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Preface

The six articles in this special issue of Micropaleontology were selected from papers 
presented at the 11th international meeting of radiolarian researchers (InterRad XI), 
which was held in Wellington, New Zealand, 19-24 March, 2006. Despite being 
held in a location far from the Northern Hemisphere centers of radiolarian research 
the conference attracted 120 participants from 19 countries, including 35 participants 
from Japan. Perhaps the key attractions of this fi rst Southern Hemisphere radiolarian 
conference, were the well-attended fi eld trips that combined spectacular radiolarian-
rich rock successions with pristine natural scenery. The conference was hosted by 
InterRad, the International Association of Radiolarian Paleontologists, IGCP Project 
467, the Subcommission on Triassic Stratigraphy and GNS Science.

The articles in this special issue illustrate how our understanding of modern radiolarian 
ecology continues to improve, and demonstrates the application of ecologic knowledge 
to important questions in paleoceanography at various time scales. Six articles in a 
companion special issue of Stratigraphy demonstrate the diverse applications for 
radiolarian micropaleontology in correlation and geologic dating. The next international 
radiolarian conference, InterRad XII, will be held in Nanjing, China, in September 
2009. 

David Lazarus
Museum für Naturkunde

Humboldt Universität zu Berlin, Germany

Chris Hollis
GNS ScienceNew Zealand
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INTRODUCTION

Polycystine Radiolaria are a diverse group of marine micro-
zooplankton, bearing fossilizable skeletons of opaline silica. 
This fossil group has been used extensively for Quaternary pa-
leoceanographic studies in the Pacifi c (e.g. Molina-Cruz 1977; 
Moore 1978; Pisias and Mix 1997; Welling and Pisias 1998), At-
lantic (e.g. Morley 1979; Abelmann and Gowing 1997; Dolven 
et al. 2002), Indian (e.g. Dow 1978; Johnson and Nigrini 1980, 
1982) and Southern oceans (e.g. Cortese and Abelmann 2002). 
Radiolarian depth zonations and the relative abundance of depth 
restricted taxa can be used for paleoceanographic reconstruc-
tions and detection of the infl uence of certain water masses 
within a study area (e.g. Casey 1971; McMillen and Casey 1978; 
Kling and Boltovskoy 1995; Abelmann and Gowing 1997) and to 
investigate paleoceanographic events (Welling et al. 1996; Wang 
and Abelmann 2002; Yamashita et al. 2002)

In contrast, there have been very few studies of Quaternary ra-
diolarians (Hays 1965; Petrushevskaya 1967, 1975; Caulet 1986, 
see also Nelson et al. 1993; Carter et al. 1999b) and their ap-
plication to paleoceanographic changes in the southern Pacifi c 
Ocean (Moore et al. 1978; Hollis et al. 2002; 2006). Our study 
of radiolarians from sediment cores from north of the STF (ODP 
Leg 181, Sites 1123, 1124), offshore eastern New Zealand, is the 
fi rst detailed investigation of Late Quaternary assemblage varia-
tion in the region.

The two study locations, Sites 1123 and 1124, lie within a tem-
perate climatic regime east of New Zealand and north of the 
Subtropical Front (STF). Our quantitative analysis of radiolarian 
assemblages aims to determine changes in the expression of the 
STF and associated currents during late Quaternary Glacial-In-
terglacial (G-I) climate cycles.

OCEANOGRAPHIC SETTING

The Subtropical Front (STF) is a prominent feature of the ocean 
regime offshore eastern New Zealand (text-fi g. 1). It extends to 
a depth of ~350m (Heath 1976) and appears to have been locked 
to the Chatham Rise at ~45°S throughout the late Quaternary, 
including the Last Glacial Maximum (Heath 1985; Nelson et 
al. 1993; Chiswell 2002; Sikes et al. 2002). In the upper water-
mass, however, the front is highly variable in strength. Satellite 
thermal imaging shows that meanders and eddies form at many 
different scales (Chiswell 1994). The STF is characterized by 
a 4-5° C drop in surface temperature and a ~1‰ drop in salin-
ity over 200km (Chiswell 2001; Sikes et al. 2002). It separates 
high-salinity (~35.7‰), macronutirent-poor (nitrate, dissolved 
reactive phosphorus, silica), micronutrient-rich (iron and other 
trace metals), warm (>15°C summer) Subtropical Water (STW) 
from southern Subantarctic Water (SAW), which has lower sa-
linity (~34.5‰), is macronutrient-rich, micronutrient-poor and 
cool (<15°C summer; Heath 1985; Nelson et al. 2000; Chiswell 
2001, 2002). The high amount of micronutrients in STW trig-
gers high primary production, especially in summer (Boyd et al. 
2004). High nitrate, low chlorophyll (HNLC) SAW has low pri-
mary production with little seasonal variation (Boyd et al. 2004). 
The southern boundary of SAW is defi ned by the Subantarctic 
Front (SAF), which follows the submarine escarpment of Camp-
bell Plateau (text-fi g. 1). The SAF defi nes the northern extent of 
the Southern Ocean and Antarctic Circumpolar Current (ACC) 
and is associated with another drop in temperature of ~2°C and 
annual mean surface-water temperature of <10° C to the South. 
It restricts macronutrient-rich Circumpolar Subantarctic Water 
(CSW) to latitudes >55°S (Carter et al. 1999b).

The shallow subtropical East Cape Current (<350m; ECC) is a 
continuation of the East Australian Current (EAUC) that fl ows 
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southward along North Island’s east coast as a series of eddies 
before turning east at 2°S to follow the northern fl ank of Cha-
tham Rise (Nelson et al. 2000; text-fi g. 1). South of the STF, 
the cool shallow Southland Current (SC) fl ow travels around the 
bottom of South Island before turning northward (text-fi g. 1). It 
is associated with the narrow Southland Front (SF), the landward 
expression of the STF that separates relatively warm, salty STW 
on the continental shelf from cool, relatively fresh SAW offshore 
(Sutton 2003). On its way north the SC mixes with offshore SAW 
on Campell Plateau comprising -90% SAW and -10% STW be-
fore most of its fl ow is defl ected to the east, south of Chatham 
Rise, while fi laments of the SC pass through Mernoo Gap to 
combine with the ECC (Sutton 2003; text-fi g. 1).

The remaining major current in this region is the Deep Western 
Boundary Current (DWBC), which separates from the Antarctic 
Circumpolar Current (ACC) at the SAF and fl ows northward, 
along the New Zealand continental margin (text-fi g. 1). The 
DWBC has an upper boundary of 2000m (Carter et al. 1999a, b) 
and is a major component in the global ocean thermohaline cir-
culation system, supplying 40% of the cold, saline Antarctic bot-
tom water to the major ocean basins through the Pacifi c Ocean 
(Warren 1981). It is believed to have had a signifi cant infl uence 
on the Earth’s heat budget since its inception -33 Ma (Clarke et 
al. 2001). The DWBC contains a mixture of Antarctic Bottom 
Water (AABW) and North Atlantic Deep Water (NADW; Carter 
et al. 1999b; Hall et al. 2001). These waters are entrained and 
mixed by the west wind-driven ACC to form Circumpolar Deep 
Water (CDW; Carter et al. 1999b).

The two study sites lie within STW north of the STF and have 
the potential to record variations in the infl uence of the ECC and 
STF in shallow waters and of the DWBC at depth.

MATERIAL AND METHODS

Sediment samples and chronological framework

Sites 1123 (41°47’S; 71°30’W, 3290m water depth; text-fi g. 1) and 
1124 (39°30’S;176°32’W, 3960m water depth) were APC/XCB 
cored during ODP Leg 181 (Carter et al. 1999b). Sediments of 
both cores consist of clayey nannofossil ooze, nannofossil ooze, 
nannofossil silty clay and intercalated tephra layers. Magnetic 
susceptibility and color refl ectance records were used to identify 
overlapping intervals in Site 1123 Holes B and C, and Site 1124 
Holes A-D in order to establish a continuous sedimentary record. 
Depths are based on these spliced records and are recorded as 
meters composite depth (mcd). Both sites have near complete 
Neogene records. In this study we provide an overview for the 
last 1.2 Myrs based on Site 1123 (based on Lüer 2003) and then 
compare records for the last 600 kyrs for both sites. 10 cc sam-
ples were taken every ~0.6 mcd (Site 1123) and ~0.36 mcd (Site 
1124) to provide a temporal resolution of ~21 kyrs (Site 1123) 
and ~5 kyrs (Site 1124), respectively, during the last 600 kyrs. 
Unfortunately, Site 1124 has a hiatus at 0.42-0.22 Ma (Carter 
et al. 1999b; Hall et al. 2002; Aita and Suzuki 2003; Fenner 
and DiStefano 2004). For Site 1123 an orbitally tuned times-
cale was developed from benthic foraminiferal oxygen isotope 
records (Hall et al. 2001). The age model for Site 1124 is based 
on graphical correlation of color refl ectance data with the record 
from Site 1123 (Hall et al. 2002). Two Late Quaternary radio-
larian bioevents recorded in this study, the last occurrences of 
Stylatractus universus at 0.42 Ma and Eucyrtidium calvertense 
at 0.48 Ma, are in good agreement with previous studies (Hays 
and Shackleton 1976; Morley and Shackleton 1978; Lazarus 
1992; Shackleton et al. 1995; Sanfi lippo and Nigrini 1998; Aita 
and Suzuki 2003).

Sample processing

Because processing techniques were developed and refi ned in 
the course of this project, there are specifi c differences in the 
processing methodologies used for the two sites, especially in 
relation to the drying of sediments and residues, use of mesh 
size and the technique of strewn slide production. For Site 1123, 
we prepared strewn slides from a >63 µm fraction of oven-dried 
residue (see Appendix 3 for details). This method allowed com-
parison with the shipboard samples, which were prepared by this 
method (Carter et al. 1999b). However, because most paleocean-
ographic studies of Quaternary radiolarians are based on smaller 
size fractions (e.g. Wang and Abelmann 1997; Yamashita et al. 
2002), the >45 pm fraction was analysed for Site 1124 to allow 
better comparison with other studies. In addition, samples were 
freeze-dried (Abelmann 1988) to reduce breakage of delicate 
radiolarian tests (Itaki and Hasegawa 2000) and a wet settling 
technique was adopted to ensure random distribution of radiolar-
ian tests on the slides (Moore 1973; Abelmann 1988; Abelmann 
et al. 1999). A newly developed mounting technique was used to 
avoid the formation of air bubbles, especially within radiolarian 
tests. See Appendix 3 for details of processing methods. It is 
recognized that these differences in processing present problems 
in comparing assemblage data between the two sites. Diversity 
is expected to be greater at Site 1124, simply because of gentler 
drying methods and use of a smaller sieve size. A smaller sieve 

TEXT-FIGURE 1
Location of ODP Sites 1123 and 1124 (black dots) and distribution of 
major water masses, currents and fronts offshore eastern New Zealand. 
CSW, Circum-Antarctic Surface Water; SAW, Subantarctic Surface 
Water; STW, Subtropical Surface Water; EAUC, East Australian Cur-
rent; ECC, East Cape Current; SC, Southland Current; ACC, Antarc-
tic Circumpolar Current; DWBC, Deep Western Boundary Current; 
STF, Subtropical Front; SAF, Subantarctic Front (modifi ed from Carter 
2001).



size is also expected to increase the diversity and abundance of 
nassellarians, which tend to be smaller than spumellarians
.
This study is based on the analysis of 151 samples, 79 from Site 
1123 and 72 from Site 1124. The taxonomic level of counting 
groups ranges from subspecies to undifferentiated family and 
suborder categories. Generally, in case of incomplete or broken 
tests only radiolarians with >50% of the test preserved were 
counted. For nassellarians, only specimens with a cephalis pres-
ent were counted. The ratio of radiolarian fragments over the 
total of counted specimens was used as a guide to radiolarian 
preservation within individual assemblages.

Bulk samples, radiolarian residues and strewn slides are stored 
and catalogued at GNS Science, Lower Hutt, New Zealand, (Site 
1123) and at the University of Bremen, Germany (Site 1124). 
Raw data fi les are available at www.pangaea.de, an online ar-
chive for marine environmental scientifi c data.

Statistical analysis

For both sites we aimed for a minimum count of 300 specimens 
per sample in order to provide statistically signifi cant abundance 
estimates (Cortese 2004). For Site 1123 we were not able to reach 
this number owing to the scarcity of radiolarians in some inter-
vals. For our statistical analysis we included all samples with 
>100 specimens because, although errors are relatively large in 
counts of <300 specimens, general features of the assemblages 
are still meaningful (e.g. diversity, abundance of common spe-
cies). Hayward et al. (1999) have established that counts of 100 
specimens provide an adequate guide to general faunal character 
because the main statistical methods are primarily infl uenced by 
the abundance variations within the most common taxa. Diver-
sity indices were calculated using a public domain data analysis 
software package, PAST (Paleontological Statistics; Hammer et 
al. 2001), including taxic richness (S = number of taxa in indi-
vidual samples), Fisher α Index (α), Shannon-Wiener Informa-
tion Function (H(S)) and Equitability (E). The linear coeffi cient 
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TEXT-FIGURE 2
General features of radiolarian assemblages from ODP Site 1123 (0-1.2 Ma, black line) and Site 1124 (0-0.6 Ma, shaded grey) with benthic foraminif-
eral δ180 record for Site 1123 and colour refl ectance for Sites 1123 and 1124 for reference (from Hall et al. 2001, 2002): number of radiolarians counted 
in each sample (# Rads counted); radiolarians per gram of sediment (Rads/g), taxic richness (# Taxa), diversity (H(S)) and Equitability (E). Sparse 
samples (<100 specimens/sample) are shown as unfi lled circles. Marine Isotope Stages (MIS) are calibrated according to the δ180 and refl ectance 
records at Site 1123. Glacial terminations are shown as dark grey horizontal lines and Interglacial Stages are shaded light grey. A hiatus at Site 1124 
extends from uppermost MIS12 to mid-MIS7.



52

V. Lüer, C. J. Hollis and H. Willems:  Late Quaternary radiolarian assemblages and paleoceanographic changes

of correlation (r; Godfrey et al. 1988; Bevinton and Robinson 
1991) was used to examine patterns of covariance within radio-
larian assemblage data and between radiolarian associations and 
paleoclimate proxies, such as oxygen isotopes (Hall et al. 2001, 
2002). 

Radiolarian paleotemperature and paleodepth indicators

Radiolarian assemblages at the two sites consist of a mixture of 
mainly transitional, subtropical and subantarctic species typical 
of temperate waters (Boltovskoy 1987) and transitional subzones 
TR1-3 of Hollis and Neil (2005). Based on local biogeographic 
data (Moore 1978; Boltovskoy 1987; Hollis and Neil 2005) 93 
paleotemperature indicator species were identifi ed (Appendix 1). 
These include 54 warm-water (tropical-subtropical) species and 
33 cool-water (antarctic-subantarctic) species. Six taxa are con-
sidered to typify the transitional zone. The abundance of warm-
water species relative to cool-water species was used to defi ne 
the Subtropical Index (ST Index):

Subtropical (ST) Index: warm-water taxa [%]/cool-water taxa [%]

To examine water column structure radiolarians were also clas-
sifi ed by depth zones utlising established depth zonations (Renz 
1976; McMillen and Casey 1978; Kling 1979; Boltovskoy and 
Jankilevich 1985; Kling and Boltovskoy 1995; Abelmann and 
Gowing 1997). In this study radiolarian species that are restricted 
to the upper 100m of the water column or that have peak abun-
dance at 100m are characteristic surface and subsurface dwellers 
and are classifi ed as shallow dwellers. Deep-dwelling radiolar-
ians are those that have their greatest abundance at >100m water 
depth and include species that are most abundant in intermedi-
ate watermasses (c. 200m) as well as those most abundant in 
deep waters (>300m). Altogether, 75 species were assigned to 
depth zones and 47 were classifi ed as shallow dwellers whereas 
28 were classifi ed as deep-dwelling species (Appendix 1). It is 

noted, however, that some radiolarians occur at different water 
depths in different latitudinal zones. Many radiolarian species 
that are classifi ed as shallow-dwelling, cool-water species in high 
latitude surface waters are deep-dwelling species in lower lati-
tudes (Casey 1971). For this reason, in the following section we 
are careful to rule out changes in water temperature as a cause 
for faunal changes prior to considering possible changes in water 
column structure or vertical mixing.

RESULTS

Variations in radiolarian abundance, diversity and preservation

Abundance and diversity are relatively high at Sites 1123 and 
1124, which is consistent with the occurrence of rich radiolar-
ian faunas in the transitional southwest Pacifi c, north of the STF 
(Hollis and Neil 2005). Overall, abundance is much higher at 
Site 1124 than at Site 1123, with maxima of ~70,000 and ~1,300 
radiolarians per gram sediment (rads/g) and means of ~26,000 
and ~100 rads/g, respectively (text fi g 2). Diversity is also much 
higher at Site 1124, with a maximum of 122 vs 101 (Site 1123) 
taxa and averages of 98 and 53 taxa per sample (Site 1123), re-
spectively. This marked difference is partly an artefact of dif-
ferences in processing. In particular, the use of a 45µm sieve, 
freeze-drying of samples and wet-mounting of residues are all 
likely to improve the recovery of radiolarians. However, other 
preservational differences and the very sparse assemblages in 
some intervals at Site 1123 indicate that these methodological 
differences serve to accentuate actual differences. Assemblages 
from Site 1124 are consistently richer, more diverse and better 
preserved than those from Site 1123. Radiolarians are mostly 
well- to very well-preserved at Site 1124, whereas preservation 
is much more variable at Site 1123 and ranges from poor, espe-
cially characterized by high fragmentation of radiolarian tests, 
to moderate and good to very good. Three samples from Site 

TEXT-FIGURE 3
Abundance of radiolarian orders (spumellarians, nassellarians) and families during the last 600 kyrs at ODP Sites 1123 and 1124 with benthic fora-
miniferal δ180 record for reference (Hall et al. 2001). Warm-water affi nities (shaded to left): Collosphaeridae (COL), Coccodiscidae (COC), Tholo-
niidae (THO), Pterocoryidae (PTE). Cool-water affi nities (shaded to right): Spongodiscidae (SPO), Litheliidae (LIT), Carpocaniidae (CAR), Can-
nobotryidae (CAN), Artostrobiidae (ART). Mixed affmities: Actinommidae (ACT), Pyloniidae (PYL), Phacodiscidae (PHA), Theoperidae (THE), 
Plagoniidae (PLA), Trissocyclidae (TRI). Other shading and symbols as for text-fi gure 2.
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1123 contain reworked Paleogene radiolarian specimens (1123B-
3H-5, 126-128 cm; 1123B-6H-2, 19-23 cm; 1123C-5H-6, 17-21 
cm).

Radiolarians from Site 1123 are generally rare to common, 
with most samples containing >500 radiolarians/g (text-fi g. 
2). Two intervals of low abundance are noted: near the base of 
the studied interval (MIS37-31) and in the middle Pleistocene 
(MIS17-10). Many of the sample residues from these two inter-
vals contain <100 specimens (text-fi g. 2) and, for this reason, 
these samples are not used for quantitative faunal analysis. A 
total of 163 taxa were recorded in samples from this site and as-
semblages are moderately diverse (maximum H(S) = 3.9; mean 
H(S) = 3.2; text-fi g. 2). Equitability is also moderate to high (E = 
0.4-0.6). Signifi cant correlation between radiolarian abundance, 
diversity and oxygen isotopes was determined for samples from 
Site 1123 (Appendix 2). Generally, abundance and diversity tend 
to be highest at G-I transitions and decrease in Glacials, except 
in MIS31-30, 19-18 and 9-8, where the pattern is reversed (text-
fi g. 2).

To examine the degree of covariance between radiolarian assem-
blage characteristics and global climatic changes we determined 
correlation coeffi cients for assemblage parameters and oxygen 
isotope values (Hall et al. 2001; 2002) for the same samples from 
Site 1123 (Appendix 2a, b). Although, signifi cant positive corre-
lations are evident between diversity parameters and abundance, 
only diversity exhibits a signifi cant negative correlation with 
δ180. From this pattern of covariance we infer that oceanographic 
changes, e. g. local changes in water temperature (e.g. Pahnke 
and Sachs 2006; Crundwell et al. in press) at this site during 
G-I cycles had greatest impact on radiolarian diversity, with a 
discernable but statistically insignifi cant effect on abundance. 
Specifi cally, radiolarian diversity increases in most Interglacials 
and is especially pronounced in the later Interglacials (MIS11 
to MIS3).

Radiolarians are very abundant and very diverse at Site 1124 
(text-fi g. 2). A total of 271 taxa were recorded and diversity is 
signifi cantly higher than at Site 1123 (maximum H(S) = 4.3; 
mean H(S) = 4.0). Taxa are also much more evenly distributed 
within assemblages than at Site 1123 (mean E = 0.89). The high-
er diversity, and possibly the higher Equitability, is probably due 
in part to processing differences (see above). In comparison with 
Site 1123, there is much less variation in abundance and diversity 
at Site 1124. Apart from distinct baseline increases in diversity 
at the bases of MIS13 and MIS1 (text-fi g. 2), there is no obvious 
relationship between abundance and diversity parameters and G-
I cycles. 

As for Site 1123, abundance and diversity parameters are posi-
tively correlated although a signifi cant correlation is not observed 
for abundance and Equitability (Appendix 2c). This is because 
Equitability is higher and less variable at Site 1124, compared to 
Site 1123. No δ180 data are available for Site 1124.

Radiolarian assemblage variation: orders and families

Spumellarians dominate radiolarian assemblages at Site 1123 
(70-99.5%) and are slightly more common than nassellarians 
at Site 1124 (40-74%; text-fi g. 3). This is typical of temperate 
South Pacifi c faunas (Boltovskoy 1987; Hollis and Neil 2005). 
The higher abundance of nassellarians at Site 1124 is due mainly 
to the greater abundance of small nassellarians (45-63 gm) and 
the better preservation of fragile nassellarian tests due to gentler 
preparation methods.

TEXT-FIGURE 4
Abundance of selected radiolarian taxa at ODP Sites 1123 (black line) 
and 1124 (shaded grey) during the last 600 kyrs with benthic forami-
niferal δ180 record for reference (Hall et al. 2001). Other shading and 
symbols as for text-fi gure 2.
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Actinommids, spongodiscids and litheliids are the most abundant 
spumellarian families at both sites (text-fi g. 3). Average values for 
each family are at least 20% at Site 1123 and 12% at Site 1124, 
which is consistent with observations on Recent distribution pat-
terns in surface sediments in the southwest Pacifi c (Boltovskoy 
1987; Hollis and Neil 2005). Pyloniids, which are common in 
Recent radiolarian assemblages north of the STF (Boltovskoy 
1987; Hollis and Neil 2005) average to 5% at Site 1123 and 10% 
at Site 1124. Collosphaeridae, Phacodiscidae, Coccodiscidae 
and Tholonidae are rare at both sites. Collosphaerids, phacodis-
cids, coccodiscids and, at Site 1124, tholoniids, are never more 

abundant than 2.5% at Site 1123 and 3.5% at Site 1124. Gener-
ally, collosphaerids, coccodiscids and phacodiscids are rare in 
the transitional southwest Pacifi c (Boltovskoy 1987) and in the 
eastern New Zealand area (Hollis and Neil 2005).

Pterocoryids and theoperids dominate Recent nassellarian as-
semblages north of the STF (Boltovskoy 1987; Hollis and Neil 
2005). With an average of 8% (Site 1123) and 19% (Site 1124), 
respectively, theoperids are the most common nassellarians in 
the study area (text-fi g. 3). Pterocoryids, plagoniids, arstostrobi-
ids, and at Site 1124, trissocyclids, are also common (>5%). Car-

TEXT-FIGURE 5
Average frequency histograms for common taxa (>1%) and signifi cant marker taxa (<1%) within Interglacial (a) and Glacial (b) samples at ODP Site 
1123 and within Interglacial (c) and Glacial (d) samples at Site 1124.
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ponaniids exceed 1% (Site 1123) and 3% (Site 1124) in individ-
ual samples. While cannobotryids are >1% in most assemblages 
at Site 1124, the family is very rare at Site 1123 (text fi g. 3). The 
higher abundance of these small nassellarians at Site 1124 is due 
to the better preservation and incorporation of smaller radiolar-
ian tests (>45µm).

Variation within G-I cycles at Sites 1123 and 1124 are very simi-
lar. Spumellarian collosphaerids, coccodiscids, tholoniids and 
nassellarian pterocoryids have increased abundance in Intergla-
cials indicating that these families are dominated by warm-water 
taxa (text-fi g. 3). Radiolarian assemblages within Glacials are 
dominated by spongodiscids and litheliids and have increased 
abundance of carpocaniids, cannobotryids and artostrobiids in-
dicating the dominance of cool-water taxa within these families 
(text-fi g. 3). Abundance trends of all other families show mixed 
affi nities, including a mixture of warm- and cool-water species.

Radiolarian assemblage variation: key species and species 
groups

Abundance variations in key paleoenvironmental indicator spe-
cies are used to further examine the changes in oceanographic 
conditions through the climate cycles identifi ed at the two sites 
(text-fi g. 4). Comparison of abundance variations between the 

two sites also helps to clarify the effects of the different process-
ing methodologies.

Tetrapyle octacantha group

Tetrapyle octacantha gr. includes species of T. octacantha and 
Octopyle stenozona. Plankton and surface sediment studies 
identify peak abundances of T. octacantha gr. in the tropical 
(Renz 1976, Moore 1978; Boltovskoy and Jankilevitch 1985) and 
subtropical (Molina-Cruz 1977) Pacifi c. Moore’s (1978) tropi-
cal factor is clearly dominated by this species group. Boltovskoy 
(1987) recorded highest abundance of T. octacantha gr. in the 
subtropical and tropical zones. Lombari and Boden (1985) docu-
mented peaks of T. octacantha gr. in the tropical Pacifi c as well 
as in the vicinity of the Subtropical Front (STF). Hollis and Neil 
(2005) found higher abundance of T. octacantha gr. in Subtropi-
cal Water (STW), north of the STF. In the modem ocean T. oc-
tacantha gr. lives in shallow water masses and is most abundant 
in the upper 50m of the water column (e.g. Renz 1976; McMillen 
and Casey 1978; Kling 1979; Kling and Boltovskoy 1995).

At Site 1123, T. octacantha gr. abundance tends to increase in 
Interglacials (text-fi g. 4), a feature that is corroborated by a sig-
nifi cant negative correlation with the oxygen isotope record (r 

TEXT-FIGURE 6
Abundance of paleotemperature indicators at ODP Sites 1123 (black line) and 1124 (shaded grey) during the last 600 kyrs with benthic foraminiferal 
δ180 record for reference (Hall et al. 2001). The Subtropical (ST) Index is the ratio of warm- to cool-water taxa. Other shading and symbols as for 
text-fi g. 2.



56

V. Lüer, C. J. Hollis and H. Willems:  Late Quaternary radiolarian assemblages and paleoceanographic changes

Casey 1978; Kling 1979; Kling and Boltovskoy 1995).

At Site 1123, D. tetrathalamus is common within Interglacials 
but is not recorded in Glacials, apart from rare occurrences in 
MIS8 and 6 (text-fi g. 4). D. tetrathalamus occurs in both Inter-
glacials and Glacials at Site 1124, except it is absent from MIS2. 
This species is most abundant in Interglacials and peaks in MIS5 
(text-fi g. 4). Due to its abundance within Interglacials at both 
sites, D. tetrathalamus is considered to be a reliable warm-water 
indicator, which agrees with the known species ecology. D. tet-
rathalamus has a weak negative correlation with oxygen isotopes 
at Site 1123 which is probably due the general scarcity (<2%) of 
this species at this site (r = -0.331). D. tetrathalamus is used to 
indicate warm, shallow water masses of STW and ECC, herein. 
The impact of the different processing methods is believed to be 
minor because the species is generally larger than 63 µm and has 
a relatively robust test.

Lamprocyclas maritalis group

The species included in the Lamprocyclas maritalis gr. are L. 
maritalis maritalis and L. maritalis polypora. L. m. maritalis is 
a common element of the tropical and subtropical zones whereas 
L. m. polypora is more abundant in the transitional zone of the 
southwest Pacifi c area according to Boltovskoy (1987). In the 
eastern New Zealand region both subspecies are common in 
surface sediments north of the STF, signaling their warm-wa-

= -0.444; r ≥ 0.396 is signifi cant at P = 0.05, N = 25). A small 
peak in Glacial stage MIS8 is consistent with other indications, 
as discussed below, that this single sample has clear warm-water 
affi nities. T. octacantha gr. also tends to be most common in 
Interglacials at Site 1124 although abundance peaks are record-
ed in Glacial stages MIS6, 4 and 2 (text-fi g. 4). The reasons for 
these peaks are uncertain but they may refl ect warming pulses 
within the Glacials or other oceanographic factors. In general, 
the abundance variation of T. octacantha gr. is in good agree-
ment with the established species’ ecology, i.e. a shallow-dwell-
ing species that can be used to detect infl uences of STW and 
ECC fl ows. The higher abundance of T. octacantha gr. at Site 
1124 refl ects the stronger infl uence of these water masses at this 
site, particularly in Glacial stages in the late Pleistocene. Test 
sizes of individual specimens of the T. octacantha gr. included in 
this study are >63µm and differences in the processing methods 
are expected to be minor. 

Didymocyrtis tetrathalamus

D. tetrathalamus is very abundant in surface sediments in tropi-
cal to subtropical waters of the Pacifi c Ocean (Renz 1976; Mo-
lina-Cruz 1977; Moore 1978; Boltovskoy and Jankilevich 1985; 
Lombari and Boden, 1985; Boltovskoy 1987) and is present north 
of the STF in the eastern offshore New Zealand area (Hollis and 
Neil 2005). The species is a shallow-water dweller, mainly living 
within the upper 50m of the water column (e.g. McMillen and 

TEXT-FIGURE 7
Abundance of radiolarian depth indicators at ODP Sites 1123 (black line) and 1124 (shaded grey) during the last 600 kyrs with benthic foraminiferal 
δ180 record for reference (Hall et al. 2001). Depth catergories are shallow, warm Subtropical Surface Water (STW); shallow, cool Subantarctic Surface 
Water (SAW); Circumpolar Deep Water (CDW); Antarctic Intermediate Water (AAIW) components, and combined CDW and AAIW (deep, cool 
southern-sourced waters).



57

Micropaleontology, vol. 54, no. 1, 2008

ter affi nities (Hollis and Neil 2005). In the Atlantic Ocean, the 
maximum occurrence of living L. m. maritalis is found in deep 
water and within AAIW north of the Polarfrontal Zone, where 
it is especially abundant in AAIW north of the STF (Abelmann 
and Gowing 1997).

L. maritalis gr. is most common in Interglacials at both sites, 
but is more abundant at Site 1123 (text-fi g. 4). The warm-water 
preference of L. maritalis gr. is also shown by a negative correla-
tion with δ180 at Site 1123 (r = -0.458). The higher abundance of 
L. maritalis gr. at Site 1123 is probably an artifact of processing; 
the species group is relatively large and has a robust test.

Phorticium clevei

P. clevei is common in antartic (Boltovskoy 1987) to subantarctic 
(Hollis and Neil 2005) waters of the southwest Pacifi c. It is rare 
in subtropical waters of the transitional zone (Boltovskoy 1987; 
Hollis and Neil 2005). P. clevei is a shallow dweller occurring 
with highest densities in the upper 100m of surface waters north 
and south of the Polarfrontal Zone (Atlantic Sector; Abelmann 
and Gowing 1997).

At Sites 1123 and 1124 (text-fi g. 4), P. clevei is generally rare 
but exceeds 2% in Glacials. A preference for cooler waters is 
supported by a weak positive correlation with δ180 at Site 1123 
(r = +0.331). These features indicate that P. clevei is a useful 
cool-water indicator and it is used here to estimate the infl uence 
of shallow, cool SAW north of the STF. The scarcity of P. clevei 
in some Glacial intervals at site 1123 may be a processing arti-
fact as the species is relatively delicate and some individuals are 
<63µm.

Cromyechinus antarctica

In the Pacifi c Ocean, Cromyechinus antarctica is a common 
faunal element in the antarctic and subantarctic zones south of 
the STF (Boltovskoy 1987; Hollis and Neil 2005). The species is 
a deep dweller, living in depths of 400-1000m in the Southern 
Ocean (Atlantic Sector) where C. antarctica represents a ma-
jor component of Circumpolar Deep Water taxa (Abelmann and 
Gowing 1997).

At Sites 1123 and 1124, C. antarctica is relatively rare (never 
more than 2%) but increases in abundance in Glacial stages 
(text-fi g. 4). C. antarctica is used to detect the infl uence of deep 

APPENDIX 1
Radiolarian biogeographic affi nities and depth preferences for radiolarian taxa from (1) Site 1123 and (2) Site 1124. AA, Antarctic; SA, Subantarctic; 
TR, Transitional; ST, Subtropical; TT, Tropical zones; C, cosmopolitan. Ref 1, reference to taxon concept: Hk187, Haeckel 1887; Ben 66, Benson 1966; 
Pet 67, Petrushevskaya 1967; Pet 71, Petrushevskaya 1971b; Pet 72, Petrushevskaya 1972; P&K 72, Petrushevskaya and Kozlova 1972; Nig 77, Nigrini 
1977; N&M 79, Nigrini and Moore 1979; N&N 82, Nakaseko and Nishimura 1982; Cau 86, Caulet 1986; C&N 88, Caulet and Nigrini 1988; Laz 90, 
Lazarus 1990; Tak 91, Takahashi 1991; Bol 98, Boltovskoy 1998. Biogeographic zonations: Mor78, Moore 1978; Bo187, Boltovskoy 1987 (followed by 
species identifi cation number used in therein); H&N 05, Hollis and Neil 2005. Temp, water temperature affi nity. Ref 2, reference to depth zonation: 1, 
Renz 1976; 2, McMillen and Casey 1978; 3, Kling 1979; 4, Kling and Boltovskoy 1995; 5, Abelmann and Gowing 1997.
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southern-sourced water masses, particularly CDW at the studied 
sites.

Spongopyle osculosa

In Recent surface sediment samples Spongopyle osculosa occurs 
from the antartic to subantarctic zone in the Atlantic Sector, with 
highest abundance in the Polarfrontal Zone (Petrushevskaya 
1967; Abelmann and Gowing 1997). Boltovskoy (1987) recorded 
S. osculosa from the tropical to antarctic southwest Pacifi c but its 
highest occurrence is within the subantarctic zone and south of 
the STF offshore eastern New Zealand (Hollis and Neil 2005). 
Within plankton assemblages in the Atlantic Southern Ocean, 
Abelmann and Gowing (1997) recorded S. osculosa as one of 
two dominant deep dwellers within AAIW, in water depths of 
400-1000 m(the other being Cycladophora bicornis; see below). 
S. osculosa is also common in AAIW in the northern subant-
arctic and subtropical zones (Abelmann and Gowing 1997). S. 
osculosa is recorded in deep water assemblages in the Gulf of 
Mexico and Caribbean Sea (McMillen and Casey 1978) and in 
the California Current (Boltovskoy and Riedel 1987). S. oscu-
losa is commonly recorded in the vicinity of upwelling regimes, 
such as the Benguela Current System (Welling et al. 1992; Abel-
mann and Gowing 1997; Weinheimer 2001). Within the high 
productivity regime in the equatorial northwest Indian Ocean, 
Jacot Des Combes et al. (1999) describe S. osculosa as part of 
the thermocline layer assemblage.

S. osculosa exhibits an interesting pattern of occurrence at Site 
1123 (text-fi g. 4). In the lower part of the record (MIS 15-9), peak 
abundance is in Interglacials. However, in the late Pleistocene 
the peaks occur in Glacial stages MIS8, 6, 4 and 2. S. osculosa is 

generally much less common at Site 1124 and exhibits very slight 
increases in abundance in Glacial stages MIS6, 4 and 2 (text-fi g. 
4). S. osculosa is thought to indicate the increased infl uence of 
AAIW in Glacial stages but in the lower part of Site 1123 it may 
be associated with enhanced mixing within Interglacials MIS15, 
13 and 9. Given this species’ robust and relatively large form it 
is possible that its greater abundance at Site 1123 is partly due to 
processing differences. However, the increases in Interglacials, 
which is not evident at Site 1124, signals a stronger infl uence of 
deep water mixing at Site 1123.

Cycladophora bicornis

Cycladophora bicornis is a common element of the subantarctic 
and antarctic Southern Ocean (Lombari and Boden 1985). In the 
southwest Pacifi c, C. bicornis occurs in surface sediments north 
and south of the STF (Boltovskoy 1987), with higher abundance 
in subantarctic sediments (Hollis and Neil 2005). In the central 
north Pacifi c, Gulf of Mexico and Carribean Sea, C. bicornis 
mainly lives in deep waters of 100-2000m and is most abundant 
at 200m (Kling 1979, McMillen and Casey 1978). In the Atlantic 
Sector of the Southern Ocean, C. bicornis is a prominent spe-
cies in the AAIW plankton assemblage of the Polarfrontal Zone 
where it is most abundant at 100-300m (Abelmann and Gow-
ing 1997). This same AAIW assemblage has also been found in 
depths between 100 and 500mclose to the Namibia Upwelling 
Regime (Abelmann and Gowing 1997) where intermediate wa-
ters upwell along the southwestern African continental margin 
(Weinheimer 2001).

C. bicornis tends to be most common in Interglacials at Site 1123 
(text-fi g. 4), an observation supported by the negative correlation 
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with oxygen isotopes (r = -0.477). In contrast, C. bicornis shows 
a complex trend at Site 1124, where it has abundance peaks in 
specifi c Interglacials (MIS15, 5 and 3) and Glacials (MIS14, 12, 
6 and 2) (text-fi g. 4). The increased abundance of C. bicornis 
during Interglacials is intriguing given the cool water affi nity 
noted above. Abundance peaks during Interglacials may signal 
increased deep-water infl uence or vertical mixing. Abundance 
peaks in Glacials at Site 1124, including a pronounced acme in 
MIS12, are consistent with cooling and an increased infl uence 
of AAIW at this site. Slightly higher abundance of C. bicornis 
at Site 1124 could be caused by differences in the processing 
methodology.

Cycladophora davisiana

In the Southern Ocean, C. davisiana is most abundant in ant-
arctic waters (Lombari and Boden 1985). East off New Zealand, 
the species occurs in surface sediments from north and south 
of the STF but is signifi cantly more abundant in subantarctic 
samples (Boltovskoy 1987; Hollis and Neil 2005). In the central 
north Pacifi c and in the southern California Current, C. davisi-
ana lives in the water column at 50-5000m and has peak abun-
dance in intermediate waters in 100-200m depth (Kling 1979; 
Kling and Boltovskoy 1995). Nimmergut and Abelmann (2002) 
reported C. davisiana from sediment traps in 200-500m depths 
in the Okhotsk Sea. In the Antarctic and Polarfrontal Zone of 
the Atlantic Sector, living C. davisiana has been obtained from 
CDW samples between 400-1000m depth (Abelmann and Gow-
ing 1997). In the western tropical Atlantic and in the Japan Sea, 
C. davisiana has been found in >500m depth (Takahashi and 
Honjo 1981; Itaki 2003). C. davisiana has been described from 
nearshore upwelling assemblages from the northern California-
Current (Welling et al. 1992), from the Benguela Current System 

(Weinheimer 2001) and the northwest Indian Ocean (Jacot des 
Combes et al. 1999). The species is an important stratigraphic 
tool in carbonate-poor  sediments in high latitudes as it is abun-
dant in Glacial times but rare in Interglacials (Hays et al. 1976; 
Morley and Hays 1979; Abelmann and Gersonde 1988; Morley 
et al. 1995; Brathauer et al. 2001). Only in the Sea of Okhotsk 
(Ling 1974; Morley and Hays 1983) and Japan Sea (Itaki 2003), 
surface sediments contain >20-40% of C. davisiana. Hays and 
Morley (2003) discuss the Sea of Okhotsk as example for Ice 
Age Ocean conditions.

C. davisiana shows similar trends during the last 600 kyrs at Sites 
1123 and 1124 (text-fi g. 4). The species tends to be most common 
in Glacials (text-fi g. 4). However, C. davisiana has abundance 
peaks in some Interglacials, especially those in which C. bicor-
nis is also common (e.g. MIS15 at Site 1124, MIS9 at Site 1123). 
As with C. bicornis, this suggests that the deep-water infl uence 
is enhanced during some Interglacials at both sites. This com-
plex abundance record indicates that, in contrast to high lati-
tudes, C. davisiana is not a reliable guide for Glacial conditions 
in mid-latitudes. The higher abundance of this small species at 
Site 1124 could be due to processing differences between Sites 
1123 and 1124.

Radiolarian assemblage variation: Glacial/Interglacial com-
parisons

Interglacial assemblages in 13 samples at Site 1123 are relatively 
diverse and are dominated by three undifferentiated spumellar-
ian families (litheliids, spongodiscids, actinommids) (text-fi g. 
5a). Larcopyle bütschlii and Theocorythium trachelium dianae 
are the only transitional taxa to exceed 1% of the assemblage 
within Interglacials. Tetrapyle octacantha gr. is the only com-
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mon warm-water taxon (text-fi g. 5a). Three cool-water taxa are 
abundant during Interglacials, including Cycladophora bicornis 
as noted above. Glacial assemblages in 12 samples are slightly 
less diverse (22 vs 24 taxa with an average abundance of>1% of 
the assemblage) but are similarly dominated by undifferentiated 
spumellarians (text-fi g. 5b). A signifi cant difference is the high 
abundance of the cool-water genus Cenosphaera (>10%). The 
warm-water T. octacantha gr. remains common but much less so 
than in Interglacials.

Because undifferentiated spumellarians are such a dominating 
feature of Glacial assemblages, only two defi nitively cool-water 
species occur at >1% in Glacial assemblages: Spongopyle oscu-
losa and Cycladophora davisiana.

Assemblages from Site 1124 are generally more diverse than 
those from Site 1123, have high Equitability and have reduced 
dominance of undifferentiated spumellarians (text-fi g. 5c, d). 
Interglacial assemblages in 39 samples are dominated by cosmo-
politan taxa but the warm-water T. octacantha gr. is very com-
mon, exceeding 5% of the assemblage (text-fi g. 5c). Dictyoco-
ryne profunda and Lophospyris pentagona pentagona are two 
other common warm-water species. As discussed in the previous 
section, two subantarctic species, C. davisiana and C. bicornis 
are also relatively common in Interglacials. Glacial assemblages 
in 33 samples for Site 1124 are in general respects quite similar 
to Interglacial assemblages (text-fi g. 5d). The main difference is 
the greater abundances of cool-water species, especially C. da-
visiana. In contrast to Site 1123 L. bütschlii and T. t. dianae are 
common transitional species within Interglacials and Glacials at 
Site 1124.

An exceptional species assemblage occurs in uppermost MIS8 at 
Site 1123 (1123B-2H-6, 80-82cm). The sample has an Intergla-
cial character in terms of high abundance and diversity, as dis-
cussed above. Also, warm-water taxa (e.g. Acrosphaera spinosa, 
Didymocyrtis tetrathalamus) are much more common than cool-
water taxa (e.g. Cenosphaera cristata, Cycladophora bicornis, 
Botryostrobus aquilonaris; Appendix 1). The sample may rep-
resent a warm anomaly within MIS8 or it might be out of place 
within the sedimentary succession. Unfortunately, no records for 
MIS8 are available for Site 1124 due to a hiatus.

Radiolarian paleotemperature indicators

Local information (Moore 1978; Boltovskoy 1987; Hollis and 
Neil 2005) on the modem biogeographic distribution of species 
and species groups encountered in this study has been used to 
assign 93 taxa to one of three categories: warm-water (tropical-
subtropical), transitional, and cool-water (subantarctic-antarctic) 
(text-fi g. 6; Appendix 1). As described earlier, the ratio of warm-
water to cool-water species defi nes a new paleotemperature indi-
cator: the Subtropical Index (ST index).

In the spumellarian-dominated record at Site 1123, paleotem-
perature indicator species rarely exceed 15% of the total fauna. 
Cool- and warm-water taxa have similar mean values (~6%) 
and, as expected, tend to vary antithetically in relation to oxygen 
isotope-defi ned climate cycles, especially in the upper part of 
the record (text-fi g. 6). An exception to this pattern occurs in 
the lower part of the record where cool-water indicators show 
signifi cant increases in Interglacials, notably MIS15, 13, 11 and 
9. This is largely due to increases in deep-water indicators (Cy-
cladophora spp., S. osculosa) and, as noted above, suggests in-
creased deep-water infl uence during these middle Pleistocene 
Interglacials. The decline in cool-water taxa in uppermost parts 
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of Glacials MIS12 and 10 refl ects the dominance of undifferenti-
ated spumellarians, which cannot be assigned to biogeographic 
categories (see also text-fi g. 5). Although the abundant genus 
Cenosphaera is dominated by cool-water species in this region, 
the presence of some warm-water elements precludes its use as a 
paleotemperature indicator (text-fi g. 5). Transitional taxa make 
up ~3% of the total fauna on average and generally follow the 
pattern of warm-water taxa, increasing in Interglacials and de-
creasing in Glacials (text-fi g. 6).

The high resolution record at Site 1124 shows well-defi ned an-
tithetic variation in the abundance of paleotemperature indica-
tor species in relation to climate cycles (text-fi g. 6). On average, 
paleotemperature indicator species comprise >20% of the total 
fauna through the record. In contrast to the record at Site 1123, 
warm-water elements tend to be more common at Site 1124 and 
are rarely less than 10% (text-fi g. 6). Transitional taxa average 
~5% at Site 1124 and do not exhibit a clear trend in relation to 
climate cycles, with abundance peaks occurring in Glacials as 
well as Interglacials (text-fi g. 6).

The Subtropical (ST) Index provides a useful summary of the 
trends discussed above and serves to accentuate the paleotem-
perature signal preserved in assemblages from both sites (text-fi g. 
6). Despite processing differences, the ST Index offsets between 
the two sites are consistent with the general biogeographic char-
acter of the assemblages, as discussed above, with the ST Index 
being generally higher at Site 1124, especially during Intergla-
cials. The ST Index indicates that the warmest Interglacials are 
MIS11 (Site 1123 only), MIS7 and MIS5 and the coolest Glacials 
are MIS12 (at Site 1123), MIS6 and MIS2. Regarding Glacials 
at Site 1123 it has to be considered that MIS 12 is very depleted 
in paleotemperature indicator species and MIS2 is recorded by 
a single sample.

Local temperature changes throughout G-I climate cycles have 
been documented in local marine records using e. g. foramin-
ifera and alkenones (Crundwell et al. in press; Pahnke and Sachs) 
which are in covariance with local (Hall et al. 2001, 2002) and 
global (Shackleton and Hall 1989) benthic foraminifera oxygen 
isotope records. Use of the radiolarian ST Index as a paleotem-
perature proxy is supported by a strong negative correlation of 
-0.728 with δ180 at Site 1123 (Appendix 2b). However, it is inter-
esting to note that while the percentage of warm-water indicators 
also shows a signifi cant negative correlation with δ180, there is no 
signifi cant correlation with cool-water indicators. This reinforc-
es the observation that temperature is not the sole infl uence on 
the abundance of cool-water taxa at Site 1123. This observation 
is reinforced by the absence of a correlation between warm- and 
cool-water indicators at Site 1123 (Appendices 2a, b), which con-
trasts with the strong negative correlation (-0.633) between these 
indicator groups at Site 1124 (Appendix 2c). Another important 
difference between the two sites in terms of covariance patterns 
is the signifi cant positive correlation between diversity and both 
warm and cool paleotemperature indicators at Site 1123. This is 
not observed at Site 1124 and implies that the presence of identi-
fi able paleotemperature indicators at Site 1123 may be a function 
of preservation. As preservation improves, the unexpected out-

come of the resulting diversity increase appears to be increases in 
the abundance of both warm- and cool-water indicator taxa. That 
no such correlation exists at Site 1124 is likely due to consistent 
good preservation through the late Pleistocene succession.

Radiolarian paleodepth indicators

It is diffi cult to differentiate paleodepth signals from paleotem-
perature signals in radiolarian assemblages because most of the 
species that inhabit surface or near-surface watermasses in high 
latitudes also inhabit deep watermasses at lower latitudes. In the 
preceding section, the paleotemperature records for both sites 
are based on variations in abundance of paleotemperature indi-
cators from a range of depth zones. In this section, we subdivide 
the taxa according to depth preferences in order to determine if 
faunal changes help to identify changes in watermass structure 
at the two sites.

Variation in the abundance of shallow-dwelling taxa can be used 
to identify changes in the infl uence of surface watermasses north 
of the STF (text-fi g. 7). Of the 29 shallow-dwelling taxa at Sites 
1123 and 1124, warm-water elements are the most common and 
most diverse (23 warm-water and 6 cool-water taxa; Appendix 
1). Especially at Site 1124, the ratio of warm-water taxa over 
cool-water taxa within shallow waters is almost twice as high 
as at Site 1123 which is partly due to differences in the process-
ing methods. The abundance of warm-water, shallow dwelling 
taxa essentially mirrors that of the total warm-water cohort at 
both sites (text-fi g. 6), peaking in Interglacials and decreasing 
through Glacials. In contrast, the cool-water shallow dwelling 
taxa differ from the total cool-water cohort in two important re-
spects. Abundance peaks are intensifi ed in a few Glacials, espe-
cially MIS12 at both sites and in uppermost MIS14 and MIS6 
at Site 1124. This implies intensifi cation of SAW fl ow at these 
times. Secondly, abundance peaks are muted in the Glacials in 
the late Middle to early Late Pleistocene at Site 1123, especially 
in MIS 10 and 6. This suggests relatively weak infl uence of SAW 
over Site 1123 at this time.

To determine the infl uence of intermediate water masses 
(AAIW) and deep southern-sourced currents (e.g. DWBC) at 
Sites 1123 and 1124 abundance of cool-water, deep-dwelling ra-
diolarians has been investigated. Radiolarians living in depths 
>150m and have peak abundance at 200m water depths include 
Cycladophora bicornis, Spongopyle osculosa, Peripyramis cir-
cumtexta, Androcyclas gamphonycha and Botryostrobus aq-
uilonaris (Appendix 1) and are inferred to be AAIW indicators 
(text-fi g. 7). Deeper dwelling Cromyechinus antarctica, Spongu-
rus ? sp. and Spongurus pylomaticus inhabit depths of >300m 
within CDW of the Southern Ocean (Abelmann and Gowing 
1997). The infl uence of these southern-sourced, deep water 
masses is strongest in Glacials in the upper part of Site 1123 
(MIS8 to MIS2) and throughout the interval examined at Site 
1124 (text-fi g. 7). In the lower part of Site 1123, this deep-water 
infl uence is strongest in the Interglacials (MIS15 to MIS9). The 
high abundance of deep-dwelling taxa in these Interglacials is a 
possible indication for enhanced vertical mixing. In MIS12 and 
10, the weakness of a southern-sourced water mass signal is an 
artefact of the scarcity of paleoenvironmental indicators in spu-
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mellarian-dominated assemblages at Site 1123 (text-fi g. 7). From 
MIS7, a switch in the deep ocean regime seems to occur which 
strengthens the infl uence of deep, cool southern-sourced waters 
within Glacials. Over the same interval, the CDW signal, that is 
associated with DWBC fl ow, is no longer evident in Interglacials. 
At both Sites, the strongest episode of cool deep-water infl uence 
is within MIS2 where deep-dwelling radiolarians exceed 10% of 
the assemblage (text-fi g. 7).

DISCUSSION

Interglacial assemblages

Radiolarian assemblages at ODP Site 1123, and, in particular at 
Site 1124, are abundant and diverse during Interglacials (text-fi g. 
2). This is also seen in modern radiolarian assemblages north of 
the STF (Hollis and Neil 2005) and is consistent with a micronu-
trient-rich, highly-productive STW infl ow (Boyd et al. 2004). At 

APPENDIX 2
Linear correlation coeffi cients for radiolarian assemblage characteristics (and δ180 for Site 1123; from Hall et al. 2001) for (a) the entire 1.2 Myr 
record examined at ODP Site 1123 (N = 55; r ≥ 0.267 is signifi cant at P = 0.05), (b) the last 0.6 Myrs at Site 1123 (N = 25; r ≥ 0.396 is signifi cant at 
P = 0.05), and (c) the 0.6 Myr record at Site 1124 (N = 72; r ≥ 0.238 is signifi cant at P = 0.05). Signifi cant correlations are in bold type. Correlations 
between non-independent radiolarian parameters are in brackets. %SA, abundance of cool-water taxa; %ST, abundance of warm-water taxa; %TR, 
abundance of transitional taxa. Other symbols as for text-fi gs. 2, 7.
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Site 1124, the strong infl uence of northern-sourced ECC fl ow is 
evident from an abundance of warm-water species. Radiolarian 
assemblages at Site 1123 are less abundant and diverse during 
Interglacials than at Site 1124. At Site 1123, we infer advection 
of micronutrient-poor SAW (Boyd et al. 2004) across or around 
the eastern edge of Chatham Rise (Chiswell and Sutton 1998; 
Chiswell 2001). In the area off the eastern rise, the STF-control-
ling Southland Current (SC) and the ECC are less constrained by 
the deepening rise (2000m; Chiswell 2001), allowing widening 
of the front up to 400km. Satellite-derived images of sea surface 
temperature (SST) in the eastern offshore New Zealand region 
show both intrusions of SAW north into STW and reverse out-
breaks over the STF (Chiswell 2001). SST oscillations, at scales 
ranging from tens to hundreds of kilometers, however, do not af-
fect the steep thermohaline feature of the STF (Chiswell 2001).

Spumellarian-dominated assemblages at Sites 1123 and 1124 
have increased abundance of warm-water families, namely col-
losphaerids, coccodiscids, tholoniids and nassellarian pteroco-
ryids within Interglacials (text-fi g. 3), which are the radiolarian 
families that typify subtropical and tropical watermasses in the 
southwest Pacifi c (Boltovskoy 1987). The high-resolution re-
cord at Site 1124 reveals a rapid increase of warm-water taxa 
at glacial  terminations (text-fi g. 6). Radiolarian assemblages 
indicate that warmest conditions and strongest infl uence of shal-
low, warm STW occurred at the onset of Interglacials within 
MIS11 (Site 1123), MIS7 (Sites 1123, 1124) and MIS5 (Sites 
1123, 1124) (text-fi g. 7). Sea-surface temperature (SST) recon-
structions at Site 1123, based on planktic foraminifera, suggest 
warmest mean annual SSTs of ~19°C at the onset of MIS11, 9, 
7, and, SSTs of ~18°C in initial MIS5 (Crundwell et al. in press). 
The abrupt increase in tropical and subtropical elements at the 
onset of Interglacials is consistent with sedimentary evidence 
for a strengthening of south-fl owing subtropical waters of the 
ECC (e.g. Carter et al. 1999b; Carter 2001; Nelson et al. 2000). 
Carter et al. (2002) noted that the main driving force of the ECC, 
namely the Tasman Front/East Australian Current, migrated 
southward to its present position at ~32°S after the Last Glacial 
Maximum (LGM), which is assumed to allow the current to pass 
through a major gap in Norfolk Ridge, thus enforcing the down-
stream ECC. This southward migration of the front presumably 
occurred in all Interglacials and caused increased abundance 
of warm-water radiolarians. An increased abundance of deep-
dwelling taxa in some Interglacials at Site 1123 (text-fi g. 7) is 
considered to indicate enhanced vertical mixing and is discussed 
further below.

Glacial assemblages

Reduced abundance and diversity characterize Glacials, espe-
cially at Site 1123. This is assumed to be due to the weakened 
fl ow of STW. During the LGM, the Tasman Front/East Aus-
tralian Current was positioned at ~26°S (Martinez 1994) and 
-600km north of its present position (Carter 2001). Thus, the 
southward fl ow of STW was thought to be weakened and part-
ly defl ected by Norfolk Ridge (Carter et al. 2002). Concurrent 
northward incursions of SAW across, and around the deep east-
ern edge of Chatham Rise (Chiswell and Sutton 1998; Chiswell 
2001) would cause particularly low abundance and diversity at 
Site 1123 (text-fi g. 2). Crundwell et al. (in press) also suggest 
a northward shift of the STF, and migration of SAW over the 
position of Site 1123 during Glacials. Expansion of ice caps is 
believed to have intensifi ed temperature gradients, the fl ow of 
westerly winds, circumpolar currents and the associated DWBC 
fl ow resulting in the northward migration of ocean fronts in the 
Southern Ocean (Carter 2001; Hall et al. 2001; 2002). Because 
of the topographic restriction, northward oscillation of the STF 

is unlikely over the shallow, central Chatham Rise (Heath 1985; 
Fenner et al. 1992; Nelson et al. 1993; Carter 2001; Chiswell 
2002; Sikes et al. 2002).

Glacial radiolarian assemblages at Sites 1123 and 1124 are domi-
nated by spongodiscids and litheliids and have increased abun-
dance of carpocaniids, cannobotryids, artostrobiids, as well as 
cool-water actinommids, pyloniids and theoperids (text-fi g. 3). 
Radiolarian paleotemperature and depth indicators also suggest 
reduced supply of shallow STW to the eastern New Zealand area, 
and, at the same time, increased infl uence of cool SAW during 
Glacials (text-fi g. 7). Lowest ST Index values indicate coolest 
conditions in MIS12 (Site 1123), MIS6 (Sites 1123, 1124), MIS4 
(Site 1123) and MIS2 (Sites 1123, 1124; text-fi g. 6). Oxygen iso-
tope records at Site 1123 suggest coolest Glacials in MIS 12 and 
2 (Hall et al. 2001; 2002); MIS12 is considered to be the coldest 
Glacial in the past 500,000 years (Howard 1997). Derived from 
planktic foraminiferal assemblages, Crundwell et al. (in press) 
propose SSTs of ~10°C (MIS6), ~11°C (MIS12, 4) and ~12°C 
(MIS2) at Site 1123.

Sedimentological and stable isotope data indicate that the inten-
sity of DWBC fl ow increases during Glacials and that the fl ow 
has shown a progressive increase in successive Glacial stages 
from ~.4 Ma (Hall et al. 2001). This is broadly consistent with 
the radiolarian record, although the low resolution of the Site 
1123 record and the hiatus in the critical interval at Site 1124 
make confi dent interpretation of the deep-water signal diffi cult. 
Based on the abundance of deep-water indicators, deep water 
infl uence is strongest in the last three Glacial stages (MIS6, 4 
and 2) and peaks in MIS2 (text-fi g. 7). Prior to MIS7 (~0.25 Ma), 
there is little indication that deep-water infl uence is signifi cantly 
stronger in Glacials than in Interglacial with peaks in deep-water 
indicators occurring rather randomly through the record. There 
is little evidence to support the suggestion by Joseph et al. (2004) 
that DWBC fl ow became progressively weaker through the Qua-
ternary at Site 1124 due to the current migrating away from the 
location.

Vertical mixing during Interglacials

Peaks in the abundance of deep-dwelling radiolarian species, 
such as C. bicornis and S. osculosa, have been used to iden-
tify episodes of high export productivity and enhanced vertical 
mixing within upwelling areas (Welling et al. 1992; Abelmann 
and Gowing 1997; Jacot Des Combes et al. 1999; Weinheimer 
2001; text-fi g.6). As these are also cool-water species, increases 
in their abundance during Glacial stages at Sites 1123 and 1124 
are an expected feature of cooler-water assemblages. However, 
signifi cant peaks in Interglacials are possibly caused by deep-
water indicators; local changes in oceanographic conditions may 
have promoted vertical mixing. C. bicornis and S. osculosa have 
abundance peaks in Interglacials (MIS 15, 13 and 9) in the lower 
part of the Site 1123 record and also exhibit small increases in 
MIS15 and 13 at Site 1124 (text-fi g. 4). In the upper part of the 
two records, peak abundances for these two species are largely 
restricted to Glacial stages, apart from peaks for C. bicornis in 
MIS5 and MIS3 (text-fi g. 4). This suggests that enhanced verti-
cal mixing was primarily a feature of Interglacials prior to ~0.25 
Ma. However, there is no evidence from the radiolarian faunas 
to suggest that this resulted in increased export productivity. In-
deed, radiolarian abundance and diversity increase at Site 1123 
from the base of Interglacial MIS9 and both parameters are 
stable through this interval at Site 1124 (text-fi g. 2). Rather than 
a paleoproductivity signal, the abundance peak for these two 
deep-water species in middle Pleistocene Interglacials (MIS15-
9) suggests that a compositional difference in the deep water 
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bathing the two sites, especially Site 1123, occurred at ~2.5 Ma. 
The cause for this shift is uncertain but it may be related to an 
overall increase in DWBC fl ow that begins at ~0.45 Ma (Hall et 
al. 2001).

SUMMARY AND CONCLUSIONS

Variations in radiolarian abundance, diversity and in the abun-
dance of paleotemperature and paleodepth indicators at Sites 
1123 and 1124 during G-I cycles provide useful guides to chang-
es in oceanographic conditions offshore eastern New Zealand 
during the last 600,000 years.

Radiolarian assemblages north of the STF are abundant and di-
verse, refl ecting nutrient-rich, productive conditions under STW 
infl ow, particularly at Site 1124. A radiolarian paleotemperature 
proxy, the Subtropical (ST) Index indicates warmest climatic 
conditions occurred during Interglacial Stages MIS 11, 7 and 
5. Diverse Interglacial faunas comprise mostly warm-water and 
shallow-dwelling taxa that refl ect a strong infl ow of the sub-
tropical ECC, probably caused by southward shift of the Tasman 
Front/East Australian Current. Abundance peaks of deep-dwell-
ing taxa within Interglacials between 0.6 and 0.25 Ma (MIS15-9) 
indicate enhanced vertical mixing but radiolarian assemblages 
do not indicate that this was associated with high productivity: 
radiolarian abundance and diversity are highest in the latest Qua-
ternary Interglacials. The ST Index indicates that coolest climat-
ic conditions occurred in MIS 12, 6 and 2. Paleotemperature and 
paleodepth indicators indicated reduced subtropical infl ow dur-
ing Glacials, particularly at Site 1123. Radiolarian assemblages 
suggest that the STF may have migrated over Site 1123 during 
the coolest Glacial episodes, probably due to the strengthening 
of deep, southern-sourced currents. 
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Site 1123: Samples were processed using a standard method for preparation of Cenozoic

radiolarians (Sanfi lippo et al. 1985) incorporating the >63 µm size fraction and using a hand

strewn dry method for producing microscope slides, including oven drying of bulk sediments

and residues. Sample processing and slide preparation were as followed:

Bulk sediment samples are oven-dried (40°C), weighed and transferred into 600 ml glass 

beakers.

100-150 ml 10% HCl, 20 ml 30% HCl is slowly added.

The sediment residue is washed through a 63µm screen, transferred into a 250 ml glass 

beaker adding a 4:1 solution of 10% H2O2 and 5% Na(PO3)6, covered with a watchglass 

while heated and simmered on the hot plate (~1 hour).

The clean residue is washed through a 63µm screen, transferred into a 250 ml glass beaker, 

oven-dried (40°C) and transferred into a waxed paper holder.

For radiolarian strewn slide preparation dilute gum tragacanth base is painted on a cover 

slip-seized central area of a cleaned glass slide and left to dry; slides are labelled and laid 

out on a waxed paper.

Dried residue is sprinkled regularly over the tragacanthed part of the glass slide, the slide is 

breathed on carefully to making the slide sticky.

Two drops of xylene are placed in the centre of the slide using a glass pipette and slowly, 

20-25 drops of Entellan-Neu are placed on the residue using a disposable dropper and a 

cover slip is placed onto the residue.

Placed in a fl at warm well-ventilated spot the mounting medium hardens in fi ve days.

Site 1124: Samples were freeze-dried and processed (Abelmann 1988). The retrieved >45 µm

fraction was transferred to the microscope slides by using a wet settling technique adopted

from Moore (1973); Abelmann (1988) and Abelmann et al. (1999). Radiolarian residues were

mounted in Norland applying a newly developed quick, cold mounting technique which

ensured the production of microscope slides without signifi cant numbers of air bubbles,
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APPENDIX 3
Successive description of sample processing and slide preparation methods for Sites 1123 and 1124.



69

Micropaleontology, vol. 54, no. 1, 2008

especially within radiolarian tests. Formation of bubbles in the matrix and within radiolarian

tests has been a longstanding problem with Norland (C. A. Nigrini; K. R. Bjørklund; written

communications, 2004). The cold use of xylene was found to be an effective way of avoiding

formation of air bubbles. Sample processing and slide preparation methods are specifi ed below.

Samples are deep-frozen, freeze-dried, weighed and transferred into a 600 ml glass beaker.

The sediment is covered with some demineralized water, 100 ml of a 4:1 solution of 10% 

H2O2 and 5% Na(PO3)6 and 100 ml 10% HCl are slowly added while simmering on the hot 

plate for ~1 hour.

The glass beaker is fi lled up to 600 ml with demineralized water, the residue is washed 

through a 45µm mesh and transferred into a 50 ml centrifuge plastic tube and kept in solu-

tion with demineralized water.

A rectangular plastic settling container (95 x 45 x 45 mm) is fi lled with a 1:2.5 solution of 

gelatine and water before three clean cover slips (40 x 22 mm) are aligned on the bottom of 

the container.

An automatic pipette is used to evenly distribute a defi ned amount of suspension which de-

pends on the size of the residue (generally 5-10 ml) into the liquid-fi lled settling container.

After allowing all particles to sink and settle on the cover slips (~2 hours) a siphoning sys-

tem is used to remove most of the liquid from the container. Soft paper strips are hung into 

the liquid to slowly remove the remaining water without creating convection.

Dry cover slips are removed from the settling container, using a razor blade.

For preparation of radiolarian strewn slides the residue-coated cover slip is placed on a 

cool, fl at surface, 2-3 drops of xylene are dropped on the residue using a glass pipette to 

remove air pockets within and between tests.

Once the inter-particle area is dry but the residual grains are still wet, ~10 drops of Norland 

are slowly placed on each cover slip to be mounted on glass slides; evaporation of xylene 

occurs at room temperature without the use of heat, e.g. from a hot plate.

After ~20 minutes of UV light treatment the mounting medium is hardened and slidesare 

ready for microscopic analysis.
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