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ABSTRACT

Coastal upwelling regions play an important role in regulating the
partial pressure of CO,, because they are zones of intense productivity
and therefore contribute considerably to the drawdown mechanism.
One of the major aims of Leg 175 was to develop an understanding of
the relationship between wind-driven upwelling intensity and surface
water productivity. In this paper, such a relationship during the late
Pliocene intensification of the Northern Hemisphere glaciation (INHG)
~2.54 Ma is examined. Surface water productivity is reconstructed using
principally diatoms and &'>N, but total organic carbon is also used to a
lesser extent. Results are compared with “hard” isothermal remnant
magnetism, a proxy for wind strength. Lying offshore on the Walvis
Ridge, Site 1083 is ideally located for such a study as it is influenced by
the center of the Benguela Current upwelling system and is distant
from terrestrial sources which may affect the productivity signal. Prior
to the INHG, strong frontal systems were found to be operative over the
site, with little interglacial-glacial fluctuation in wind intensity and
productivity. Following the INHG, the development of trade winds in-
duced the formation of an upwelling regime. However, where wind in-
tensity remained elevated throughout the succeeding glacial periods,
productivity levels peaked sharply during the interglacial-glacial transi-
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tions before falling again to levels comparable to those of interglacials.
Such peaks during the initial stages of the glaciations may provide an
important feedback mechanism for the further rapid, intensified cool-
ing of global climate. 8'°N reconstructions of nutrient utilization, and
the abundance of southern-source diatoms transported to the site via
the nutrient-bearing Antarctic Intermediate Waters, suggest that pro-
ductivity may have responded instead to the nutrient content of up-
welled waters.

INTRODUCTION

The carbon reservoir within the oceans is 60 times greater than that
of the atmosphere (e.g., Berger et al., 1989). A small change in the oce-
anic reservoir may strongly affect the atmospheric reservoir with which
it exchanges. Perhaps the most important way in which the ocean can
alter its ability to hold CO, is through changes in surface water produc-
tivity (Broecker, 1982). Such changes set the partial pressure of CO,
(pCO,) through both “biological pumping” (in which carbon is re-
moved from surface waters to deep waters), and “biological dumping”
(in which organic carbon is removed from the system through sedi-
mentary deposition and burial) (Shipboard Scientific Party, 1998a).
Coastal upwelling regions play an important role in this system because
nutrient-rich waters, when vertically advected to the surface through
the combined actions of wind forcing and Ekman pumping, induce in-
tense surface water productivity. This acts as a huge sink for atmo-
spheric CO,.

The defining feature of the Quaternary era was the rapid expansion
of the Northern Hemisphere ice sheets. This marked a unique period in
climate history, when the planet entered into a state of bipolar glacia-
tion. Numerous Ocean Drilling Program (ODP) records taken from the
Northern Hemisphere suggest the intensification of Northern Hemi-
sphere glaciation (INHG) took place in three stages at ~2.74, ~2.70, and
~2.54 Ma (reviewed in Maslin et al., 1998). However, the latter step as-
sociated with the expansion of the Laurentide Ice Sheet (i.e., the glacia-
tion of northeast America) had the greatest effect on the global system
(e.g., Maslin et al., 1998; Shackleton et al., 1995, 1984; Tiedemann et
al., 1994). It has been suggested that the INHG occurred as a conse-
quence of tectonically induced long-term cooling and was initiated by
changes in orbital forcing (Haug and Tiedemann, 1998; Maslin et al.,
1998), however the feedback mechanisms that translated this forcing
into global climate change have still to be understood.

Northern Hemisphere glaciation would have altered atmospheric cir-
culation patterns, and therefore wind-driven upwelling regimes, such as
the Benguela Current (BC) upwelling system, which is among the five
or six major upwelling regions of the world (Berger et al., 1998). Inter-
mediate in intensity between the systems off Peru and California
(Lange et al., 1999; Berger et al., 1998), it is located in the subtropical
eastern South Atlantic, off the coast of Namibia, southeast Africa, ex-
tending from Cape Point (34°S) in the south to Cabo Frio (18°S) in the
north (Lange et al., 1999), as shown in Figure F1.

The Benguela system is important because it incorporates the BC, a
major surface water vector of heat and salinity toward the Brazilian
Coastal Current (BCC) that crosses the equator. Consequently, it has a
major influence on the cross-meridional flow of heat energy that influ-
ences global climate. Moreover, the BC system is also a major sink for

F1. Location of Site 1083, Leg
175, p. 21.
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atmospheric CO,. Both of these processes may be important climate
feedbacks that contributed to the INHG.

Modern Hydrography

The modern oceanography of the region consists of a number of sur-
face and deep-water currents and is shown in both aerial and schematic
view in Figure F1. The BC is a shallow (<80 m), cool, surface water cur-
rent flowing toward the Equator. It forms part of the eastern limb of the
South Atlantic Gyre (Dowsett and Willard, 1996). The water of the BC is
thought to originate from three sources (Garzoli and Gordon, 1996, and
references therein): the South Atlantic Current (the southern limb of
the South Atlantic subtropical gyre); the Agulhas Current (the warm
south Indian Ocean western boundary current), and subantarctic water
from the Antarctic Circumpolar Current (Antarctic Intermediate Water,
AAIW).

Between 23° and 28°S (varying with the season), the BC splits into
two components (Lange et al.,, 1999; Berger et al., 1998): the BCC,
which transports cold, nutrient-rich water from the wind-dominated
coastal area northward along the shelf (Schneider et al., 1997), and the
Benguela Oceanic Current (BOC), which takes warmer water northwest
by geostrophic flow (Holmes et al.,, 1996). The BCC is the weaker
branch of the divergence (Hay and Brock, 1992), whereas the BOC is
the stronger vector and transfers heat toward the Brazilian Coastal Cur-
rent, and thus to the Northern Hemisphere (Berger et al., 1998). This,
therefore, has important implications for global climate.

At ~16°S (Cabo Frio), the cold, northward-flowing BCC meets with
the warm tropical/equatorial southward-flowing waters of the Angola
Current (AC). This marks the position of the Angola Benguela Front
(ABF), across which there is a sharp temperature gradient of 7.5°C
(Holmes et al., 1996). At this point, the BCC subducts beneath the AC
and continues northward into the Angola Basin as a shallow subsurface
current (Holmes et al., 1997). The location of the ABF shifts between
~15°S during austral spring and ~17°S in austral autumn (Holmes et al.,
1996).

Beneath the BCC is a poorly oxygenated poleward-flowing undercur-
rent (PUC), which is restricted to the edge of the shelf and upper slope,
and centered at ~200-300 m depth (Berger et al., 1998, and references
therein). It forms the eastern side of a cyclonic subsurface gyre that up-
wells the more oxygenated, nutrient-rich AAIW immediately beneath
the pycnocline (Hay and Brock, 1992). Ventilation by the AAIW is con-
sidered to be directly proportional to the strength of the BC (Berger et
al., 1998).

South of 15°S Ekman motion combined with south and southeast
zonal trade winds from the African continent, cause waters to be up-
welled over the inner shelf and shelf break (Holmes et al., 1997). This
takes place within a narrow band not more than 100 km wide, mostly
within the 300 m isobath (Hay and Brock, 1992). Although occurring as
a year-round phenomenon in this region (Lalli and Parsons, 1997), up-
welling is subject to variation resulting from the seasonal north-south
migrations of the trade winds. During austral winter, the Intertropical
Convergence Zone (ITCZ) shifts northward, pulling the subtropical
high-pressure zone toward the equator (Diester-Haass et al., 1992). As a
result, modern upwelling in the Benguela system is at its maximum
during austral spring from December to April (Hay and Brock, 1992).
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Upwelling varies alongshore in eight cells (Fennel, 1999), extending
from 15° to 35°S, with the strongest signal found at Liideritz, Namibia
(27°S) (Lange et al., 1999).

Estimates of the depth from which waters are upwelled range from
150 m (Holmes et al., 1998) to 330 m (Hay and Brock, 1992). The depth
of the pycnocline off Walvis Bay is considered to be only 250 m below
the surface (Hay and Brock, 1992), enabling cold, nutrient-rich waters
(from within the PUC) to be vertically advected into the photic zone.
This results in high nearshore nutrient concentrations (Holmes et al.,
1996) with coastal surface water nitrate and phosphate levels frequently
reaching 30 and 2.5-8 uM/L, respectively (Holmes et al., 1998). Conse-
quently, productivity levels are high, with carbon fixation rates reach-
ing 125-180 g C/m? per yr (Berger, 1989; Holmes et al., 1996).

Site Description

The BC system was previously drilled by the Deep Sea Drilling Project
(DSDP) (Legs 40, 74, and 75); however, most of these sites were consid-
ered too far offshore to provide a direct record of upwelling (Berger et
al., 1998). Instead, they were interpreted to contain records of pro-
ductivity from eddies that had been transported westward by the BC
(Diester-Haass et al., 1992). Additionally, the cores were rotary drilled
and considered too disturbed to permit high-resolution reconstructions
(Berger et al., 1998). Nevertheless, a fairly detailed study of productivity
was completed by Dowsett and Willard (1996) using sediments drilled
from DSDP Site 532.

Sediments used in this study were taken from Site 1083
(20°53.6481S, 11°13.0720°E), drilled during ODP Leg 175 during the
summer of 1997. Site 1083 is situated near to the edge of the continen-
tal shelf and, together with Sites 1081 and 1082, and DSDP Sites 532
and 362, forms a rough north-south transect within the Walvis Ridge/
Walvis Basin area. Four holes were drilled at the site, and sediments
from Hole 1083A were used in this study.

Lying close to the major upwelling centers off southwest Africa,
which at present maintain a year-round activity, these sites should di-
rectly record paleointensity fluctuations in coastal upwelling. Site 1083
is located the farthest from the shore, and is therefore expected to have
the best representation of pelagic signals. It was also the deepest, drilled
in a water depth of 2178 m (Berger et al., 1998). The lithology of the
site throughout the time period investigated consisted of one single
unit composed of moderately bioturbated clayey nannofossil ooze
(Shipboard Scientific Party, 1998b).

Aim and Focus

This study attempts to reconstruct productivity within the BC up-
welling system during the time of the expansion of the Laurentide Ice
Sheet in the Northern Hemisphere, at ~2.54 Ma (Maslin et al., 1998,
and references therein), principally using diatoms and nitrogen iso-
topes (0'°N). However total organic carbon (TOC) is also used to
strengthen the interpretation. The relationship between productivity
and upwelling is investigated through the “hard” isothermal remnant
magnetism (HIRM) record, which serves as a proxy for wind strength,
obtained from the same sediment.

Attention is focused on the time frame 2.40-2.65 Ma, not only to in-
vestigate the period of rapid ice-volume expansion but also to recon-
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struct activity both prior to and immediately following the event. The
reconstruction of a high-resolution record is achieved through a sam-
pling interval of 20 cm (~2 k.y.). This will permit inferences to be made
concerning the relationship between the Northern and Southern Hemi-
spheres at times of ice-volume expansion.

TECHNIQUES AND METHODOLOGY

Diatoms

Diatoms are microscopic, unicellular, golden-brown algae belonging
to the plant class Bacillariophyceae of the division Chromophyta (e.g.,
Hasle and Syvertsen, 1996). They are characterized by an external frus-
tule (skeleton), typically 10-100 pm in length or diameter. This frustule
is composed of amorphous silica (opal-A), which has the potential to be
preserved within the sedimentary record.

Diatoms are ubiquitous to aquatic environments and as such are
found in a wide range of habitats from terrestrial through brackish to
fully marine. They are ecologically and environmentally sensitive and
in the oceans constitute a major part of the marine phytoplankton.

Discrete samples were prepared for diatom analysis following a pro-
cedure modified from Battarbee (1986) for freshwater diatoms. Because
of the high organic matter content, samples were left to stand in H,O,
overnight at room temperature before being gently heated in a water
bath. Following the procedure of Battarbee and Kneen (1982), samples
were spiked with a calibrated microsphere solution to enable quantita-
tive data analysis. Diatom valves, including those of Chaetoceros resting
spores, and microspheres were counted under a 400x phase objective
lens with an Olympus BH-2 microscope. At least 300 valves were
counted per slide.

All absolute abundance data were then converted to diatom accumu-
lation rates (DARs) (e.g., Schuette and Schrader, 1979), to account for
sedimentation rate (SR) and dry bulk density. Based upon the age
model, the SR at Site 1083 over the investigated 250 k.y. ranged from
5.65 cm?/k.y. (at 2.468-2.464 Ma) to 12.45 cm?/k.y. (at 2.604-2.603
Ma), averaging at 9.45 cm?/k.y. Formulas are given in “Appendix,”
p- 20.

Nitrogen Isotopes

Modern studies have shown oceanic productivity to be a function of
nutrient availability, with nitrogen (principally in the form of nitrate
[NO;]) constituting one of the main limiting factors. Nitrogen limita-
tion can have important implications for the amount of CO, drawdown
within a system, for reasons related to the Redfield ratio. This states that
during photosynthesis carbon, nitrogen, and phosphorus are taken up
in the ratio 106:16:1 (Brasier, 1995). If NO;- is limiting within the sys-
tem, there will be a net reduction in CO, drawdown, which creates a
negative feedback within the system.

When NO;- is abundant, phytoplankton selectively discriminate
against the isotopically heavier N during photosynthetic uptake, pre-
ferring the isotopically lighter isotope “N. When NO;- is limited no dis-
crimination is made (Ostrom et al., 1997). Organic matter should there-
fore yield a relatively lighter 8'>N (less positive) isotopic signature at
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times when NOs- is in ready supply, and a relatively heavier (more posi-
tive) signal at times when NOs- supplies are limiting.

Marine studies (e.g., Holmes et al., 1996, 1997; Farrell et al., 1995;
Francoise et al., 1993) have also identified this signal in the surface sed-
iments. A relationship exists between the sedimentary '*N/'>N ratio and
NO;- utilization in the surface waters. If this relationship is extended
downcore, past changes in the nutrient supply demand, balance can be
hindcasted from records of 8'°N in organic matter (Holmes et al., 1996;
Farrell et al., 1995). This technique has been used successfully to recon-
struct paleo-NO;- utilization in the Gulf of California (e.g., Pride et al.,
1999), in the southwest Indian sector of subantarctic waters (e.g., Fran-
coise et al., 1993), and in the late Quaternary sediments off Angola
(e.g., Holmes et al., 1996, 1997, 1998).

In addition, the 8'°N signal is sensitive to NO;- source (i.e., marine or
terrestrial in origin). Analysis of the §'3C signature in sedimentary or-
ganic matter can help identify the source. Marine algae utilize dissolved
bicarbonate (HCOj3) for photosynthesis, yielding stable organic carbon
isotope ratios of an average of —21%o (Meyers, 1992). Land plants derive
their carbon from atmospheric CO,, which is isotopically lighter than
marine HCOj5~. Terrestrial organic matter typically has a 8'3*C,,, signa-
ture of about —28%o. Studies from DSDP Sites 362 and 532 suggest that
the distinction between terrestrial and marine organic matter is well
preserved in the sediments of the Walvis Ridge back to 14 Ma (Meyers,
1992).

Nitrogen isotope analysis was conducted on the raw sediment. For
carbon isotope analysis, each sample was pretreated with HCI to re-
move the inorganic carbonate fraction. Analysis was conducted at the
NERC Inductively Coupled Plasma-Atomic Emission Spectrometry
(ICP-AES) facility at Royal Holloway, University of London, United
Kingdom. Nitrogen and carbon isotopes are expressed in the standard
delta notation as parts per thousand (%o), relative to atmospheric nitro-
gen, and Peedee belemnite standards, respectively. Error ranges were de-
rived through replication of laboratory standards.

Total Organic Carbon Reconstruction

Details of this technique and the standard methodology employed
are given in Rosell-Melé et al. (submitted, this volume [N1]), and
Durham et al. (Chap. 23, this volume) (see also Rosell-Melé et al., 1997;
Harris et al., 1996). TOC data were converted into mass accumulation
rates (MAR) to account for the sedimentation rate and to enable more
direct comparison with the diatom data.

AGE MODEL

The age model is derived from comparison of the §'80 stratigraphy
(Cibicidoides wuellerstorfi) with that of the reference record from ODP
Site 607 (Raymo et al., 1992, updated by Bickert et al., 1997) (see Vidal
et al., submitted, this volume [N2]). Glacial/interglacial periods (on Fig.
F2 as gray/white bands, respectively) were derived from the midpoint
between peaks and troughs in 6'80 following the procedure of Tiede-
mann et al. (1994) and provide the basis for interpretation in this study.
The §'80 curve indicates a significant trend toward glacial conditions at
~2.54 Ma. This corresponds to the INHG and associated increase in ice

F2. Downcore reconstructions vs.
age for §'80 vs. PDB, total organic
carbon, Chaetoceros resting

spores, Southern Ocean diatoms,
and &'*N vs. air, p. 22.
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sheet volume in North America (e.g., by Maslin et al., 1995; 1998;
Shackleton et al., 1984; 1995; Tiedemann et al., 1994).

RESULTS

Diatoms

Data for species common to the Antarctic and Subantarctic (e.g., Ak-
iba, 1982; Johansen and Fryxell, 1985; Priddle and Fryxell, 1985; Fryxell
et al.,, 1986; Baldauf and Barron, 1991; Fenner, 1991; Harwood and
Maruyama, 1992; Hasle and Syvertsen, 1996) were combined to form
an “Antarctic” (AA) group, representing diatoms transported from the
Southern Ocean. The group comprises Asteromphalus hookeri, Aster-
omphalus parvulus, Azpeitia tabularis, Dactyliosolen antarcticus, Fragilari-
opsis kerguelensis, Proboscia barboi, Rhizosolenia praebergonii, Thalassiosira
poroseriata, and Thalassiothrix antarctica. Of these, T. antarctica and P.
barboi are the most abundant constituents of the AA group. Diatoms of
the AA group were likely to have been living in Antarctic and Subant-
arctic open ocean waters. Those near the Antarctic polar frontal zone
(APFZ) were likely to have been incorporated into the AAIW mass dur-
ing its formation at this ocean front. Previous studies (e.g., Treppke et
al., 1996) have also shown that displaced Southern Ocean diatoms
present in the waters over the Walvis Ridge are transported within the
AAIW. This watermass also serves as an important source of nutrients
(Lange et al., 1999; Berger et al., 1998). Fluctuations in this group
should, therefore, represent variation in the oceanography of the re-
gion, although changes in the productivity biomass cannot be ruled
out. The DAR data for Chaetoceros resting spores and the AA group are
shown in Figure F2.

The diatom assemblages at Site 1083 are dominated by Chaetoceros
resting spores. Resting spore formation is associated with nutrient ex-
haustion in the water column, after mass multiplication of vegetative
cells following an upwelling event (e.g., Bao et al., 1997, and references
therein), often in highly-stratified waters (S. Boharty, pers. comm.,
2001). Chaetoceros resting spores, therefore, provide a record of paleo-
bloom events. Such qualities have led to their exploitation to great ef-
fect in many studies of both modern and paleo-upwelling regimes in-
cluding southern Spain (e.g., Barcena and Abrantes, 1998); northwest
Iberia (e.g., Bao et al., 1997); California (e.g., Grimm et al., 1996; Hutch-
ins and Bruland, 1998); Peru (e.g., Schrader and Sorknes, 1997), and the
Antarctic region (e.g., Leventer, 1991; Rathburn et al., 1997). They have
also been used in previous studies of the BC system (e.g., Treppke et al.,
1996; Lange et al., 1999). Therefore, assuming that the abundance of
Chaetoceros resting spores does not fluctuate in response to the chang-
ing intensity of biogenic silica dissolution, this proxy can be used with
confidence to reconstruct productivity at Site 1083.

Chaetoceros resting spores comprise 33%-99% of the assemblage (av-
eraging 76%), indicating that upwelling has been an important feature
at this site throughout the whole of the time period investigated. This is
in agreement with Lange et al. (1999), who reported their occurrence at
Sites 1081, 1082, 1084, and 1085 in highly variable abundance
throughout the same time period.

Prior to ~2.54 Ma, Chaetoceros resting spore abundance displays high
sample-to-sample variability. Peaks in DAR occur with a periodicity of
~9-11 k.y. and maximum amplitude of ~4000 x 10¢ valves/cm? per k.y.
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Maximum peaks in productivity occur during glacial Stages 104 (~3630
x 10¢ valves/cm? per k.y. at ~2.62 Ma) and 102 (~3320 x 10¢ valves/cm?
per k.y. at ~2.57 Ma). Peaks of comparable magnitude also occur within
interglacial Stages 105 (~3330 x 10¢ valves/cm? per k.y. at ~2.649 Ma)
and 103 (~2890 x 106 valves cm? per k.y. at ~2.590 Ma). However, the
latter peak is isolated so should be treated with caution. The data sug-
gest overall that productivity was not significantly related to glacial/in-
terglacial cyclicity at this time.

The DAR of the AA group is considerably higher and more variable
between 2.65 and 2.54 Ma than the period following the INHG. Two
sharp peaks in the DAR of the AA group correspond to those of Chaetoc-
eros resting spores occurring at ~2.599 (~70 x 10¢ valves/cm? per k.y.)
and ~2.558 Ma (~55 x 106 valves/cm? per k.y.).

After ~2.54 Ma, there appears to be a far more organized cyclicity
within the Chaetoceros resting spores data. Peaks in the accumulation
rate show an apparent cyclicity of ~30-35 k.y. Both the highest and
lowest DAR values are found within this period during Stages 94 (~4250
x 10¢ valves/cm? per k.y. at ~2.406 Ma) and 96 (~320 x 10¢ valves/cm?
per k.y. at ~2.447 Ma). As a consequence, the amplitude of the signal is
much greater (an average of ~6400 x 10% valves/cm? per k.y.). Other
peaks of significantly elevated Chaetoceros resting spore productivity oc-
cur during glacial Stages 100 (~3800 x 106 valves/cm? per k.y. at ~2.536
Ma), 98 (~4150 x 10¢ valves/cm? per k.y. at ~2.497 Ma and ~3700 x 106
valves/cm? per k.y. at ~2.492 Ma), and 96 (~4000 x 106 valves/cm? per
k.y. at ~2.457 Ma) and during the interglacial Stage 95 (~3395 x 10¢
valves/cm? per k.y. at ~2.430 Ma). Peaks and troughs also appear to be
more temporally sustained (i.e., a longer wavelength) where each oscil-
lation encompasses a greater number of samples. This is especially so
for the troughs found within the glacial Stages 100 and 96. Such tempo-
ral variability in DARs appears also to be a feature of the AA group,
though on a comparatively lesser magnitude of scale.

The AA group DAR signal is suppressed following the INHG, but
three prominent peaks occur at ~2.538 Ma (~80 x 106 valves/cm? per
k.y.), ~2.492 Ma (~75 x 10¢ valves/cm? per k.y.), and ~2.428 Ma (~50 x
106 valves/cm? per k.y.). The former two occur within glacial Stages 100
and 98, respectively, and the latter corresponds to a similar peak in Cha-
etoceros resting spores within interglacial Stage 95.

After ~2.54 Ma the major peaks in Chaetoceros resting spores occur at
the interglacial-glacial transitions (i.e., during ice accumulation). DAR
peaks rise and fall sharply across the boundaries. Such peaks tend to
correspond with similar fluctuations in the AA group, suggestive of a re-
lationship between the two.

Stable Isotopes

Analysis of replicate laboratory standards produced error ranges of
+0.2%o0 and £ 0.1%o for 6'SN an 6'3C,,,, respectively. Preliminary inves-
tigations of 8'3C,,, values for Site 1083 (not shown here) range between
-20.17%o0 and -22.58%0, and average at -21.35%o0 % 0.1%o. This value
indicates that the main source for the organic matter at Site 1083 is
from marine algal production. This is in agreement with previous stud-
ies (e.g., by Treppke et al., 1996) that have shown the study area not to
have been affected by input from the Cunene River. Therefore, the §'°N
signature of sediments from Site 1083 has the potential to contain a
record of the nutrient utilization within the marine environment.
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Where fluctuations in the 8'3C,4 record should show changing pro-
ductivity, this is related to the entire biological assemblage composing
the organic matter. Fractionation may, therefore, be affected by changes
within the entire biological assemblage of the site, and not necessarily
reflect diatom abundance alone. For this reason, the 8'3C,4 record is
not discussed in detail here (see Maslin et al., unpubl. data).

The 8> N values range between 6.11%o0 and -0.45%o0, and average
2.11%o0 £ 0.2%o0. The record shown in Figure F2 indicates great variabil-
ity throughout the time period, but the overall relationship between
83N and Chaetoceros resting spores suggests NO;~ limitation at times of
low production. This is as expected since Chaetoceros resting spore for-
mation is known to be sensitive to low NO;- conditions (e.g., Schuette
and Schrader, 1979).

NO;- appears to have been at its least limiting during late Stage 101
and at the beginning of Stage 100 and most limiting during Stages 105
and 935. The difference between glacials and interglacials is not marked.
However, there is an indication of reduced nitrate limitation during the
interglacial-glacial transition periods following ~2.54 Ma.

This model of NO;- utilization remains tentative, however, because it
assumes that the §'°N signal is a reflection of NO;- utilization within
the water column. In reality, the signal may be recording a response to a
wide variety of factors, reflecting the complexity of the nitrogen cycle.

Fractionation of the isotopes may occur at any point within the cycle
and both before and after assimilation by phytoplankton, therefore af-
fecting the isotopic ratio in the environment. Key areas of alteration are
highlighted in Table T1.

Of the potential sources of alteration, only terrigeneous input can be
disregarded with confidence, because 8'3C results indicate that the sedi-
mentary organic matter is marine in origin at Site 1083. However, in
previous studies of the Benguela system (e.g., Holmes et al., 1998, 1997,
1996), only diagenesis and denitrification are consistently considered
to affect the 8'>N record.

At present, the effects of diagenesis are poorly understood. For the
Southern Ocean, Altabet and Francoise (1994) report 8'°N at the sedi-
ment/water interface was enriched by 5%o to 9%o0 compared to the sur-
face waters. However, for the North Atlantic, Altabet et al. (1991) report
a depletion of §'°N with depth. Whereas the former is consistent with
oxidative degradation of organic matter, the latter was attributed to a
gain of N or a loss of °N. Nevertheless, the majority of studies to date
have shown that the 8'°N signal of the surface waters is transferred to
the surface sediments, albeit with a constant offset. For the Walvis
Ridge area, modern studies have shown this offset to be 1.6%0 (Holmes
et al., 1998).

Denitrification, however, may be of importance, as it is likely to have
some temporal variability. Most phytoplankton assemblages are domi-
nated by cyanobacteria (Falkowski et al., 1998), so there is much poten-
tial for denitrification to take place, especially in zones of enhanced
productivity. The modern Benguela system is known to be oxygen de-
pleted, particularly near to the coast (Holmes et al., 1998). However, O,
is generally 1-2 mL O,/L, but denitrification takes place only when lev-
els are <0.2 ml O,/L. Although concentrations this low are rarely ob-
served on the shelf, they may occur. Studies of the modern Benguela
system by Estrada and Marrasé (1987) showed that in April 1986, a sub-
surface NO;~ minima coincided with a nitrite maxima and an oxygen

T1. Potential sources of alter-
ation in the 98'5N signal, p. 24.
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minima, suggesting denitrification had taken place at 23°S. Boulégue
and Denis (1983) also suggested that anoxia was responsible for both
fish kills and enhanced sulfide production that have been observed on
the shelf within the same area.

It is difficult to speculate on the effects of denitrification in this
record. If such a process had taken place, it would manifest itself as a
more positive excursion in §'N. This may have occurred at periods
within the record when correlation with productivity indicators is poor
(shown by asterisks in Fig. F2). The present data, however, is insuffi-
cient to indicate this with any great certainty. Nevertheless, productiv-
ity is still taking place at these points, suggesting that denitrification
was not sustained and intense.

Total Organic Carbon

Similarly for the Chaetoceros resting spore record, TOC fluctuates
with low amplitude within each climatic state throughout the time pe-
riod prior to ~2.54 Ma, although levels are more elevated throughout
Stage 104 (see Fig. F2). The lowest recorded TOC MAR occurs within
this time period at ~2.593 Ma (21.06 g/cm per k.y.).

After ~2.54 Ma, the signals increase to more elevated levels, with
records peaking at the interglacial-glacial transitions. This is particu-
larly true for Stages 100 (~2.534 Ma) and 98 (~2.497 Ma), where there is
a strong accordance with the record for Chaetoceros resting spores. How-
ever, where the Chaetoceros resting spores signal falls sharply after the
initial peak during Stage 96, TOC MAR remains elevated.

Berger et al. (1998) suggested that silica might have been limiting
within the Benguela region within the later stages of the Pleistocene.
Silica (in the form of silicic acid) is a major requirement for diatoms for
the construction of the frustule during cell division (e.g., Schrader and
Schuette, 1981). Its limitation is less likely to affect nonsiliceous pri-
mary producers and may go some way to explaining the elevated TOC
and chlorine MAR signals with a reduction in diatom production for
this period. Alternatively, frustule dissolution in the water column is
more likely to have taken place when concentrations of dissolved silica
are reduced. Therefore, biosiliceous preservational issues must also be
considered in this case.

DISCUSSION

Paleoceanographic Interpretations
of Productivity Data

Because oceanic water is undersaturated in silica, diatom frustules
will start to dissolve following bacterial degradation of their organic
coating (e.g., Barron, 1993). Consequently, the diatom fossil record is
not likely to represent the totality of the surface-dwelling living assem-
blage (e.g, Barron and Baldauf, 1989; Barron, 1993), and therefore, their
relationship is not direct (Schrader and Schuette, 1981). However, the
abundance of planktonic marine diatoms in surface and core sediments
is directly related to surface water productivity (e.g., Barron and
Baldauf, 1989), where highly productive surface waters are able to sus-
tain more diatom growth than poorly productive waters. For example,
during bloom events, the abundance of diatoms in a given volume of
seawater may increase one hundredfold (e.g., Barron, 1993). In these
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situations, opal export production rates may exceed the rates of dissolu-
tion within the marine environment, thus permitting better representa-
tion of surface water productivity within the sediment (Schneider et al.,
1997, and references therein). Indeed, previous studies of the upwelling
areas (e.g., Barcena and Abrantes, 1998; Treppke et al., 1996) have
shown a close correspondence between the species found at the sedi-
ment/water interface and those found within the photic waters above.

The bulk of diatom dissolution takes place within the upper 1000 m
of the water column (“silica corrosion zone”), and within the upper 1-2
cm of the sediment (e.g., Schrader and Schuette, 1981). Therefore for
good preservation within the record (little breakage and abundant
whole valves [e.g., Burckle and Cirilli, 1987]), both descent through the
water column and the SR must be rapid. A high SR is recorded at Site
1083 (average 9.45 cm/k.y.). The descent through the water column for
individual diatoms may be of the order of 100 yr (e.g., Burckle and Cir-
illi, 1987). Sinking is greatly facilitated through clumping via incorpora-
tion into zooplankton fecal pellets and/or marine snow, or through
flocculation with other diatoms and clay particles. Descent within
zooplankton fecal pellets has been measured at up to 30-400 m/day in
the Southern Ocean (Burckle and Cirilli, 1987), which in addition may
serve to limit degradation by enclosing diatoms within protective or-
ganic “capsules” (Lalli and Parsons, 1997).

Descent through flocculation can occur in Chaetoceros resting spores
where an adhesive marine gel is secreted (Grimm et al., 1996) to stimu-
late clumping and rapid “self”-sedimentation. By possessing both a
highly silicified (and therefore relatively dissolution-resistant) frustule-
adopting and this self-sedimentation strategy, Chaetoceros resting spores
have the potential to be well preserved within marine sediments.

From the data presented in this study, it is proposed that intense up-
welling-driven productivity was not a significant feature of the time pe-
riod prior to the INHG at ~2.54 Ma, with comparatively little fluctua-
tion between interglacial and glacial periods. HIRM data from the same
sediments, which can be used to infer wind intensity, also reveal little
change in the atmospheric systems operative within the two climatic
states strength (shown in Fig. F2 for comparison). This is consistent
with the concept that the ITCZ was in a more northerly position at this
time, and a strong trade wind system had not yet developed (Hay, 1993;
Hay and Brock, 1992). Similar results were found from diatom studies at
Site 1084, where the presence of diatom mats (not recorded at this site)
were used to infer strong frontal systems in operation at this time
(Berger et al., 1998). Although it would still have occurred, upwelling
would have been weaker, a suggestion that is supported by U¥;, sea-sur-
face temperature data (A. Rosell-Melé and M.A. Maslin, unpubl. data),
which show sustained warmer temperatures, with little fluctuation.
This record is considered to be reliable, as the U¥,, index is unaffected
by passage through the food chain and diagenesis (Treppke et al., 1996).
Consequently, it has been used very successfully in paleoclimatic stud-
ies of modern glacial/interglacial sediments (e.g., Rosell-Melé et al.,
1997; Schneider et al., 1995; Kennedy and Brassell, 1992).

The data presented here would suggest that following the INHG a
productivity regime with strong interglacial-glacial contrast developed.
Previous studies have proposed the development and intensification of
the trade winds about this time (e.g., Hay and Brock, 1992; Hay, 1993),
where, as a result of ice accumulation up in the Northern Hemisphere,
the ITCZ shifted southward, prompting alteration of the thermal gradi-
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ent. This would have caused the longshore winds (brought about by the
low-pressure cell over the Namib Desert) to intensify through the con-
straints created by the escarpment of the Kalahari Plateau, (Dowsett and
Willard, 1996), thereby initiating development of a strong upwelling re-
gime. Upwelling is therefore inferred to have intensified during the gla-
cial periods (Stages 100, 98, 96, 94). This is supported by the U¥;, sea-
surface temperature record (Rosell-Melé and Maslin, unpubl. data),
whereby glacials correspond with marked cold periods that are attrib-
uted to the intensified upwelling of colder waters. In addition, the
HIRM data suggest that in comparison to the interglacial periods, the
wind intensity increased and remained pronounced throughout the
glacials following the INHG. Such a model of the wind regime is illus-
trated in Figure F3A.

However, in the case for productivity, the three independent sets of
data all suggest that there is an initial surge during the glaciation peri-
ods, after which levels fall to values similar to those of the previous in-
terglacial stage. This is shown in Figure F3B, which charts the produc-
tivity signal chiefly derived from the record of Chaetoceros resting
spores. Such a divorce between inferred wind strength (and therefore
upwelling) and productivity would suggest that glacial productivity
within the waters above Site 1083 was, in fact, not predominantly con-
trolled by wind-driven upwelling but rather by some factor influencing
productivity over Site 1083.

Control on Benguela Current Productivity

During upwelling, nutrient-rich waters are vertically advected from
depths of 200-330 m, from within the poleward-flowing undercurrent
(Dowsett and Willard, 1996). The nutrient pool of this water body is de-
rived from the ventilation by the underlying AAIW (see “Modern Hy-
drography,” p. 3). Downhole variations in abundance of the AA dia-
tom group reflect changes in the nature of the influence of AAIW (and
thus its corresponding contribution to the nutrient pool) on upwelled
waters. The diatom data show that during highly productive glaciation
periods following the INHG there are often concomitant increases in
the abundance of Southern Ocean species. This suggests changes in the
nutrient regime of the system at these times.

Experimentation has shown that nitrogen deficiency is the single
factor that consistently induces spore formation (Leventer, 1991, and
references therein; Schuette and Schrader, 1979). Therefore, resting
spore formation should take place as soon as NO;~ becomes a limiting
factor within the environment. Providing that there is representational
preservation, the abundance of spores could potentially reflect the ini-
tial level of NO;~ available within the system, with high abundances of
Chaetoceros resting spores indicating periods when nutrients were in
plentiful supply. Such enhanced supply could explain the periods of
high productivity (reflected in all three productivity indicators) during
the initial glaciations, and the corresponding lighter §'°N values indica-
tive of lesser nitrate limitation within the system at these times (Fig.
F3C). This suggests that surface productivity is primarily controlled by
the nutrient budget of the upwelled waters, rather than the rate of over-
turning.

Figure F3 is a simplified summary interpretation of the wind
strength-productivity-nutrient availability relationship, as revealed by
data in this study, for the time periods both before and after the INHG.
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Prior to ~2.54 Ma, a transition from interglacial to glacial conditions
initiates a response within all three proxies in the same direction. How-
ever, following the INHG, the system response differs in that where the
productivity and nutrient-content signals remain coupled, they are not
necessarily linked with wind intensity (and therefore upwelling inten-
sity).

The question arises, therefore, as to what is exerting a control over
the concentration of the nutrient pool over the site. Upwelling of a
more intense nature or the upwelling of more fertile waters, would both
act to increase the supply of nutrients to the photic zone. In the first
scenario, an increase in upwelling intensity would have the effect of
increasing the rate at which nutrients were delivered to the surface
waters, therefore increasing the concentration of the nutrient pool per
unit time. This could be reflected by simultaneously elevated abun-
dances in both the AA group (via the enhanced upwelling of AAIW-
derived waters) and Chaetoceros resting spores (due to elevated produc-
tivity). In the second scenario, factors affecting the initial nutrient con-
tent of the upwelled waters per unit time (i.e., the fertility of the venti-
lating AAIW) must be addressed: AAIW forms to the south of the APFZ,
where upwelled NADW mixes with Antarctic surface water. Because its
density is greater than that of the water to the north, this water sinks to
a depth of between 100 and 800 m (Dowsett and Willard, 1996). The
extent of the Antarctic sea ice affects the fertility of the AAIW that is re-
leased to the wider oceans. For example, during the early Pliocene, the
extent of sea ice was at a minimum, and the APFZ was displaced toward
the Antarctic continent (Dowsett and Willard, 1996). This created a
much larger surface water area within which planktonic oceanic Ant-
arctic diatoms proliferated and depleted the water of nutrients. By the
time this water was upwelled in the Benguela system, it would have
been already depleted of nutrients (and relatively richer in AA diatoms),
thus limiting surface water productivity at Site 1083. When the ice vol-
ume of the Antarctic continent expanded again, it created a narrowing
of the diatom belt, leading to underutilization of the nutrients in the
surface waters of the Southern Ocean. In this case, the AAIW reaching
the BC would have been comparatively enriched in nutrients (and rela-
tively depleted in AA diatoms) stimulating productivity at Site 1083.
Therefore, the concentration of the nutrient pool per unit volume of
water affected productivity in this case.

The fertility-related AA component of the diatom assemblage may
therefore reflect either a change in upwelling intensity or a change of the
concentration of AA diatoms within the same unit volume of upwelled
water. Changes in productivity over Site 1083 can therefore reflect three
scenarios:

Where source fertility remains constant, productivity occurs as a re-
sponse to a change in the intensity of upwelling (therefore,
transporting more or less nutrients from the source into the
photic zone, per unit time).

Where upwelling intensity remains constant, productivity occurs as a
response to a change in the nutrient content per unit volume of
upwelled water (i.e., fertility).

A combination of the above, whereby upwelling intensity and source
fertility have both altered.

Although proxies indicative of wind intensity, productivity, AAIW in-
fluence, and mode of nutrient utilization are presented in this paper, it
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is unlikely that such data can suggest to what extent the productivity is
responding to each scenario. However the “combination” scenario
seems most probable, because oceanographic and atmospheric systems
are both known to alter in response to climate change.

Link between Productivity and Climate

Increases in primary production within the early glacials could have
important implications for global climate, since they represent periods
of enhanced CO, drawdown—a well-known feedback mechanism in
the reduction of global temperatures. Because increased production is
coeval with more rapid positive excursions in the §'80 signal (especially
during Stage 100), an important link exists between oceanic productiv-
ity and the decline to more pronounced glacial conditions following
the INHG.

CONCLUSIONS

The following conclusions can be drawn from this work:

1. Prior to the INHG, the data are suggestive of strong frontal sys-
tems operative over Site 1083, with little interglacial-glacial con-
trast in the productivity signal.

2. Following the INHG, a wind-driven upwelling regime developed
over Site 1083, which was more intense during glacial periods as
reflected in the abundance changes in Chaetoceros resting spores.
However such an upwelling regime is not reflected within the
record of productivity, implying that productivity was not con-
trolled by upwelling intensity. Productivity was instead con-
trolled by the supply of nutrients to the photic zone from the
AAIW, as suggested by the §'°N record and the abundance of en-
demic Southern Ocean species within the diatom assemblage.

3. The nutrient budget of the photic zone may have been a reflec-
tion of a change in upwelling intensity where more nutrients
were advected to the surface per unit time; or a change in the fer-
tility of the AAIW, in which more nutrients were advected to the
surface per unit volume of water. Although the actual mode of
nutrient supply is undetermined from this study, it is likely to
have been from a combination of these models.

Following the INHG, productivity levels surged to a peak at each in-
terglacial-glacial transition. Such elevated levels of CO, drawdown
could have provided an important feedback mechanism for the rapid de-
cline into planetary glaciation.

It is not known whether the difference in the system holds for the
time period prior to the that of this investigation. Therefore, additional
investigation is required to further examine the possible relationship
between oceanic productivity and climate before the intensification of
the Northern Hemisphere glaciation at ~2.54 Ma.
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APPENDIX

Calculation for Diatom Accumulation Rate

Diatom Accumulation Rate (valves/cm? per k.y.) (e.g. Battarbee,
1986; Schuette and Schrader, 1979):

DAR = DMAR - Cy,,
Where:
DMAR = Dry Mass Accumulation Rate (g/cm per k.y.)
C4w = diatom concentration per gram dry weight (valves/qg)

Dry Mass Accumulation Rate (e.g. Battarbee, 1986; Schuette and
Schrader, 1979):

DMAR = SR - DBD,,
Where:

SR = Sedimentation Rate (cm/k.y.) (NB must be calculated for each core
section to avoid problems associated with postdrill handling)

DBD,. = Salt Corrected Dry Bulk Density (g/cm?3)

Concentration per gram dry weight (valves/g) (Battarbee and Kneen,
1982; Schuette and Schrader, 1979):

Caw = Cy/W
Where:
C4 = diatom concentration (number of valves)
W = dry weight processed (g)

Diatom Concentration (by microsphere method) (Battarbee and
Kneen, 1982):

Ca = (Yimi - Xa)/Yinc
Where:
Y. = number of microspheres introduced
X4 = number of diatom valves counted

Y.nc = number of microspheres counted
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Figure F1. Location of Site 1083, Leg 175 (20°53’S, 11°13’E; water depth = 2178 m; penetration = 201.3
mbsf). Major water masses over the site are shown in both aerial and schematic view along transect AB
(modified from Berger et al., 1998; Dowsett and Willard, 1996; Hay and Brock, 1992), where a = Angola
Current, b = Benguela Oceanic Current, ¢ = poleward-flowing undercurrent, d = Benguela Coastal Current,
and e = divergence and upwelling over shelf break.
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Figure F2. Downcore reconstructions vs. age for 8'80 vs. PDB (providing age model) after Vidal et al. (sub-
mitted, this volume [N2]); total organic carbon (TOC) (mass accumulation rate [MAR] is in grams per cen-
timeter per thousand years); Chaetoceros resting spores (RS) (diatom accumulation rate [DAR] is in valves
per square centimeters per thousand years); Southern Ocean diatoms (diatom accumulation rate); an 8'>N
vs. air, where asterisks illustrate times of possible denitrification. “Hard” isothermal remanent magnetism
curve (HIRM) shown for comparison. White/gray bands show interglacials/glacials, respectively. * = after
Vidal et al. (submitted, this volume [N2]).
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Figure F3. Simplified summary of events prior to and succeeding the intensification of the Northern Hemi-
sphere glaciation (~2.54 Ma). General trends are noted directly from the data and show (A) wind-strength,
(B) productivity, derived mainly from the Chaetoceros resting spore record, and (C) nutrient availability,
where the direction of the arrow indicates the trend in the data.
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Table T1. Potential sources of alteration in the 5'°N signal.

Cause

Process

Effect

Examples of references

Denitrification

Nitrogen fixation

Atmospheric input

Terrigeneous input

Grazing and recycling

Diagenetic alteration

4N returned to the atmosphere by denitrifying bacteria.

Cyanobacteria incorporate “new” nitrogen into system, for
example.

Rain incorporates more “new” nitrogen into system.
By rivers, for example.
Enrichment in 15N at each trophic level.

May occur both pre- and postburial. Preferential removal of
4N during oxidative degradation of organic matter;
however, evidence has been found indicating depletion of
15N,

More 3N enters marine NO5~ pool, thereby limiting supply for
phytoplankton.

More'“N enters marine NOs~ pool, thereby increasing the
amount of utilizable NO3™.

More "N enters marine NO3~ pool, thereby increasing the
amount of utilizable NO3™.

Marine NO;™ pool becomes depleted/enriched depending
upon contaminant source.

More 3N enters marine NO5~ pool, thereby limiting supply for
phytoplankton.

Will cause enrichment/depletion of 3N in both the NO;™ in
the nitrate pool and in the sedimentary record.

Holmes et al. (1998; 1997; 1996); Naqvi et al. (1998); Pride et
al. (1999); Francoise et al. (1993)

Altabet and Francoise (1994); Peters et al. (1978); Karl et al.
(1997); Falkowski (1997)

Seitzinger and Sanders (1999); Capone and Carpenter (1982)

Holmes et al. (1998; 1997; 1996); Peters et al. (1978); Capone
and Carpenter (1982); Falkowski (1997)

Bronk and Ward (1999); Altabet et al. (1991)

Holmes et al. (1998; 1996); Altabet and Francoise (1994);
Altabet et al. (1991); Sigman et al. (1997); Farrell et al.
(1995)
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CHAPTER NOTES*

N1. 12 February 2002—Rosell-Melé et al. was not published in this volume.
N2. 12 February 2002—Vidal et al. was not published in this volume.

*Dates reflect file corrections or revisions.
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