rate. 

INTRODUCTION 

Terrigenous and planktonic organic matter in palynological residues is 
composed of a range of biomacromolecules of a different nature and a varied 
resistance to degradation. Notably in vascular plants, one may recognize 
biomacromolecules that are particularly resistant (lignins, tannins, 
sporopollenin, cutans, suberans; Tegelaar et aL, 1989; Tegelaar, 1990). This 
also applies to the algaeans, characteristic of various algal categories. 
Conversely, it is generally recognized that polysaccharides can be rapidly 
depolymerized and hydrolyzed through enzymatic processes (Stout et aL, 
1988, 1989; Moers, 1989; Moers et aL, 1989). Characteristic polysaccharide 
biomacromolecules, such as cellulose, chitin and various hemicelluloses, are 
thus considered to have a low preservation potential (Tegelaar et aI., 1989; 
Tegelaar, 1990). 

However, despite the relative lability of polysaccharide plant and animal 
tissues, paradoxically their structurally preserved remains occur throughout the 
Palaeozoic to recent palynological record. Such records include well-preserved, 
rich and diverse ~ssociations of presumed chitinous palynomorphs of 
arthropod, annelid, protist and fungal origin (Traverse, 1988; Chapter 1). The 
chemical background for their selective preservation during diagenesis and 
thermal maturation is unknown. At least part of the records suggest chemical 
transformation of chitin into more resistant organic macromolecules. 

On a global basis, chitin is among the most prominent polysaccharides 
occurring in nature. Annual production of this nirtrogenous polysaccharide has 
been estimated to correspond to 40.1013 gr organic carbon, approximately the 
same as cellulose (Poulicek, 1985). High annual production is notably due to 
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chitin formation by terrestrial and marine arthropods. Exoskeletons of 
arthropods are composed of a complex of chitin (15-27%) and protein (12-73%), 
with the rest of the exoskeleton consisting of inorganic and non-amino 
containing organic compounds (Austin et aI., 19S1). 

Microscopic remains of arthropod exoskeletons may be regularly detected in 
palynological assemblages of Neogene to (sub-)recent age. Remains of insects 
are well-known from terrestrial Quaternary deposits (e.g., Van Geel, 1975; 
Mateus, 1992). Occurrences of arthropod remains in marine sediments, on the 
other hand, have not yet been comprehensively documented. They are known, 
however, from deep marine sedimentary settings in the Pacific, Atlantic and 
Indian Oceans, where unidentified appendages of crustaceans have been 
illustrated as part of recent, Quaternary or Pliocene palynomorph associations 
(e.g., Boulouard and Delauze, 1966; Caratini et aI., 1975, 1975; Van der Kaars, 
19S7). 

Apart from palynomorphs identified as copepod egg-envelopes (Van Waveren, 
1992; Chapters 3-5) of which the chemical composition is still unclear, a 
morphologically wide variety of presumed chitinous fragments of crustacean 
exoskeletons has been detected during a palynofacies analysis of box-core 
samples taken in the Banda Sea, Indonesia (Van Waveren, 19S9; Chapter 1). 
As a contribution to the understanding of the fate of chitinous animal tissues in 
deep sea sedimentary environments, the present paper is a first attempt to 
describe and classify the crustacean exoskeleton component among both 
palynomorphs and palynodebris from (sub-)recent marine sediments. 

MATERIAL AND METHODS 

Material 

Samples were collected from box-cores taken along the Seram, Tanimbar and 
Timor transects of the Banda Sea, during cruise G-5 of the Indonesian-Dutch 
Snellius-II expedition in 19S4-19S5 (Van Hinte et aI., 19S6; Situmorang, 1992; 
Chapter 1). The samples were taken from the top 7 cm of the sediments in the 
box-cores. 

Sample processing and analysis 

The samples were dried and dry weight was measured (for each sample 
approximately 5 g of sediment. Calcium carbonate was dissolved with 
hydrochloric acid (HCI 30%). Silicates were dissolved with hydrofluoric acid (HF 
43%). The residue was sieved over a 10 /lm mesh screen, mounted on a cover 
glass using a wetting agent (Cellobond), and dried. Elvacite was used as a 
permanent mounting medium. Analysis of permanent slides included the 
description and informal categorization of morphologically Characteristic 

exoskeleton fragments. Identification was achieved by comparison with the 
features of a copepod sUbjected to palynological sample preparation 
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techniques and by comparison with literature illustrations (notably Scott, 1909;
 
Sars, 1911). Among the more commonly occurring fragments, 27 palynomorph
 
types and one palynodebris type were distinguished. The types were described
 
and identified
 
with a varying degree of precision (copepod remains, crustacean remains,
 
arthropod remains).
 

Descriptive terminology
 

The body of an arthropod consists of many segments (or somites), which may
 
be alike or different and which constitute three primary body divisions (head,
 
thorax and abdomen). Head somites are always fused together; in many
 
arthropods other additional somites may also be fused. Each somite of the
 
simpler arthropods has one or two pairs of jointed appendages. In more
 
specialized arthropods most or all of the posterior appendages are lost. The
 
appendages show a wide ragnge of modification. They function for locomotion,
 
respiration, grasping, mastication, oviposition and as sensory organs. In typical
 
arthropods body parts as well as appendages are encased in a jointed chitinous
 
exoskeleton.
 

Since exoskeleton remains in palynological residues from the Banda Sea
 
sediments are most frequently derived from crustacean zooplankton, their
 
description was mainly based on the following conventional terminology for
 
copepods (Borradaile and Potts, 1961; Barnes, 1987; Fig.1):
 

- abdomen: part of the copepod body caudal of the genital somite, including
 
the genital somite; 

- antenna: first and second appendage on the head of the copepod; 
- appendage: antennae, mandibles, maxillae, maxillipeds, rami and swimming 

feet of the copepod; 
- articulation: joint between the different segments of the copepod; 
- basipodite: segment of the swimming foot on which both the endopodite and 
the exopodite are attached; 

- biramous: forked; 
- coxa: segment of the swimming foot between the somite and the basipodite; 
- endopodite: internal branch of the fork of a biramous appendage; 
- exopodite: external branch of the fork of a biramous appendage; 
- gnathobasis: basal lobe of a mandible; 
- implantation: joint on the appendage where a hair or other process has been 

attached; 
- head: conical to round cuticular exoskeleton segment, carrying the eye(s), 
the mandible, the maxilla and the antennae; 

- intercoxal plate: plate positioned between the two coxa of swimming feet; 
- mandible: third appendage on the head;
 
- maxilla: fourth appendage on the head;
 
- maxilliped: first thoracic appendage;
 
- protopodite: the coxa and the basipodite of a swimming foot;
 
- ramus: single branch of the last biramous somite of the abdomen;
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Fig. 1. Copepod descriptive terminology.
 

1 - Diagrammatic ventral view of Pseudocalanus (after Barnes,
 

1987); 1: 1st antenna; 2nd antenna; 3: mandible; 4: maxilla; 5:
 

maxilliped; 6: 1st swimming foot; 7: 2nd swimming foot; 8: 3rd
 

swiming foot; 9: 4th swimming foot; 10: genital operculum; 11:
 

2nd abdominal somite; 12: 3rd abdominal somite; 13: anal
 

segment; 14: caudal ramus; 15: 2nd maxilla; 16: head with first
 

somite fused; 17: 2nd thoracic somite; 18: 3rd thoracic somite;
 

19: 4th and 5th thoracic somites (fused); 20: genital segment 

(6th thoracic somite and 1st abdominal somite) .Note that in 

Pseudocalanus the fifth pair of swimming feet is missing. 

2 - Organization of a calanoid swimming foot of Candacida 

norvegica (redrawn from Sars, 1911). 1: coxa; 2: basipodite; 3: 

protopodite; 4: 1st segment of the exopodite; 5: 2nd segment of 

the exopodite; 6: second-most distal segment of the exopodite; 

7: most distal segment of the exopodite; 8: exopodite; 9: 

processes; 10: brushy hairs; 11: endopodite. 

3 - Intercoxal plate of a calanoid copepod of the Candaciidae 

(drawn after a sample made available by M. Kouwelaar); 1: 

intercoxal plate; 2: coxa; 3: basipodite. 
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- rostrum: dorso-frontal prolongation of the head;
 
- sternite: ventral side of somite;
 
- somite: segment between two joints of the cylindrical cuticle enclosing the
 
copepod body; 

- swimming foot: second to sixst appendage of the thorax; 
- telson: abdominal somite carrying the anus; 
- tergite: dorsal side of the somite; 
- thorax: part of the copepod situated between the head and the (first 

abdominal) somite carrying the genital operculum; 
- uniramous: not forked. 

For the description of the swimming feet of copepods the following definitions
 
are used (see Fig.2):
 

- lateral side: denticulate or convex side;
 
- medial side: concave and/or not ornamented side;
 
- proximal articulation: largest of the articulations;
 
- distal articulation: smallest articulation;
 
- implantations: smaller than the articulations, on the medial and lateral
 

edges of the appendage; 
- length: defined here as parallel to the medial side; 
- width: defined here as the maximum width perpendicular to the length. 

proximal articulation 

0 

~ 
~ 

0 

~ ;; ~ 

~ E. ;; E. 
E E ~ 

~0 E 

distal end distal articulation 

Fig. 2. Copepod appendage descriptive terminology.
 

1 - First or second segment of the exopodite of a swimming foot.
 

2 - Second-most distal segment of the exopodite of a swimming
 

foot; a-f: implantations.
 
3 - Most distal segment of the exopodite of a swimming foot.
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internal side 

Denticulate mandible parts are described with the descriptive terminology 
developed by Jansonius and Craig (1971) for the morphologically related annelid 
palynomorphs (scolecodonts; see Fig.3): 

'0 
o 
<r-

Ib 
""I o· 
""I 

bight 

external side 

Fig. 3. Scolecodont descriptive terminology (after Jansonius and 

Craig, 1971). 

- bight: concavity of the outside face of a jaw, open to the posterior side; 
- dentary: series of denticles along the inner dorsal margin; in some forms the 
dentary is edenticulate; 

- depth: largest dimension of the inner or outer face of a jaw perpendicularly to 
the dentary and in the plane going through the dentary, measured from the 
base of the dentary to the ramal extremity; 

- falcal arch: concave margin of the falx, may be denticulate or edenticulate; 
- falx: sickle-shaped extension of the anterior part of the jaw, often forming a 

hook or a fang; 
- fenestra: in dorsal view the translucent part approximately corresponding to 
the myocoelic opening; 

- length: largest dimension of a jaw parallel to the median axis, between 
posterior-most and anterior-most points. 

- myocoele: space inside, and more or less enclosed by, the jaw, usually 
extending to the tip of the denticles; 

- myocoele opening: outline of the latero-ventral margin of the jaw faces, 
enclosing the myocoele. 

In a scolecodont the anterior side is the side of the falx. The ventral side is the 
side of the falcal arch and dentary. 
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PALYNOMORPHS ORIGINATING FROM COPEPOD 
EXOSKELETONS 

Palynomorph Type 1 (Plate 11,3) 

Length-width ratio <1. Two main articulations; the upper one is approximately as 
wide as the lower one. Lateral side with denticulation. Single implantation, half 
the size of the articulations, situated between the lateral denticulate 
ornamentation and the lower articulation. Size varying between 100 and 250 Jlm. 
Colour generally light brown, occasionally either dark to opaque or transparent. 

Type 1 represents the first or the second segment the exopodite of a swimming 
foot of a member of the Candaciidae. 

Palynomorph Type 2 (Plate 11,4) 

Length-width ratio between 2 and 4. Two main articulations; the upper one is 
only a little larger than the lower one. Lateral side ornamented with three 
different scales of denticulation, each separated by an implantation. Medial side 
without denticulation and with five implantations. Size strongly varying between 
120 and 420 Jlm. Pigmentation sometimes very strong. Short hairs may occur on 
the upper surface of the palynomorph. Very rare specimens occur without the 
lateral denticulation. These are less well preserved as denticulated specimens; 
they are very thin and transparent. 

Although some Candaciidae do not show a lateral denticulation at the 
second-most distsl segment of the exopodite of the swimming feet, it is a 
characteristic feature of the family (pers. comm. J.C. Von Vaupel Klein). Type 2 
is the second-most distal segment of the exopodite of swimming feet of a 
member of the Candaciidae. 

Palynomorph Type 3 (Plate 11,6,8,9) 

Length-width ratio >5. Single superior articulation. No implantations. 
Denticulation often occurs on the lateral side. The denticules decrease in size 
distally. Dentation is seldom seen on the medial side. Some specimens 
assignable to this category do not show any dentation at all. Palynomorphs are 
bent, faintly sinusoidal or straight; they are widest at the upper half of the 
appendage. Pigmentation generally darker than in palynomorph Types 1 and 2. 
Size varying between 130 and 200 Jlm. 

As denticulation of the lateral side of the terminal spine is a common feature 
among copepods, palynomorph Type 3 can only be identified as the most distal 
exopodite of the swimming foot of a calanoid copepod. 

Palynomorph Type 4 (Plate 11,7) 

Single superior articulation. Palynomorphs are bent and have no denticulation. 
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A faint longitudinal lineation can be seen on these palynomorphs. 

Type 4 is identified as the distal segment of one of the fifth pair of swimming feet 
of several possible species of male calanoids. 

Palynomorph Type 5 (Plate 11,5) 

Type 5 is similar to Type 4. It can be differentiated, however, by its spherical 
proximal articulation. 

Because of its similarity to Type 4, palynomorph Type 5 is also identified as the 
distal segment of one of the fifth pair of sWimming feet of several possible 
species of male calanoids. 

Palynomorph Type 6 (Plate 111,4-6) 

Shape approximately pentagonal, elongated perpendicularly to the basal side. 
The three lower sides slightly concave, the two upper sides slightly convex; the 
top is truncated. Anterior and posterior sides have different structures. The 
anterior side has four holes in the upper half of the pentagon, two are 
perpendicular to the plane of observation and two are parallel to it. These 
elongate holes are situated symmetrically around the middle line perpendicular 
to the base). Some of the palynomorphs of this type can have a hole in the 
middle part of the lower half, some have a medial constriction. These plates are 
thicker than most of the other crustacean palynomorphs. Size varying between 
50 and 100 Jlm. Colour generally light greyish brown. 

Type 6 is identified as the intercoxal plate between the two coxa of a copepod 
swimming-foot. The type was recognized in a dissected specimen belonging to 
the genus Candacia. 

Palynomorph Type 7 (Plate IV,3) 

Tubular segment with an ornamentation of densely spaced pigmented hairs. The 
hairs look like a short mane. The tubular segment is greyish brown, the hairs are 
darker. Length 180 Jlm. 

Type 7 is a copepod fragment, representing a segment of the antenna of a male 
Candacia at the location were the mane disappears. 

Palynomorph Type 8 (Plate 111,8) 

Elongated transparent double spine. At its base this palynomorph has a 
transparent shield from which a double spine emerges, approximately 8 Jlm wide 
and 150 Jlm long. The shield is larger at the base than at the point where the 
spines are attached. 

Spines corresponding to palynomorph Type 8 are identified as the rostrum of a 

58 



calanoid copepod. 

Palynomorph Type 9 (Plate IV,1) 

Series of convex denticles ornamented by a striation converging to the tip. A 
base line is present, concave at the tooth base. Colour transparent. Size 
approximately 120 11m. 

Type 9 is identified as the gnathobasis of the mandible of a copepod. 

Palynomorph Type 10 (Plate IV,5) 

Depth to length ratio approximately 1. Falcal arch very reduced. Dentary nearly 
edenticulate. A large fenestra and a smaller one are present. A small bight can 
be observed. Length 95 11m. Colour light to dark brown. 

Type 10 includes terminal fragments of the gnathobasis of the mandibles of 
calanoid copepods. 

Palynomorph Type 11 (Plate IV,6) 

Shape triangular with a right angle at the posterior ventral side. Depth and length 
approximately equal. The falx is a double hook. The falcal arch is small. No 
dentary can be seen. A fenestra can be observed from the second hook to the 
myocoele opening. No bight can be seen. Length 45 11m. Colour light to dark 
brown. 

Type 11 includes terminal fragments of the gnathobasis of the mandibles of the 
calanoid copepods. 

Palynomorph Type 12 (Plate IV,B) 

Length to depth ratio >1. Falx formed by a slightly curved hook. The falcal arch 
shows a faint dentation. A dentary exists but without denticles. The fenestra is 
reduced. The bight is large (1/3 of the length) and is located on the ventral 
posterior side. Length 60 11m. Colour opaque to brown. 

Type 12 includes terminal fragments of the gnathobasis of the mandibles of the 

calanoid copepods. 

Palynomorph Type 13 (Plate 111,1) 

Palynomorph composed of light brown tissue. Two branches bifurcate 
approximately half way the tissue. The branches show a variable pattern of 
bifurcating smaller branches. A 'head' is visible with two less irregular branches. 
Size varying between 100 to 200 J.lm. 

Type 13 is the sternite of a copepod, caudal of the mouth, at the level of the 
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mandibles. 

Palynomorph Type 14 (Plate 111,2,3) 

Tubular segment. Length/width ratio variable; length varying between 80 and 
100 J.1m, width between 40 and 30 J.1m. Colour transparent to light brown. 

These tubular segments could represent copepod tail segments. 

PALYNOMORPHS ORIGINATING FROM CRUSTACEAN 
EXOSKELETONS 

Palynomorph Type 15 (Plate 111,9-11) 

Elongated and curved palynomorph. Shape can be best described as the shape 
of an elephant tusk. Capillary channel present in the convex side of the 
fragments. Length 200-300 J.1m, width 4 J.1m at one end to 20 J.1m at the other end. 

These elongated curved palynomorphs could not be identified with certainty 
through direct comparison. However, a crustacean (probably copepod) affinity 
is plausible, since their percentages in sediment samples show a correlation 
coefficient of 0.9 with the percentage of the sum of the copepod exopodite 
segments. Palynomorph Type 15 is also known from sediments of the Sea of 
Oman (Caratini et aI., 1978, plate III, 7). 

Palynomorph Type 16 (Plate IV,2) 

Shape slightly flattened triangular. The external side is the triangle-base. The 
posterior side is one side of the triangle. The other side is denticulate. No falx or 
falcal arch can be seen here. The first denticle is underdeveloped, while the 
second is overdeveloped. The myocoele opening and the posterior side 
coincide. Here, the outline of the palynomorph nearly coincides with the 
myocoele, only the denticule-ends are not hollow. A small bight is present on the 
dorsal side of the posterior margin. Length 60 J.1m, depth slightly smaller. Colour 
transparent. 

Type 16 could represent the resistant part of an amphipod mandible (see Vonk, 
1988, fig. 28). 

PALYNOMORPHS ORIGINATING FROM ARTHROPOD 
EXOSKELETONS 

Palynomorph Type 17 (Plate IV,7; Fig. 4-1) 

Fossa and posterior side coincide. Sickle-shaped, with a slightly flaring handle. 
Mean size 60 J.1m. Colour opaque. 
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Fig. 4. Palynomorph types representing opaque arthropod mandible 

remains. 1: Palynomorph Type 17; 2: Palynomorph Type 18; 3: 

Palynomorph Type 19; 4: Palynomorph Type 20; 5: Palynomorph Type 

21; 6: Palynomorph Type 22; 7: Palynomorph Type 23; 8: 

Palynomorph Type 24; 9: Palynomorph Type 25. 

Type 17 is considered to represent mandible remains of arthropods (? 
crustaceans). 

Palynomorph Type 18 (Fig. 4-2) 

Fossa and posterior side coincide. Feather-shaped, slightly curved at the tip. 
There is a small constriction between the handle and the feather. Mean size 60 
11m. Colour opaque. 

Type 18 is considered to represent mandible remains of arthropods (? 
crustaceans). 
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Palynomorph Type 19 (Fig. 4-3) 

Similar shape as Type 18, but with a denticle of 10 11m rooted just above the 
constriction, positioned on the side towards which the feather is curved. Mean 
size 60 11m. Colour opaque. 

Type 19 is considered to represent mandible remains of arthropods (7 
crustaceans). 

Palynomorph Type 20 (Fig. 4-4) 

Similar shape as Type 19, but the denticle is reduced to 4 !lm and positioned at 
1/3 of the distance between the constriction and the tip of the palynomorph. The 
tip of the palynomorph and the denticle diverge. The handle is flaring. Mean size 
60 11m. Colour opaque. 

Type 20 is considered to represent mandible remains of arthropods (7 
crustaceans). 

Palynomorph Type 21 (Fig. 4-5) 

Fossa and posterior side coincide. No constriction. Reduced denticle, 
positioned at 1/3 of the whole palynomorph. Fossa and posterior'side coincide. 
Size varying between 40 and 80 11m. Colour opaque. 

Type 21 is considered to represent mandible remains of arthropods (7 
crustaceans). 

Palynomorph Type 22 (Fig. 4-6) 

Overall shape resembles that of Type 21, but the palynomorph is relatively wide 
and the denticle is much more pronounced and positioned next to the tip of the 
palynomorph. Size varying between 40 and 80 11m. Colour opaque. 

Type 22 is considered to represent mandible remains of arthropods (7 
crustaceans). 

Palynomorph Type 23 (Fig. 4-7) 

Overall shape resembles that of Type 18, but the tip is finely denticulate and the 
handle is strongly flaring. Mean size 60 11m. Colour opaque. 

Type 23 is considered to represent mandible remains of arthropods (7 
crustaceans) . 
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Palynomorph Type 24 (Fig. 4-8) 

Fossa and posterior side coincide. Denticulate falx. Denticles are of irregular 
length (1 to 4 IJ,m). The dentary is edenticulate. Size varying between 40 and 80 
IJ,m. Colour opaque. 

Type 24 is considered to represent mandible remains of arthropods (? 
crustaceans) . 

Palynomorph Type 25 (Fig. 4-9) 

Fossa and posterior side coincide. Acute denticles decreasing in size from the 
falx (6 IJ,m) to the dentary. Size varying between 40 and 80 IJ,m. Colour opaque. 

A palynomorph resembling Type 25, but with only three denticles including the 
falx was identified by Van Geel et al. (1989) as the mandibles of species of the 
insect genus Sialis (alder fly). Similarly it is here suggested that palynomorph 
Type 25 might represent the remains of an insect mandible. Yet, a crustacean 
affinity cannot be completely ruled out. 

Palynomorph Type 26 (Plate IVA) 

Elongated fragments with acute denticulation. The denticules are loosely 
spaced. 

Type 26 represent unidentified arthropod remains. 

Palynomorph Type 27 (Plate 111,7) 

Elongated bifurcated fragments. 

Type 27 represent unidentified arthropod remains. 

PALYNODEBRIS ORIGINATING FROM CRUSTACEAN 
EXOSKELTONS 

Palynodebris Type 1 (Plate I, 3-7; Fig. 5, 1-8) 

Organic debris consisting of fragmented transparent tissue of varying shape 
and size. Tissue structureless. Larger fragments (60 to 100 IJ,m) have the shape 
of an elongated hexagon, of which one side can be shorter than the other; 
elongated pentagonal shapes were also found. Larger fragments often folded 
along the longer axis; this axis can be bent. The folded tissues are sometimes 
found connected in rows of two or three elements. Often fragments can be 
found with grey to opaque inclusions; such fragments show also evidence of 
local thinning or desintegration of the tissue. 
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Identification of palynodebris Type 1 in terms of a crustacean affinity has been 
experimentally supported. A copepod was subjected to the acid treatment 
applied in sample preparation for palynological analysis. The exoskeleton of this 
copepod appeared to be acid resistant. After acid treatment, particularly the 
dorsal somites still showed a clear delineation. The remains are frequently 
constituted of elongated transparent tissues, folded along the longer axis. Thus 
there is a direct correlation between at least the larger fraction of palynodebris 
Type 1 and the dorsal somites of crustacean exoskeltons. Since the smaller 
fraction of the particles displays identical optical properties, the majority of 
transparent palynodebris may be considered to have a crustacean (possibly 
even copepod) origin. 

DISCUSSION 

The description of organic remains of chitinous crustacean exoskeletons from 
marine deposits have attracted little attention. Yet, the regular occurrence of 
palynomorphs representing remains of crustacean exoskeletons have earlier 
been detected in Neogene to recent palynological assemblages from a variety 
of sedimentary settings, ranging from coastal-brackish (Mateus, 1992) to 
deep-sea (Boulouard and Delauze, 1966; Caratini et aI., 1975, 1978; Van der 
Kaars, 1987) enVironments. The large number of distinctive palynomorph types 
found in the Banda Sea emphasizes the variety of exoskeleton remains that 
may contribute to the composition of palynomorph associations in young 
deep-sea sediments. 

More importantly, the present paper demonstrates that also the palynodebris 
component of palynological residues from young sediments may partly originate 
from crustacean exoskeletons. An assessment of the overall palynodebris 
composition in the Banda Sea (Chapter 1) suggests that in addition to about 
72% palynodebris of terrigenous origin, about 28% of the debris corresponds to 
palynodebris Type 1. Also from a quantitative point of view, therefore, the 
possibility of the presence of a significant crustacean-derived component 
should be taken into consideration when attempting to identify the origin of 
organic carbon in young marine sediments. 
The possibility of a quantitative prominence of exoskeleton material is further 
supported by the presence of degradation products of palynodebris Type 1. 
Apart from palynodebris and palynomorphs, also amorphous organic material 
represents an important constituent of the organic matter associations in the 
Banda Sea. Brown or greyish/transparent diffuse aggregates frequently 
dominate the palynological residues. Also the organic fraction <10 Ilm, sieved 
away during sample processing, mainly consists of amorphous material. 
Notably in the Timor transect diffuse aggregates are predominantly of the 
greyish/transparent type. These aggregates show an optical affinity to 
degraded greyish/transparent particles that may still be categorized as 
palydodebris Type 1. 

Although the palynodebris and many of the palynomorph types could not yet be 
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Fig. 5. Shape variation within Palynodebris Type 1. 1: 

Hexagonal; 2: Hexagonal with one shorter side: 3: Pentagonal: 4: 

Hexagonal, folded; 5: Hexagonal with a shorter side, folded; 6: 

pentagonal, folded: 7: Two attached dorsal somites: 8: Three 

attached dorsal somites. 
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identified below the level of crustaceans, the present author believes that by far 
the greatest part of the crustacean exoskeleton remains originate from 
planktonic copepods. In the Banda Sea and adjacent seas in the 
Indo-Malayan/Australian region, copepod communities largely dominate the 
zooplankton biomass (Baars et aI., 1990; Arinardi et al., 1990; Othman et aI., 
1990). Species diversity is principally determined by representatives of the 
suborder Calanoida. A number of the palynomorph types encounterd can be 
correlated with exoskeletons of calanoid species, specifically with 
representatives of the family Candaciidae. 

In order to explain the preservation potential of a variety of animal and fungal 
palynomorphs, claims with respect to their chininous nature (Traverse, 1989) 
need to be verified by thorough investigation of both fossil and modern material. 
However, among such palynomorphs, remains of arthropod skeletons are likely 
to be partially composed of chitin. In general, the chitin content of modern 
deep-sea sediments is reported to be very low (Poulicek et aI., 1986). Rapid 
decomposition of chitin is notably due to the activity of (aerobic) chitinoclastic 
bacteria (ZoBell and Rittenberg, 1938; Campbell and Williams, 1951; Seki and 
Taga, 1963; Seki, 1966). Although rates of bacterial decomposition may 
drastically decline with decreasing water temperature (Seki, 1965), 
chitinoclastic bacteria remain active under deep-sea conditions (Kim and 
ZoBell, 1972). Occurrences of well-preserved chitinous palynomorphs in 
sediments of the Banda, therefore, needs to be ascribed to external physical 
and chemical factors that may enhance chitin preservability. 

It has been demonstrated that the burial rate and the degree of organic matter 
preservation in marine sediments are positively correlated with sedimentation 
rate (Berner, 1989; Betts and Holland, 1991). In accordance with the results of a 
comprehensive palynofacies analysis (see Chapter 1), it is suggested that 
mass-occurrence of crustacean exoskeleton remains in sediments from the 
Banda Sea is related to the combined effects of (1) high plankton productivity 
caused by seasonal upwelling (Schalk, 1987; Gieskes et aI., 1988; Baars et aI., 
1990) and (2) high sedimentation rate (Ganssen et aI., 1989; Situmorang, 1992). 

CONCLUSIONS 

Environmental conditions that are conducive to the preservation remains of 
chitinous crustacean skeletons in young sediments prevail in the Banda Sea. In 
palynological residues these remains include a variety of palynomorph types, 
as well as quantitatively prominent transparent palynodebris and its diffuse 
degradation products. Selective preservation of the chitinous remains is 
considered to be related to the effects of high plankton production and high 
sedimentation rate. 
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Plate I. 

1 - Specimen of Pseudocalanus elongatus (Boeck), after 

palynological treatment; slide COP-2; x 100. 

2 - Former picture, redrawn with emphasis on the dorsal somite 

delineation. 

3 - palynodebris Type 1; three attached fragments, medially 

folded; sample SN-379; x 400. 

4 - Palynodebris Type 1; two attached fragments, medially 

folded; sample SN-379; x 400. 

5 - Palynodebris Type 1; fragment curled inwards; sample SN-379; 

x 800. 

6 - Palynodebris Type 1; hexagonal fragment; sample SN-379; x 
400. 

7 - Palynodebris Type 1; pentagonal fragment, medially folded; 

sample SN-379; x 400. 
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Plate II. 

I - Appendages of Pseudocalanus elongatus (Boeck), after 

palynological treatment; slide COP-2; x 100. 

2 - Former picture, redrawn with emphasis on the segmentation 

and shape of the terminal foot. 

3 - Palynomorph Type 1; copepod exopodite segment; sample 

SN-240; x 400. 

4 - Palynomorph Type 2; copepod exopodite segment; sample 

SN-240; x 400. 

5 - palynomorph Type 5; copepod exopodite segment; sample 

SN-240; x 400. 

6 - Palynomorph Type 3; copepod exopodite segment; sample 

SN-240; x 400. 

7 - Palynomorph Type 4; copepod exopodite segment; sample 

SN-240; x 400. 

8 - Palynomorph Type 3; copepod exopodite segment; sample 

SN-240; x 400. 
9 - Palynomorph Type 3; copepod exopodite segment; sample 

SN-240; x 400. 
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Plate III.
 

1 - Palynomorph Type 13; copepod sternite; slide SN-192; x 400.
 

2 - Palynomorph Type 14; copepod tail fragment; slide SN-192; x
 

400. 

3 - Palynomorph Type 14; copepod tail fragment; slide SN-192; x 

400. 

4 - Palynomorph Type 6; copepod intercoxal plate, front side; 

slide SN-196; x 800. 

5 - Palynomorph Type 6; copepod intercoxal plate, back side; 

slide SN-196; x 800. 

6 - Palynomorph Type 6; copepod intercoxal plate, front side; 

slide SN-196; x 800. 

7 - palynomorph Type 27; unidentified arthropod fragment; slide 

SN-169, x 400. 

8 - Palynomorph Type 8; copepod rostral spine; slide SN-196; x 

800. 

9 - Palynomorph Type 15; elongated curved crustacean 

palynomorph; slide SN-44; x 400. 

10 - palynomorph Type 15; elongated curved crustacean 
palynomorph; x 500 (SEM). 

11 - Palynomorph Type 15; elongated curved crustacean 

palynomorph; slide SN-188; x 800. 
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Plate IV. 

1 - palynomorph Type 9; copepod mandible gnathobasis; slide 

SN-244; x 800. 

2 - palynomorph Type 16; amphipod mandible remain; slide SN-240; 

x 800. 

3 - Palynomorph Type 7; copepod antenna remain; slide SN-168; x 

500. 

4 - palynomorph Type 26; unidentified arthropod fragment; slide 

SN-168; x 800. 

5 - palynomorph Type 10; copepod mandible gnathobasis; slide 

SN-233; x 400. 

6 - Palynomorph Type 11; copepod mandible gnathobasis; slide 

SN-196; x 400. 

7 - palynomorph Type 17; arthropod mandible remain; slide 
SN-120; x 1000. 

8 - Palynomorph Type 12; copepod mandible gnathobasis; slide 

SN-233; x 400. 
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CHAPTER 3 

MORPHOLOGY OF PROBABLE PLANKTONIC CRUSTACEAN 
EGGS FROM THE HOLOCENE OF THE BANDA SEA (INDONESIA) 

ABSTRACT 

The palynological treatment ofpelagic oozes from box-cores of the eastem 
Banda Sea (Indonesia) reveals an association dominated by unidentified 
organic-walledmicrofossils. Detailed morphological study of these microfossils 
differentiates 20 distinct groups. The systematic coherence of these 20 groups 
is discussed. The morphology ofmodem eggs of the copepods Pseudocalanus 
elongatus and Temora longicomis from the North Sea and other available 
evidence, together suggest that the Banda Sea fossils represent the eggs of 
planktonic crustaceans. 

INTRODUCTION 

The Indonesian-Dutch Snellius-II Expedition (1984-1985) to the Indonesian 
seas (including the Banda Sea, see Fig. 1) recovered numerous oceanic 
surface-sediment samples. The distribution of palynomorphs and other 
acid-resistant organic matter could thus be studied in samples from a variety of 
depositional environments (Chapter 1). The multidisciplinary nature of the 
expedition provided the scientific climate necessary to interpret this organic 
matter distribution. 

Between 11 % and 58%, but generally more than 40%, of the palynomorphs in 
the assemblages were composed of spherical to sub-spherical fossils that were 
split along an equatorial fissure. Ornamentation varied from reticulate to the 
bearing of separate processes. The microfossils were also observed in 300,000 
year old sediments from piston cores of the eastern Banda Sea and their 
presence could be traced through the cores to the surface sediments (Van Der 
Kaars, pers. commun., 1990). Age assessment of the Banda Sea cores was 
based on palynological and stable isotope analysis. Similar palynomorphs, 
reported as incerta sedis or alveolar plankton, occur in sediments of the Oman 
Sea dated at approximately 30,000 years old and less (Caratini et aI., 1978; pI. 
III, fig. 3; pI. IV, fig. 6, 12, 13; pI. VI, fig. 10; and pI. VII, fig. 1-4). Age 
assessment of the Oman sediments was based on palynological analysis. The 
microfossils were observed also in samples from the Java Sea (described as 
green algae in Van Waveren, 1989), in the Flores Basin (Indonesia), and in 
sub-Holocene sediments of the Angola Basin of East Africa (pers. observation). 
Some 9ymnodinioid cysts with densely spaced processes and chasmic 
archeopyle, and naked gymnodinioid cysts with a chasmic archeopyle, display 
a similar morphology to some forms of the presently considered fossils. Other 
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Fig. 1. Transect locations and sample locations: a) Seram 
transect (leg 2), b) Tanimbar transect (leg 4). and c) Timor 

transect (leg 6). Islands are in black and contours give depth x 

10 3 meters. 
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Table I. General sample data: water depth of the boxcores (in 

meters), position of samples in the boxcores (depth in 

centimeters from the water-sediment interface), location (see 

Fig. 1) and lithology. 

Box Water Position I 
core depth in core 
number 1m) (em trom top) Latitude I' S)-lon9ilude ( E) Litholo9Y 

16 4090 0-0.4 4 48. 203 -130 30.200 clay with vole. debris 
20 5334 2-4 4 46. 706 -130 33.022 clay with vole. debris 
22 6023 'rest sed," 4 41. 295 -130 46.262 clay with vole. debris 
24 5056 1-2.5 4 36. 758-130 52.068 clay 
26 4068 1-7 4 29. 865 -130 07.040 clay 
27 3351 1-4 4 24. 875 - 131 08.785 clay containing forams 
32 1960 2-7 4 22. 380 -131 17.208 brown foram clay 
33 1723 1-3 4 20. 002 - 131 19.036 fcram ooze 
34 1399 1-2 4 19. 364 - 131 20.848 foram ooze 
35 1091 1-5 4 19. 090 - 131 20.848 fcram ooze 
36 671 0-2 4 17. 007  131 21.000 sandy clay 
37 505 0-1 4 17. 005 -131 23.000 fine sand 

38 372 1-3 4 16. 006 -131 25.001 sandy clay 
40 618 0-3 4 14. 008 - 131 28.003 silty pteropod sand 
42 627 1-4 4 13. 000- 131 31 000 toram ooze 
43 823 0-2 4 12. 091 -131 33.120 foram ooze 
45 874 1-2 4 05. 568  131 45 238 fcram ooze 
47 1476 1-4 3 56. 004 - 131 49.898 fcram ooze 
49 1349 1-3 3 47. 964 - 131 57.218 silty/sandy clay 
52 1967 1-5 3 36. 631 - 132 06.887 fcram ooze 
54 2119 1-3 3 35. 490 -132 18.008 brown clay 
58 1846 0-2 3 28. 071 - 132 18.008 brown toram clay 

60 1564 1-4 3 24. 478-132 20.942 brown foram ooze 
61 1402 1-3 3 24. 416 - 132 20. 788 toram clay 

62 1097 0-2 3 23. 005 - 132 22.003 fcram clay 
63 919 1-4 3 22. 074-132 22.888 clay 

64 684 1-5 3 17. 008 - 132 25.000 fcram clay 
65 486 1-6 3 17. 008 -132 26.004 clay 
68 358 0-2 3 15. 009 - 132 25.007 foram clay 
66 160 1-2 3 17. 009 -132 25.006 coquina hash 

71 78 4-9 7 06 795 - 133 18.389 bioclastic sand 
74 141 1-3 7 07. 004 -132 38.009 sand 

76 346 1-2 7 06 090 -132 56.000 clay 
78 713 1-3 7 04. 670 -132 49.019 foram sand 

81 1077 1-4 7 01.782 -132 43.372 fcram sand 

83 1654 1-2 6 59.672-132 30.187 foram ooze 

86 1391 1-1.5 6 56.703  132 31.787 foram nanno ooze 
88 1023 1-2 6 58.004 - 132 50.504 clayey foram sand 

90 780 1-2 6 57.000 - 132 26005 foram ooze 
91 591 1-4 6 55.005-132 16.007 biogenetic sand 

92 478 1-3 6 50.509 -132 09.584 foram sand 

94 460 1-3 6 47.346-132 01.837 clay 

95 681 1-4 6 42.014-131 00.000 fcram sand 

97 582 1-5 6 37.007 - 131 34.001 1cram ooze 

98 1082 1-2 6 36.000 -131 33.005 fcram sand 

99 2102 1-2 6 35.006-131 32.005 fcram sand 

102 3272 1-4 6 35.007 -131 29.005 nanno foram ooze 

104 4941 1-2 6 31.009-131 23.004 clay 

106 6241 1-3 6 36.000 -131 32.010 clay (OXidized) 

110 6251 1-3 6 13.001 - 130 33.000 clay 

111 5199 1-3 6 09.086 -130 26.559 sandy clay 

121 4059 1-3 7 13.160-127 01.408 clay 

128 1414 0-2 7 36.643-127 11.088 muddy sand 

129 1777 1-2 7 45.030  127 14.008 foram ooze 

130 2772 0-6 7 57.008-127 19.003 foram silty clay 

133 2592 1-4 8 11.000 - 127 25.004 foram clay 

135 1727 0-3 8 14.007-127 26.000 foram ooze 

138 1038 0-5 8 23.030-127 24.000 clayey foram sand 

139 1570 0-3.5 8 42.002 - 127 37.005 foram ooze 

141 2294 1-3 8 59.010-127 41.070 calc. ooze 

143 2870 0-2 9: 07. 006 - 127 04.004 clay with panko 

146 3000 1-6 9 10.097 -127 45.212 nanno foram ooze 

148 1951 1-6 9 17.004 - 127 47.001 foram clay 

150 1832 1-1.5 9 24.005 -127 50.030 foram nanno ooze 

152 1286 1-3 9 27.972  127: 50. 838 brown mud 

157 416 3-7 9 35.015-127 54.025 toram ooze 

159 210 0-2 9 41.007-127 55.009 plank. foram ooze 

162 90 2-5 9° 50. 073·127 57.103 biomorphic sand 
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forms, on the other hand, resemble the cysts of the prasinophyte genus 
Halosphaera Schmitz 1878. However, note that modern copepod eggs 
submitted to palynological chemical treatment during this study, have a 
morphology that displays strong resemblance to the Banda Sea fossils. 

The Banda Sea is an area of seasonal upwelling. Offshore currents induced by 
the south eastern monsoon cause water depletion in the eastern Banda Sea. 
Compensating for this depletion is the inflow of deeper, nutrient-rich water and 
partial divergence of the South Equatorial Current into the Banda Sea (Fig. 2) 
(Wyrtki, 1957; Zijlstra et aI., 1990). The abundance of phytoplankton, 
zooplankton and nekton responds to the seasonal nutrient supply (Schalk et 
aI., 1990). The distribution of pelagic copepods in the Banda Sea (Baars et aI., 
1990), the morphology of copepod eggs (Kasahara et aI., 1974), and recent 
findings on copepod-egg properties (Marcus, 1984, 1989; Marcus and Fuller 
1986,1989; Lindley, 1986) are considered in order to discern the biological 
affinity of these palynomorphs. The eastern Banda Sea also is believed to be a 
transition zone between Pacific and Indian water (Gordon, 1986) and this may 
be reflected in the distribution of palynomorphs in the 20 morphological groups. 

MATERIAL AND METHODS 

Box core samples were collected during sailing cruise G-5 of the Snellius-II 
expedition (Fig. 1) (Van Hinte et aI., 1986). Sample precision varied because the 
top layer was often lacking and samples sometimes represented relatively thick 
layers (see Table I). The lithology of the samples consisted of foraminiferal 
clays and oozes. Box cores were taken along three transects (Fig. 1 and Table 
I) throughout the eastern Banda Sea. The first transect (Leg 2: the Seram 
Transect) trends approximately west-east, south of Seram to Irian Jaya, and 
over the Weber Trough and the Seram Trough. The second transect (Leg 4: 
Tanimbar Transect) trends approximately east-west, north of Tanimbar, over the 
Weber Trough, and on to the Australian continental shelf. The third transect 
(Leg 6: the Timor Transect) trends approximately north-south, from Wetar to the 
Australian continental shelf, over the Timor Trough. The locations of the 
samples and the positions of the samples in the box cores are indicated in Table 
I. 

Approximately five grams of dried sediment were digested in cold hydrochloric 
acid (as 30% from concentrated HCI) to remove the calcium carbonates. 
Silicates were dissolved in cold hydrofluoric acid (HF 40%) and the residue was 
diluted with water and sieved over a 10 Ilm mesh nylon screen. The material was 
mounted in an Elvacite and cellusize medium. 

The slides were analyzed with a compound fluorescence microscope 
(Laborlux-D from Leitz, type 307-143.004 514662). Ultrastructure was observed 
with a Philips EM 201 transmission electron microscope (TEM) using 
accelerating voltages of 60-80 kV. TEM samples were desiccated and 
embedded in araldite by a gradual increase in the concentration of araldite in an 
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Fig. 2. Upwelling and downwelling in the Banda Sea (after 

Wyrtki, 1957). Circles indicate areas of downwelling; crosses 

indicate areas of upwelling. 
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Fig. 3. Morphotype shape and structure in optical cross-section 

(1 psilate, 2 pillared, 3 scabrate, 4 scabro-granulate, 5 

scabro-spined, 6 scabro-annulate, 7 cerebro-spined, 8 

dendro-cerebrate, 9 palmate, 10 palmo-tectate, 11 

alveo-reticulate, 12 septo-tectate, 13 murate, 14 columnar 
tecto-scabrate, 15 rugulate, 16 rugulo-palmate, 17 cerebrate, 18 

pigmented cones, 19 pigmented dendrae, 20 pigmented 

verruco-spined) . 
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Fig. 4. Morphotype ornamentation in plan or oblique view (1
 

psilate, 2 pillared, 3 scabrate, 4 scabro-granulate, 5
 

scabro-spined, 6 scabro-annulate, 7 cerebro-spined, 8
 

dendro-cerebrate, 9 palmate, 10 palmo-tectate, 11
 

alveo-reticulate, 12 septo-tectate, 13 murate, 14 columnar
 

tecto-scabrate, 15 rugulate, 16 rugulo-palmate, 17 cerebrate, 18
 

pigmented cones, 19 pigmented dendrae, 20 pigmented
 

verruco-spined) .
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acetone solution. Thin sections were cut with a microtome and deposited on a 
one-hole grid for analysis. Stains were not used to enhance the palynomorphs 
for TEM analysis. A scanning electron microscope (Cambridge Stereo Scanning 
EM S-150) was used to obtain a higher resolution and magnification on the 
palynomorphs and to examine surface structures not resolved by light 
microscopy. The commonly used voltage was 25 kV. Samples were coated with 
gold-palladium for examination with the scanning electron microscope (SEM). 

The above described techniques were used to describe 20 distinct 
morhphotypes. Their occurrence was evaluated by counting 200 specimens of 
the 20 morphotypes for each sample. In an effort to establish the relationship 
between the palynomorphs described herein and copepod eggs, the eggs of two 
North Sea cultures (Pseudocalanus elongatus Boeck and Temora longicornis 
Muller) were prepared using the palynological procedures described above. 
These two copepod species do not occur in the eastern Banda Sea. The eggs 
were provided by W. Klein Breteler at the Netherlands Institute for Sea 
Research. 

RESULTS 

The unknown palynomorph assemblages exhibit different morphological 
features. In this paper 20 groups with distinct morphologies are suggested. For 
most groups, at least 10 specimens were studied to describe and establish a 
morphotype. Several groups were so rare that 10 complete specimens could not 
be studied, as indicated in the Morphology Section. 

Informal taxonomy is used in this paper for the two following reasons. Because 
these organic spheres are probably derived from a known organism, naming the 
palynomorphs would result in two or more names for the same taxonomic unit. 
This is not permitted under the International Code of Zoological Nomenclature 
(Ride et aI., 1985). Moreover, the level of taxonomic unity (genus, sub-genus, 
species) represented by a set of morphologically identical features cannot be 
evaluated yet. Consequently the morphological groups are informally 
designated by their characteristic ornament. 

Terminology 

Most of the morphological terms in the following description (see Fig. 3, 4 and 5) 
have been used in either a terrigenous or marine palynological context 
(Eisenack et aI., 1973; Evitt, 1985; Faegri and Iversen, 1989). The following 
terms are defined because either they are new or are used in a different manner: 

- Annulus, (pI.) -i, (adj.) -ate: protruding ring around pore or process (see Fig. 
3.6 and 4.6). 

- Cerebrum, (pl.) -a. (adj.) -ate: a special type of circular, closed fold. The 
enclosed area is elongated and sinuous (see Fig. 3.17 and 4.17). 

• Dendron, (pI.) -s, (adj.) - ate: process where branching bifurcates at different 
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points of origin and point in same direction as the main process. All processes 
become smaller distally (see Fig. 3.8 and 4.8). 

- Pillar, (pl.) -s, (adj.) -ate: cylindrical structural element between inner and 
outer wall of the palynomorph; diameter 3 l!m, height: 2 l!m (see Fig. 3.2 and 
4.2). 

Morphological analysis 

In the description of the 20 morphotypes, analysis included the following 
aspects: 

- Size analysis. Range and mean of the longest axis (excluding 
ornamentation) of the specimens constituting a morphotype, and the mean 
value for a given number of specimens. 

- Type of opening. Equatorially fissured or not. 
- Shape. All palynomorph shapes are believed to have been spheroidal or 

slightly flattened perpendicular to the plane of fissure. Hence, shape is a 
result of preservation or preparation. Nevertheless, compositional or 
structural details of the wall determine the flexibility of the palynomorph and its 
shape in the slide. Shape is also influenced by palynological processing. 
Observed shapes were (1) discoid with minor folds (Fig. 5b); (2) discoid folded 
inwards (Fig. 5c); (3) as two saucers connected at two points (Fig. 5d); (4) as 
two saucers connected at one point (Fig. 5e); (5) as a partially fissured sphere 
(Fig. 5f); (6) as a single saucer with straight sides (Fig. 5g); (7) as a saucer 
with two convex sides (Fig. 5h); (8) as a flat ellipse (Fig. 5i); (9) as a single 
(Fig. 5j), or double (Fig. 5k) fusiform; (10) polygonal (when the sides are curled 
inwards after radial fracturing, Fig. 51); (11) ovoidal (Fig. 5m). 

- Optical cross-section. The optical cross-section of structure and 
sculpture (in the sense of Potonie, 1934) was described and verified in part, 
by TEM analysis. 

- Surface view. Description of the distribution of ornamentation on the 
palynomorph surface and structure analysis through L-O analysis. This 
technique (Erdtman, 1952) was used to elucidate fine structure and sculpture 
by slowly lowering the optical plane of focus through the palynomorph wall in 
plan view. 

- Pigmentation. Specimens ranged from hyaline to dark brown and nearly 
opaque. 

- Fluorescence. Faint to absent (wavelength of excitation light: 455-470 nm). 
- Variation. Less common morphologies that were seen in specimens other 

than those constituting the morphotypes, were documented. 
- Distribution. The maximal, minimal and mean percentages for each 

morphotype in all observed samples was recorded, together with the 
geographical distribution of the morphotypes in the samples (Table II). 
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Table II. Relative composition and abundances of copepod 

morphotypes 1 to 20, listed vertically, for all the considered 

samples (each sample is referred to its corresponding boxcore 

number: these numbers are listed horizontally) . 

16 20 22 24 26 27 30 32 33 35 37 38 40 43 49 52 54 58 60 61 62 

1 17.4 7.0 0.0 3.3 1.8 3.2 12.581 5.1 3.5 3.5 2.2 2.6 5.6 0.0 10.5 0.0 8.1 0.0 12.0 17.6 
2 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
3 6.4 7.5 4.7 4.9 22.5 5.3 4.3 3.3 2.8 3.5 3.5 3.3 3.8 3.6 6.5 3.7 4.9 6.7 17.5 1.6 5.4 
4 0.0 0.0 3.1 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
5 0.0 0.0 0.0 0.5 9.9 0.0 0.0 0.0 0.0 24.8 24.5 0.0 0.0 0.0 5.5 0.0 0.0 0.0 0.0 0.0 00 
6 0.6 1.0 3.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.4 2.0 0.0 0.0 0.0 0.9 0.5 0.6 
7 0.3 16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.4 1.9 15 0.5 0.0 
8 0.6 1.6 1.5 3.8 1.0 2.1 1.8 95 1.8 5.8 58 0.0 5.3 5.6 4.5 3.1 4.9 0.5 2.7 2.2 6.1 
9 15.5 0.0 4.7 15.4 3.7 35.734.4 25.823.6 0.0 24.5 11.1 20.8 19.9 0.0 13.0 9.3 15.36.6 6.0 6.1 
10 3.5 8.6 17.2 13.2 5.4 1.7 1.8 1.9 3.7 0.0 0.0 0.5 5.3 0.4 4.5 4.3 2.7 3.8 2.1 3.3 1.8 
11 0.0 0.0 0.0 0.0 2.4 8.5 1.4 4.8 12.5 0.0 0.0 5.0 0.0 0.0 0.0 0.0 4.4 2.4 2.1 2.2 2.4 
12 14514.57.3 23.0 24.1 16.619.710.520.824.518.849.733.723.120.526.528.6 13.9 14.723.53.0 
13 34.839.842.328.614.518.0 18.623.917.626.624.526.8 13.621.925.529.636.833.937.935.0 400 
14 1.6 0.0 0.0 2.7 5.1 3.8 3.6 7.8 6.0 4.0 9.4 0.0 7.6 3.4 4.5 3.7 3.8 2.9 3.0 4.9 36 
15 0.0 0.0 0.0 0.0 2.9 2.5 0.7 0.9 0.1 0.6 0.6 0.0 0.0 6.0 0.5 0.0 0.0 0.9 0.0 0.0 0.0 
16 0.0 17.2 10.9 0.0 3.7 0.0 0.0 00 0.0 0.0 0.0 0.5 0.0 0.0 20.5 0.0 0.0 0.0 00 0.0 0.0 
17 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
18 1.3 1.0 0.8 0.0 0.8 0.7 0.3 0.9 1.4 0.6 0.6 0.0 11 0.4 1.0 00 4.4 0.9 0.9 0.0 12 
19 1.0 0.0 0.0 2.2 0.5 0.7 0.3 2.4 2.3 1.2 1.1 0.0 4.1 4.4 2.5 2.5 0.0 4.3 4.5 6.5 5.4
 
20 22 0.0 4.7 2.2 1.3 1.0 0.3 0.5 1.4 0.0 0.0 0.5 2.8 4.4 2.5 2.5 0.0 4.3 5.4 1.6 1.2
 

63 65 66 68 71 74 76 78 81 83 86 88 90 91 92 94 95 97 98 99 102 

1 6.2 10.62.8 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2 0.0 0.0 0.5 0.0 0.8 0.0 0.0 0.0 0.4 0.4 00 3.0 2.3 0.0 2.5 2.4 0.0 0.0 0.0 0.4 0.0 
3 4.9 2.3 3.3 3.7 4.6 20.0 6.6 1.7 7.1 7.1 1.6 5.4 4.9 16.3 9.3 3.7 4.6 20.0 6.6 1.7 7.t 
4 0.0 0.0 0.0 5.5 0.0 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 33.3 0.6 0.0 0.0 
5 0.0 0.5 0.0 0.0 0.8 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
6 0.4 0.0 0.0 06 0.0 0.0 0.0 1.2 0.5 0.4 12 0.0 2.3 2.3 0.5 0.8 0.5 0.0 06 0.0 45 
7 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 00 0.0 0.0 0.0 0.0 
8 4.0 1.1 1.8 3.9 0.0 6.6 4.1 0.8 2.9 0.0 1.5 0.0 3.1 0.0 0.8 1.5 0.0 0.6 0.4 1.9 
9 6.2 "t067.2 8.6 3.1 0.0 13.318.324.521.4 18.0 13.4 23.2 12.3 17.7 15.532.6 18.2 12.9 14.4 25.7 
10 4.5 1.1 1.6 1.8 0.0 20.0 3.3 06 0.0 1.2 0.8 00 0.0 1.5 1.4 2.0 1.0 3.0 2.4 0.9 0.0 
11 1.8 1.7 0.5 0.6 0.0 0.0 0.0 0.0 0.5 0.0 2.4 0.0 2.3 0.7 0.0 0.0 0.0 0.0 11.6 0.9 0.0 
12 29.0 22.3 3.9 24.714.7 0.0 16.611.818.4 23.9 16.5 11.99.3 13.1 13.415.528.612.122.743.713.5 
13 29.920.713.4 40.755.0 60.0 46.6 49.7 33.832,846.0 43.3 39.5 35.438.340214.8 14.215.918.928.8 
14 31 50 0.0 18 0.0 0.0 0.0 5.3 2.1 3.3 4.0 5.9 4.6 5.4 2.9 4.0 2.5 0.0 4.3 2.2' 5.1 
15 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 12 0.0 0.0 0.0 0.0 2.9 0.0 0.0 0.0 0.0 0.0 0.0 
16 0.0 0.0 0.0 0.0 6.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 
17 0.0 0.0 0.0 0.0 2.4 0.0 0.0 17 2.6 04 0.4 0.0 0.0 15 1.9 08 2.5 0.0 0.6 04 1.3 
18 0.9 0.0 0.0 0.6 0.0 0.0 0.0 4.7 2.1 0.4 1.2 0.0 0.0 0.8 0.9 12 2.5 3.0 1.8 2.7 3.2 
19 4.9 1.7 1.1 3.7 2.3 0.0 3.3 0.6 4.7 3.8 2.8 5.9 0.0 1.5 6.7 10.34.6 6.0 11.6 7.2 6.4 
20 40 0.5 0.5 5.5 5.4 0.0 3.3 4.7 1.3 0.4 2.0 0.0 0.0 2.3 4.8 2.0 1.5 0.0 1.2 0.4 0.0 

104 106 110 111 121 128 129 130 133 135 138 139 141 143 146 148 150 152 157 159 162 

1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2 2.4 0.0 1.8 1.5 0.0 0.0 0.0 0.0 1.6 0.0 0.0 0.0 0.0 0.0 2.7 0.0 1.2 0.0 0.0 0.0 0.0 
3 9.0 213 7.8 1.4 7.5 0.0 2.2 6.5 4.1 50.0 15.5 0.0 0.0 0.0 8.1 8.9 3.5 9.0 3.7 17.74.3 

4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 2.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
5 0.0 0.0 0.0 0.0 00 0.0 69.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 
6 1.9 0.0 0.5 0.5 0.0 0.0 0.7 0.0 0.8 0.0 0.0 0.9 0.9 0.0 0.0 0.8 1.2 1.3 3.7 0.0 0.0 
7 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
8 3.2 1.8 4.6 0.0 5.2 0.0 0.7 0.0 0.8 0.0 1.1 3.8 0.9 3.5 4.0 2.4 2.3 1.2 1.2 0.0 4.3 
9 34.330.541.0 49.1 53.0 71.4 2.9 0.0 48.8 0.0 23.356.239.542.1 37.846.0 56.5 41.0 23.4 26.7 13.0 
10 1.2 1.8 2.3 5.6 0.7 0.0 0.0 21.3 4.1 00 11.1 8.6 6.1 7.0 1.8 4.8 0.0 8.3 3.7 2.2 8.7 
11 2.6 0.0 0.4 0.5 1.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.0 0.0 
12 22.58.3 16.6 13.1 8.2 7.1 0.0 0.0 89 25.0 1. 1 1.9 6.1 8.8 6.3 22.6 9.4 8.3 3.7 2.2 8.7 
13 12.231.5 12.4 17.37.5 21.4 1.5 31.1 19.525.0 11.0 13.3 32.4 17.522.5 1.6 15.318.639.531.139.1 
14 1.9 2.7 4.6 5.1 3.0 0.0 0.0 13.1 4.9 0.0 26.6 7.6 7.0 10.58.1 5.6 5.9 5.1 11.1 6.7 21.7 

15 0.0 0.0 0.9 1.4 0.0 0.0 0.0 1.6 0.0 0.0 0.0 0.9 0.9 0.0 0.9 0.0 0.0 0.0 1.2 0.0 0.0 
16 0.0 0.0 0.0 0.0 0.0 0.0 2.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
17 1.2 2.8 1.4 0.5 2.2 0.0 1.5 3.2 0.0 0.0 3.3 0.0 0.0 0.0 0.0 1.6 1.2 1.3 2.5 0.0 0.0 

18 32 3.7 1.8 0.0 5.2 0.0 0.0 4.9 3.2 0.0 1.1 1.9 2.6 0.0 1.8 1.6 3.5 1.3 2.5 2.2 0.0 

19 3.2 0.0 1.8 1.4 3.7 0.0 0.0 8.2 2.4 0.0 3.3 4.8 2.6 8.8 5.4 3.2 2.3 3.8 2.5 11.1 0.0 

20 0.6 3 7 1.8 1.4 0.0 0.0 2.2 0.0 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 1.2 0.0 0.0 
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DESCRIPTION OF THE BANDA SEA MORPHOTYPES 

Psilate morphotype (no.1) Plate I, 1 

Age. (sub-)Holocene.
 
Size. Range: 75-170 11m, mean: 100 11m, based on 24 specimens.
 
Opening. Equatorial fissure.
 
Preserved shape. Discoid, folded discoid, saucer shaped, fixed at one or
 
two points.
 
Optical cross-section. Usually an autophragm approximately 1.5 11m thick,
 
rarely two walls apparent; psilate.
 
Surface view. Psilate.
 
Pigmentation. Hyaline to pale yellow.
 
Fluorescence. Very faint.
 
Variation. Different wall thicknesses were observed. One specimen
 
consisted of two layers and was slightly darker.
 
Distribution. Range: 17.4-0%, mean: 2.3%; no particular area of higher
 
percentages.
 

Pillared morphotype (no.2) Plate I, 2,3
 

Age. (sub-)Holocene.
 
Size. Range: 87.5-175 11m, mean: 113 11m, based on 18 specimens.
 
Opening. Equatorial fissure.
 
Preserved shape. Single or double fusiform or sometimes occurs as a
 
hemisphere.
 
Optical cross-section. Two very thin walls of less than 0.5 11m connected
 
by few pillars; psilate.
 
Surface view. Pillars (approximately 20) randomly spread over the whole
 
sphere; psilate.
 
Pigmentation. Yellow to transparent, pillars have a darker ochre
 
pigmentation.
 
Fluorescence. Very faint.
 
Variation. Some specimens have a slightly scabrate sculpture.
 
Distribution. Range: 2.7-0%, mean: 0.3%; no particular area of higher
 
percentages.
 

Scabrate morphotype (no.3) Plate I, 4; Plate X, 2,4
 

Age. (sub-)Holocene.
 
Size. Range: 90-150 11m, mean: 113 11m, based on 22 specimens.
 
Opening. Equatorial fissure.
 
Preserved shape. Ellipsoidal flat, discoid or folded discoid.
 
Optical cross-section. Single or double walled. Autophragm or periphragm
 
2.5-2.5 11m thick wall, endophragm <0.5 11m; scabrate sculpture.
 
Surface view. Scabrate, sometimes with a sinuous pattern between the
 

scabrae.
 
Pigmentation. Hyaline to light brown.
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Fluorescence. Very faint.
 
Variation. In some specimens scabrae can be more spiny and in others they
 
tend to resemble granulae.
 
Distribution. Range: 50-0%, mean: 7.1 %; no particular area of higher
 
percentages.
 

Scabro-granulate morphotype (no.4) Plate I, 5
 

Age. (sub-)Holocene.
 
Size. Range: 90-155Ilm, mean: 1141lm, based on 10 specimens.
 
Opening. Equatorial fissure.
 
Preserved shape. Ellipsoidal flat, .tolded discoid or discoid.
 
Optical cross-section. Two walls not distinguishable, autophragm 1.0 Ilm
 
thick or less; scabrate sculpture with granulae.
 
Surface view. Scabrate with granulae, density of granulae about 10 per 10
 
Ilm2.
 
Pigmentation. Hyaline to light yellow.
 
Fluorescence. Very faint.
 
Variation. In some specimens, the granulae are arranged in a reticulate
 
pattern.
 
Distribution. Range: 33.3-0%, mean: 0.7%; no particular area of higher
 
percentages.
 

Scabro-spined morphotype (no.5) Plate II, 1-3
 

Age. (sub-)Holocene.
 
Size. Range: 115-175 Ilm, mean: 137 Ilm, based on 28 specimens.
 
Opening. Equatorial fissure, irregularly torn.
 
Preserved shape. Discoid, ellipsoidal flat or irregularly torn.
 
Optical cross-section. Two walls not distinguishable, very thin autophragm
 
of about 0.5Ilm; scabrate sculpture with spines of 121lm long, end of spines
 
slightly branched, spine bases about 2 Ilm wide.
 
Surface view. Scabrate, regular distribution of 1 spine per 10 Ilm2.
 
Pigmentation. Hyaline.
 
Fluorescence. Very faint.
 
Variation. Some specimens have a higher spine density.
 
Distribution. Range: 69.6-0%, mean: 1.85%; dominance in a single sample.
 

Scabro-annulate morphotype (no.6) Plate II, 4,5
 

Age. (sub-)Holocene.
 
Size. Range: 110-130 Ilm, mean: 122.5Ilm, based on six specimens (easily
 
torn, complete specimens rare).
 
Opening. Not clear.
 
Preserved shape. Oval, sometimes with protrusion on the longest side,
 
often found as fragments, seldom complete.
 

Optical cross-section. Two walls not distinguishable, autophragm 0.5 Ilm
 
thick or less, porate, with annulus around pore, annulus 1.0 Ilm high; scabrate
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sculpture.
 
Surface view. Scabrate with annuli; annulus outer diameter 3.0 11m, inner
 
diameter 1.0 11m, density of annulate pores 1 per 40 11m2.
 
Pigmentation. Hyaline.
 
Fluorescence. Very faint.
 
Variation. Some specimens have a larger pore size.
 
Distribution. Range: 4.5%, mean: 0.6%; no particular area of higher
 
percentages
 

Cerebro-spined morphotype (no.7) Plate III, 1,2 

Age. (sub-)Holocene.
 
Size. Range: 170-235 11m, mean: 187.5 11m, based on 18 specimens.
 
Opening. Equatorial fissure.
 
Preserved shape. Single fusiform.
 
Optical cross-section. Double layered wall, endophragm 1.0 11m,
 
periphragm 0.5 11m; sculpture finely cerebrate, dendrate, length of dendron
 
approximately 811m, dendron hollow.
 
Surface view. Fine cerebrate sculpture, cerebrum width <1.0 11m, dendrate,
 
dendron density: 1 per 40 11m2, capillary visible in dendron as a dark dot.
 
Pigmentation. Golden brown to brown.
 
Fluorescence. Absent.
 
Variation. Some specimens have a dendron density>1 per 40 11m2, others
 
can have a dendron length >8 11m. In some cases the cerebrate structure is less
 
pronounced, approaching rugulate.
 
Distribution. Range: 4.4-0%, mean: 0.2%; no particular area of higher
 
percentages.
 

Dendro-cerebrate morphotype (no.8) Plate III, 3-6 

Age. (sub-)Holocene.
 
Size. Range: 150-250 11m, mean: 225.5 11m, based on 38 specimens.
 
Opening. Equatorial fissure.
 
Preserved shape. Single or double fusiform.
 
Optical cross-section. Double layered wall, endophragm <1.0 11m,
 
periphragm 1.5 11m; sculpture, rugulate, dendrate, dendron length approximately
 
12 11m, often with 4 to 6 major branchings, dendron hollow.
 
Surface view. Rugulate to cerebrate sculpture, rugulae width 1.0 11m, high
 
dendron density, approximately 10 per 10 11m2, base of dendron 1.5 11m in
 
diameter.
 
Pigmentation. Brown to dark brown.
 
Fluorescence. Absent.
 
Variation. Some specimens have a shorter dendron length and lower spine
 
density.
 
Distribution. Range: 9.5-0%, mean 2.3%; no particular area of higher
 
percentages.
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Palmate morphotype (no.9) Plate IV, 1-3 

Age. (sub-)Holocene.
 
Size. Range: 145-200 /lm, mean: 171 /lm, based on 40 specimens.
 
Opening. Equatorial fissure.
 
Preserved shape. Ellipsoidal, sometimes saucer preserved shaped, often
 
torn.
 
Optical cross section. Wall 1.0 /lm thick (see 'Comments' at end of
 
description); sculpture palmate, palmae length 5 !lm.
 
Surface view. Sculpture psilate, palmate, palmae density 3 to 10 /lm2 ,
 

palmae massive.
 
Pigmentation. Golden brown.
 
Fluorescence. Absent.
 
Variation. Some specimens have shorter dendrons and lower dendron
 
density.
 
Distribution. Range: 56.2-0%, mean: 21.7%; higher percentages found in the
 
southern area of the Banda Sea.
 
Comments. TEM observations show the wall to be double layered.
 

Palmo-tectate morphotype (no.10) Plate IV, 4-7 

Age. (sub-)Holocene.
 
Size. Range: 80-150 /lm, mean: 104 /lm, based on 23 specimens.
 
Opening. Equatorial fissure.
 
Preserved shape. Half a sphere, saucer or double saucer with one or two
 
attachment points.
 
Optical cross-section. Two walls not distinguishable, autophragm 1.0 /lm
 

thick; sculpture palmate, palmae 5.0 /lm long, branches strongly diverging in a
 
single plane, sometimes supporting an incomplete tectum, palmae relatively
 
thick (1.5 !lm).
 
Surface View. Palmate, approximately 5 palmae per 10 !lm2, black point in
 
centre of palmae indicating capillary, around the trunk on the bottom layer a
 
darker root-like radiation has a diameter of 1.0 to 3.0 /lm, two palmae sometimes
 
share the same root zone.
 
Pigmentation. Light brown.
 
Fluorescence. Absent.
 
Variation. Some specimens have palmae shorter than 5 Jlm or thinner than 1.5
 
/lm. 
Distribution. Range: 21.3-0%, mean 3.7%; no particular area of higher 
percentages. 

Alveo-reticulate morphotype (no.11) Plate V, 1-5 

Age. (sub-)Holocene.
 
Size. Range: 80-129 /lm, mean: 102 /lm, based on 40 specimens.
 
Opening. Equatorial fissure.
 
Preserved shape. Hemispherical, saucer or double saucer with single
 
attachment point, sometimes flat ellipse.
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Optical cross-section. Autophragm, 2.0 Jlm thick, alveolate structure, muri
 
in optical cross section 1.0 Jlm at the top, muri often bifurcating, thus giving two
 
levels of alveoles, lower alveole smaller; sculpture reticulate.
 
Surface view. Structure alveolate, alveoles approximately 1 Jlm wide;
 
sculpture reticulate, lumina 1.5 to 2.0 Jlm wide.
 
Pigmentation. Light brown.
 
Fluorescence. Absent.
 
Variation. Some specimens have alveoles of the same size positioned
 
exactly under each other, thus forming muri with a slight thickening in the
 
middle.
 
Distribution. Range: 11.6-0%, mean: 1.2%; no particular area of higher
 
percentage.
 

Septo-tectate morphotype (no.12) Plate V, 6-9 

Age. (sub-)Holocene.
 
Size. Range: 75-165 Jlm, mean: 105.5 Jlm, based on 30 specimens.
 
Opening. Equatorial fissure.
 
Preserved shape. Hemispherical, or double saucer with one or two
 
attachment points.
 
Optical cross-section. Double walled, 2.0 Jlm thick, endophragm <0.5 Jlm,
 
periphragm <0.5 Jlm; structure septate, septa 2.0 Jlm ; structure septate, septa
 
2.0 Jlm high, transparent; psilate.
 
Surface View. Space between septa polygonal, approximate diameter of
 
alveoles 3.0 Jlm; psilate. Pigmentation. Light brown.
 
Fluorescence. Absent.
 
Variation. Some specimens have alveoles >3.0 Jlm and/or a more rounded
 
shape.
 
Distribution. Range: 49.7-0%, mean: 15.6% ; higher percentages found in
 
the northern area of the eastern Banda Sea.
 

Murate morphotype (no.13) Plate VI, 1-6 

Age. (sub-)Holocene.
 
Size. Range: 80-150 Jlm, mean: 108 Jlm, based on 40 specimens.
 
Opening. Equatorial fissure.
 
Preserved shape. Discoid, saucer, double saucer with one or two
 
attachment points.
 
Optical cross-section. Double walled (verified with TEM), endo-and
 
periphragm <1.0 Jlm, connected by muri of <1.0 Jlm width and height, distance
 
between muri approximately 1.0 Jlm, endo- and periphragm are slightly collapsed
 
between muri (Plate VI, 5); sculpture psilate.
 
Surface view. Reticulate with small rounded lumina, 1 Jlm wide; inner and
 
outer wall psilate.
 
Pigmentation. Dark brown to black.
 
Fluorescence. Absent.
 

Variation. Some specimens have less regular lumina, >1 Jlm.
 
Distribution. Range: 55.0-1.6%, mean: 27.5%; higher percentages found in
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the northern area of the eastern Banda Sea. 

Columnar tecto-scabrate morphotype (no.14) Plate VII, 1-3 

Age. (sub-)Holocene.
 
Size. Range: 62.5-145 Ilm, mean: 125 Ilm, based on 33 specimens.
 
Opening. Equatorial fissure. When not fissured, a thin rim with slightly
 
different structure is visible (Plate VII, 2).
 
Preserved shape. Hemisphere, single or double saucer with one attachment
 
point.
 
Optical cross-section. Wall double layered, 3.0 to 4.0 Ilm thick;
 
endophragm <0.5 Ilm thick, densely columellate; columellae approximately 1.5
 
Ilm in diameter and 3.0 Ilm high; tectum 0.5 Ilm thick; sculpture scabrate.
 
Surface view. Columellae seen as black dots with a diameter of 1.5 Ilm,
 
columella density 8 per 10 Ilm2; scabrate sculpture.
 
Pigmentation. Dark brown.
 
Fluorescence. Absent.
 
Variation. Some specimens have a relatively thick (>1.0 Ilm) tectum.
 
Distribution. Range: 21.7-0%, mean: 6.7%; no particular area of higher
 
percentages.
 
Remark. Endophragm sometimes detached and revealing its hyaline punctate
 
aspect.
 

Rugulate morphotype (no.15) Plate VII, 4-6 

Age. (sub-)Holocene.
 
Size. Range: 82.5-130 Ilm, mean: 1021lm, based on 40 specimens.
 
Opening. Equatorial fissure.
 
Preserved shape. Saucer, double saucer with one attachment point, or
 
discoid.
 
Optical cross-section. Double layered wall, 1 Ilm thick, periphragm folded
 
thus forming 2.5 Ilm high rugulae at the base, 1.0 Ilm at the top. Rugulae rarely
 
bear a few fine hairs.
 
Surface view. Slightly sinuous rugulae 3.0 Ilm wide at the base and 1.0 Ilm at
 
the top, and 5 to 10 Ilm long. Distance between rugulae is 6 Ilm.
 
Pigmentation. Brown.
 
Fluorescence. Absent.
 
Variation. Some specimens have a higher density of rugulae, thus forming a
 
more cerebrate structure.
 
Distribution. Range: 2.9-0%, mean: 0.4%; no particular area of higher
 
percentages.
 

Rugulo-palmate morphotype (no.16) Plate VIII, 1,2 

Age. (sub-)Holocene.
 
Size. Range: 62,5-150 ~m, mean: 120 Ilm, based on 40 specimens.
 
Opening. Equatorial fissure.
 
Preserved shape. Saucer, or double saucer with one attachment point.
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Optical cross-section. Double layered wall, 1.0 Jlm thick; periphragm
 
folded and thus forming rugulae of 2.0 Jlm high, and 5.0 Jlm wide at base. Palmae
 
hollow at base.
 
Surface view. Sinuous rugulae, length approximately 8.0 Jlm, rugulae density
 
8 per 10 Jlm2 , rugulae irregularly connected by darker radiating zones. Black dot
 
of capillary channel visible in palmae; palmae density 4 per 10 Jlm2.
 
Pigmentation. Golden brown.
 
Fluorescence. Absent.
 
Variation. Some specimens have a finely cerebrate structure with high
 
density of palmae.
 
Distribution. Range: 20.5-0%, mean: 1.0%; higher percentages in the
 
northern area of the eastern Banda Sea.
 

Cerebrate morphotype (no.17) Plate VIII, 3-7 

Age. (sub-)Holocene.
 
Size. Range: 140-200 Jlm, based on 30 specimens.
 
Opening. Equatorial fissure.
 
Preserved shape. Polygonal, discoid or sometimes torn.
 
Optical cross-section. Thin «0.5 Jlm) double wall (verified by TEM),
 
endophragm slightly folded to form the rugulae; outer wall psilate.
 
Surface view. Cerebrate structure, distance between rugulae 3.0 Jlm, area
 
enclosed by rugulae elongated to a maximum length of 30 Jlm; psilate.
 
Pigmentation. Dark brown.
 
Fluorescence. Absent.
 
Variation. On some specimens, distance between the rugulae is 1.0 Jlm,
 
enclosing an area of only 6 Jlm long.
 
Distribution. Range: 3.2-0 %, mean: 0.6%; absent in the northern area.
 

Pigmented aureolated morphotype (no.18) Plate IX, 1-3 

Age. (sub-)Holocene.
 
Size. Range: 100-180 Jlm, mean: 158 Jlm, based on 22 specimens.
 
Opening. By fracturing, not equatorial.
 
Preserved shape. Irregular sphere, discoid, often broken.
 
Optical cross-section. Autophragm, 0.5 Jlm thick; dendrate, dendron
 
hollow, 6.0 Jlm wide at the base, 15 Jlm in maximal length, dendron has fine and
 
relatively rare ramification at the top; psilate. Surface view. Dendron density
 
1 per 10 Jlm2; psilate.
 
Pigmentation. Wall hyaline, processes light grey. Flattened dendron forms
 
darker triangular areas, light aureole around dendron base, darker pigmentation
 
at intersection of aureoles.
 
Fluorescence. Absent.
 
Variation. Some specimens are light grey.
 
Distribution. Range: 4.9-0%, mean: 2.0 %; no particular area of higher
 
percentages.
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Pigmented dendrate morphotype (no.19) Plate IX, 4,5
 

Age. (sub-)Holocene.
 
Size. Range: 75-130 11m, mean: 110.5 11m, based on 6 specimens (easily torn,
 
complete specimens rare).
 
Opening. By fracturing, not equatorial.
 
Preserved shape. Irregular sphere, discoid, often broken.
 
Optical cross-section. Autophragm, 0.5 11m thick; dendrate, dendron 10
 
11m wide at the base, 50 11m long, dendron hollow, bearing hairs at the top.
 
Surface view. Dendrate, 1 spine per 30 11m2; psilate.
 
Pigmentation. Wall hyaline, dendron grey to brown-grey.
 
Fluorescence. Absent.
 
Variation. Some specimens are scabrate.
 
Distribution. Range: 11.6-0%, mean: 3.2%; no particular area of higher
 
percentages.
 

Pigmented verruco-spined morphotype (no.20) Plate IX, 6
 

Age. (sub-)Holocene.
 
Size. Range: 100-212.5 11m, mean: 134 11m, based on 101 specimens.
 
Opening. By fracturing, not equatorial.
 
Preserved shape. Sphere irregularly split in two unequal halves.
 
Optical cross-section. Autophragm, 0.5 11m thick; spines conical and
 
hollow, 20 11m long, 7.0 11m wide at base, and with a 1.0 11m high annulus around
 
spine; verrucae are 3.0 11m high.
 
Surface view. Verrucate with annulate spines, verrucae 1.0 to 3.0 11m in
 
diameter, often grouped in rows; annulus around spine, 1.0 to 3.0 11m wide.
 
Density: 24 verrucae and 1 spine per 30 11m2.
 
Pigmentation. Wall hyaline, processes and verrucae are grey.
 
Fluorescence. Absent.
 
Variation. Some specimens are scabrate and without verrucae.
 
Distribution. Range: 5.5-0%, mean: 1.4%; no particular area of higher
 
percentages.
 

DESCRIPTION OF MODERN COPEPOD EGGS FROM THE NORTH
 
SEA
 

Eggs of Temora longicornis Muller Plate X, 1,3 

Size. Range: 85-95 11m; mean 90 11m, based on 10 specimens.
 
Opening. Equatorial fissure and trilete opening.
 
Preserved shape. Sphere, discoid, double saucer with one point of
 
attachment, oval.
 
Optical cross-section. Autophragm, 1 to 1.5 11m thick, psilate to scabrate,
 
some specimens are granulate.
 

Surface view. Psilate to scabrate, some Temora longicornis eggs showed
 
reticulate arrangement of granulae.
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Pigmentation. Hyaline.
 
Fluorescence. Faint.
 
Occurrence. Surface sediments of Waddenzee, The Netherlands (southern
 
North Sea).
 

Eggs of Pseudocalanus elongatus Boeck 

Remark. Description identical to that for Temora longicornis eggs, but no
 
reticulate arrangement of the granulae was observed.
 
Occurrence. Surface sediments of Waddenzee, The Netherlands (southern
 
North Sea).
 

Discussion of the modern eggs 

Neritic copepods produce different egg types; subitenous, quiescent, and true 
diapause eggs. The variation in morphology observed within the eggs of Temora 
longicornis could relate to the presence of different egg types. 

Table III. Copepod egg sizes (after Kasahara et al., 1974 and 

Koga, 1968). 

SIZE DISTRIBUTION OF COPEPOD EGGS 
(after Kasahara et aI., 1974 and Koga, t968) 

Tortanus discaudatus Giesbrecht 

Type A 

TypeS 

TypeC 130-15011m 

Ca/anopsia thompsoni A. Scott 135 11ITi 

Acartia erythraea Giesbrecht 

Acartia clausi Giesbrecht 

Centropages yamaidai Mori 

Temora discaudata Giesbrecht 

Labidocera acuta (Dana) 

Euca/anus e/ongatus Dana 

Euca/anus crassus Giesbrecht 

Centropagus hamatus (Lijeborg) 

Centropagus furcatus (Dana) 

Undulina vutgaris (Dana) 

Pontettopsis yamadae (Mori) 

Euca/anus e/ongatus (Dana) 
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The descriptions above are based on specimens that have received standard 
palynological processing. Viable copepod eggs not subjected to palynological 
processing (Le., non-fixed) were also observed. The eggs were found to be 
spherical, with a smooth to scabrate surface. The egg wall was hyaline in optical 
cross section, but the egg was opaque in plan view because of its content. The 
size range was 100-200 Ilm (see Table III). 

The diameter of the non-fixed specimens did not differ significantly from the 
fixed specimens, in this case shrinkage did not play an important role. 

DISCUSSION 

In the following paragraphs the morphological relationships between the 
different morphotypes is outlined in order to reveal systematic affinities and to 
characterize each group. 

Although the shape of morphotypes was altered by palynological treatment and 
preservation, most were originally spherical. Some, however, were possibly 
flattened at the poles. Most palynomorphs opened by equatorial dehiscence, 
but some split by an irregular fracture. The morphotypes had a single or a double 
wall. 

Wall structure (Fig. 3. and 4) was particularly interesting. Psilate (Fig. 3.1, 4.1), 
scabrate (Fig. 3.3, 4.3a) and granulate (Fig. 3.4, 4.3b, 4.4) morphotypes 
differed in ornamentation, together with a gradual shift in the size and colour of 
the palynomorphs. 

Scabrate morphotypes could also bear spines (Fig. 3.5, 4.5), and the same 
spine density occurred in the much darker spino-cerebrate (Fig. 3.7, 4.7) 
morphotypes, which included a variant with a less pronounced cerebrate 
pattern. Cerebro-spined and scabro-spined are both slightly larger 
morphotypes. 

A link between the morphologies of the palmate morphotypes (Fig. 3.9, 4.9) and 
the cerebro-spined (Fig. 3.7, 4.7) and/or dendro-cerebrate (Fig. 3.8, 4.8) 
morphotypes can be found in the rugulo-palmate (Fig. 3.16, 4.16) morphotype, 
through the rugulate morphotype (Fig. 3.15, 4.15), when considering that the 
cerebrate structure (Fig. 3.17, 4.17) is a regular folded structure. This 
relationship was suggested by a variant of the cerebro-spined structure being 
rugulate instead of cerebrate. 

Similarly, a link between the palmate and the scabro-tectate (Fig. 3.14, 4.14) 
morphotypes can be found in the palmo-tectate morphotype (Fig. 3.10, 4.10). 
Possibly the murate (Fig. 3.13, 4.13), the alveolate (Fig. 3.11, 4.11) and the 
septo-tectate (Fig. 3.12, 4.12) morphotypes are related to the columellate 

structure of the palmo-tectate morphotype. Their colour, size and shape are 
comparable. 
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Morphotypes with a pigmented ornamentation (Fig. 3.18, 3.19, 3.20, 4.18, 4.19, 
4.20), a non-equatorial opening and a thin autophragm cannot be related directly 
to the other morphotypes. 

The size of all morphotypes varied between 60 and 220 11m and fluorescence of 
the morphotypes was very faint to absent. 

Discussion of non-copepod affinities 

Tappan (1980, p. 184) interpreted certain spherical microfossils, with equatorial 
dehiscence and smooth to reticulate structures, as being related to 
prasinophytes. Indeed, Parke and Den Hartog-Adams (1965) described cysts of 
the prasiophyte Halosphaera minorOstenfeld 1899 as being folded like a 
deflated football and her pictures (pI. I, fig. 22; pI. IV , fig. 52, 54, 56) show the 
double fusiform or the flat elliptical shape seen in several of the above 
described morphotypes. The chemical composition (sporopollenin) suggested 
for cysts of Halosphaera minor indicates that they are resistant to palynological 
treatment. Consequently the fossils described here could be prasinophytes, are 
half the size of Halosphaera minor, the smallest of Halosphaera cysts. 
Pterosperma Pouchet 1893 has a phycom varying between '... 14 and 240 11m in 
diameter, greenish yellow to golden brown, spheroidal, subglobose or 
ellipsoidal, non cellular, with a double wall, inner delicate and of pectic nature, 
outer tough and of unknown composition .. .' (Parke et aI., 1978, p. 243). These 
features suggest that a prasinophyte affinity is possible but, thus far, no 
prasinophyte phycom or cyst has been described that bears processes 
comparable to those on the dendrate morphotypes. As seen above, these 
dendrate morphotypes fall within the structural variation of the whole group and 
do not seem to be of a totally different taxonomic affinity. Moreover, none of the 
20 morphotypes described herein, compare with any prasinophytes collected 
from the Banda Sea (J. Van Der Veer, pers. commun., 1988). 

Dinoflagellate cysts also display features observed in the present series of 
microfossils. The cysts of Gymnodinium catenatum Graham 1943 have a 
microreticulate ornamentation and a chasmic archeopyle (Anderson et aI., 
1988) much like the murate morphotype, except that no hint of a cingulum, 
sulcus, or flagellar pore as drawn by Jacobson, was observed on any of the 
common murate morphotypes (see Plate VI). Moreover, Anderson et al. (1988) 
document a size range of approximately 50 11m for this cyst, much smaller than 
the murate morphotype considered here. Other cysts of naked dinoflagellates 
with an acritarch-like structure and archeopyle show a strong resemblance to 
the organic-walled fossils described herein. Cysts of Pheopolykrikos hartmanii 
(Zimmermann 1930) Matsuoka and Fukuyo 1986 with their light brown colour and 
non-tabular, hollow processes of 8-12 11m long (Matsuoka and Fukuyo, 1986), 
clearly resemble the dendro-cerebrate morphotypes, but here again they are too 
small (maximum size of P. hartmanii cysts, 60 11m). Matsuoka (1988) described 
dinoflagellate cysts of the diplopsalid group with an intercalary archeopyle, a 
dark colour and either a scabrate to granulate structure or a processes 
ornamentation as seen in the dendrate morphotypes. But here again their 
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maximum size is half that of the dendrate morphotype. Even the cerebrate 
structure can be found on a dinoflagellate cyst, viz. Bitectatodinium tepikiense 
Wilson 1973, but its mean diameter, also small, is approximately 51 11m (Wilson, 
1973). 

Consequently, an algal affinity for the 20 morphotypes was questioned and an 
alternative hypothesis for their biological affinity was sought. 

Proposal for copepod affinity 

The possibility that the 20 morphotypes represent copepod eggs was 
suggested by M. Kat (pers. commun., 1988). To test this hypothesis, fresh 
copepod eggs were submitted to palynological treatment. Comparison of the 
palynologically treated eggs of Pseudocalanus elongatus and Temora 
longicornis indicates that they are of similar size to the psilate, scabrate, 
scabro-granulate, septo-tectate and palmo-tectate morphotypes. Equatorial 
fissuring was found in the cultured eggs as well as in the first 17 morphotypes. 
The range of wall thickness is generally the same as that for the walls of psilate, 
scabrate and scabro-granulate morphotypes. 

The double wall of the psilate morphotype constituted a difference with the eggs 
described here, but no difference could be detected in the scabrate and 
scabro-granulate morphotypes. The egg ornamentation of both crustacean 
species was comparable to the psilate, scabrate and scabro-granulate 
morphotypes. The pigmentation of the cultured eggs also was identical to that of 
these morphotypes. The reticulate arrangement of the granulae on some the 
scabro-granulate types occurs also on the eggs of Temora longicornis. 

The psilate, scabrate and scabro-granulate morphotypes were identical to the 
eggs of the copepod species Pseudocalanus elongatus and Temora 
longicornis. Moreover, Kasahara et al. (1974), and Koga (1968) described 
resting eggs in sediments as being like a 'depressed sphere' (flattened at the 
poles), oval or spherical, with a size of 70-220 11m, with a colour varying from 
hyaline to yellow brown, reddish or black, and having a reticulation, spines, 
verrucae or being smooth. Some even have an equatorial ala, thus displaying 
similarity with some phycoma of Pterosperma. Koga (1968) described eggs in 
which hollow processes cavities interconnect with that of the vesicle, a similar 
condition to that described by Tappan (1980) for certain acritarchs. This was 
observed in the m9rphotypes with pigmented processes. 

Size (see Table III), colour, and structure of the 20 morphotypes was contained 
by the variation observed on calanoid resting eggs (Kasahara et aI., 1974; 
Koga, 1968), with the exception of the pillared and the scabro-annulate 
morphotypes (these structures were not mentioned by Kasahara et aI., 1974, or 
Koga, 1968). 

An argument brought up regularly against the crustacean egg hypotheses is the 
poor resistance of eggs to strong acids (P.C. Reid, pers. commun., 1990). It is 
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becoming evident that numerous copepods make several egg types (Grice and 
Gibson, 1975; Johnson, 1934). The tougher diapause eggs, produced under a 
particular environmental stress (Marcus and Fuller, 1989), are biochemically 
different from other eggs in terms of lipid and protein composition (Marcus and 
Fuller, 1986) and are found in the upper 5 centimetres of marine and lake 
sediments (Marcus, 1989). The fossils described in this paper originate from the 
upper 5 centimetres of marine sediments. It is possible that they represent 
diapause eggs. Moreover, recent experimental studies on several planktonic 
copepod genera have proved that a significant fraction of incubated hatched 
and unhatched eggs is resistant to standard palynological treatment (Chapter 
4). 

Strong acids made the granulous content of the North Sea cultured eggs 
disappear, leaving a hyaline, equatorially dehisced sphere (W. Klein Breteler, 
pers. commun, 1990). This does not imply that the morphotypes observed in the 
Banda Sea sediments were viable before palynological treatment. Clay 
sediment coating the eggs in the untreated deep-sea oozes from the eastern 
Banda Sea made observation of their viability difficult, but they seemed to have 
already curled up or collapsed. In a single case half a murate morphotype was 
observed in a deep-sea mud. Because collapsed, curled or even totally split 
morphotype shapes were observed in the untreated sediment, it seems that 
these features seen in the palynolgical residues were not artifacts of 
palynological processing. It is suggested here that the morphotypes are the 
remains of eggs that had hatched possibly higher in the water column. 

Paleoecology 

The eastern Banda Sea is an area of high copepod diversity and production 
because of nutrient enrichment during the upwelling period (Baars et aI., 1990). 
This production could account for the high egg percentages dominating the 
palynomorph association in nearly all the eastern Banda Sea organic residues. 

The distribution of the different morphotypes provides evidence for regionalism. 
The rugulo-palmate, septo-tectate and murate morphotype have relatively 
higher percentages in the northeastern Banda Sea area, while higher 
percentages of the palmate morphotype are found in the southeastern Banda 
Sea. This distribution is thought to be related to (1) the Indo-Pacific transition 
zone which Gordon (1986) believed to be located in that area, or (2) to a 
different behaviour (competitivity) of the egg producing copepods in areas of 
high nutrient concentration, such as the upwelling region in the eastern Banda 
Sea (see also Chapter 5). 

CONCLUSION 

I consider the present series of morphotypes, possibly including the pillared and 
the annulate morphotypes, to be a series of copepod eggs for the following 
reasons. Their size, shape, structure and colour correspond to the variations 
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described for copepod eggs (Kasahara et aI., 1974; Koga 1968). Copepod 
resting-egg properties, resistance to decay, chemical composition, and 
abundance in the upper 5 centimetres of sediment (Marcus, 1984, 1989) made 
them likely to be fossilized. Although prasinophyte phycoma showed strong 
form convergence to copepod eggs, they do not bear processes. Although 
dinoflagellate cysts did show the variation in structures observed in the 20 
eastern Banda Sea copepod eggs, they are always much smaller and no sulcus, 
flagellar pore of cingulum were observed on any of the morphotypes. 

The present paper shows that various organic-walled fossils, commonly 
assigned to the acritarchs (Schizomorphitae Segroves 1967), belong to the 
animal rather than plant Kingdom. The possibility should thus be considered that 
some acritarchs are actually the remains of crustaceans (the copepods in 
particular), especially as it is now '...quite reasonable to accept the likelihood 
that small copepod-analogues existed throughout the Paleozoic.. .' (Longhurst, 
1985, p.21). Consequently, the remains of crustaceans could account for 
acritarchs in the fossil record. 
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PLATE I. All illustrations taken in normal transmitted light.
 

1 - Psilate morphotype (no.1); slide Sn-252, England Finder
 

reference V43/2; x 1000.
 

2,3 - Pilared morphotype (no.2); slide Sn-252, England Finder
 

reference P45/3; fig. 2, x 1000; fig. 3 showing detail of pillar
 

attachment on outer wall, x 2500.
 

4 - Scabrate morphotype (no.3); slide sn-329; England Finder
 

reference N32/3; x 800.
 
5 - Scabro-granulate morphotype (no.4); slide Sn-325, England
 

Finder reference R39; x 800.
 

102 



103
 



PLATE II. Fig. 1, 3, and 5 are scanning electron micrographs;
 

figs. 2 and 4 taken in normal transmitted light.
 

1-3 - Scabro-spined morpho type (no.5); slide Sn-3l7; fig. 1, x
 

5000; fig. 2, detail of spines, x 1800; fig. 3, detail of
 

spines, x 3500.
 

4,5 - scabro-annulate morpho type (no.6); slide Sn-342, England
 

Finder reference F33; fig. 4, x 1000; fig. 5, structural detail
 

of scabro-annulate morpho type , x 3250.
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PLATE III. Fig. 1-5 were taken in normal transmitted light; fig. 

6 is a scanning electron micrograph. 

1,2 - Cerebro-spined morpho type (no.?); slide Sn-133, England 

Finder reference V35/1; fig. 1, x 350; fig. 2, x 1000. 

3-6 - Dendro-cerebrate morpho type (no.8); slide Sn-133, England 

Finder reference X40/2; fig. 3, x 500; figs.4 and 5, L-O 
analysis, x 2500 (fig. 4: low focus on cerebrate structure of 

wall; fig. 5: high focus on distal ends of processes); fig. 6, x 

500. 
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PLATE IV. Fig. 1, 2, 4 and 6 are scanning electron micrographs; 

fig. 3, 5 and 7 taken in normal transmitted light. 

1-3 - Palmate morpho type (no.9); slide Sn-161; fig. 1, x 600; 

fig. 2, detail of a palmate process, x 9000; fig. 3, x 500. 
4-7 - Palmo-tectate morpho type (no.lO); slide Sn-186; fig. 4, x 

700; fig. 5, x 2500; fig. 6 detail of connected palmate 

processes, x 9000; fig. 7, x 800. 
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PLATE V. Fig. 1-3 and 6-9 were taken in normal transmitted 

light; fig. 4 is a scanning electron micrograph; fig. 5 is a 

transmission electron micrograph. 

1-5 - Alveo-reticulate morpho type (no.ll); slide Sn-345; fig. 1, 

x 800, fig. 2 and 3, L-O analysis of reticulate pattern, x 2500; 

fig. 4, detail of reticulum, x 11000; fig. 5, detail of 

reticulum, x 6600. 

6-9 - Septo-tectate morphotype (no.12); slide Sn-093; fig. 6 and 

7, L-O analysis (note on fig. 6. the star-like decay structure 
indicating the existence of an outer membrane), x 560; fig. 8, x 

900; fig. 9, detail of transparent, continuous muri, x 2500. 
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PLATE VI. Fig. 1-3 were taken in normal transmitted light; fig.
 

4-6 are scanning electron micrographs.
 

1-6 - Murate morpho type (no.13), slide Sn-317, England Finder
 

reference 543/3; fig. 1, equatorial view, x 1000; fig. 2, polar
 

view, x 800; fig. 3, detail of muri, x 1000; fig. 4, x 800; fig.
 

5, detail of outer wall, x 2000; fig. 6, detail of muri, x 9000.
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PLATE VII. Fig. 1, 4, and 5 were taken in normal transmitted
 

light; fig. 2, 3 and 6 are scanning electron micrographs.
 

1-3 - Columnar tecto-scabrate morphotype (no.14); slide Sn-329,
 

England Finder reference S38/2; fig. 1, x 500; fig. 2, x 800;
 

fig. 3, detail of wall, x 3000_
 

4-6 - Rugulate morpho type (no.15); slide Sn-252; fig. 4, x 800;
 

fig. 5, detail of ornamentation, x 2500; fig. 6, x 800.
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PLATE VIII. Fig. 1-3, 5, and 6 were taken in normal transmitted 

light; fig. 4 and 7 are scanning electron micrographs. 

1,2 - Rugulo-palmate morphotype (no.16); slide Sn-121, England 

Finder reference H39/4; fig. 1, x 800; fig. 2, detailed cross 

section of wall, x 1000. 

3-7 - Cerebrate morpho type (no.17); slide Sn-342, England Finder 
reference L36/3; fig. 3, x 500; fig. 4, x 500; fig. 5, 

ornamentation (coarse), x 2500; fig. 6, ornamentation (fine), x 

2500; fig. 7, ornamentation (coarse), x 3000. 
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PLATE IX. Fig. 1, 2, 4 and 6 were taken in normal transmitted
 

light; fig. 3 and 5 are scanning electron micrographs.
 

1-3 - pigmented aureolated morpho type (no.18); slide Sn-342,
 

England Finder reference G43/4; fig. 1, x 800; fig. 2, x 2500;
 

fig. 3, fragment, x 400.
 

4,5 - Pigmented dendrate morphotype (no.19); slide Sn-195; fig.
 

4, x 800; fig. 5, detail of pigmented dendrae, x 2500_
 

6 - pigmented verruco-spined morpho type (no.20); slide Sn-3l7,
 

England Finder reference U47, x 500.
 

118 



119
 



PLATE X. All illustrations were taken in normal transmitted
 

light.
 

1,3 - Temora longicornis (slide copepod-1); fig. 1, x 800; fig.
 

3, with reticulo-scabrate pattern, x 800.
 
2,4 - Scabrate morphotype (no.3); fig. 2, slide Sn-l0l, x BOO;
 

fig. 4, slide Sn-329, with scabrae showing a vaguely reticulate
 

pattern, x 800.
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CHAPTER 4 

MORPHOLOGY OF RECENT COPEPOD EGG-ENVELOPES FROM 
TURKEY POINT (GULF OF MEXICO) AND THEIR IMPLICATIONS 
FOR ACRITARCH AFFINITY 

ABSTRACT 

Freshly spawned eggs of the copepod species Acartia tonsa. Centropages 
hamatus. Centropages furcatus. Labidocera aestiva. Temora longicomis. 
Pontella meadii and Paracalanus spp. were collected in small sieves and 
subjected to successive acid baths used for the palynological preparation of 
sediment samples. Four of the six species produced eggs that were sufficiently 
resistant to strong acids to enable the systematic description of40 specimens 
of each. The size of the egg-envelopes, their structure, omamentation, colour 
of their walls and type ofaperture are described. These descriptions are used 
for comparison with subrecent Schizomorphitae (Acritarchs) from the eastem 
Banda Sea (Indonesia). 

INTRODUCTION 

Palynomorph assemblages from deep sea sediments of the eastern Banda Sea 
(Indonesia) are dominated by an association of twenty morphotypes of which 
two belong to the acritarch subgroup Schizomorphitae Segroves 1967 (Van 
Waveren, 1992; Chapter 3). Several of these morphotypes have been reported 
from Holocene sediments of the Arabian GUlf (Caratini et aI., 1978), the Cariaco 
Trench, north-east of the Orinoco in Venezuela (Caratini et aI., 1975) and 
sub-recent sediments from the Java Sea, north of Java (Van Waveren, 1989). 
These fossils were also observed throughout 9 m of sediment from a piston core 
taken in the Seram Trench west of Irian Jaya (pers. comm. A. Van Der Kaars, 
1990), and in surface sediments from the Angola basin, west of Angola (pers. 
obs., 1988). 

Some Schizomorphitae were placed in the Prasinophyta (green algae) because 
of the resistance of their wall to acid, wall construction and opening strategy 
(Tappan, 1980). An acid-resistant wall was considered to indicate a biopolymer 
of phytological rather than zoological origin (Eisenack, 1938). In the case of 
Halosphera minor (Pouchet), Parke and Den Hartog-Adams (1965) suggested 
that the wall of its cysts was composed of sporopollenin. With regard to the wall 
construction the presence of COOH, CH2 and CHs moieties, detected by 

infrared spectroscopy, suggests a wall composed of long aliphatic polymers in 
both the Leiospheridae Eisenack 1958 and Tasmanites Newton 1975 (Tappan 
1980). Long aliphatic chains were observed in phytological material like 
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diatoms, prasinophytes, chlorophytes, and plant cuticles (Tegelaar et aI., 
1989). Opening strategies have been considered to be indicative of algal 
affinity. Vavrdova (1990) suggested that possible modern analogues of those 
acritarch vesicles that opened by means of a median split, might be found in the 
autosporangial mother cells of the chlorococcalean families Scenedesmaceae, 
Oocystaceae and Chloellaceae. Double walls and wall perforation, as observed 
in Pachysphaera cysts (Parke, 1966), are also considered to be characteristic 
of prasinophytes. Nevertheless, none of the morphotypes from the eastern 
Banda Sea could be identified as prasinophytes, and Van Waveren (1992; 
Chapter 3) has shown that three of them are morphologically identical to the 
eggs of the copepod species Temora longicornis (O.F. Muller 1792) and 
Pseudocalanus elongatus (Boeck 1872), with double-layered walls and 
equatorial splits. These results prompted the study of other copepod 
eggs-envelopes. 

The results of the morphological analysis of the egg-envelopes of the extant 
copepod species Acartia tonsa (Dana, 1846), Centropages hamatus (Lilljeborg, 
1853), C. furcatus (Dana, 1852), Labidocera aestiva (Wheeler, 1901), Temora 
longicornis (OF Muller, 1792), Ponte/la meadii (Wheeler, 1901) and 
Paracalanus spp. are presented here in order to document their morphological 
variation. The observed morphologies are compared with the Banda Sea 
morphotypes to test the hypothesis that the latter represent copepod 
egg-envelopes. 

MATERIAL AND METHODS 

Samples were taken near Turkey Point on the northern coast of the Gulf of 
Mexico (29°55' N, 84°31' W), with a 153 Ilm mesh plankton net, and were taken 
to the Department of Oceanography, Florida State University, Tallahassee, in 
an insulated container. Adult females of Acartia tonsa, Temora longicornis, 
Centropages hamatus, C. furcatus, Labidocera aestiva, Paracalanus spp. and 
Ponte/la meadii were isolated in separate crystallizing dishes, containing 
approximately 100 ml of sea water, sieved over a 5 Ilm mesh. 

Isolated copepod species were fed a mixed phytoplankton diet of Gymnodinium 
nelsonii, Scrippsiel/a trocoideum, Prorocentrum micans and Isocrysis sp. which 
had been cultured in F/2 media (Guillard, 1975) at 190C and 14 hours of daylight 
and 10 hours of darkness. The copepods were incubated overnight in a 
controlled environmental chamber set at 160C. Eggs were isolated the next day. 

Palynological treatment of the eggs consisted of the consecutive submergence 
of the isolated eggs in baths of cold, 30% HCI (24 hours), distilled water, cold 
40% HF (24 hours), distilled water, cold, 30% HCI, distilled water. To facilitate 
the rapid transfer from one liquid to the next, the eggs were held on small 10 Ilm 
mesh sieves. The mesh and sieve holders were made of teflon to prevent acid 
corrosion. 
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RESULTS 

The glossary for the following descriptions is based on Van Waveren (1992; 
Chapter 3). Measurements are cited in the following way: Minimum, mean and 
maximum; P =number of specimens counted, I = number of spines counted. All 
the egg-envelopes were spherical when still containing the embryo; after 
hatching the egg-envelopes had various numbers of shapes depending on the 
toughness of their wall. 

Order COPEPODA 
Suborder CALANOIDA 
Family CENTROPAGIDAE 
Genus Centropagus Kroyer, 1848 

Centropages hamatus (Lilljeborg, 1853) Plate I, 1-7 

(Modified) Shape: Spherical, rounded, elongated, boat-shaped, rounded
 
folded.
 
Opening type: The egg can be partially or totally equatorially dehisced. In
 
some cases the fissure is not equatorial but sub-equatorial, in other cases, the
 
split is torn and not fissured.
 
Size (spines not included, only spherical specimens): 56.0-78.5-98.0 ~m (P
 
40).
 
Spine length: 9.5-18.0-59.0 ~m (I 40).
 
Spine shape: Little harpoon-like hooks could be observed at the distal end of
 
the spines, and sometimes there is a slight thickening at the spine tip. The spine
 
diameter at the base is <1/6 of the spine length. The spines are hollow.
 
Spine density: 7-12-26 spines/8 ~m2.
 

Microstructure type: Between the lines the wall is psilate, scabrate,
 
cerebrate or granulate.
 
Microstructure density: When present, between 7.5-40 granulae/8 ~m2;
 

when cerebrate, microcerebrate.
 
Wall construction and thickness: Wall thickness varies between 0.4 and
 
1.0 ~m. Not all the specimens could be measured precisely because the optical
 
cross-sections were observed at the limit of the resolution of the microscope. In
 
some cases two layers were observed.
 
Colour: All envelopes were colourless.
 

Centropages furcatus (Dana, 1852) 

Only a few Centropages furcatus females were caught with the plankton net and 
a slide was made of only two egg-envelopes. These are 85 ~m in diameters and 
have spines that are 50 ~m long and 20 ~m wide at their base. The spines are 
hollow, long, obtuse at their tip, and have small short branches. The eggs are 
colourless with very thin walls. 
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Family ACARTIIDAE 
Genus Acartia Dana, 1846 

Acartia tonsa (Dana, 1848) Plate II, 1-5; Fig. 1
 

(Modified) Shape: Spherical, disk-shaped, folded, split into two
 
boat-shaped halves, oval.
 
Opening type: Often no opening observed, equatorial partially dehisced.
 
Size: 60.0-80.5-112.0 11m (P 40).
 
Spine length: 1.5-4.5-9.5 11m (I 40).
 
Spine shape: Spines are dark and massive. They often bifurcate near the
 
base, each branch bifurcating again, sometimes twice. Spines also have
 
irregular branching (see Fig. 1).
 
Spine density: 3-5.5-8/8 11m2.
 
Spine diameter at their base: The spine diameter varies between 0.4 and
 
1.6 11m.
 
Microstructure type: No microstructures were observed between the
 
spines.
 
Wall construction and thickness: The wall of Acartia tansa
 
egg-envelopes is very thin, around the resolution potential of the light
 
microscope (0.4 11m thick).
 
Colour: Colourless.
 

Family PONTELLIDAE 
Genus Labidocera Lubbock, 1853 

Labidocera aestiva (Wheeler, 1901) Plate III, 1-8; Fig. 2 

Shape: Spherical, disk-shaped, folded, boat-shaped, spherical with a light 
equatorial constriction. Opening type: Equatorial protruding or intruding rim, 
partially equatorially dehisced. 
Size: 88.0-118.5-141.0 11m (P 40). 
Microstructure type: Micro-cerebrate, reticulate, columellate, 
scabro-cerebrate and alveolar structures are observed (see Fig. 2). The 
structures are small; alveolae, cerebrae are approximately 1 11m in width. 
Wall construction and thickness: As the observations were made 
approaching the resolution potential from the microscope, no assessment of the 
wall thickness variation was made. The wall is constructed out of several layers, 
but not all the layers are necessarily present. A single envelope is composed of 
four layers. A first inner foot-layer is relatively more resistant than the other 
layers (bends but does not break at the equatorial rim); it is dark and thin (0.4 
11m). The second layer has a lighter colour and is thicker than the foot-layer (2.0 
11m). The third layer has different structures (see microstructure type), and may 
be very thin «0.4 11m) to relatively thick (2.0 11m). The outer layer (when present) 
is a transparent film overlying the structures of the third layer. Sometimes the 
wall is composed of only two of these above described layers which resulted in a 

thickness variation of 1 to 2.5 11m. 
Colour: Colourless. 
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Fig. 1. Spine structure of Acartia tonsa eggs. Scale bar 5 1lID. 
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Fig. 2. ---Labidocera aestiva eggs.Variation in wall structure of
 

A - Two-layered wall with a foot-layer and a thick outer layer
 

(compare wi th H) .
 

B - Three-layered wall, comprising a foot-layer, a columellate
 

middle layer and a thin outer layer (compare with J) .
 

C - Two-layered wall, comprising a relatively thick foot-layer
 

and a structured outer layer (Compare with I) .
 

D - Three-layered wall, comprising a thin foot-layer, a
 

reticulate middle layer and a thin outer layer.
 

E - Two-layered wall, comprising a foot-layer and a alveolar
 

outer layer.
 

F - Optical section of three-layered wall.
 

G - Optical section of three-layered wall, showing a thinning of
 

the foot-layer in the equatorial region of the
 

egg-envelope.
 

H - Optical cross-section of two-layered wall, showing the
 

relative resistance of the foot-layer.
 

I - Optical cross-section of two-layered wall, comprising a
 

relatively thick foot-layer and a scabrate to reticulate
 

outer layer.
 
J - Optical cross-section of three-layered wall, comprising a
 

relatively thick foot-layer, a columellate to alveolar
 

middle layer and a thin outer layer.
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Genus Pontella Dana, 1846 

Pontella meadii (Wheeler, 1901) Plate IV, 1-6 

Shape: Spherical, split into two boat-shaped halves.
 
Opening type: Equatorially dehisced, often no opening or only partially
 
opened.
 
Size (without the spines): 141.0-176.0-215.5 11m (P 40).
 
Spine length: 2.0-4.5-6.0 11m (I 40).
 
Spine shape: Spines are slightly obtuse at their tip, without ornamentation.
 
Spine density: 6-10-14/20 IJ.m2 .
 

Microstructure: The structure between the spir:les is scabrate, granulate and
 
cerebrate. Granulae are 0.8 IJ.m in diameter or smaller.
 
Wall construction and thickness: Because of their opacity, the optical
 
cross-section of the egg-envelopes could not be observed and the thickness of
 
the wall could not be measured.
 
Colour: Dark brown.
 

Family PARACALANIDAE 
Genus Paracalanus Boeck, 1864 

Too few egg envelopes of Paraca/anus spp. resisted the acid treatment to allow 
a systematical description of 40 egg-envelopes. Paraca/anus spp. eggs are 
small, 40 to 50 11m in diameter and smooth, with very thin walls. 

Family TEMORIDAE 
Genus Temora Baird, 1856 

Temora longicornis (O.F. Muller, 1792) 

Although eggs of Temora /ongicornis have been isolated and are resistant to 
palynological treatment (Van Waveren, 1992; Chapter 3), the egg-envelopes 
obtained from Turkey Point were unsuitable for systematic description. Too few 
females could be caught as collecting was during an inappropriate season for 
Temora /ongicornis in the Gulf of Mexico. 

COMPARISON WITH "rHE SCHIZOMORPHITAE FROM THE 
EASTERN BANDA SEA 

The egg envelops of the copepod species used for this study vary in the extent 
that they can be compared with the Schizomorphitae morphotypes from the 
Banda Sea. The egg-envelopes of Centropages hamatus resemble the 
Pigmented-dendrae morphotypes from the eastern Banda Sea sediments (Van 
Waveren, 1992; Chapter 3; see also Plate V, 6). A size overlap may be 
observed, but the morphotype of the eastern Banda Sea is generally larger. The 
types of opening are identical. The wall thickness of the Pigmented-dendrae 
morphotypes fits into the range of wall thickness observed for the eggs of 
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Centropages hamatus. An overlap in spine length was recorded, but a greater 
variation in spine length was observed in the egg envelopes of Centropages 
hamatus than in the Pigmented-dendrae morphotype. Both the Centropages 
hamatus eggs and the Pigmented-dendrae morphotype have hollow spines with 
a fine ornamentation at their tips, and have a variable surface ornamentation, 
from psi late to scabrate, but the spine density is lower in the 
Pigmented-dendrae morphotype. The egg-envelopes of Centropages furcatus 
have a low spine density, and their size and spine dimensions (length and width 
at the base) are identical to those of the Pigmented-dendrae morphotype. The 
egg-envelopes of Centropages species are hyaline, but they do not have the 
pigmented dendrae of the Banda Sea morphotype. 

The egg-envelopes of Acartia tonsa show little resemblance to any of the 
eastern Banda Sea morphotypes. The density, shape and length of the 
envelope spines overlap with those of the Palmate morphotype, but the 
envelope shape, colour and size are different. 

The egg-envelopes of Labidocera aestiva resemble several morphotypes from 
the eastern Banda Sea namely the Alveo-reticulate, Septo-tectate (see Plate V, 
2,3), Murate (see Plate V, 1,7) and Rugulate morphotypes (see Van Waveren, 
1992; Chapter 3; and see Table I). The size, the type of opening type, wall 
thickness and structure of the Labidocera aestiva egg-envelopes overlap with 
the morphologies of those four morphotypes cited above but the alveolar width 
is smaller in the Labidocera eggs and the colour of the four eastern Banda Sea 
morphotypes ranged from brown to black whereas the Labidocera 
egg-envelopes are colourless. 

Table I. Comparison of Labidocera aestiva egg-envelopes and 

eastern Banda Sea morphotypes. 

Wall 

Type 
Size 
(pm) Opening 

thickness 
(pm) Structure Colour 

Alveo-reticulate 
Septo-tectate 
Murate 
Rugulate 
Labidocera aestiva 

80-102 
75-165 
80-150 
82-130 
88-141 

Equal. 
Equal. 
Equal. 
Equal. 
Equat. 

2 
2 
1·5 
1-2'5 
1-2'5 

Alveolar 
Alveolar 
Alveolar 
Rugulate 
Reticulate 
Columnellate 

Brown 
Brown-Opaque 
Brown-Opaque 
Brown 
Transparent 

Scabro-cerebrate 
Alveolar 

The egg-envelopes of Pontella meadii resemble the Cerebro-spined and 
Dendro-cerebrate morphotypes (see Plate V, 4,5,8,9) from the eastern Banda 

Sea (see Van Waveren, 1992; Chapter 3; and see Table II). There are 
similarities in size, in type of opening, structure and colour, but spines of the 
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Pontella meadii eggs are shorter and their density is much greater than that of 
the Cerebro-spined morphotype, and a little greater than that of the 
Dendro-cerebrate morphotypes. Moreover the spines from the two Banda Sea 
morphotypes are branching which is not the case for the Pontella meadii 
egg-envelopes. 

Table II. Comparison of Pontella meadii egg-envelopes and 

eastern Banda Sea morphotypes. 

Wall Spine Spine 
Size thickness density length 

Type (jim) Opening Shape lum) (8 .um-') lum) Structure Colour 

Cerebro 170--235 Equal. Fusiform 1·5 8 Cerebrate Brown 
spined Reticulate 

Dendro 150--250 Equal. Fusiform 2·25 10 12 Cerebrate Brown 
cerebrate Boatshaped Scabrate 

Pontella 141-215 Equal. Boatshaped to 4·5 Cerebrate Brown 
meadii Scabrate 

DISCUSSION AND CONCLUSION 

Centropages furcatus was observed in Banda Sea waters (Othman et aI., 1990), 
and a close comparison can be made between the eggs of C. furcatus and the 
Pigmented-dendrae morphotype, though the spines from the last one were 
coloured while those of C. furcatus were not. Colour may be a morphological 
feature and must be considered when comparing the eggs and the 
morphotypes. The eggs of Pontella meadii, for example, were dark brown 
directly after spawning, and left brown envelopes after hatching. Furthermore, 
the variation in morphology observed in the egg-envelopes of other species 
described herein, suggests that the two egg-envelopes of C. furcatus are 
insufficient to make a positive identification with the eastern Banda Sea 
morphotype. 

A close comparison can also be made for the Dendro-cerebrate morphotype and 
the egg envelopes of Pontella meadii, though the latter has shorter spines. 
Variation in spine length has been observed for the eggs of Acartia tonsa from 
different geographic areas. Eggs from Buzzard Bay (Massachusetts) have 
shorter spines than those from the Gulf of Mexico (pers. obs., N. Marcus) 
whereas eggs from the coast of California have longer spines (Uye and 
Fleminger, 1976; Marcus, 1990). Consequently spine length is not necessarily 
an important morphological criterion for identification. Nevertheless Pontella 
meadii was not reported from eastern Banda Sea waters (Arinardi et aI., 1990; 
Othman et aI., 1990) but many different PonteJla species occur in the eastern 
Banda Sea water and may account for the dark, spined morphotypes from its 
sediments. 
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Labidocera aestiva egg-envelopes are transparent and have too fine a reticulum 
to provide a match with the Murate, Reticulate, Septo-tectate and 
Alveo-reticulate morphotypes from the eastern Banda Sea sediments, but the 
numerous other Labidocera species from the eastern Banda Sea (Arinardi et 
aI., 1990; Othman et aI., 1990) could account for them. 

In conclusion, copepod egg-envelopes are equatorially splitting spheres, 
ranging from 40 to 215!lm in diameter size, having one to four walls but 
generally two, having a massive to alveolar structure and a smooth, scabrate or 
spiny ornamentation. Spine length and density is variable. Spines can be hollow 
or massive. These results presented suggest that the eastern Banda Sea 
Schizomorphitae are egg-envelopes of planktonic copepods. Acritarchs 
showing equatorial pylomes consequently are not necessarily prasinophytes, a 
view supported by Vavdrova (1990). 
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Plate I. Eggs of Centropages hamatus from Turkey Point, Gulf of 

Mexico. 

1 - Slide FSU-55 (treated sample), Interference Contrast 

Microscope (ICM) , unhatched egg with scabrate 

microstructure, x 650. 

2 - Slide FSU-55, ICM, hatched egg with granular microstructure, 

x 750. 

3 - Slide NIOZ-3 (treated sample), Normal Transmitted Light 

(NTLM), detail of spines, x 1600. 

4 - Sample SEM 1 (sample not treated), Scanning Electron 

Microscope (SEM) , cerebrate and scabrate eggs, x 450. 
5 - sample SEM-2 (treated sample), SEM, x 800. 

6 - Sample SEM-1, SEM, detail of microstructure, x 10,000. 

7 - Sample SEM-1, SEM, detail of microstructure, x 10,000. 
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Plate II. Eggs of Acartia tonsa from Turkey Point, Gulf of 

Mexico. 

1 - Slide FSU-35 (untreated sample), NTLM, embryo visible inside 

the spiny egg envelopes, x 800. 

2 - Slide FSU-35, NTLM, early developmental stage of egg 

visible, x 800. 

3 - Slide FSU-37 (treated sample), IeM, detail of spines, x 800. 
4 - Sample SEM-3 (critical point dried, treated sample), SEM, x 

800. 

5 - Sample SEM-3, SEM, detail spines, x 10,000. 
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Plate III. Eggs of Labidocera aestiva from Turkey Point, Gulf of 

Mexico. 

I - slide FSU-61 (treated sample), NTLM, rounded egg with 

equatorial rim visible, x 500. 

2 - Slide FSU-61, NTLM, typical shape of hatched eggs, x 300. 

3 - Slide FSU-29 (untreated sample), NTLM, detail of wall, x 

2500. 

4 - Slide FSU-29, NTLM, reticulate microstructure of 

egg-envelope, x 900. 

5 - Slide FSU-61, NTLM, detail of reticulate structure, x 1000. 

6 - Slide FSU-61, NTLM, discontinuity of inner wall visible at 

the equatorial rim and scabrate structure visible of the 

outer wall surface, x 5000. 

7 - Sample SEM-4 (critical point dried), SEM, shape of collapsed 
egg-envelope, x 800. 

8 - Sample SEM-4, SEM, double(/three?)-layered wall with 

scabrate aspect of outer wall, x 10,000. 
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Plate IV. Eggs of Pontella meadii from Turkey Point, Gulf of 

Mexico. 

1 - Slide FSU-64 (treated sample), NTLM, equatorially split 

specimen, x 800. 

2 - Slide FSU-64, NTLM, boat-shaped specimen, x 800. 

3 - Slide FSU-68 (untreated sample), NTLM, detail of spines and 

microstructure, x 6500. 

4 - Sample SEM-5 (treated sample), SEM, rounded collapsed 

specimen, x 800. 
5 - Sample SEM-5, SEM, boac-shaped collapsed specimen, x 800. 

6 - Sample SEM-5, detail of spines and scabrate microstructure, 

x 10.000. 
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Plate V. Features of morphotypes from the eastern Banda Sea. 

1 - Murate morpho type , equatorially split into two boat-shaped 

halfs, NTLM, x 600. 

2 - Septo-tectate morphotype, sculpture in plan view, NTLM, x
 

600.
 

3 - Septo-tectate morpho type , structure in optical
 

cross-section, NTLM, x 600.
 

4 - Spino-cerebrate morpho type , sculpture in plan view, NTLM, x
 

400. 

5 - Dendro-cerebrate morphotype , emphasis on curled up shape, 

NTLM, x 400. 

6 - Pigmented dendrae rnorphotype, NTLM, x 800. 

7 - Detail of the wall structure of the Murate rnorphotype, SEM, 

x 9000. 

8 - Detail of the ornamentation of the Dendro-cerebrate 

morpho type , NTLM, x 2500. 

9 - Detail of the ornamentation of the the Dendro-cerebrate 

morpho type , SEM, x 2500. 
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CHAPTER 5 

DISTRIBUTION OF COPEPOD EGG·ENVELOPES IN 
SUB-RECENT SEDIMENTS FROM THE BANDA SEA (INDONESIA) 

ABSTRACT 

Sediment samples from the Banda Sea were clustered according to the 
percentages of the different morphotypes of copepod egg-envelopes they 
contained. The clustering indicates the presence of two contrasting 
associations. The quantitative contrast is considered to reflect a geographically 
determined variation in the nutrient regime. Two groups of dominant 
morphotypes can be recognized. One group reflects the upwellings regime in 
the central and eastem parts of the Banda Sea, characterized byseasonally 
altemating oligotrophic and eutrophic conditions. The othergroup may be 
indicative of the influence of Equatorial Indian Ocean surface water, notably in 
the southwestem part of the Banda Sea that is not affected by upwelling. 

INTRODUCTION 

Palynomorphs haVing a spherical, ellipsoidal, discoidal or polygonal body which 
possesses an equatorial line of weakness along which complete or incomplete 
rupture tends to occur, have been included by Segroves in his acritarch 
subgroup Schizomorphitae. Their biological nature is obscure, although 
Cretaceous and Tertiary palynomorphs included in Schizosporis Cookson and 
Dettmann, 1959, or morphologically related form-genera, are frequently 
regarded as prasynophyte algae. Recently, however, palynomorphs 
corresponding to the diagnosis of schizomorphic acritarchs from sub-recent 
sediments could be identified as the envelopes of crustacean (copepod) eggs 
(Van Waveren, 1992; Chapter 3 and 4; see also McMinn et aI., 1992). From 
surficial sediments of the Banda Sea, Indonesia, twenty distinctive 
morphotypes of copepod egg-envelopes were described. They constitute a 
prominent component of the overall palynomorph association (Chapter 1). 
Elsewhere in the Indonesian waters, similar palynomorphs occur in sediments 
from the Java Sea (Van Waveren, 1989) and the Flores Basin (pers. observ.). 
Also in other parts of the world, they have been detected (usually misidentified 
or unidentified) in Neogene to recent sediments from varied marine settings, 
e.g, in the Arabian Gulf (Caratini et aI., 1978), offshore Venezuela (Caratini, et 
aI., 1975), the Gulf of California (Martinez-Hernandez and Hernandez-Campos, 
1991), and the Angola Basin (pers. observ.). 

To date, this category of palynomorphs has not been subject of environmental 
interpretation as no ecological significance could be attributed to occurrences 
of the morphotypes. Since their zooplanktonic origin has now been firmly 
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established, the present paper is a first attempt to establish a relationship 
between occurrences in deep-sea sediments and environmental variation. 

In general, the Banda Sea represents an area of seasonal upwelling (Fig. 1). In 
August southeasterly winds blow away the surface water, which is replaced by 
nutrient rich water from deeper layers. In January nutrient depleted surface 
water penetrates the Banda Sea by northwesterly winds (Wyrtki, 1957, Zijlstra 
et aI., 1990). The southwestern part of the Banda Sea, on the other hand, is 
unaffected by seasonal upwelling. 

Seasonal variations in nutrient supply result in significant variations of the 
quantitative composition of the copepod communities that dominate 
zooplankton biomass in the Banda Sea (Baars et aI., 1990). It may be 
hypothesized, therefore, that geographically determined variations in nutrient 
regime will influence the composition of the copepod egg-envelope component 
of palynological associations from surface sediments. Through a quantitative 
analysis, the present paper concentrates on a comparison of the copepod 
egg-envelope records from upwelling and non-upwelling areas in the Banda Sea. 

MATERIAL AND METHODS 

A series of 62 samples (Table I) was collected from box-<:ores taken along three 
transects of the Banda Sea, during cruise G-5 of the 1984-1985 Snellius II 
oceanographic expedition (Van Hinte et al. 1986; Situmorang, 1992). The three 
transects are: (1) the Seram Transect (leg 2), (2) the Tanimbar Transect (leg 4), 
and (3) the Timor Transect (leg 6). Contrasting water-depths along these 
transects are determined by morphotectonic configuration (Fig. 2). The Seram 
Transect is a South-West to North-East cruise tract, South of Seram to Irian 
Jaya (Fig. 3), across the Weber Trough, the Gorong Structural High and the 
Seram Trough. The Tanimbar transect was taken approximately from East to 
West (Fig. 4), across the Weber Trough, the Tanimbar Structural High and the 
Tanimbar Trough. The Timor Transect was taken approximately from North to 
South, East of Timor (Fig. 5), across a variety of morphotectonic units between 
the South Banda Basin and the Sahul Shelf. 

Sample processing 

The samples were taken from the top 7 cm of the sediments in the box-<:ores. 
The samples were dried and dry weight was measured (for each sample 
approximately 5 g of sediment). Calcium carbonate was dissolved with 
hydrochloric acid (HCI 30%). Silicates were dissolved with hydrofluoric acid (HF 
43%). The organic residue was sieved over a 10 !lm mesh screen. Following the 
method of Stockmarr (1971), two tablets containing a known number of exotic 
spores were added for subsequent assessment of particle concentration. The 
residue was mounted on a cover glass using a wetting agent (Cellobond), and 

dried. Elvacite was used as a permanent mounting medium. 
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Fig. 1. Upwelling and downwelling in the the Banda Sea (redrawn 

from Wyrtki, 1957); 0000 = downwelling (February, NW monsoon), 

xxxx = upwelling (August, SE monsoon) . 
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Table I. Box-core numbers, water depth and general lithological 

description (after Van Hinte et al., 1986; Situmorang, 1992). 

Box core Water depth Lithology 

16 
20 
22 
24 
26 
27 
30 
32 
33 
35 
37 
38 
43 
49 
52 
54 
58 
60 
61 
62 
63 
65 
66 
68 
71 
74 
76 
78 
81 
83 
86 
88 
90 
91 
92 
94 
95 
97 
98 
99 
102 
104 
106 
110 
111 
121 
128 
129 
130 
133 
135 
138 
139 
141 
143 
146 
148 
150 
152 
157 
159 
162 

4090 washed out clay with vole. debris, Rabdomina at the top 
5334 clay with vole. pebbles, at top sand with Rabdominas 
6023 clay with vole. pebbles, at top sand with vole. debris 
5056 homogeneous and burrowed clay 
4068 homogeneous clay with scattered loram. 
3351 clay containing loram, top is clay with volcanic debris and loram. 
2994 clay, homogeneous, burrows; lorams decrease downcore 
1960 loram ooze, loram clay 
1723 loram ooze, at the top loram clay 
1091 sandy clay to sandy loram clay; loram ooze at the top 
505 sand 01 medium line size 
372 sandy clay 
823 loram nanno-ooze on homogeneous loram clay 
1349 silty/sandy clay very unconsolidated 
1967 loram ooze 
2119 brown loram clay 
1846 brown loram ooze 
1564 homogeneous and burrowed loram ooze 
1402 homogeneous and burowed loram clay 
1097 loram clay 
919 clay with some loram. 
486 clay with some lorams and some vole. glass 
160 coquina (shell hash) with silty clay pebbles 
358 biogenic ooze 
78 bioclastic sand with some vole. glass and clay pebbles 
141 sand with vole. particles, at the top calcareous sand 
346 blue stiff clay with some lorams at the surface coarse black sand 
713 loram sand on burrowed loram sand 
1077 loram ooze with distinct biotite/glauconite 
1654 loram with nanno-ooze, top with loram ooze 
1391 loram sand mixed with clay 
1023 c1aywith some loram. and pteropods, loram ooze at the top 
780 biogenic sand, coarser at the top 
591 loram sand with dark grains 
481 clay with pebbles on alternating loram ooze and silty clay 
460 loram sand 
681 loram ooze 01 sand size, coarsening upwards 
582 loram sand, the base is coarser, contains granules and pebbles 
1079 loram sand with ill sorted granules and pebbles 
2141 nanno-Ioram ooze, homogeneous and very soft 
3272 homogeneous clay with loram. 
4941 clay, overlain by sandy clay with vole. sand and FU loram. 
6241 clay (oxidized) on silty clay 
6251 clay on laminated clay 
5199 homogeneous sandy mud with vole. clastics and tuff pellets 
4059 homogeneous clay with leacal pellets also some black grains 
1414 muddy sand with dispersed glass granules 
1777 homogeneous loram ooze with Iloating dark vole. (?) grains 
2772 loram bearing muddy silty clay, dispersed vole. grains 
2592 loram clay, at the top loram muddy layer 
1727 loram ooze with a layer 01 metamorphic gravel 
1038 clayey loram sand with yterrigeneous pebbles 
1570 loram ooze oV9r loram sand 
2294 calc. ooze with loram. and burrows 
2870 clay with planktonic loram. 
3000 homogeneous calcareous silty clay 
1951 loram clay with characteristical vertical burrows 
1832 loram nanno-ooze with burrows 
1286 brown clay on planktonic loram. clay 
416 loram ooze on nanno-Ioram ooze 
210 loram ooze with shell hash (biogenic sand underneath) 
90 sand with biomorpha on lamellibranchiata hash 
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Fig. 2. Sample/depth relation and morphotectonic units along the 
Seram, Tanimbar and Timor transects. 
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Fig. 3. Sample location Seram Transect. 
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Fig. 4. Sample location Tanimbar Transect. 
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Table II. Percentages of morpho types of copepod egg-envelopes 
recognized in palynological associations from sediments in the 
Banda Sea. Morphotypes 1-20 are listed vertically. sample 

(box-core) numbers are listed horizontally. 

16 20 22 24 26 27 30 32 33 35 37 38 43 49 52 54 58 60 61 62 

1 17.4 7.0 0.0 3.3 1.8 3.2 12.58.1 5.1 3.5 3.5 2.2 5.6 0.0 10.5 0.0 8.1 0.0 12.0 17.6 
2 0.0 0.0 0.0 00 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
3 6.4 7.5 4.7 4.9 22553 4.3 3.3 2.8 3.5 3.5 3.3 3.6 6.5 3.7 4.9 6.7 17.5 1.6 5.4 
4 0.0 0.0 31 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 
5 0.0 0.0 0.0 0.5 9.9 0.0 0.0 0.0 00 24.8 245 0.0 0.0 5.5 0.0 0.0 0.0 0.0 0.0 0.0 
6 0.6 1.0 31 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 2.0 0.0 0.0 0.0 0.9 0.5 0.6 
7 0.3 16 0.0 00 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 4.4 19 15 0.5 0.0 
8 0.6 1.6 1.5 3.8 10 2.1 1.8 9.5 18 5.8 5.8 0.0 5.6 4.5 3.1 4.9 0.5 2.7 22 6.1
 
9 155 0.0 4.7 15.4 3.7 35.7 34.4 25.8 23.6 00 24.5 111 19.9 0.0 13.0 9.3 15.36.6 6.0 6.1
 
10 3.5 8.6 17.2 13.25.4 17 18 19 3.7 0.0 0.0 0.5 0.4 4.5 4.3 2.7 3.8 2.1 3.3 18 
11 0.0 0.0 0.0 0.0 2.4 8.5 14 4.8 12.50.0 0.0 5.0 0.0 0.0 0.0 4.4 2.4 2.1 2.2 2.4
 
12 14.5 14.5 7.3 23.0 24.1 16.6 19.7 10.520.824.5 18.849.723.1 20.526.528.6 13.9 14.723.53.0
 
13 34.8398 42.328.6 14.5 18.0 18.623.9 17.626.624.526.821.925.529.636.833.937.935.040.0
 
14 1.6 0.0 0.0 2.7 5.1 3.8 3.6 7.8 60 4.0 9.4 0.0 3.4 4.5 3.7 3.8 2.9 3.0 4.9 3.6
 
15 00 0.0 0.0 0.0 2.9 2.5 0.7 0.9 0.1 0.6 0.6 0.0 6.0 0.5 0.0 0.0 0.9 0.0 0.0 0.0
 
16 0.0 17.2 10.90.0 3.7 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.0 20.5 0.0 0.0 0.0 0.0 0.0 0.0 
17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
18 13 10 0.8 0.0 0.8 0.7 0.3 0.9 1.4 0.6 0.6 0.0 0.4 10 0.0 4.4 0.9 0.9 0.0 1.2 
19 10 0.0 0.0 2.2 0.5 0.7 0.3 2.4 2.3 1.2 1.1 0.0 4.4 2.5 2.5 0.0 4.3 4.5 6.5 5.4 
20 2.2 0.0 4.7 2.2 1.3 1.0 0.3 0.5 14 0.0 0.0 0.5 4.4 2.5 2.5 0.0 4.3 5.4 1.6 1.2 

63 65 66 68 71 74 76 78 81 83 86 88 90 91 92 94 95 97 98 99 102 

1 6.2 10.62.8 0.0 0.8 0.0 0.0 0.0 00 0.0 0.0 00 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 00 
2 0.0 0.0 0.5 0.0 0.8 0.0 00 0.0 0.4 0.4 0.0 3.0 2.3 0.0 2.5 2.4 0.0 0.0 0.0 0.4 00 
3 4.9 2.3 3.3 37 4.6 20.0 6.6 17 7.1 7.1 1.6 5.4 4.9 16.3 9.3 3.7 4.6 20.0 6.6 1.7 7.1 
4 0.0 0.0 0.0 5.5 0.0 0.0 0.0 0.6 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 33.3 0.6 00 0.0 
5 0.0 0.5 0.0 0.0 0.8 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 
6 0.4 0.0 00 0.6 00 0.0 0.0 1.2 0.5 0.4 1.2 0.0 2.3 2.3 0.5 0.8 0.5 0.0 0.6 0.0 4.5 
7 0.0 0.0 0.5 0.0 00 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 
8 40 1.1 1.1 1.8 39 0.0 6.6 4.1 08 29 0.0 15 0.0 3.1 0.0 0.8 1.5 0.0 0.6 0.4 19 
9 6.2 10.67.2 8.6 3.1 0.0 13.318.324.521.418.0 13.4 23.212.317.715.532.6 18.2 12.9 14.425.7 
10 4.5 1.1 1.6 1.8 0.0 20.03.3 0.6 00 1.2 0.8 0.0 0.0 1.5 1.4 2.0 1.0 3.0 2.4 0.9 0.0 
11 1.8 1.7 05 0.6 0.0 0.0 0.0 0.0 0.5 0.0 2.4 0.0 2.3 0.7 0.0 0.0 0.0 0.0 11.6 0.9 0.0 
12 29.0 22.3 3.9 24.7 14.7 00 16.6 11.8 18.4 23.9 16.5 11.9 9.3 13.1 13.4 15.5 28.6 12.1 22.7 43.7 13.5 
i3 29.920.7 13.4 40.7 55.0 60046649.733832.8460 433 39.5 35.4 38.3 40.2 14.8 14.2 15.9 18928.8 
14 3.1 5.0 0.0 1.8 0.0 0.0 00 5.3 2.1 3.3 4.0 5.9 4.6 5.4 2.9 4.0 2.5 0.0 4.3 2.2 5.1 
15 0.0 0.0 0.5 00 0.0 00 00 00 00 12 0.0 0.0 0.0 0.0 2.9 00 0.0 0.0 0.0 00 00 
16 0.0 0.0 00 00 62 0.0 00 00 00 00 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 00 
17 00 0.0 0.0 0.0 2.4 0.0 00 1.7 2.6 04 04 0.0 00 15 1.9 0.8 2.5 0.0 0.6 0.4 1.3 
18 0.9 0.0 0.0 0.6 0.0 00 00 4.7 21 0.4 1.2 0.0 0.0 0.8 09 1.2 2.5 3.0 1.8 27 32 
19 4.9 1.7 1.1 3.7 2.3 00 3.3 0.6 4.7 3.8 2.8 5.9 0.0 1.5 6.7 10.34.6 6.0 11.6 7.2 6.4 
20 4.0 0.5 0.5 5.5 5.4 00 3.3 47 1 3 0.4 2.0 0.0 0.0 2.3 4.8 2.0 15 0.0 12 0.4 00 

104 106 110 111 121 128 129 130 133 135 138 139 141 143 146 148 150 152 157 159 162 

1 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 00 00 0.0 0.0 00 00 00 00 
2 2.4 0.0 1.8 1.5 0.0 0.0 00 0.0 1.6 00 00 00 00 0.0 2.7 0.0 1.2 0.0 0.0 00 00 
3 9.0 21.3 78 1.4 7.5 00 2.2 6.5 4.1 50.0 15.5 00 00 0.0 8.1 8.9 3.5 9.0 3.7 17.743 
4 0.0 0.0 00 0.0 0.0 00 00 0.0 00 00 22 0.0 00 0.0 00 00 0.0 0.0 0.0 00 00 
5 00 0.0 0.0 0.0 00 0.0 69.6 0.0 00 00 0.0 0.0 00 0.0 0.0 0.0 00 0.0 0.0 00 00 
6 1.9 00 05 0.5 0.0 0.0 0.7 0.0 0.8 00 00 09 09 0.0 0.0 0.8 1.2 1.3 37 00 0.0 
7 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 00 00 0.0 00 00 0.0 0.0 0.0 0.0 0.0 0.0 00 00 
8 3.2 18 4.6 0.0 5.2 0.0 0.7 0.0 0.8 00 1.1 3.8 0.9 3.5 4.0 2.4 2.3 1.2 1.2 00 4.3 
9 34.3 30.5 41.0 49.1 53.0 71.4 2.9 0.0 48800 23.3 562 39.5 42.1 37.8 46.0 565 41.0 23.4 26 7 13.0 
10 1.2 1.8 2.3 5.6 0.7 0.0 0.0 21.34.1 00 11.1 86 6.1 7.0 1.8 4.8 0.0 8.3 37 2.2 87 
11 2.6 0.0 0.4 0.5 1.5 0.0 00 0.0 0.0 00 00 00 00 0.0 0.0 00 00 0.0 1.2 00 00 
12 22.5 83 166 13.1 8.2 7.1 0.0 00 89 250 1.1 1.9 6.1 8.8 6.3 22.6 94 8.3 3.7 22 8.7 
13 12.231.5 12.4 17.37.5 21.4 1.5 31. I 19.5 25.0 11.0 133 32.4 17.5 22.5 1.6 15.3 18.639.531.139.1 
14 1.9 2 7 4 6 5.1 30 00 00 13.1 4.9 00 266 76 70 10.58.1 5.6 5.9 5.1 11.1 6 7 21 7 
15 0.0 00 09 1 4 00 0.0 0.0 1.6 0.0 0.0 0.0 09 09 0.0 0.9 0.0 0.0 0.0 1.2 00 00 
16 0.0 0.0 00 00 00 00 29 0.0 0.0 00 0.0 0.0 00 0.0 0.0 0.0 00 0.0 00 00 00 
17 1.2 2.8 1.4 05 22 0.0 1.5 3.2 0.0 0.0 3.3 0.0 0.0 0.0 0.0 1.6 1.2 1.3 2.5 00 00 
18 3.2 3.7 1.8 00 52 00 00 4.9 32 00 1.1 1.9 26 0.0 1 8 1.6 35 1.3 25 2.2 00 
19 32 00 1.8 1.4 3.7 00 0.0 8.2 24 0.0 3.3 4.8 26 88 5.4 3.2 2.3 3.8 25 11 1 00 
20 0.6 3.7 18 1.4 00 00 2.2 00 1 6 0.0 00 0.0 00 00 00 0.0 00 06 1.2 00 00 
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Sample analysis 

For each of the 62 samples 200 copepod egg-envelopes were counted, using 
normal transmitted light microscopy. The percentages of the twenty different 
morphotypes described by Van Waveren (1992; Chapter 3) were calculated 
(Table II). These morphotypes include: 
- (1) psilate morphotype; 
- (2) pillared morphotype; 
- (3) scabrate morphotype; 
- (4) scabro-granulate morphotype; 
- (5) scabro-spined morphotype; 
- (6) scabro-annulate morphotype; 
- (7) cerebro-spined morphotype; 
- (8) dendro-cerebrate morphotype; 
- (9) palmate morphotype (Plate I, 1,3); 
- (10) palmo-tectate morphotype; 
- (11) alveo-reticulate morphotype; 
- (12) septo-tectate morphotype (Plate I, 2,4); 
- (13) murate morphotype; 
- (14) columnar tecto-scabrate morphotype; 
- (15) rugulate morphotype; 
- (16) rugulo-palmate morphotype; 
- (17) cerebrate morphotype; 
- (18) pigmented aureolate morphotype; 
- (19) pigmented dendrate morphotype; 
- (20) pigmented verruco-spined morphotype. 

Cluster analysis 

In order to compare the composition of the copepod egg-envelopes in the 
different samples from the three transects, a Q-mode cluster analysis was 
performed by using BIOPAT, Program System for Biological Pattern Analysis 
(Hogeweg and Hesper, 1972; updated version 1984; see also Hogeweg, 1976). 
The analysis clustered the samples (objects) as a function of the percentages 
of the twenty different morphotypes (properties). The applied clustering method 
is a non-supervised detection method, particularly useful for revealing the 
dominating pattern of a data set. The generated groups are validated by a label: 
a property not included in the clustering. The label for the present clustering is a 
geographical label. 

The similarities between the samples are calculated using the city bloc distance 
(mean character difference). This similarity measure is expressed in the 
following way: 

n 

S(a,b) L = IP;a-P;bl, 
;=1 

where S(a,b) is the similarity measure between a and b, n is the amount of 
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properties, Pia is the value of the i·th property for sample a, and Pib is the 

value of the i-th property for value b. 

The clustering is agglomerative. Because the structure in the data set was 
expected to be weak due to the variety of factors it can reflect, Ward's (1963) 
clustering criterion was needed because of its strong filtering capacities 
(Hogeweg, 1976; Hogeweg and Hesper, 1981). This criterion minimizes the sum 
of the square centroid as objects are being agglomerated. The protocol of the 
clustering is the dendrogram. The Kruskal-Wallis index of variance (Kruskal and 
Wallis, 1952) is used to determine what properties are discriminating. 

RESULTS 

Clustering 

The dendrogram (Fig. 6) indicates a partition in two major categories of samples: 
(1) Cluster 1, composed of samples 111, 121, 128, 129, 133, 139, 141,143, 
146, 150, and 152; and (2) Cluster 2, composed of all other samples. 

The Kruskal-Wallis index allowed for the identification of three morphotype 
groups. The percentage variations of morphotypes 12 and 13 (Group A), and 
morphotypes 5, 9, and 16 (Group B) determine 90 % of the clustering. Group C, 
composed of the other morphotypes, determines the rest of the clustering. 
Although samples in both clusters have the same general composition, Cluster 
1 has higher percentages of Group B, while Cluster 2 has higher percentages of 
Group A (Fig. 7). 
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Fig. 7. Contribution of Group A (morphotypes 12 and 13) and 

Group B (morphotypes 5, 9 and 16) to the composition of 
associations of copepod egg-envelopes; • samples of Cluster I, * 
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The cluster analysis indicates that most samples from Cluster 1 are located 
along the Timor Transect; only sample 111 originates from the Tanimbar 
Transect (Weber Trough). Thus, although samples 130, 135, 138, 148, 157, 159 

and 162 belong to Cluster 2, part of the samples from the Timor Transect is 
characterized by a copepod egg-envelope content that is distinctively different 
from the overall composition elsewhere in the Banda Sea. 

Abundance 

In order to visualize the regional variations in composition and to analyze 
whether abundance and composition are related, the mean abundance of the 
three groups of morphotypes determined by the Kruskal-Wallis index, is plotted 
for ten separate parts of the three transects (Fig. 8). Concentrations of copepod 
egg-envelopes (number per gram of dry sediment, calculated according to the 
method of Stockmarr, 1971) indicates that sediments from the Central Weber 
Trough (area 5) and the northern and central parts of the Timor Transect (areas 
8 and 9) have higher abundances of morphotypes of Group B than of Group A. It 
also appears that abundance and composition are not related. For example, the 
Seram Trough (area 3) and the Central Weber Trough (area 5) have high 
abundances and a different main component, whereas the Tanimbar Structural 
High (area 6) and the Timor Trough (area 9) have low abundances and a different 
main component. 
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Fig. 8. Mean copepod egg-envelope concentration of principal 

determinant morpho types (in number per gram dry sediment) pooled 

for ten segments (1-10) of the Seram, Tanimbar and Timor 

transects: (1) Northern Weber Trough (samples 16 to 35); (2) 

Gorong Structural High (samples 36 to 40); (3) Seram Trough 

(samples 42 to 54); (4) Irian Jaya Slope (samples 58 to 68); (5) 

Central Weber Deep (samples 97 to Ill); (6) Tanimbar Structural 

High (samples 88 to 95); (7) Tanimbar Trough and Arafura Shelf 

(samples 71 to 86); (8) South Banda Basin to Timor Structural 

High (samples 121 to 135); (9) Timor Trough (samples 138 to 

150); (10) Sahu1 Slope and Shelf (samples 152 to 162). 
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DISCUSSION 

Quantitative composition and abundances of organic sedimentary particles are 
influenced by sedimentation rate (Chapter 1). High sedimentation rates may 
enhance the preservation potential of chemically labile organic matter 
constituents. In contrast to crustacean exoskeleton fragments, however, the 
general compositional characters of the studied copepod egg-envelope 
associations cannot be related to different sedimentation rates that have been 
estimated for individual parts of the Banda Sea (Ganssen et aI., 1989; Van De 
Paverd and Bj0rklund, 1989). Consequently, geographical patterns in the 
quantitative distribution of copepod egg-envelopes are likely to reflect 
distribution patterns of source-communities of copepod species. 

In the Banda Sea, most associations of copepod egg-envelopes from sediment 
samples from the Seram and Tanimbar Transects are dominated by Group A 
(morphotypes 12 and 13). These transects cover areas influenced by seasonal 
upwelling. It may be assumed, therefore, that in the Banda Sea a dominance of 
Group A could well be regarded as a reflection of upwelling conditions. During 
the upwelling season, copepod communities are dominated by the species 
Calanoides philippinensis and Rhincalanus nasutus (Baars et aI., 1990). Further 
research is needed to determine whether these characteristic upwelling species 
produce egg-envelopes corresponding to the morphotypes of Group A. 

In marked contrast to the Seram and Tanimbar Transects, along the Timor 
Transect at least part of the associations of copepod egg-envelopes is 
dominated by Group B (morphotypes 5, 9, and 16). The latter transect is 
situated outside the area with upwelling. There is no quantitative information on 
the composition of copepod communities. However, quantitative analysis of 
planktonic foraminifera recovered in the Banda Sea during oligotrophic 
conditions indicates a contrasting zooplankton composition along the Timor 
Transect (Troelstra and Kroon, 1989; Troelstra et aI., 1989). The different 
community composition of planktonic foraminifera in this area is considered to 
be the effect of input of relatively eutrophic Equatorial Indian Ocean surface 
water. Similarly, therefore, the observed quantitative prominence of copepod 
egg-envelopes belonging to Group B is likely to be indicative of the influence of 
Indian Ocean waters in the southwestern part of the Banda Sea. 

It is noteworthy that sample 111 from the Central Weber Trough (Tanimbar 
Transect, area 5) is also characterized by a high percentage of Group B; the 
dominance of this category, however, is less prominent than in samples from 
the Timor Transect. This implies that Indian Ocean surface water may still 
influence the nutrient regime in the central part of the Banda Sea. A similar 
pattern was observed for the pteropod distribution by Schalk (1990). He 
describes an East-West differentiation for the size and species composition of 
pteropods from the euphotic zone of the Banda Sea during the southeastern 
monsoon. The eastern pteropod association is related to a mixed imported 

Pacific and local fauna, while the western association is a JavalBanda Sea 
fauna with Indian influence. 
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It should be realized that part of samples of the Timor Transect are 
characterized by the dominance of Group A rather than Group B. Most of these 
samples originate from either shallow areas (Sahul Shelf) or sites under the lee 
of Timor and neighbouring islands. It is here suggested that local oceanographic 
conditions may cause that these locations are less influenced by Equatorial 
Indian Ocean water. 

CONCLUSION 

In the Banda Sea there is every indication that the quantitative composition of 
copepod egg-envelope associations in surface sediments reflects geographical 
variations in the nutrient regime of the euphotic zone. Two groups of dominant 
morphotypes can be recognized. One group reflects an upwellings regime, 
characterized by seasonally alternating oligotrophic and eutrophic conditions. 
The other group may be indicative of the influence of Equatorial Indian Ocean 
surface water in areas not affected by upwelling. 

Plate I. Examples of morpho types of copepod egg-envelopes 

determining the cluster analysis. 

1. Morphotype 9 (palmate morphotype), x 700; 2. Morphotype 12 

(septo-tectate morphotype), x 900; 3. Detail of the wall 

structure of the palmate morpho type , x 1800; 4. Detail of the 

wall structure of the septo-tectate morphotype, x 9000. 
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CHAPTER 6 

TINTINNOMORPHS FROM DEEP-SEA SEDIMENTS OF THE 
BANDA SEA (INDONESIA) 

ABSTRACT 

Preservational circumstances, likely related to high productivity and high 
sedimentation rates, result in the occurrence of a wide variety of tintinnid 
palynomorphs in (sub)recent sediments of the Banda Sea. These organic 
(probably chitinous) remains include both loricae and cysts, as well as the 
stalked poUches in which cysts were originally encapsulated. Collectively 
termed tintinnomorphs; these palynomorphs are described and categorized in 
an informal classification scheme that may serve as a key to the recognition of 
76 morphologically distinctive types. 

INTRODUCTION 

The Tintinnida represent a sub-order of planktonic ciliated protozoans. Modern 
tintinnids construct an organic test, the lerica, that frequently includes 
agglutinated foreign matter (Barnes, 1987). Early accounts on the chemical 
composition of the organic loricae referred to the wall as consisting of chitin or 
cellulose (see Tappan and Loeblich, 1968). Although some authors have 
preferred the terms pseudochitinous or chitinoid, in practice, the wall substance 
is usually denoted as chitin. Optically, modern loricae suggest a broad range in 
composition; they may be extremely delicate and of a gelatinous or 
membranous consistency, or they may be relatively firm and resistant. They are 
resistant to strong acids. 

The geological record of organic tintinnid remains is obscure and highly 
imperfect. Some authors have suggested a relationship between tintinnids and 
chitinozoans (Reid and John, 1981). The latter represent a distinctive but 
enigmatic category of Palaeozoic marine palynomorphs (Traverse, 1989), 
having a highly resistant wall that is commonly referred to as chitinous or 
pseudochitinous, despite evidence of the absence of chitin (Voss-Foucart and 
Jeuniaux, 1972). Alternative to a tintinnid affinity, however, chitinozoans have 
variously been assigned to a wide range of other protozoans, metazoans or 
fungi (see, e.g., Traverse, 1989; Cashman, 1990, 1991). Pre-Quaternary 
records of non-chitinozoan palynomorphs, resembling organic tintinnid loricae 
are extremely scarce; earliest known occurrences are from the Lower Triassic 
of Ireland and Israel (Visscher, 1970, 1971; Eshet, 1990) and the Upper Triassic 
of Sicily (H. Visscher and W.A. Brugman, pers. comm.). Apart from an early 
account from Jurassic coprolites by Rust (1885), they have also been 
encountered in thin sections of Late Jurassic-Early Cretaceous carbonates' 
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(Doben, 1963). Eicher (1965) obtained isolated Cretaceous loricae, constructed 
of arenaceous particles agglutinated in an insoluble organic matrix. 

As an alternative to organic loricae, extinct microfossils of probable tintinnid 
affinity can be characterized by a calcareous nature of the lorica (see review by 
Loeblich and Tappan, 1968). With an imperfectly downward range into the Early 
Palaeozoic (Hermes, 1966; Chennaux, 1968), a wide morphological variation of 
calcareous loricae, described as calpionellids, is notable in thin sections of 
pelagic carbonates of Late Jurassic and Early Cretaceous age (e.g., Colom, 
1948, 1965; Remane, 1964; Loeblich and Tappan, 1968). Isolated calcareous 
loricae are less common, but a variety of taxa has been described from the 
Eocene (Loeblich and Tappan, 1968). 

There is little information on tintinnid occurrences in the Neogene. In the 
Quaternary, however, organic tintinnid remains can be particularly abundant in 
lake deposits (see review by Frey, 1964). Occurrences of tintinnid remains in 
modern marine sediments were demonstrated by Reid and John (1978) to 
represent cysts rather than loricae. Although still inadequately understood with 
respect to their formation and function, such cysts are-long since known from 
zooplankton research. Already Meunier (1910) defined the category 
'Papuliferes' to include a wide variety of generally flask-shaped cysts 
abundantly found in Arctic waters. 

During a comprehensive palynofacies analysis of (sub-)recent marine 
sediments of the Banda Sea (Chapter 1), organic tintinnid remains were found 
as an accessory element of the zooplankton-derived component of 
palynomorph associations. They show a-wide morphological variability and are 
considered to include both loricae and cysts. Similarly to the preservation of 
microscopic crustacean remains (exoskeleton fragments, egg-envelopes; Van 
Waveren, 1992; Chapters 1-5), their occurrence may be related to the combined 
effects of high productivity (Baars et aI., 1990) and high sedimentation rates 
(Ganssen et aI., 1989) in the Banda Sea. 

In the present paper the tintinnid palynomorphs from the Banda Sea sediments 
are described, illustrated and categorized accordtngto an informal 
morphological system. At present, the introduction of any formal nomenclature 
to the palynomorphs would result in a confusing and unnecessary classification 
scheme within tintinnid systematics. In this respect, it should be realized that: 
(1) tintinnids show strong polymorphism, especially in tropical and sub-tropical 
systems (Souto, 1981); (2) intraspecific variability exists in many tintinnid 
species (Boltovkoy et aI., 1990); 
(3) lorica-cyst relationships among tintinnid still need to be systematically 
investigated; (4) there can be convergence between the morphology of cysts 
and loricae (Reid and John, 1978); tintinnid classification is based on the shape 
of the lorica (Corliss, 1979), but this classification is not broad enough to 
describe the morphological variation observed in tintinnid palynomorphs; and (5) 

since cyst formation is a common stage in the life-cycle of many naked or 
aloricate ciliates (Corliss and Esser, 1974), part of the cysts could also belong 
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to other ciliated protozoans (Reid and John, 1978). 

The term 'tintinnomorphs' is here introduced in order to emphasize that 
palynomorphs resembling tintinnids cannot be always separated into loricae or 
cysts an may even represent cysts of other protozoans. 

MATERIAL AND METHODS 

Material 

Samples were collected from box-cores taken at various depth along the Seram, 
Tanimbar and Timor transects of the Banda Sea, during cruise G-5 of the 
Indonesian-Dutch Snellius-II expedition in 1984-1985 (Van Hinte et aI., 1986; 
Situmorang, 1992; Chapter 1). The samples were taken from the top 7 cm of the 
sediments in the box-cores. 

Sample processing and analysis 

The samples were dried and dry weight was measured (for each sample 
approximately 5 g of sediment. Calcium carbonate was dissolved with 
hydrochloric acid (HCI 30%). Silicates were dissolved with hydrofluoric acid (HF 
43%). The residue was sieved over a 10 11m mesh screen, mounted on a cover 
glass using a wetting agent (Cellobond), and dried. Elvacite was used as a 
permanent mounting medium. Microscopic analysis of permanent slides under 
normal transmitted light included the drawing, description and categorization of 
76 types of tintinnomorphs. 

Descriptive terminology and classification criteria 

In principle, a tintinnid may produce 
three different categories of a
palynomorphs (Fig. 1): 

- a lorica (b); 
- a pouch attached to the aboral 

(basal) side of the lorica (c); 
- a cyst encapsulated in the pouch 

(d). 

Fig. 1. Favella serrata 

(redrawn from Reid and John, 

1978, plate I,A,B), showing 

the three possibilities for 

the nature of tintinnid 

palynomorphs; a: cyst 

formation; b: lorica; c: 

pouch; d: cyst. 
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The produced tintinnomorphs may 
show the following features (Fig. 2): 

- a corolla enclosing a chamber; 
- all opening (sometimes with 

operculum); 
- a calyx (a hollow appendix); 
- a stem (a massive appendix); 
- a horn (calyx plus stem); 
- a collar. 

The side of the opening is termed oral 
side, oppositely occurs the aboral 
side. 

chllmber 

collllr 

corollll 

clllyx 

horn 

stem 

Fig. 2. G~neral tintinnomorph 

organization. 

Classification criteria are applied in the following order: 

(1) Shape of the corolla (Fig. 3). Overall shape is considered to be the primary 
classification criterion because it is also used for the classification of the 
modern Tintinnida. The corolla can be spherical (0), elliptical (1), elongated 
elliptical (2), egg-shaped, aborally blunt (3), egg-shaped, orally blunt (4), 
hexagonal (5), rectangular (6), asymmetrically rhombic, aborally blunt (7), 
asymmetrically rhombic, orally blunt (8), triangular (9), and tetragonal (10). 

o 1 2 3 4 

Fig. 3. Corolla shape; 0: spherical; 1: elliptical; 2: elongated 

elliptical; 3: egg-shaped, aborally blunt; 4: egg-shaped, orally 

blunt; 5: hexagonal; 6: rectangular; 7: asymmetrically rhombic, 

aborally blunt; 8: asymmetrically rhombic, orally blunt; 9: 

triangular; 10: tetragonal. 
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(2) Surface structure (Fig. 4), related to the composition of the wall. The surface 
can be smooth (0) or ornamented as a result of agglutination (1). 

o 1 

Fig. 4. Wall structure; 0: smooth; 1: ornamented. 

(3) Shape of the calyx (Fig. 5). This criterion constitutes a link between the 
tubular and the rounded tintinnomorphs. It highlights the continuity in 
morphology between shapes that a priori do not seem to be related. The calyx 
can be absent (0); short-triangular (all sides of equal length) (1); elongated 
triangular (2), and tubular (3). 

o 2 3 

u
 
Fig. 5. Shape of the calyx; 0: calyx absent; 1: short 

triangular; 2: elongated triangular; 3: elongated tubular. 
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(4) Presence and number of stems (Fig. 6). The tintinnomorph can have no stem 
(0); a single stem (1); two stems (2); three stems (3), and more stems (4). 

o 2 4 

o 
Fig. 6. Number of stems; 0: stem absent; 1: single stem; 2: two 

stems; 3: three stems; 4: more than three stems. 

(5) Type of stems (Fig. 7). In tintinnid loricae and cysts the stem may have 
various shapes. Also the thin-walled pouch encapsulating the cyst is attached 
to the aboral bottom of the lorica by a stem with a root-like structure. 
Tintinnomorph stems can be absent (0), nodular (1); flagellar (2); tailed (3) or 
rooted (4). 

o 2 3 4 

Fig. 7. Type of stems; 0: stem absent; 1: nodular; 2: flagellar; 

3: tailed; 4: rooted. 
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(6) A lower rank in the classification is given to the position (size) of the opening 
(Fig. 8). The position of the opening is defined in terms of 'latitude': 'equatorial' 
at 02 (0); between 02 and 302 'large' (1); between 302 and 75Q 'medium' (2); 
superior to 752 'small' (3); and inferior to equatorial (4). 

3 75° 

.-:::::{(i::::::::.:Y:;::i::::::::::@\:::-. 
...........;.:-:.;.>:-:-:.:-:-:.;.:.:.:-:-:.:-: . 30°
 

·1 .. 
00 

~---- 0 ------l 

4 

Fig. 8. Opening positions defined in terms of 'latitude': 0: 

'equatorial' at 0 2 ; 1: 'large', between 0 2 and 30 2 ; 2: 'medium', 

between 30 2 and 75 2 ; 3: 'small', superior to 75°; 4: inferior to 

equatorial. 

(7) Properties of the collar, such as collar elongation (Fig. 9), are also given a 
low rank in classification. The collar elongation is characterized by the ratio 
between its height and its diameter (hid). This ratio can be < 0.5 'short' (1); 
between 0.5 and 1 'middle' (2); and >1 'long' (3). The collar can also be absent 
(0). 

lilllill
 
h/d< 1/2 1/2<h/d<! hid>! no coller 

1 2 3 o 

Fig. 9. Collar elongation defined by the ratio between its 

height and its diameter (hid); 0: collar absent; 1: 'short'; 2: 

'middle'; 3: 'long'. 
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(8) Collar shape (Fig. 10). The shape is determined by the sides of the collar in 
cross-section. Sides can be parallel (0); diverging (1); or converging (2). 

o 2
 

Fig. 10. Collar shape determined by the sides of the collar in 

cross-section: 0: parallel: 1: diverging: 2: converging. 

(9) Collar ornamentation (Fig. 11). Ornamentation can be absent (0); annulate 
(1); irregularly torn (2); and striate (3). 

2 3 

o
 

Fig. 11. Opening ornamentation: 0: absent: 1: annulate: 2: 

irregularly torn: 3: striate. 
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The thickness of the wall is not used as a classification criterion here because 
loricae walls increase in thickness during life (Souto, 1981). Also size and 
colour are not taken into consideration. Flagellar to tailed types can reach a 
total length of 700 11m, but the length of their calyx and corolla together varies 
between 60 11m and 200 11m; rooted types have a smaller size of.approximately 
200 11m. The colours of the tintinnomorphs varies hyaline to ochre-brown. The 
rooted types in particular, combine a thin wall with a light colour, while the other 
types generally have thicker walls and a darker colour. 

Descriptive coding 

In the following key to the identification of tintinnomorph types a letter coding 
has been applied to denote the various shape categories (initial four to five 
letters). Also the presence or absence of wall ornamentation is indicated by one 
or two added letters. A number is than added to identify different types within 
each letter-code category, recognized on the basis of classification criteria of 
lower rank. Each of the observed types is illustrated on Figures 12 to 17. 

Letter coding is as follows: 

- spherical: SPHER 
- elliptical: ELLIP 
- elongated elliptical: ELEL 
- egg-shaped, aborally blunt: ESAB 
- egg-shaped, orally blunt: ESOB 
- hexagonal: HEXA 
- rectangular: RECT 
- asymmetrically rhombic, aborally blunt: ARAB 
- asymmetrically rhombic, orally blunt: AROB 
- triangular: TRIA 
- tetragonal: TETRA 
- ornamentation present: 0 
- no ornamentation: NO 

Example: ESOBNO-4 indicates the fourth type (4) recognized within the 
category of tintinnomorphs characterized by an egg-shaped orally blunt 
(ESOB) shape and a not-ornamented (NO) wall. 

KEY TO THE IDENTIFICATION OF TINTINNOMORPH TYPES 

Spherical types (SPHER): 

Ornamented (SPHERO): 
*without calyx, without stem: 

+ opening large: 
- no collar: SPHERO-1 (Fig. 12-1) 
- short collar, annular, no collar ornamentation: SPHERO-2 (Fig. 12-2) 
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o
 

Fig. 12. Spherical ornamented (SPHERO) and not ornamented 

(SPHERNO) tintinnomorph types from the Banda Sea; 1: SPHERO-1
 

(sample Sn-250); 2: SPHERO-2 (sample Sn-250); 3: SPHERO-3
 

(sample Sn-415); 4: SPHERO-4 (sample Sn-415); 5: SPHERNO-1
 

(sample Sn-l9l); 6: SPHERNO-2 (sample Sn-253); 7: SPHERNO-3
 

(sample Sn-327); 8: SPHERNO-4 (sample Sn-259); 9: SPHERNO-5
 

(sample Sn-229); 10: SPHERNO-6 (sample Sn-316); 11: SPHERNO-7
 

(sample Sn-333); 12: SPHERNO-8 (sample Sn-250); 13: SPHERN09 
(sample Sn-258); 14: SPHERNO-IO (sample Sn-154); 15: SPHERNO-ll 

(sample Sn-258); 16: SPHERNO-12 (sample Sn-168); 17: SPHERNO-13
 

(sample Sn-398) . 
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+ opening medium: 
- short collar, parallel, striate ornamentation: SPHERO-3 (Fig. 12-3) 

+ opening small: 
- long collar, parallel, no collar ornamentation: SPHERO-4 (Fig. 12-4) 

·with short triangular calyx, without stem, opening large: SPHERO-5 
(Fig.17-4) 

Not ornamented (SPHERNO): 
·without calyx, without stem: 

+ opening medium: 
- short collar: 

# diverging, no collar ornamentation: SPHERNO-1 (Fig. 12-5) 
# parallel-sided, annular collar: SPHERNO·2 (Fig. 12-6) 

- middle collar, converging with small diverging rim around the
 
opening, no collar ornamentation: SPHERNO-3 (Fig. 12-7)
 

+ opening small:
 
- short collar:
 

# parallel, no collar ornamentation: SPHERNO-4 (Fig. 12-8)
 
- middle collar: 

# diverging, no collar ornamentation: SPHERNO-5 (Fig. 12-9) 
# converging, no collar ornamentation: SPHERNO-6 (Fig. 12-10) 

- long collar: 
# diverging, no collar ornamentation: SPHERNO-7 (Fig. 12-11) 
# parallel, no collar ornamentation: SPHERNO-8 (Fig. 12-12) 
# diverging/converging, no collar ornamentation: SPHERNO-9 (Fig. 
12-13) 

·with elongated calyx, without stem: 
+ opening large, no collar: SPHERNO-10 (Fig. 12-14) 
+ opening medium, no collar: SPHERNO-11 (Fig. 12-15) 

·with calyx, with stem: 
+ tailed stem, opening small, middle collar, parallel sided, without collar
 
ornamentation: SPHERNO-12 (Fig. 12-16)
 
+ rooted stem, opening equatorial, no collar: SPHERNO-13 (Fig. 12-17) 

Elliptical types (ELLlP): 

Ornamented (ELLlPO): 
·without calyx, without stem, medium, short collar, straight, no collar
 
ornamentation but arched openings in the region from 02to 30Q

: ELLIPO-1 (Fig.
 
17-2)
 

Not ornamented (ELLlPNO):
 
·without calyx, without stem, medium opening, no collar: ELLIPNO-1 (Fig.
 
13-1 )
 

Elongated elliptical types (ELEL): 
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5 

11 

Fig. 13. Elliptical, not ornamented (ELLIPNO) and elongated 

elliptical, not ornamented (ELELNO) tintinnomorph types from the 

Banda Sea: 1: ELLIPNO-1 (sample Sn-247); 2: ELELNO-1 (sample 

Sn-211); 3: ELELNO-2 (sample Sn-196); 4: ELELNO-3 (sample 

Sn-201); 5: ELELNO-4 (sample Sn-258); 6: ELELNO-5 (sample 

Sn-161); 7: ELELNO-6 (sample Sn-325); 8: ELELNO-7 (sample 

Sn-335); 9: ELELNO-8 (sample Sn-244); 10: ELELNO-9 (sample 

Sn-196); 11: ELELNO-10 (sample Sn-152J; 12: ELELNO-11 (sample 
Sn-196); 13: ELELNO-12 (sample Sn-196); 14: ELELNO-13 (sample 

Sn-226); 15: ELELNO-14 (sample Sn-320); 16: ELELNO-15 (sample 

Sn-320); 17: ELELNO-16 (sample Sn-156). 
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Not ornamented (ELELNO): 
*without calyx, without stem: 

+ opening equatorial, no collar: ELELNO-1 (Fig. 13-2) 
+ opening medium: 

- no collar: ELELNO-2 (Fig. 13-3; Plate 1,3) 
- small collar, diverging, no collar ornamentation: ELELNO-3 (Fig. 13-4) 

+ opening small, no collar: ELELNO-4 (Fig. 13-5) 
*without calyx, with stem: 

+ nodded:
 
- opening medium, no collar: ELELNO-5 (Fig. 13-6)
 
- opening small:
 

# no collar: ELELNO-6 (Fig. 13-7)
 
# long collar, parallel, no collar ornamentation: ELELNO-7 (Fig.
 
13-8)
 

+ flagellate, opening medium to small, no collar: ELELNO·8 (Fig. 13-9) 
*with calyx, without stem: 

+ with an elongated triangular calyx, opening small: ELELNO-9 (Fig. 13-10;,i 
Plate1,6)' .. 

+ with a tubular calyx: 
- opening inferior to equatorial, no collar: ELELNO-10 (Fig. 13-11; Plate 
1,9) 
- opening equatorial, no collar: ELELNO-11 (Fig. 13-12; Plate 1,10) 
- opening small, middle collar, converging: ELELNO·12 (Fig. 13-13; 
Plate 1,7) 

*with calyx, with stem: 
+ small triangular calyx, flagellate, stem, opening large, no collar
 

ELELNO-13 (Fig. 13-14)
 
+ elongated triangular calyx, tailed stem, no collar:
 

- opening inferior to equatorial: ELELNO·14 (Fig. 13-15; Plate 1,11)
 
- opening equatorial: ELELNO-15 (Fig. 13-16; Plate 1,12)
 
- opening medium: ELELNO-16 (Fig. 13-17; Plate 1,13)
 

Egg-shaped, aborally blunt types (ESAB): 

Ornamented (ESABO): 
*without calyx, without stem: 

+ opening large, middle collar, converging sides with striate ornamentation: 
ESABO-1 (Fig. 14-1; Plate 1,1) 

*without calyx, with stem: 
+ opening medium, diverging collar, no collar ornamentation: ESABO-2 (Fig. 
14-2; Plate 1,2) 

Not ornamented (ESABNO): 
*without calyx, without stem: 

+ opening large, no collar: ESABNO-1 (Fig. 14-3) 

+ opening small, long parallel-sided collar, no collar ornamentation: 
ESABNO-2 (Fig. 14-4) 
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Fig. 14. Egg-shaped, abora11y blunt, ornamented (ESABO) and not 

ornamented (ESABNO), egg-shaped, orally blunt, ornamented 

(ESOBO) and not ornamented (ESOBNO) tintinnomorph types from the 

Banda Sea; 1: ESABO-1 (sample Sn-243); 2: ESABO-2 (sample 

Sn-236); 3: ESABNO-1 (sample Sn-153); 4: ESABNO-2 (sample 

Sn-230); 5: ESABNO-3 (sample Sn-390); 6: ESABNO-5 (sample 

Sn-173); 7: ESABNO-6 (sample Sn-169 A); 8: ESOBO-l (sample 

Sn-241); 9: ESOBNO-l (sample Sn-237); 10: ESOBNO-2 (sample 

Sn-220); 11: ESOBO-3 (sample Sn-373); 12: ESOBNO-4 (sample 

Sn-248) . 
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·without calyx, with stem: 

+ tailed stem, opening small, at 2/3 of the tintinnomorph a zone of diverging 
and converging exists, the opening is placed asymmetrically: ESABNO-3 
(Fig. 14-5) 
+ same as ESABNO-3, but without opening: ESABNO-4 (Fig. 17-1) 
+ tailed stem, opening large, short collar, diverging, no collar ornamentation: 

ESABNO-5 (Fig. 14-6) 
+ rooted stem, opening medium, no collar: ESABNO-6 (Fig. 14-7) 

Egg-shaped, orally blunt types (ESOB): 

Ornamented (ESOBO): 
·without calyx, without stem, opening medium, arched openings in the region 
from 30910 752 : ESOBO-1 (Fig. 14-8) 

Not ornamented (ESOBNO): 
·without calyx, without stem: 

+ opening medium:
 
- small collar, parallel, annulate: ESOBNO-1 (Fig. 14-9)
 
- middle collar:
 

# parallel, lacy: ESOBNO-2 (Fig. 14-10) 
# diverging, no collar ornamentation: ESOBNO-3 (Fig. 14-11) 

·with short triangular calyx, with rooted stem, opening medium to small, opening 
irregular: ESOBNO-4 (Fig. 14-12; Plate 1,3) 

Hexagonal types (HEXA): 

Ornamented (HEXAO): 
·without calyx, without stem, opening large, small collar, parallel-sided with 
striate ornamentation: HEXAO-1 (Fig. 15-1) 

Not ornamented (HEXANO): 
·without calyx, with stem: 

+ nodded, opening small, long parallel collar, with a lacy ornamentation: 
HEXANO-1 (Fig. 15-2) 

·with small calyx, without stem: 
+ opening large, no collar: HEXANO-2 (Fig. 15-3) 

·with calyx, with stem: 
+ small calyx:
 

- tailed, opening large to equatorial, no collar: HEXANO-3 (Fig. 15-4)
 
+ elongated calyx: 

- nodded stem, opening large to equatorial, no collar: HEXANO-4 (Fig. 
15-5) 

Remark: probably cyst present inside a lorica 
- rooted, opening large to equatorial, no collar: HEXANO-5 (Fig. 15-6) 

173 



9 

Fig. 15. Hexagonal ornamented (HEXAO) and not ornamented 

(HEXANO), rectangular ornamented (RECTO) and not ornamented 

(RECTNO), and asymrnetricallly rhombic, aborally blunt, not 

ornamented (ARABNO) tintinnomorph types from the Banda Sea; 1: 

HEXAO-1 (sample Sn-250); 2: HEXANO-1 (sample Sn-201); 3: 

HEXANO-2 (sample Sn-253); 4: HEXANO-3 (sample Sn-253); 5: 

HEXANO-4 (sample Sn-324); 6: HEXANO-5 (sample Sn-249); 7: 

RECTO-1 (sample Sn-250); 8: RECTNO-1 (sample Sn-258); 9: 
RECTNO-2 (sample Sn-152); 10; RECTNO-3 (sample Sn-26l); 11; 

ARABNO-1 (sample Sn-261); 12: ARABNO-3 (sample Sn-152); 13: 

ARABNO-2 (sample Sn-320); 14: ARABNO-4 (sample Sn-335). 
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Rectangular types (RECT): 

Ornamented (RECTO): 
·without calyx, without stem: 

+ opening equatorial to large, short collar: 
- diverging collar: RECTO-1 (Fig. 15-7) Remark: operculum observed 
- annular collar, two rows of farge openings present below the collar, the 
lower row has smaller openings than the upper one: RECTO-2 (Fig. 17-3) 

Not ornamented (RECTNO): 
·without calyx, without stem: 

+ opening equatorial: 
- no collar: RECTNO-1 (Fig. 15-8) 
- no collar, corolla elongated with length/width ratio >4: RECTNO-2 (Fig. 
15-9; Plate 1,8) 

·with small calyx, tailed stem, no collar, double wall: RECTNO-3 (Fig. 15-10) 

Asymmetrically rhombic, aborally blunt types (ARAB): 

Not ornamented (ARABNO): 
·without calyx, without stem: 

+ opening medium to large, no collar: ARABNO-1 (Fig. 15-11) 
·without calyx, with stem: 

+ with a single tail-like stem placed asymmetrically, opening medium to large, 
no collar: ARABNO-2 (Fig. 15-13) 
+ with more than three tail-like stems, opening medium, middle to long 
diverging collar, no collar ornamentation: ARABNO-3 (Fig. 15-12; Plate 1,4) 

·with small calyx, with tailed type of stem: 
+ opening medium, no collar: ARABNO-4 (Fig. 15-14) 

Asymmetrically rhombic, orally blunt types (AROB): 

Not ornamented (AROBNO): 
·without calyx, without stem: 

+ opening small: 
- no collar: AROBNO-1 (Fig. 16-1) 
- middle collar, parallel, annulate: AROBNO·2 (Fig. 16-2) 
- long collar, diverging, no collar ornamentation: AROBNO-3 (Fig. 16-3) 

Triangular types (TRIA): 
Remark: for the triangular types, the horn(s) and the opening are always placed 
at the corner of the triangular shape. 

Not ornamented (TRIANO): 
·without calyx, without stem: 

+ opening small, no collar: TRIANO-1 (Fig. 16-4) 
·without calyx, with stem: 
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Fig. 16. Asymmetrically rhombic, orally blunt, not ornamented 

(AROBNO), triangular not ornamented (TRIANO), tetragonal 

ornamented (TETRAO) and not ornamented (TETRANO) tintinnomorph 

types from the Banda Sea; 1: AROBNO-l (sample Sn-244); 2: 

AROBNO-2 (sample Sn-26l); 3: AROBNO-3 (sample Sn-4l9); 4: 

TRIANO-l (sample Sn-370); 5: TRIANO-2 (sample Sn-26l); 6: 

TRIANO-3 (sample Sn-425); 7: TRIANO-4 (sample Sn-392); 8: 

TRIANO-5 (sample Sn-253); 9: TRIANO-6 (sample Sn-346): 10: 

TETRANO-l (sample Sn-253); 11: TETRANO-2 (sample Sn-253); 12: 

TETRAO-l (sample Sn-300) . 
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+ flagellar tail, opening medium: TRIANO-2 (Fig.. 16-5) 
·with calyx, with stem: 

+ opening large, no collar, asymmetrical position of tail: TRIANO·3 (Fig. 
16-6) 

+ opening small: TRIANO-4 (Fig. 16-7) 
+ opening equatorial, no collar, nodded tail-type stem: TRIANO-S (Fig. 16-8) 

·without calyx, with two tailed to rooted types of stem, opening medium to large, 
no collar: TRIANO-6 (Fig. 16-9) 

Tetragonal types (TETRA): 
Remark: for the tetragonal types, the horn(s) and the opening are always placed 
at the corner of the triangular shape. 

Ornamented (TETRAO): 
·without calyx, with three rooted stems, medium to small opening, no collar, wall
 
ornamented with alveoles decreasing in size towards the opening: TETRAO-1
 
(Fig. 16-12)
 

Not ornamented (TETRANO):
 
·without calyx, with flagellar stem, opening medium, no collar: TETRANO-1
 
(Fig. 16-10)
 
·with small calyx and tail-type stem, opening small, at one corner, no collar:
 
TETRANO-2 (Fig. 16-11)
 

DISCUSSION 

Reid and John (1978) suggested that among organic tintinnid remains only the 
cysts are resistant to degradation in the sediments. However, according to the 
present author, their study demonstrates that Favel/a serrata could well 
produce three different categories of palynomorphs: a lorica, a pouch attached 
to the aboral side of the lorica, and a cyst encapsulated in the pouch (see Fig. 1, 
redrawn from Reid and John, 1978, plate I, A,B). It is here considered that the 
tintinnomorph association found in the Banda Sea sediments certainly includes 
two types of tintinnid remains (Ioricae and cysts), while there are some 
indications that also the third type (pouches) are possibly present. However, it 
should be realized that convincing discrimination between loricae and cysts is 
hampered by the probability of their frequent morphological convergence (Reid 
and John, 1978). Yet, in general terms, horned and ornamented tintinnomorphs 
may tentatively be considered to represent probable loricae, whereas 
flask-shaped types may be regarded as probable cysts. Rooted tintinnomorphs 
may partly represent the rooted pouches, partly sessile non-tintinnid ciliates. 

In the following paragraphs a comparison is given between the categories of the 
plexus of forms from the Banda Sea sediments and the existing classification 
systems of loricae (Tappan and Loeblich. 1968). In addition, comparison with 
the information on tintinnid cysts (Reid and John, 1978, 1981) is provided. 
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Fig. 17. Egg-shaped, aborally blunt, not ornamented (ESABNO), 

spherical ornamented (SPHERO), elliptical ornamented (ELLIPO) 

and elongated elliptical not ornamented (ELELNO), and 

rectangular ornamented (RECTO) tintinnomorph types from the 

Banda Sea; 1: ESABNO-4 (sample Sn-169a); 2: ELLIPO-1 (sample 

Sn-369); 3: RECTO-2 (sample Sn-394); 4: SPHERO-5, two specimens 

forming twin (sample Sn-422); 5: ELELNO-14 (upper specimen) and 

ELELNO-16 (lower specimen), forming twin (sample Sn-241). 
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Loricae of the family Codonellidae Kent, 1881 are described (Tappan and 
Loeblich, 1968) as reticulate to agglutinating cup-shaped; they may have a 
collar and a constricted throat; they can be pointed or have an aboral horn. 
SPHERO-1, SPHERO-2, SPHERO-6, ESABO-2 and RECTO-1 show these 
features. SPHERNO-10, SPHERNO-11 are cup-shaped with an aboral horn but 
they are not reticulate or agglutinating. 

Loricae of the family Codonellopsidae Kofoid and Campbell, 1929 are described 
(Tappan and Loeblich, 1968) as pot-shaped with a rounded to apiculate aboral 
end; they may be agglutinating or reticulate; the hyaline collar may have spiral 
to annular ridges. SPHERO-4, SPHERO-5, ESABO-1, HEXAO-1 have a hyaline 
collar with or without annular ridges, some are rounded, others are apiculate. 
These types probably are agglutinating. 

Loricae of the family Dictyocystidae Kent, 1881 are bOWl-shaped and they are 
surmounted by arched frames or windows (Tappan and Loeblich, 1968). 
ESOBO-1, SPHERO-3 and RECTO-2 show the arched framed windows of this 
family, but the shape is not clearly that of a bowl. 

Loricae of the family PtychocJylididae Kofoid and Campbell, 1929 are 
bell-shaped with an elongated bowl, the oral rim can be denticulate (Tappan and 
Loeblich, 1968). HEXANO-2 and HEXANO-4 match this description. 

The description of the loricae of the Ptychoclynididae by Tappan and Loeblich 
(1968) is insufficient since a species of the genus Favella (Reid and John, 1978) 
assigned to the Ptychoclynididae has an aboral horn while this family was 
defined without this feature. Assuming that the identification of Favella in Reid 
and John (1978) and the assignment of this genus to the Ptychoclynididae are 
correct, the loricae of the PtychocJynididae should be described as 'bell-shaped 
loricae with an elongated bowl, the oral rim can be denticulate and can have an 
aboral horn'. According to this emended diagnosis, HEXANO-3 and ESABNO-5 
may also be placed in the Ptychoclynididae. As ESABNO-3 resembles 
ESABNO-5 it could belong to this family as well. 

According to Tappan and Loeblich (1968) loricae of the Xystonellidae Kofoid and 
Campbell, 1929 have an elongated, chalice-shaped lorica, an elongated aboral 
pedicel, and a reticulate wall. Although many of the types observed in the 
sediments of the Banda Sea have an elongated chalice-shaped form and an 
elongated aboral pedicel, none is reticulate. Nevertheless, in Reid and John 
(1978) a species of the genus Parafave/la belonging to the Xystonellidae was 
drawn without reticulum. Assuming that both the identification by Reid and John 
(1978) and an assignment of the genus to the Xystonellidae are correct, the 
diagnosis of the family should become 'elongated chalice-shaped loricae with an 
elongated aboral pedicel, and with a smooth or reticulate wall'. Following this 
diagnosis, the tintinnomorph types ELELNO-9, -10, -11, -12, -13, -14, -15 and 
-16, as well as RECTNO-2 and -3 would belong to the Xystonellidae. RECTNO-3, 
however, seems to be a remnant of a cyst, as it has a double wall. 
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Loricae of the family Tintinnidae Clarapede and Lachmann, 1858 are elongate, 
flaring orally with an open or closed aboral end (Tappan and Loeblich, 1968). 
ELELNO-3 with its flaring collar and elongated shape, can be placed in this 
family. 

The lorica of Pacilina arctica has a rhombic shape and possesses a tubular 
calyx (Reid and John, 1981). It resembles ARABNO-2 which has an elongated 
calyx placed asymmetrically. ARABNO-2 may thus have the features of a 
tintinnid lorica, possibly of a species of Pacilina. ARABNO-4 is very similar to 
ARABNO-2, except that its horn is in an even more asymmetrical position than 
in ARABNO-2. 

HEXANO-4 is likely to represent a lorica with an enclosed cyst. In their 
illustration of Parafavella denticulata, Reid and John (1978) depicted a similar 
lorica with a circular cyst in it. In the Banda Sea material, this phenomenon was 
several times observed. 

In Reid and John (1978), the cyst of Leprotintinnus pellucidus (Cleve) was 
illustrated with a small aboral appendix, which is observed in our ELELNO-5, -6, 
-7, and HEXANO-1. Reid and John (1981) described the cyst type P with a 
elongated, well differentiated neck. SPHERNO-3, -7, -8, -9, ELELNO-7, 
ESABNO-2, AROBNO-2, -3 and HEXANO-1 also have that particular feature. 
The sub-spherical shape of cyst type M, extending into a small neck (Reid and 
John, 1981) can be seen in SPHERNO-4, -5, and -6. The more elongated cyst 
type T (Reid and John, 1981) can be seen in ELELNO-2, -4 and in AROBNO-1. 

The horned and flagellar types SPH ERNO-12, ELELNO-8, TRIANO-3, 
TRIANO-4, TETRANO-1 and TETRANO-2 are believed to fit in the shape 
variation observed for tintinnid cysts. On the other hand, the types 
SPHERNO-1, SPHERNO-2, ELELNO-1, ESABNO-1, ELLIPNO-1, ESOBNO-2, 
ESOBNO-3, ARABNO-1 and TRIANO-1 have few characteristic features and 
could be the remains of either tintinnids or other protozoans. 

Types characterized by rooted stems (SPHERNO-13, ESOBNO-4, HEXANO-S) 
could be the remains of sessile life stages of non-tintinnid ciliates. On the other 
hand, the cyst of Favella serrata is encapsulated in a pouch that is rooted in the 
basal part of the lorica (Reid and John, 1978; see Fig. 1) and resembles 
tintinnomorphs characterized by the presence of roots. 

The identification of specimens with two (TRIANO-6), three (TETRANO-3) and 
more horns (ARABNO-3) is problematic. TRIANO-6 could be interpreted as a 
'twin' form. Twins occur in the tintinnomorphs with an elongated corolla and hom 
(ELELNO-category; see Fig. 17-5) and the spherical, ornamented types 
(SPHERO-category; see Fig. 17-4), but in these cases the loricae are fixed at 
their openings, resulting in fusiform or elongated ornate palynomorphs, 
respectively. In the TRIANO-category, where the horn is not located aborally, 

twin formation could result in a shape like TRIANO-6. Type TETRANO-3 with its 
three horns and its ornamentation decreasing in size towards the opening, is 
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very distinct from all other tintinnomorphs. Considering that different tintinnid 
families are characterized by a reticulum and that cysts are suspended in the 
lorica, a shape like TETRANO-3 could represent the cyst of a tintinnid. 

Type ARABNO-3 has a long diverging collar and a rhombic shape. These 
features are characteristic for the tintinnid cysts of the ARABNO-category. The 
large number of aboral horns, however, is unusual. Reid and John (1981) 
described a cysttype Q with thick, stick-like spines with a length of at least half 
the diameter of the chamber. These spines are distributed regularly over the 
cyst; in ARABNO-3, however, the spines are confined to the aboral side of the 
cyst. 

ARABNO-3 is of particular interest with respect to the discussion on the affinity 
of the chitinozoans. Morphologically, the type (Plate 1,4) is fully comparable with 
well-preserved translucent chitinozoans from the Palaeozoic (Jenkins, 1970). 

CONCLUDING REMARKS 

The discovery of a wide variety of tintinnomorphs in (sub)recent sediments of 
the Banda Sea suggests that in marine depositional settings the preservation 
potential of the probably chitinous remains of tintinnids may become enhanced 
under the influence of specific external physical and chemical conditions. In 
time, therefore, records of tintinnomorphs may be of use for marine 
palaeoecological research. It is hoped that the present informal descriptive 
scheme will stimulate palynologists to further document the presence of 
different types of tintinnomorphs in marine sediments. 
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Plate I. Photomicrographs of selected tintinnomorph types from
 

the Banda Sea; 1: ESABO-1 (slide Sn-243), x 500; 2: ESABO-2
 

(slide Sn-236), x 500; 3: ESOBNO-4 (slide Sn-248), x 250; 4:
 

ARABNO-3 (slide Sn-152), x 500; 5: ELELNO-2 (slide Sn-196), x
 

500; 6: ELELNO-9 (slide Sn-196), x 500; 7: ELELNO-12 (slide
 

Sn-196), x 500; 8: RECTNO-2 (slide Sn-152), x 250; 9: ELELNO-10
 
(slide Sn-152), x 250; 10: ELELNO-11 (slide Sn-196), x 250; 11:
 

ELELNO-14 (slide Sn-233), x 250; 12: ELELNO-15 (slide Sn-233), x
 

250; 13: ELELNO-16 (slide Sn-156), x 250.
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CHAPTER 7 

PROTOPERIDINIOID DINOFLAGELLATE CYSTS IN SEDIMENTS 
FROM THE EASTERN BANDA SEA (INDONESIA) 

ABSTRACT 

Box-eore samples from surficial sediments of the eastem Banda Sea 
(Indonesia) have been palynologically studied for abundances ofcysts of 
heterotrophic protoperidinioid dinoflagellates (P-eysts). Variations in the 
concentration of P-cysts are likely the result ofstronglycontrasting 
sedimentation rates. Spatial variation in the ratio ofP-eysts to cysts of 
autotrophic gonyaulacoid dinoflagellates (G-cysts) may reflect variation in 
chlorophyJl-a concentration in surface water during downwelling. Positive 
excursions in PIG profiles maysuggest concentration ofheterotrophic 
dinoflagellates in downwelling fronts along slope edges. 

INTRODUCTION 

In the past decade, considerable attention has been given to the significance of 
cysts of heterotrophic protoperidinioid dinoflagellates (P-cysts) in 
palaeo-environmental interpretation. At present, particular emphasis is placed 
on the environmental signal provided by the ratio of P-cysts to cysts of 
autotrophic gonyaulacoid dinoflagellates (G-cysts). Through the study of cyst 
records in Tertiary to Recent sediments from regions characterized by 
high-productivity, it is becoming appreciated that variations in this (PIG or G/P) 
ratio could reflect fluctuations in levels of primary (notably diatom) productivity, 
caused by variation in nutrient availability, water stratification, salinity and 
temperature. In addition to sediments related to circum-Arctic waters (Mudie, 
1992), notably major upwelling areas are known for high PIG ratios (Powell et aI., 
1992). 

Under upwelling conditions, high PIG ratios are considered to correlate with 
diatom-dominated phytoplankton communities; variations in the PIG ratio could 
reflect variations in upwelling strength (Lewis et aI., 1990; Powell et aI., 1992). 
In order to test these assumptions, the present paper concentrates on a 
discussion of P-cyst records in surficial sediments of the eastern Banda Sea in 
the eastern part of Indonesia. These waters represent an area with 
monsoon-induced seasonal upwelling (Zijlstra et aI., 1990). During the upwelling 
season diatom abundance is strongly enhanced (Gieskes et aI., 1988; Adnan, 
1990). 
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Fig. 1. Surface current patterns in the Banda Sea during the NW 

monsoon (above) and the SE monsoon (below). Crosses indicate 

upwelling, circles indicate downwelling (after Wyrtki, 1957). 
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As a sequel to a palynofacies analysis (Chapter 1) and a discussion of the 
surprisingly high abundances of palynomorphs of zooplanktonic origin (Chapter 
2-6), this study is a first attempt to investigate whether the P-cyst record from 
the eastern Banda Sea can be related to seasonally changing hydrographical 
and ecological parameters. Emphasis is given to a comparison of spatial patters 
in the PIG ratio with primary productivity as reflected by chlorophyll-a 
concentrations in the euphotic zone. 

HYDROGRAPHICAL AND ECOLOGICAL SEASONALITY IN THE 
EASTERN BANDA SEA 

Tectonic evolution of the Banda Sea region (e.g., Katili, 1991) has resulted in a 
variety of morphotectonic environments (continental shelf and slope, trench, 
accretionary complex, forearc basin, volcanic arc, back arc basin), 
characterized by highly contrasting water depths and sedimentary regimes 
(Situmorang, 1992). As a result, the eastern Banda Sea presents a deep ocean 
area divided by partially emerged morphotectonic units into three separate 
basins, the Banda Basin, the Weber Trough and the Seram-Aru-Tanimbar 
Trough. To the east, the eastern Banda Sea merges with the extensive shallow 
waters of the Arafura Sea on the Australian shelf. Where measured, Late 
Pleistocene-Holocene sedimentation rates are high (Ganssen et aI., 1989), but 
may be regionally contrasting. 

The hydrography of the eastern Banda Sea is strongly influenced by the 
biannually reversing monsoonal wind pattern. A conceptual hydrographical 
model for the region was developed by Wyrtki (1957, 1961; Fig. 1). The 
southeastern monsoon (June-September) induces westward surface currents, 
flowing away from the eastern Banda Sea region and creating upwelling of cool 
nutrient-rich waters. During the northwestern monsoon (December-March), the 
surface currents reverse. These eastward currents force stable, stratified water 
from the Java and Flores Seas and the Indian Ocean to flow into the Banda Sea. 
In the eastern Banda Sea and adjacent part of the shallow Arafura Sea, these 
flows result in downwelling. Both the physical background and the predicted 
ecological consequences of this model of seasonal variation were tested by 
multidisciplinary research related to Theme 3 ('Pelagic Systems'; Zijlstra and 
Baars, 1987) of the 1984-1985 Indonesian-Dutch Snellius-II expedition to the 
Indonesian waters. In addition to the results of hydrographical surveys (e.g., 
Zijlstra et aI., 1990), a large number of studies concentrated on the recognition 
and quantification of seasonal variation in nutrient supply (e.g., Wetsteyn et aI., 
1990), organic carbon content (Cadee, 1988), oxygen regime (Tijssen et aI., 
1990), as well as seasonal change in productivity at various trophic levels (e.g., 
Schalk, 1987; Gieskes et aI., 1988; Adnan, 1990; Arinardi et aI, 1990; Baars et 
aI., 1990; Schalk et aI., 1990; Vosjan et aI., 1990; Zevenboom, 1990; 
Zevenboom and Wetsteyn, 1990). In general terms, all studies confirm 
significant seasonal variation in physical, chemical and biological parameters. 
Upwelling and downwelling patterns can be convincingly deduced. It is 
frequently recognized, however, that productivity patters become complicated 
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towards the shelf as a result of nutrient enrichment by fluvial run-off from Irian 
Jaya during the (rainy) downwelling season. 

Phytoplankton 

Regional phytoplankton pigment analysis in water samples from the eastern 
Banda Sea and the adjacent shelf waters of the Arafura Sea resulted in the 
composition of distribution maps of chlorophyll-a (chl.-a) in the upper 25 m of the 
euphotic zone (Gieskes et aI., 1988, fig. 3). Expressed in mean concentrations 
(llg.dm-3), changed chl.-a distribution patterns provide a proxy indicator for 
variation in primary productivity during conditions of upwelling and downwelling. 
In general, during upwelling chl.-a concentration was five times higher during 
downwelling. It should be realized, however, that during the downwelling season 
a deep chlorophyll maximum layer could be detected at a depth of 40-80 m. 
Locally, chl.-a concentrations in this layer were found to be three times higher 
than in corresponding surface water. 

Analysis of taxon-specific phytoplankton pigments has provided a clear overall 
picture of regional phytoplankton composition during both the upwelling and 
downwelling seasons (Gieskes et aI., 1988). During upwelling diatoms 
contribute 50% to the chl.-a in the euphotic zone; green algae and 
Prymnesiophyceae (mainly coccolithophorids, Gieskes, pers. comm.) each 
contribute 20%, Cyanobacteria 9%. During downwelling conditions, on the other 
hand, diatoms contribute no more than 6%, green algae may account for 14%, 
while coccolithophorids and Cyanobacteria each contribute 40%. 

The significant seasonal shift in diatom abundance suggested by pigment 
analysis is fully confirmed by quantitative information on the regional 
distribution of diatom cells >75 11m (Adnan, 1990). Depending on sea-bottom 
depth, during the upwelling season diatoms are 2-20 times more abundant than 
during downwelling. Areas with small shifts correspond to shallow (20-50 m) 
shelf areas characterized by highest cell numbers and influenced by fluvial 
run-off from Irian Jaya. 

In marked contrast to major upwelling systems in the Atlantic, Pacific and Indian 
Oceans, dinoflagellates playa minor part in the Banda Sea ecosystem. There 
are no records of dinoflagellate blooms in the area, although towards the east 
seasonal red tides are known to occur along the southern coast of Papua New 
Guinea (Maclean, 1979). Pigment analysis (Gieskes et aI., 1988) has 
demonstrated that both during upwelling and downwelling only minor amounts of 
peridinin can be detected, indicating a ubiquitous but subordinate contribution 
of dinoflagellates to the chl.-a in the euphotic zone. Relative to diatoms, 
abundances of dinoflagellate cells >75 11m, representing the genera Ceratium, 
Dinophysis, Noctiluca and Protoperidinium, are very low (1-16 cells.dm3) and 
comparable in both seasons (Adnan, 1990). 
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DINOFLAGELLATE CYSTS IN SURFICIAL SEDIMENTS FROM THE 
EASTERN BANDA SEA 

Material and methods 

As an integral part of Theme I of the Snellius-II expedition ('Geology and 
Geophysics of the Banda Arc and adjacent areas; Van Hinte et aI., 1986) 
surficial sediments from the eastern Banda Sea have been investigated for their 
palynofacies composition (Chapter 1). Samples considered in the present paper 
originate from the top 7 cm of sediments from 44 box-cores, taken at various 
depth during cruise G-5 along two transects crossing all major morphotectonic 
units of the eastern Banda Sea area: the Seram Transect (leg 2; Fig. 2) and the 
Tanimbar Transect (leg 4; Fig.3). For most of the samples, sediments consist of 
foraminiferal clays and oozes (see Situmorang, 1989, 1992). 
The samples were dried and dry weight was measured (for each sample 
approximately 5 g of sediment). Carbonates were dissolved with HCI (30%). Two 
tablets containing a known number of exotic spores (Lycopodium) were added 
for subsequent assessment of particle concentration. Silicates were dissolved 
with HF (43%). The residue was sieved over a 10 11m mesh screen, mounted on a 
cover glass using a wetting agent (Cellobond), and dried. Elvacite was used as 
a mounting medium. 

Fig. 2. Sample (box-core) locations along Seram Transect. 
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Fig. 3. Sample (box-corel locations along Tanimbar Transect. 

Slides were counted for their organic particle content (palynodebris, 
palynomorphs, diffuse aggregates, added exotic spores; Chapter 1), using 
transmitted-light microscopy. From the ratio between sedimentary organic 
particles and added exotic spores, the concentration of individual particle 
categories (including P-cysts and G-cysts) per gram of dry sediment was 
calculated according to the method of Stockmarr (1971). In a second step, the 
palynomorph content of each sample was classified in terms of principal 
terrigenous and marine palynomorph categories (400-800 palynomorphs per 
sample). In order to calculate the PIG ratios along the two transects, for each 
sample the sum of the cysts identified as protoperidinioid was divided by the 
sum of the cysts identified as gonyaulacoid. 

General composition of palynological associations 

A palynological assessment of the overall palynodebris and palynomorph 
records for Banda Sea sediments (Chapter 1) suggests that remains of marine 
organisms account for 65% of the regional organic particle record, whereas 35% 

is derived from land plants. The marine component is dominated by palynodebris 
and palynomorphs originating from metazoan plankton (notably egg-envelopes 
and exoskeleton remains of copepods; Van Waveren, 1992; Chapter 2-5). 
Organic remains of other zooplanktonic and benthic organisms are represented 
by accessory palynomorph categories, such as tintinnid loricae and cysts, 

scolecodonts and foraminiferal inner linings. 
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Dinoflagellate cysts 

The average phytoplankton component in organic particle associations from the 
Banda Sea sediments is low and almost eXclusively consists of dinoflagellate 
cysts. Rarely exceeding values of 10%, the dinoflagellate cysts account for an 
average of 4.5% of the total number of palynomorphs. The individual 
protoperidinioid and gonyaulacoid cyst types that could be identified at a 
species level include the following taxa: 

Order PERIDINIALES Haeckel1894 
Family PERIDINIACEAE (Ehrenberg 1854) Engler 1892 
Genus Protoperidinium (Bergh) Bafech 1974 

Subgenus Archaeperidinium (Jorgensen) Balech 1974 
Sectio Stelladinium Harland 1982 
- Protoperidinium (Archaeperidinium) compressum (Abe) Balech 

1974 
Subgenus Protoperidinium (Bergh) Balech 1974 
Seetio Brigantedinium Harland 1982 

- Protoperidinium (Protoperidinium) conicoides (Paulsen) Balech 
1974 

Seetio Selenopemphix Harland 1982 
- Protoperidinium (Protoperidinium) subinerme (Paulsen) 

Loeblich 1969 
· Protoperidinium (Protoperidinium) conicum (Gran) Balech 1974 
- Protoperidinium (Protoperidinium) nudum (Meunier) Balech 1974 

Seetio Quinquecuspis Harland 1982 
- Protoperidinium (Protoperidinium) leonis (Pavillard) Balech 1974 
- Protoperidinium (Protoperidinium) pentagonum (Gran) Balech 

1974
 
Family DIPLOPSALIDACEAE Matsuoka 1988
 
Genus Diplopsalis Bergh 1881
 

- Diplopsalis lebourae (Nie) Balech 1967
 
· Diplopsalis lenticula Bergh 1881
 

Genus Zygabicodinium Loeblich and Loeblich 1970 
- Zygabicodinium spp. 

Order GONYAULACALES Taylor 1979 
Family GONYAULACACEAE Lindemann 1928 
Genus Protoceratium Butschl; 1885 

· Protoceratium reticulatum (ClarapMe and Lachmann) BOtschli 1885 
Genus Spiniferites Mantell 1850 

. Spiniferites spp. 
Genus Impagidinium Stover and Evitt 1978
 

- Impagidinium spp.
 

In most samples P-cysts are predominant; their calculated concentrations are 
given in Fig. 4, their ratio to G-cysts in Fig. 5. A selection of the more regularly 
occurring types of P-cysts is illustrated on Plate I. 
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Spatial pattern of P-cyst concentrations 

P-cyst concentration in surficial sediments of the eastern Banda Sea appears 
to be extremely variable (Fig. 4). Along the Seram Transect, highest 
concentrations are found at the eastern slope of the Seram Trough. Also at the 
slopes of the Weber Trough concentrations are relatively high. Throughout the 
accretionary complex (Gorong Structural High), concentrations are low. In 
contrast, along the Tanimbar Transect), both very high and low concentrations 
are found in samples from the accretionary complex (Tanimbar Structural High). 
Abundances from the eastern slopes of the Weber Trough and the Seram 
Trough are high, whereas low abundances occur in the Weber Trough and the 
shelf. 

Spatial pattern of PIG ratios 

In general, PIG ratios calculated for samples from the two transects (Fig. 5) are 
slightly higher along the Tanimbar Transect than along the Seram Transect. In 
both transects one may recognize increasing trends from the Weber Trough 
towards the shelf. There are some significant positive excursions, notably on 
the edges of the eastern slopes of the Weber Trough and the SeramlTanimbar 
Trough. 

DISCUSSION 

P-cyst concentration 

The spatial pattern of P-cyst concentrations along the two transects does not 
allow for the recognition of any correlation with hydrographical or ecological 
parameters known from the eastern Banda Sea. Similarly to the fluctuating 
patterns of total organic particle concentrations (Chapter 1), it is here 
considered that the variation in P-cyst content is largely the result of 
contrasting sedimentation rates, rather than contrasting productivity. At least in 
the Seram Trough high P-cyst concentration coincides with high Holocene 
sedimentation rates ( approximatly 48 cm.ka-1 after 2690 yr BP; Ganssen et aI., 
1989; Situmorang, 1992). The marked differences between concentration 
patters at the accretionary complex (low along the Seram Transect; highly 
variable along the Tanimbar Transect) may correspond to differences in 
topography. Seismic data (in Situmorang, 1989, 1992) indicate that the Gorong 
Structural High has a ridged topography with a thin sediment cover, whereas the 
Tanimbar Structural High is relatively flat with numerous isolated fault-controlled 
depocentres. Since samples with high P-cyst concentration correlate with these 
small depocentres, differences in concentration along the accretionary complex 
are likely to be due to differences in sedimentation rates. 

PIG ratios 

In order to assess possible relationships between PIG ratio and regional 
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patterns of primary productivity, the PIG profiles are compared with profiles of 
chl.-a concentration in the upper 25 m of euphotic zone based on the regional 
maps composed by Gieskes et al. (1988) for both the upwelling and downwelling 
season. There is no information on chl.-a concentration for.the northern part of 
the Seram Transect. 

Visual inspection of the curves for the Tanimbar Transect may indicate a 
correlation of the PIG profile with the chl.-a profile during downwelling 
conditions. Although both the upwelling and downwelling profiles share 
enhanced chl.-a concentrations at the eastern slope of the Weber Trough and 
the western part of the Tanimbar Structural High, low PIG ratios in the Weber 
Trough do not match the high chl.-a concentrations during the upwelling season. 
Also the general slope of the chl.-a gradient towards the shelf, recognized in the 
Tanimbar Transect and part of the Seram Transect, suggests better 
correspondence of PIG ratios with primary productivity proxies during 
downwelling rather than upwelling. 

Declining chl.-a concentrations during downwelling are to large extent due to 
declining diatom productivity. A correlation of PIG ratios with declined 
productiVity patterns during downwelling may thus be in agreement with 
observations that dinoflagellates as a whole seem to be less favoured by the 
upwelling of nutrient-rich water than diatoms (Margalef, 1978; Taylor and 
Pollingher, 1987). The immotile diatoms prevail when turbulence counteracts 
their sinking rate and keeps them in the euphotic zone. Under oligotrophic 
non-turbulent water conditions diatoms are no longer kept in suspension. Their 
sinking rates are believed to increase with nutrient depletion (Smayda, 1970). In 
contrast, dinoflagellates have the advantage of motility, which may provide a 
possibility for their selective enhancement in stratified water. 

With respect to heterotrophic dinoflagellates, however, it is frequently claimed 
that they would be prevalent under upwelling conditions with high diatom 
productivity (e.g., Lewis et aI., 1990; Powell et aI., 1992). This view is principally 
based on the observations of extracellular feeding among protoperidinioid 
dinoflagellates (Gaines and Taylor, 1984; Jacobsen and Anderson, 1986). In 
vitro studies indicated that a number of species of Protoperidinium feed nearly 
exclusively on diatoms. 

These observations on feeding behaviour place protoperidinioid dinoflagellates 
on a trophic level. comparable to that of zooplanktonic grazers like copepods. 
However, protoperidinioids can be considered to be much less efficient in 
catching diatoms than the graZing copepods. In the eastern Banda Sea, their is 
a good correlation between copepod (Baars et aI., 1990; Arinardi et aI., 1990) 
and diatom (Adnan, 1990) abundances during upwelling and downwelling. 
Competition of copepods is likely to prevent selective enhancement of 
heterotrophic dinoflagellates. 

Furthermore, Jacobsen and Anderson (1986) also reported species of 
protoperidinioid dinoflagellates that feed on prasinophytes, other 
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dinoflagellates, as well as bacteria-colonized organic detritus. The authors 
conclude that bacterial consumption among heterotrophic dinoflagellates 
undoubtedly occurs, but that the intensity of bactivory is not clear, and may be 
most significant in diatom-poor regions. At present, therefore, the possibility of 
a correlation between high PIG ratios and seasonal low diatom productivity in 
the eastern Banda cannot be ruled out on the basis of observations that some 
protoperidinioid dinoflagellates feed exclusively on diatoms. 
Inspection of the PIG profiles further suggests the presence of five positive 
excursions. These correspond to samples 102, 98 and 76 of the Tanimbar 
Transect and samples 38 and 64 of the Seram Transect. With the exception of 
sample 102, these samples have a markedly common position relative to the 
depth profile of the transects. They are all positioned at the very edge of the 
eastern slopes of the deep basins (Weber Trough, Seram-Aru-Tanimbar 
Trough). 

It is here considered that the PIG excursions at the slope edges could well be 
related to the capability of dinoflagellates to form concentrations at fronts 
formed at the transition of contrasting water types (Levandowsky and Kaneta, 
1987; Taylor and Pollingher, 1987). Where water-masses of different density 
converge, a front is formed of downwelling water that can lead to concentration 
of upward-swimming dinoflagellates. On a local scale, this concentration 
mechanisms has become well-documented from coastal regions (Pingree et aI., 
1975; Holligan, 1979; Tyler and Seliger, 1981; Tyler et aI., 1982). Also on a 
regional scale, however, frontal concentration of dinoflagellates expected to be 
of particular importance, especially at the interface between stratified and 
mixed water, such as found at the margin of a shelf region (Taylor and 
Pollingher, 1987). 

For the eastern Banda Sea and the Arafura Sea, temperature and salinity 
distributions along two East-West sections were measured by Zijlstra et al. 
(1990); the southern section partly approximates the Tanimbar Transect. 
Despite limited information, along the edge of the continental slope there is 
every indication of converging water masses during the downwelling season. In 
a water column of 300 m, one can observe a significant downward tilting of 
isopycnals towards the slope; shelf water is characterized by a low density and 
is non-stratified. The depth of the edge of the eastern slope of the Weber Trough 
is highly variable. The edge is emerged at the Tanimbar islands, but already in 
the Tanimbar Transect and the corresponding density profile, the local depth is 
at approximately 1000 m. Such variations may considerably hamper the 
recognition of regional density patterns. Yet, in the Tanimbar Transect, 
downward tilting of the isopycnals in the overlying water column indicates 
significant downwelling and suggest the presence of a regional downwelling 
front in surface waters along the eastern slope of the Weber Trough. 

Considering the possibility of frontal concentration of dinoflagellates, in the 
eastern Banda Sea the postulated presence of re9ional downwellin9 fronts 
would imply the formation of narrow zones of enhanced dinoflagellate 
concentration parallel to the slope edges. Because of their independence to 

196 



light conditions, heterotrophic dinoflagellates can occur well below the euphotic 
zone. The vertical extent of their downwelling-induced concentration may thus 
exceed that of autotrophs. This would lead to higher ratios of heterotrophs to 
autotrophs, which could become reflected in higher PIG ratios in the 
sedimentary dinoflagellate cyst record from slope edges. 

During the downwelling in the eastern Banda Sea, maximum values of biomass 
for organisms <50 11m were found at much deeper levels (up to 80 m) than during 
upwelling, about 50% being represented by bacteria (Vosjan et aI., 1990). 
Considering the possibility of bactivory among heterotrophic dinoflagellates, 
this biomass could well be a principal source of their nutrition in deeper water. 

CONCLUSIONS 

Fluctuations in the concentration pattern of P-cysts in surficial sediments from 
the eastern Banda Sea are likely the result of strongly contrasting 
sedimentation rates. High PIG ratios may correspond to relatively high 
productivity, but do not necessarily reflect upwelling conditions with 
predominant diatom productivity. Spatial variation in the PIG ratio may reflect 
variation in chlorophyll-a concentration in surface water during downwelling. 
Positive excursions in PIG profiles may suggest downwelling fronts. It is 
realized, however, that more information is required to validate a downwelling 
model for the interpretation of PIG ratios, and that the situation in the eastern 
Banda Sea is not necessarily representative of the major upwelling systems in 
the Atlantic, Pacific and Indian Oceans. 
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Plate I. Selection of regularly occurring protoperidinioid cysts 

in sediments from the eastern Banda Sea. 1: Protoperidinium 

(Protoperidinium) conicoides, SEM, x950; 2: Protoperidinium sp., 

x630; 3: zygabicodinium sp., x630; 4: Protoperidinium 

(Protoperidinium) subinerme, x630; 5: Protoperidinium 
(Protoperidinium) leonis, x500; 6: Protoperidinium 

(Archaeperidinium) compressum, SEM, x500. 
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APPENDIX I 

DEBRIS COMPOSITION OF BANDA SEA SEDIMENT SAMPLES. 

Organic particles and diffuse aggregates counted in 62 palynological residues 
from surficial sediments of the Banda Sea. s.n.: sample (box-core) number; C: 
categories listed vertically (1-24: physical palynodebris categrories; pal: 
palynomorphs; DA: diffuse aggregates); T: total counts; I-VI: stuctural 
palynodebris categories, listed horizontally (I: tracheal structures; II: 
sclerenchymous structures; III: vascular structures; IV: epidermal structures; 
V: cuticular structures; VI: spongeous structures). 
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s.n. 16 s.n. 22 
C T II III IV V VI C T II III IV V 
1 8 1 19 
2 0 2 3 
3 6 3 18 
4 0 4 6 
5 0 5 0 
6 2 6 0 
7 0 7 0 
8 0 8 1 
9 17 9 2 
10 3 10 5 3 
11 0 11 0 
12 0 12 0 
13 0 13 12 2 
14 1 14 2 
15 7 15 4 
16 2 16 1 
17 0 17 0 
18 2 18 0 
19 0 19 0 
20 0 20 0 
21 1 21 2 
22 0 22 1 
23 85 23 15 
24 0 24 2 
pal 54 pal 70 
OA 1 OA 22 

s.n.20 s.n.24 
C T II III IV V VI C T II III IV V 
1 5 1 25 
2 0 2 3 
3 9 3 18 
4 0 4 3 
5 0 5 1 
6 1 6 2 2 
7 2 7 0 
8 0 8 0 
9 28 9 5 
10 0 10 4 
11 0 11 1 2 
12 3 12 1 
13 0 13 14 
14 0 14 5 1 
15 9 15 5 2 
16 3 16 0 
17 0 17 2 
18 0 18 0 
19 0 19 0 
20 0 20 0 
21 2 21 7 
22 0 22 8 2 

23 113 23 18 
24 0 24 4 
pal 98 pal. 93 

OA 100 OA 31 
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s.n.26 s.n. 32 
C T II III IV V IV C T II III IV V 
1 10 1 0 
2 6 2 0 
3 5 3 3 
4 2 4 1 
5 1 5 0 
6 0 6 0 
7 0 7 0 
8 0 8 0 
9 6 9 1 
10 4 10 1 
11 2 11 0 
12 3 12 0 
13 3 13 8 8 
14 0 14 1 
15 42 15 1 
16 0 16 0 
17 0 17 0 
18 0 18 0 
19 0 19 0 
20 0 20 0 
21 0 21 4 
22 0 22 2 
23 58 23 18 
24 0 24 4 
pal. 159 pal. 51 
DA 128 DA 129 

s.n.27 s.n.34 
C T II III IV V IV C T II III IV V VI 
1 13 1 7 
2 0 2 2 
3 5 3 11 
4 0 4 3 
5 0 5 0 
6 0 6 0 
7 0 7 0 
8 2 8 0 
9 7 3 3 9 83 
10 4 2 2 10 5 
11 1 11 0 
12 1 12 0 
13 6 4 13 4 
14 1 1 14 2 
15 2 15 10 
16 0 16 0 
17 0 17 0 
18 0 18 0 
19 0 19 0 
20 0 20 0 
21 14 21 0 
22 8 22 0 
23 30 23 2 
24 8 24 2 
pal. 124 pal. 112 
DA 152 DA 170 
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s.n. 36 s.n.40 
C T II III IV V VI C T II III IV V VI 
1 5 1 0 
2 1 2 2 
3 6 3 8 
4 4 4 3 
5 0 5 0 
6 0 6 0 
7 0 7 0 
8 0 8 0 
9 96 9 53 
10 4 10 8 
11 0 11 3 
12 2 12 1 
13 2 13 0 
14 0 14 0 
15 10 2 2 15 15 
16 0 16 0 
17 0 17 0 
18 0 18 0 
19 0 19 0 
20 0 20 0 
21 0 21 2 
22 0 22 0 
23 20 23 0 
24 0 24 0 
pal. 92 pal. 59 
DA 162 DA 31 

s.n. 38 s.n. 42 
C T II III IV V VI C T II III IV V VI 
1 18 1 3 
2 1 2 1 
3 3 3 2 
4 5 4 4 
5 0 5 0 
6 0 6 0 
7 0 7 0 
8 0 8 0 
9 19 9 63 
10 4 10 7 
11 2 11 0 
12 0 12 0 
13 0 13 11 
14 0 14 0 
15 6 15 2 
16 0 16 0 
17 0 17 0 
18 0 18 0 
19 0 19 0 
20 0 20 0 
21 0 21 0 
22 1 22 0 
23 0 23 42 
24 0 24 0 
pal. 29 pal. 81 
DA 129 DA 118 

217 



s.n.45 s.n.49 
C T II III IV V VI C T II III IV V 
1 4 1 2 
2 3 2 0 
3 2 3 5 
4 0 4 0 
5 0 5 0 
6 0 6 0 
7 0 7 0 
8 0 8 0 
9 45 9 27 
10 7 10 0 
11 0 11 0 
12 0 12 1 
13 4 13 6 
14 0 14 0 
15 25 15 4 
16 0 16 0 
17 0 17 0 
18 0 18 0 
19 0 19 0 
20 0 20 0 
21 0 21 0 
22 0 22 0 
23 52 23 43 
24 0 24 0 
pal. 200 pal. 83 
DA 14 DA 156 

s.n. 47 s.n. 54 
C T II III IV V VI C T II III IV V VI 
1 3 1 8 
2 0 2 1 
3 0 3 0 
4 0 4 1 
5 0 5 0 
6 0 6 0 
7 0 7 0 
8 0 8 0 
9 49 9 33 
10 1 10 7 
11 2 11 0 
12 1 12 0 
13 12 13 1 
14 0 14 0 
15 2 15 6 
16 0 16 0 
17 0 17 6 
18 0 18 0 
19 0 19 0 
20 0 20 0 
21 2 21 0 
22 0 22 0 
23 54 23 71 
24 3 24 2 
pal. 137 pal. 109 
DA 51 DA 29 
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s.n. 58 s.n. 61 
C T II III IV V VI C T II III IV V VI 
1 3 1 0 
2 0 2 0 
3 1 3 1 
4 0 4 2 
5 0 5 0 
6 0 6 0 
7 0 7 0 
8 0 8 1 
9 18 9 49 
10 0 10 3 
11 3 11 1 
12 14 12 0 
13 3 13 1 
14 0 14 0 
15 6 15 9 
16 0 16 0 
17 0 17 9 
18 0 18 0 
19 0 19 0 
20 0 20 0 
21 0 21 0 
22 0 22 0 
23 60 23 40 
24 5 24 0 
pal. 116 pal. 109 
DA 59 DA 99 

s.n.60 s.n. 62 
C T II III IV V VI C T II III IV V VI 
1 5 1 9 
2 1 23 
3 0 3 6 
4 1 4 1 
5 0 5 0 
6 0 6 0 
7 0 7 0 
8 0 8 0 
9 55 9 29 
10 0 10 4 
11 0 11 0 
12 0 12 0 
13 10 13 5 2 
14 0 14 0 
15 13 15 6 
16 0 16 0 
17 5 17 5 
18 0 18 0 
19 0 19 0 
20 0 20 0 
21 0 21 0 
22 0 22 0 
23 102 23 27 
24 0 24 0 
pal. 155 pal. 68 
DA 37 DA 87 
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s.n. 63 s.n. 65 
C T II III IV V VI C T II III IV V 
1 16 1 7 
2 1 2 2 
3 4 3 2 
4 3 4 0 
5 0 5 0 
6 0 6 0 
7 0 7 1 
8 0 8 0 
9 82 9 56 
10 5 10 5 
11 2 11 5 
12 6 12 2 
13 11 13 7 
14 0 14 0 
15 5 15 8 
16 0 16 3 
17 1 17 0 
18 0 18 0 
19 0 19 0 
20 0 20 0 
21 8 21 3 3 
22 0 22 6 1 
23 47 23 26 
24 0 24 0 
pal. 126 pal. 80 
DA 59 DA 76 

s.n.64 s.n.66 
C T II III IV V VI C T II III IV V VI 
1 4 1 1 
2 0 2 0 
3 1 3 1 
4 0 4 0 
5 0 5 0 
6 0 6 0 
7 0 7 0 
8 0 8 0 
9 52 9 6 6 
10 4 10 5 2 2 
11 0 11 0 
12 4 12 0 
13 0 13 16 11 
14 4 14 5 31 
15 8 15 12 22 
16 0 16 2 
17 0 17 1 
18 0 18 1 
19 0 19 0 
20 0 20 0 
21 5 21 6 
22 0 22 4 
23 34 23 20 
24 1 24 7 
pal. 82 pal. 79 
DA 61 DA 106 
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s.n.68 s.n. 74 
C T II '" IV V VI C T II III IV V VI 
1 3 1 3 
2 0 2 0 
3 0 3 0 
4 1 4 0 
5 0 5 0 
6 0 6 0 
7 0 7 0 
8 0 8 0 
9 51 9 1 
10 2 10 0 
11 1 11 0 
12 0 12 0 
13 1 13 2 
14 0 14 0 
15 9 15 0 
16 2 16 0 
17 3 17 0 
18 1 18 0 
19 0 19 0 
20 0 20 0 
21 0 21 0 
22 0 22 0 
23 28 23 6 
24 0 24 0 
pal. 60 pal. 20 
DA 94 DA 215 

s.n.71 s.n.76 
C T II III IV V VI C T II III IV V VI 
1 20 1 4 
2 2 2 0 
3 0 3 6 
4 0 4 6 2 
5 0 5 0 
6 0 6 0 
7 0 7 2 2 
8 0 8 0 
9 11 4 4 9 0 
10 13 13 10 0 
11 0 11 0 
12 4 3 12 5 4 
13 19 3 12 13 2 2 
14 7 3 3 14 0 
15 6 1 3 15 2 
16 1 16 0 
17 2 2 17 0 
18 0 18 0 
19 0 19 0 
20 0 20 6 
21 7 21 7 
22 3 22 3 
23 29 2 23 8 
24 9 24 5 
pal. 92 pal. 36 
DA 94 DA 114 

221 



s.n.78 s.n. 83 
C T II III IV V VI C T II III IV V 
1 0 1 1 
2 11 2 0 
3 0 3 1 
4 2 4 1 
5 0 5 0 
6 0 6 0 
7 0 7 0 
8 0 8 0 
9 7 7 9 4 3 
10 2 2 10 5 5 
11 1 1 11 6 5 
12 0 12 3 3 
13 6 4 13 2 1 
14 6 4 14 2 1 

15 3 1 15 20 81 
16 0 16 3 1 
17 0 17 0 
18 0 18 0 
19 0 19 0 
20 0 20 0 
21 0 21 2 
22 0 22 3 
23 36 23 26 
24 0 24 13 
pal. 67 pal. 136 
DA 89 DA 49 

s.n. 81 s.n. 86 
C T II III IV V VI C T II III IV V VI 
1 6 1 6 
2 0 2 1 
3 1 3 1 
4 0 4 1 
5 0 5 0 
6 0 6 0 
7 0 7 0 
8 0 8 0 
9 13 13 9 11 8 
10 6 4 2 10 3 
11 1 1 11 4 
12 6 4 12 0 
13 4 2 13 7 22 
14 0 14 2 
15 1 15 4 
16 10 16 2 
17 1 17 3 
18 1 18 0 
19 0 19 0 
20 0 20 0 
21 5 21 0 
22 0 22 0 
23 9 23 12 
24 4 24 6 
pal.182 pal.171 
DA 50 DA 85 
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s.n.88 s.n.91 
C T " III IV V VI C T II III IV V VI 
1 2 1 2 
2 0 2 0 
3 0 3 1 
4 4 4 10 2 
5 0 5 0 
6 0 6 1 
7 2 2 7 2 2 
8 1 8 1 1 
9 10 8 9 7 3 
10 2 2 10 2 2 
11 1 11 0 
12 0 12 0 
13 8 21 13 4 
14 3 2 14 1 
15 3 15 11 2 2 
16 1 16 2 1 
17 1 17 0 
18 0 18 0 
19 0 19 0 
20 0 20 0 
21 0 21 7 
22 0 22 1 
23 22 23 8 
24 9 24 5 
pal. 123 pal. 52 
DA 197 DA 269 

s.n.90 s.n. 94 
C T II III IV V VI C T II III IV V VI 
1 1 1 4 
2 0 2 1 
3 1 3 17 
4 3 4 1 
5 0 5 0 
6 0 6 0 
7 1 7 2 
8 0 8 0 
9 13 13 9 8 5 
10 2 10 0 
11 3 3 11 2 2 
12 2 12 0 
13 3 2 13 0 
14 0 14 1 
15 3 15 9 2 22 
16 2 16 2 1 
17 1 17 0 
18 0 18 0 
19 0 19 0 
20 0 20 0 
21 0 21 3 
22 1 22 0 
23 3 23 22 

24 24 3 24 0 
pal. 42 pal. 100 
DA 353 DA 99 
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s.n. 95 s.n. 98 
C T II III IV V VI C T II III IV V 
1 6 1 0 
2 0 2 0 
3 3 3 0 
4 0 4 0 
5 0 5 1 
6 0 6 0 
7 0 7 1 
8 0 8 1 
9 9 7 9 0 
10 4 2 10 0 
11 1 11 0 
12 0 12 0 
13 1 13 6 2 3 
14 0 14 0 
15 8 15 2 2 
16 0 16 1 1 
17 0 17 0 
18 0 18 0 
19 0 19 0 
20 0 20 0 
21 0 21 5 
22 0 22 0 
23 24 23 6 
24 0 24 0 
pal. 88 pal. 82 
DA 135 DA 144 

s.n.97 s.n.99 
C T II III IV V VI C T II III IV V VI 
1 0 1 3 
2 0 2 0 
3 1 3 2 
4 0 4 0 
5 4 5 2 
6 0 6 0 
7 0 7 0 
8 0 8 0 
9 3 2 9 22 19 
10 2 1 10 2 1 
11 0 11 0 
12 0 12 1 
13 0 13 3 2 
14 0 14 0 
15 1 15 0 
16 1 16 0 
17 0 17 1 
18 0 18 0 
19 0 19 0 
20 0 20 0 
21 0 21 0 
22 4 22 0 
23 4 23 4 
24 0 24 4 
pal. 38 pal. 95 
DA 129 DA 158 
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s.n.102 s.n.106 
C T II III IV V VI C T II III IV V 
1 4 1 14 
2 0 2 0 
3 0 3 0 
4 0 4 1 
5 0 5 0 
6 0 6 0 
7 0 7 0 
8 0 8 0 
9 8 5 9 2 
10 1 10 0 
11 0 11 0 
12 0 12 0 
13 0 13 0 
14 0 14 0 
15 2 15 0 
16 1 16 0 
17 2 17 1 
18 0 18 0 
19 0 19 0 
20 0 20 0 
21 1 21 4 
22 0 22 0 
23 4 23 13 
24 0 24 0 
pal. 82 pal. 134 
DA 151 DA 159 

s.n.104 s.n.110 
C T II III IV V VI C T II III IV V 
1 17 1 150 
2 1 2 4 
3 0 3 4 
4 0 4 1 
5 0 5 0 
6 0 6 0 
7 0 7 0 
8 0 8 0 
9 6 9 21 
10 0 10 0 
11 5 5 11 0 
12 1 1 12 0 
13 1 1 13 3 
14 0 14 0 
15 0 15 0 
16 1 16 0 
17 0 17 0 
18 0 18 0 
19 0 19 0 
20 0 20 0 
21 4 2 21 0 
22 0 22 0 
23 13 23 0 
24 0 24 0 
pal.134 pal. 411 
DA 100 DA 15 

225 



s.n. 111 s.n.128 
C T II III IV V VI C T II III IV V 
1 0 1 0 
2 0 2 1 
3 1 3 4 
4 1 4 2 
5 0 5 0 
6 0 6 0 
7 0 7 4 
8 0 8 0 
9 6 4 9 17 3 
10 0 10 1 
11 0 11 1 
12 0 12 0 
13 1 13 3 
14 0 14 2 
15 0 15 0 
16 0 16 0 
17 0 17 2 
18 0 18 0 
19 0 19 0 
20 0 20 0 
21 0 21 0 
22 0 22 0 
23 13 23 3 
24 0 24 0 
pal. 103 pal. 45 
DA 2 DA 180 

s.n. 121 s.n. 129 
C T II III IV V VI C T II III IV V VI 
1 35 1 16 
2 5 2 3 
3 1 3 10 
4 0 4 3 
5 0 5 0 
6 0 6 0 
7 1 7 2 
8 0 8 1 
9 18 9 5 4 
10 2 10 3 3 
11 0 11 0 
12 0 12 1 
13 2 2 13 11 7 
14 0 14 2 1 
15 1 15 6 
16 0 16 0 
17 2 17 0 
18 0 18 0 
19 0 19 0 
20 0 20 1 
21 2 21 1 
22 0 22 0 
23 2 23 4 
24 0 24 0 
pal.191 pal. 93 
DA 27 DA 121 
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s.n. 130 s.n.135 
C T II III IV V VI C T II III IV V 
1 15 1 58 
2 1 2 a 
3 12 3 40 
4 4 4 7 
5 a 5 1 
6 a 6 a 
7 2 7 4 
8 1 8 a 
9 24 22 9 5 
10 1 10 a 
11 a 11 a 
12 2 1 12 a 
13 5 2 2 13 a 
14 1 14 a 
15 6 15 1 
16 a 16 a 
17 2 17 a 
18 a 18 a 
19 a 19 a 
20 1 20 a 
21 a 21 a 
22 a 22 a 
23 15 23 3 
24 a 24 a 
pal. 131 pal. 41 
DA 50 DA 34 

s.n.133 S.n. 138 
C T II III IV V VI C T II III IV V 
1 12 1 3 
2 a 2 a 
3 18 3 5 
4 1 4 a 
5 2 2 5 3 
6 1 6 1 
7 9 7 1 
8 1 8 3 
9 10 8 9 10 
10 a 10 4 
11 2 2 11 2 
12 2 12 4 
13 6 1 3 13 a 
14 3 1 14 a 
15 3 3 15 1 
16 1 16 2 
17 a 17 1 
18 a 18 a 
19 a 19 a 
20 a 20 a 
21 a 21 3 
22 a 22 a 
23 6 23 8 
24 a 24 a 
pal.94 pal. 62 
DA 103 DA 168 
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s.n.139 s.n.143 
C T II III IV V VI C T II III IV V 
1 13 1 4 
2 0 2 0 
3 22 3 5 
4 6 4 2 
5 1 5 0 
6 0 6 0 
7 0 7 0 
8 0 8 0 
9 8 9 3 
10 1 10 2 2 
11 0 11 1 
12 0 12 0 
13 3 2 13 3 2 
14 3 1 14 0 
15 4 2 15 5 
16 0 16 0 
17 1 17 0 
18 1 18 0 
19 0 19 0 
20 0 20 0 
21 0 21 0 
22 0 22 0 
23 2 23 7 
24 1 24 0 
pal.112 pal. 65 
DA 84 DA 189 

s.n.141 s.n.146 
C T II III IV V VI C T " III IV V V 
1 4 1 1 
2 1 2 0 
3 10 3 10 
4 3 4 2 
2 25 2 5 0 
6 0 6 0 
7 0 7 0 
8 0 8 1 
9 15 15 9 13 7 
10 1 10 1 
11 0 11 5 4 
12 0 12 6 3 
13 1 13 0 2 
14 0 14 0 
15 6 3 2 15 2 2 
16 1 1 16 4 3 
17 4 17 2 
18 0 18 0 
19 0 19 1 
20 0 20 0 
21 2 21 0 
22 0 22 0 
23 2 23 5 
24 0 24 0 
pal. 75 pal. 92 
DA 126 DA 97 
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s.n. 148 s.n.152 
C T II III IV V VI C T II III IV V 
1 4 1 4 
2 0 2 0 
3 4 3 0 
4 2 4 1 
5 0 5 0 
6 0 6 0 
7 0 7 0 
8 0 8 0 
9 6 2 9 2 
10 4 2 10 0 
11 0 11 2 
12 2 2 12 0 
13 2 2 13 4 
14 1 14 0 
15 3 15 0 
16 0 16 0 
17 0 17 0 
18 2 18 0 
19 0 19 0 
20 1 20 0 
21 0 21 2 
22 0 22 0 
23 5 23 2 
24 0 24 0 
pal. 87 pal. 80 
DA 166 DA 233 

s.n.150 s.n.157 
C T II III IV V VI C T II '" IV V 
1 8 1 0 
2 0 2 0 
3 5 3 2 
4 2 4 0 
5 2 5 0 
6 0 6 0 
7 0 7 0 
8 1 8 0 
9 12 11 9 1 
10 2 10 1 
11 3 1 11 3 
12 4 3 12 2 
13 7 2 2 13 3 
14 0 14 0 
15 4 15 2 
16 3 3 16 0 
17 0 17 0 
18 0 18 0 
19 2 19 0 
20 1 20 0 
21 1 21 0 
22 0 22 0 
23 2 23 0 
24 0 24 0 
pal.94 pal. 55 
DA 146 DA 174 
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s.n.159 
C T II III IV V VI 
1 0 
2 1 
3 1 
4 5 3 
5 0 
6 0 
7 0 
8 0 
9 4 1 2 
10 4 2 
11 1 
12 0 
13 2 
14 0 
15 2 
16 0 
17 0 
18 0 
19 0 
20 1 
21 0 
22 0 
23 2 
24 0 
pal.94 
DA 154 

s.n.162 
C T II III IV V VI 
1 1 
2 0 
3 1 
4 0 
5 0 
6 0 
7 0 
8 0 
9 0 
10 0 
11 0 
12 1 
13 1 
14 0 
15 4 
16 0 
17 0 
18 0 
19 0 
20 0 
21 0 
22 0 
23 2 
24 0 
pal. 69 
DA 222 
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APPENDIX II 

PALYNOMORPH COMPOSITION OF BANDA SEA SEDIMENT SAMPLES 

Palynomorph categories counted in 62 palynological residues from surficial 
sediments of the Banda Sea. s.n.: sample (box-core) number; TOT.: total 
number of counted palynomorphs; A-K: palynomorph categories, listed 
horizontally (A: pollen and spores; B: dinoflagellate cysts; C: foraminiferal inner 
linings; D: copepod egg-envelopes; E. copepod appendages; F: tintinnomorphs; 
G: elongated organic palynomorphs; H: scolecodonts; J. miscellaneous 
palynomorphs; K: palynomorph fragments. 
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