Wefer, G., Berger, W.H., Richter, C., et a., 1998
Proceedings of the Ocean Drilling Program, Initial Reports, Vol. 175

17. THE ANGOLA-BENGUELA UPWELLING SYSTEM: PALEOCEANOGRAPHIC SYNTHESIS
OF SHIPBOARD RESULTSFROM LEG 175!

W.H. Berger,? G. Wefer,® C. Richter,* C.B. Lange,? J. Giraudeau,® O. Hermelin,® and Shipboard Scientific Party’

ABSTRACT

Thirteen sites were occupied during Ocean Drilling Program Leg 175 along southwestern Africa, starting with the Congo
Fan in the north and ending off the Cape of Good Hope. North of the Walvis Ridge, penetration was limited because of safety
concerns. Sediments from the Congo Fan are rich in opal. Maximum rates of sedimentation were found at holes drilled off
Lobito (Angola), with rates as high as 60 cm/K.y. because of high terrigenous influx from arising coast. On the Walvis Ridge
and in the Walvis Bay, organic matter—rich calcareous clays were recovered. The highest organic content, the most vigorous
development of methane and carbon dioxide, and abundant noxious gases were found at Site 1084, located off Luderitz,
Namibia. The sites occupied off the Cape of Good Hope are characterized by calcareous oozes.

Organic matter abundance, diatom accumulation, and composition of benthic faunas, among other indicators, are the most
important tools for the reconstruction of the productivity history of the Angola-Benguela upvssiite;n. Problems arising
include (1) the origin of the Matuyama Opal Maximum, centered near 2.2 Ma, (2) the question of phase relationships between
diatom productivity and organic matter supply, and (3) the role of precessional effects in the modulation of productivity as a
function of latitude. Regarding the first problem, it emerged that the maximum supply of diatoms is linked to incursiéns of bot
warm pelagic water and Antarctic water during the early Matuyama, presumably resulting in the formation of chaotic frontal
zones. Coastal upwelling dominates after the maximum. Thus, opal deposition goes through an optimum situation within the
latest Pliocene. We hypothesize that increased silicate concentrations in subsurface waters made this optimum possible. As the
Benguela Current became stronger in the Quaternary, a more vigorous flow of underlying Antarctic Intermediate Water
increased ventilation of the thermocline off southwestern Africa, thereby helping to decrease the silicate content oesubsurfac
waters. Observations during Leg 75 regarding glacial/interglacial cycles on the Walvis Ridge (that warming is accompanied by
increased opal deposition) support our hypothesis. Precessional effects are of great importance in the productivity history
recorded on the Congo Fan (as seen in color cycles). The sensitivity of the depositional system off the Congo to precessional
forcing apparently is especially high within the Milankovitch Chron (last third of the Quaternary).

INTRODUCTION AND OVERVIEW taking place), drilling was limited to maximally 200 m below sea
floor (mbsf) for safety reasons (six sites). On the Walvis Ridge and

Ocean Drilling Program (ODP) Leg 175, the “Benguela Leg,” seff Namibia and South Africa, we drilled to advanced hydraulic pis-
out to drill as many as four or five transects off the western coast dpn (APC) refusal (two sites) or down to between 400 and 600 mbsf
Africa, beginning off the Congo River, just south of the equator, andfive sites). This overall drilling strategy res_ulted in the recovery of
ending in the Southern Cape Basin, just north of the Cape of Godguaternary records north of the Walvis Ridge and upper Neogene
Hope. Eight sites were planned for the leg; 13 were in fact drilledec0rds on and south of the ridge. In the south, a number of sites in-
(Fig. 1), and 8003 m of core were recovered. Our goal is to recorflude upper Mloce_ne sediments; Site 10_87 (the Iast drlIIeQ) includes
struct the late Neogene history of the Benguela Current and the as&tPer Eocene sediments, but the record is not continuous in the lower
ciated upwelling regimes. These regimes constitute one of the fefection. _ _ _
great upwelling regions of the world. Like other eastern boundary up- e hemipelagic sediments off the Congo (Sites 1075, 1076, and
welling systems studied during recent ODP legs (Peru and Califo:077) are dominated by diatomaceous, partially carbonate-bearing
nia), the Angola-Benguela regimes are characterized by organic-rij2ys- Two shallow-water sites off Lobito (Angola) have extremely
sediments that contain an excellent record of productivity histony/igh sedimentation rates and contain silty clays (Sites 1078 and
which can be read on a very fine scale. In addition, this environmerk079)- Site 1080, drilled off the Kunene River (Angola), contains di-
provides a prime setting for natural experiments in diagenesis. ~ &tomaceous clays (the section is disturbed). The sites on the Walvis

The individual transects reflect a compromise between geographfidge and in the Walvis Basin (Sites 1081, 1082, and 1083) contain
coverage, accessibility, and time constraints. Off the Congo River arf@lcareous clays, which are diatom rich in the upper Pliocene and

off Angola (where active exploration for offshore hydrocarbons idower Quaternary sections. Site 1084, off Luderitz, contains sections
with extremely high organic carbon content. The southern sites

(1085, 1086, and 1087) near the Cape of Good Hope have pelagic cal-
careous 0ozes.

"Wefer, G., Berger, WH., Richter, C., et al., 1998. Proc. ODP, Init. Repts., 175: The major aim of the expedition was to provide the basis for re-
College Station, TX (Ocean Drilling Program). construction of productivity variations in the South Atlantic, off
_ 2ScriFr;ps Ini;ttétjon_of Ciceinoﬁgraggyégorgge{fg Aof Ckf;\liforrg alsjsznd Diego, Geo- western Africa, as a means to obtain clues for the history of the Ben-
sclences researcl Ivision, La a, , U.O.A. wherger@ucsa.eau H H _
“Department of Earth Sciences (FB-5), University of Bremen, Postfach 330440, _gu?la Curr(;,\nrt], WhICthS tr|1e e_aste_rn bounﬁary currer;t for the Sub_tr(_)p
28334 Bremen, Federal Republic of Germany. ical Gyre of the South Atlantic (Fig. 2). The Benguela Current origi-
4Ocean Drilling Program, Texas A&M University Research Park, 1000 Discovery nates near the Cape of Good Hope, fed by the South Atlantic Current
Drive, College Station, TX 77845, U.SA. and, to some degree, by the Agulhas Current. It moves parallel to the

*Département Géologie and Océanographie, UMR 5805 CNRS, Université Borpo 45t off southwest Africa and Namibia, but turns westward at the lat-
deaux |, Avenue des Facultés 33405 Talence, France. itud fth Vi id d ’ hth h ial

5Deep Sea Geology Division, University of Stockholm, S-10691, Stockholm, Swe—'tu e of the Walvis Ridge and merges with t _e Sout Equatc_’”a _CUI’-
den. rent. A front develops over the coastal portion of the Walvis Ridge

7Shipboard Scientific Party is given in the list preceding the Table of Contents. ~ (the Angola-Benguela Front, see Fig. 2) and maoweth and south
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Figure 1. Overview showing locations of Leg 175 drill sites (ODP Sites

deep return flow of cold waters within the North Atlantic Deep Water
(NADW). This results in magjor heat export from the South Atlantic
to the North Atlantic (Woods, 1981; Gordon, 1986; Berger et a.,
1987; Broecker and Denton, 1989). Of special interest in this context
is the import of warm subtropical waters from the Indian Ocean,
around the Cape of Good Hope (Gordon, 1985). The sediments re-
covered from the Southern Cape Basin will be crucial in reconstruct-
ing the history of this process.

Both ocean currents and windstransfer heat from the South Atlan-
tic to the North Atlantic. Warm, moist, tropical air moves across the
equator toward the northerly Intertropical Convergence Zone. As a
result of this energy transfer, evaporation is greatly increased in the
North Atlantic, which produces high-salinity surface waters. Upon
cooling in northern latitudes, these waters sink to great depth and re-
turn to the south within the NADW. The process started roughly 10
m.y. ago, asseen in adrop in the carbonate compensation depth in the
North Atlantic at that time and in other indicators (opal deposition
and stable isotopes; summarized in Berger and Wefer, 1996).

The results of Leg 175 thus far provide much encouragement re-

garding the opportunities for detailed reconstructions of productivity
histories al along the southern rim of western Africa. High sedimen-
tation rates in most of the sites will facilitate the task. Initial results
highlighted here show that productivity involves a different mix of
processes in each major region. Nevertheless, long-term changes in
these various regions show some striking coherencies. On orbital
scales, evidence for cyclic sedimentation similarly suggests large-
scale forcing acting on linked subsystems. The Congo sites, record-
ing tropical wind and runoff, provide a window into the interplay of
monsoon and trade winds and the response of the African interior.
The Walvis and Luderitz sites monitor the Benguela system proper.
The Cape of Good Hope sites help keep track of the warm-water in-
flux from the Indian Ocean through the late Neogene. Establishing
the linkage between these major parts of the Angola-Benguela sys-
tem is the main task yet ahead.

THE MAJOR PROVINCES
Geology

The southwest African margin, which formed the target area for
Leg 175, is represented by three major geologic provinces: (1) the
northern margin, where salt tectonics is important; (2) the Walvis
Ridge intersection, where hot-spot-derived basalt abuts the continent;

1075-1087), as well as DSDP sites drilled earlier (DSDP Sites 360-365 a@id (3) the southern margin, which is a “normal” passive margin,

530-532).

with the seasons (through ~5°). To the north, sluggish cyclonic circu-
lation marks the Angola Basin, which results in offshore upwelling
(the Angola Dome). Thisregion has high nutrient contentsin subsur-
face waters and a strong oxygen minimum.

Productivity islow within the Subtropical Gyre (Fig. 3). Itishigh
aong the entire coastal region of southwestern Africa as a result of
upwelling and vertical mixing. Areas of especially high productivity
within this belt occur both north and south of the Walvis Ridge. To
the north, the outflow of the Congo River provides offshore estua-
rine-type circulation, whereby the dispersing freshwater layer en-
trains nutrient-rich waters from below the mixed layer. Off Angola,
waters rising within the Angola Dome provide nutrients to surface
waters, raising the general level of productivity. South of the Walvis
Ridge, vigorous wind-driven upwelling interacting with the north-
ward flow of the Benguela Current dominate production dynamics.

The Benguela Current plays a key role in the heat transfer from
the South Atlantic to the North Atlantic, which, in turn, dominates
climate developments in the Northern Hemisphere in the late Neo-
gene (see articlesin Wefer et al., 1996a). The principle of heat trans-
fer is simple: warm surface waters and relatively warm subsurface
waters move across the equator, from south to north, to balance the
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without major salt deposits, large fan deposits, or volcanism.

The fact that salt deposits are present north of the Walvis Ridge
greatly affected the choice of targets for Leg 175. Salt accumulated in
the early rifting stage of the South Atlantic in Aptian—Albian times
when the Walvis Ridge was part of a barrier preventing free exchange
of a proto-Brazil-Angola Basin with the open ocean (see Deep Sea
Drilling Project [DSDP] Leg 40 report; Bolli, Ryan, et al., 1978).
Throughout the late Cretaceous and to the present, salt tectonism has
helped shape the morphology of both seafloor and coastal regions and
has dominated regional sedimentation patterns. Salt domes and ridges
provide convenient barriers for the development of sedimentary ba-
sins (which aids in preserving undisturbed sequences). However,
they also provide conditions favorable for hydrocarbon accumula-
tion, given organic-rich sediments of Cretaceous age, at the bottom of
a thick sediment sequence. In recent years, the offshore petroleum po-
tential of salt-dome structures has attracted much attention. This po-
tential limits exploration for scientific purposes when using riserless
drilling.

The Walvis Ridge continues to the present to act as a major barrier
to deep-water flow, thus influencing deep-sea sedimentation in the
Angola Basin throughout the Cenozoic. This influence may be of
some significance in the deepest sites occupied north of the Walvis
Ridge (Sites 1075 and 1080). The main difference between the north-



PALEOCEANOGRAPHIC SYNTHESIS OF SHIPBOARD RESULTS

N

North Eq uatorial Countercurrent

~—

60°W 40° 20° 0 20°E
Figure 2. Surface currents of the South Atlantic. Sources: Peterson and Stramma (1991) and Tomczak and Godfrey (1994). From Berger and Wefer (1996).

ern and southern provinces results from the fact that the Benguela
Current turns northwest above the Walvis Ridge to feed the South
Equatoria Current (Figs. 2, 4). Thus, thelarge-scale dynamicsof pro-
duction of organic matter and opal are fundamentally different north

and south of the Walvis Ridge. We refer to the region on and south of

the ridge as part of the “Benguela Current system” in contrast to the
northern area, which belongs to the “Angola regime.” The two are
separated by the Angola-Benguela Front (ABF; Fig. 4), a frontal zone
lying between 16° and 17°S, where the poleward-flowing Angola
Current meets the equatorward-flowing Benguela Current (Shannon,
1985).

The Sites

As previously mentioned, the 13 sites occupied during Leg 175
are readily grouped into transects exploring the record of different en-
vironments off the coast of southwestern Africa. These groupings are
(1) The Congo transect (Sites 1075, 1076, and 1077); (2) the Angola
transect (Sites 1078, 1079, and 1080); (3) the Walvis transect (Sites
1081, 1082, and 1083), which includes DSDP Site 532; (4) the
Luderitz Site 1084, which is unique in its position next to an intense
upwelling cell; and (5) the Cape transect (Sites 1085, 1086, and
1087). The Walvis, Lideritz, and Cape of Good Hope sites make up
the Benguela set, which contains the history of the Benguela Current
and the associated coastal upwelling regime.

An important result of the expedition is the fact that so many of
Figure 3. Productivity map of the South Atlantic (“Dahlem” map), based on dhe sections recovered show continuous sedimentation at high rates
compilation of available information up to 1987, including satellite observaof accumulation (see Wefer et al., Chap. 16, this volume). Several
tions on ocean color. Numbers are productivity in grams of carbon per squag@nditions are responsible for this finding: high rates of supply from
meter per year (gC/Aty). From Berger et al. (1989, p. 453). high productivity and terrigenous contributions, favorable sites of
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deposition through salt tectonics (north of the Walvis Ridge), and a
tectonically quiet setting (in the Cape Basin). Thisis not toimply that
sediments are undisturbed, as arule, along thismargin. They are not.
However, it was possible to find stratigraphically useful sections
based on well-prepared site selection.

The major environmental provinces and their sedimentary records
may be characterized as follows.

Congo Transect

Theregiona environment in the Congo Fan region isdominated by
three major influences: (1) the freshwater input from the Congo River
(the second largest river in the world), (2) seasonal coastal upwelling
and associated filaments and eddies moving offshore, and (3) incur-
sons of open-ocean waters, especialy from the South Equatoria
Countercurrent. According to Jansen (1985), river-induced phy-
toplankton activity extends ~160 km beyond the shelf edge, which
would affect all three sites drilled. Much of the regionally enhanced
productivity is river related. However, divergence and doming and
glacial/interglacial changes in the dynamics of the South Equatorial
Countercurrent and the Benguela Current may be just asimportant. In
the site closest to shore, the effects of seasona coastal upwelling
should be superimposed on the riverine effects. Late Quaternary

covered from anywhere else off southwestern Africa. Fluctuations in
the opal content are controlled by large-scale climatic patterns, as is
evident from the presence of Milankovitch cycles (cryosphere cycles
of 41-k.y. and 100-k.y. periodicity and wind-system cycles of 23-k.y.
and 19-k.y. periodicity; see Schneider et al., 1997). The Congo
transect provides a window into the climatic history of western tropi-
cal Africa.

The hemipelagic sediments in this province are dominated by di-
atomaceous, partially carbonate-bearing clays. Sedimentation rates
are typically between 15 and 20 cm/k.y. for the late Quaternary and
are close to 10 cm/k.y. for the early Quaternary. Presumably, terrig-
enous sediment supply increased with the onset of the large-ampli-
tude 100-k.y. climate- and sea-level cycles 650 k.y. ago.

Angola Transect

The mid-Angola region has surprisingly low productivity com-
pared with adjacent upwelling areas to the north and south (Wefer et
al., 1988). Upwelling is seasonal and comparatively weak; opal accu-
mulation is extremely modest for this coastal environment. The two
shallow-water sites off Lobito (Sites 1078 and 1079,) have silty clays
accumulating at extremely high sedimentation rates, with maximum
values of 60 cm/k.y. at Site 1078 and nearly 40 cm/k.y. at Site 1079.

Congo Fan sediments have exceptionally high opal content (Milleé8ediments are supplied by an actively eroding coast that is presum-
and Schneider, 1993), ~10 times higher than in the slope sediments aily being uplifted by salt tectonics. Site 1080 was drilled off the

508



Kunene River (Angold). It is located near the northernmost coastal
upwelling cell along the southwestern margin. Sediments consist of
diatom-bearing and diatom-rich silty claysthat are accumulating at a
rate near 10 cm/k.y. However, the late Quaternary section is greatly
attenuated. Drilling was terminated after a dolomite layer was hit be-
cause of slow progress.

Walvis Transect

The Walvis Ridge provides alarge shallow area favorable for the
preservation of carbonate. Also, it is situated at a crucial latitude
where the Benguela Current turns westward into the open sea (Fig.
4). Thus, the ridge is the major monitoring region for the history of
the Benguela Current. It was the target for drilling during two earlier
legs, whose sites are part of the transect (Leg 40, Site 362; Balli,
Ryan, et a., 1978; and Leg 75, Site 532; Shipboard Scientific Party,
1984). The DSDP sitesare well off the coast but contain an upwelling
signal which has been transported outward from its coastal zone of
origin by the eddies and filaments of the Benguela Current. The
DSDP sites produced evidence for cyclic sedimentation from varying
carbonate dissol ution, productivity, and terrigenous sediment supply.
Site 1081 extends this transect toward the coast where upwelling is
strong. Sediments recovered (from Sites 1081, 1082, and 1083) con-
sist of calcareous clays, which are especialy rich in diatoms in the
upper Pliocene and lower Quaternary sections (Matuyama Opal
Maximum [MOM]). Sedimentation rates are typically between 5 and
10 cm/k.y., with an apparent minimum in the middle portion of the
Pliocene section.

Lideritz Site (1084)

PALEOCEANOGRAPHIC SYNTHESIS OF SHIPBOARD RESULTS

warm water from the Indian Ocean. Sedimentation rates typically
vary between 2 and 7 cm/k.y. at all three sites.

Benguela Transect

The Walvis transect, Luderitz site, and Cape of Good Hope
transect form one coherent megatransect for the Benguela Current
system. Indications are that the important trends and events in the his-
tory of this system are recorded simultaneously along the entire
transect. A reconstruction of latitudinal migrations of elements of the
Benguela upwelling system (and the associated South Atlantic high-
pressure cell) will be of special interest.

THE RECORD OF PRODUCTIVITY

The record of productivity of the Angola-Benguela upwelling
system resides in a number of indicators, most prominently in organic
matter and opal accumulation, and in the various chemical changes
driven by bacterial activities and other diagenetic reactions. On the
basis of these indicators, the sites can be ranked according to the
overall productivity of overlying waters, and trends in productivity
can be discerned.

Starting in the late Miocene, the strength of the Benguela Current
has continuously increased. This is apparent in the history of eastern
boundary upwelling in the South Atlantic (Siesser, 1980; Meyers et
al., 1983). The record of organic matter deposition in the Angola
Basin and on the Walvis Ridge suggests that rates of upwelling accel-
erated near 6 Ma and near 3 Ma, but held steady (or decreased some-
what) within the Quaternary (Fig. 5).

A general increase in deposition of organic carbon is evident at all
sites on and south of the Walvis Ridge (Fig. 6; north of the ridge, pen-

Llderitz Bay, on the Namibian shelf, is in the center of the Bengiration is insufficient to say). There is some indication for the steps

guela upwelling region, which is characterized by a series of Upseen earlier at 6 Ma (Site 1082) and 3 Ma (Sites 1081, 1082, and
welling cells between the Cape of Good Hope and the Kunene Rivépga). However, substantial variability exists, and the widely spaced
mouth. The Lideritz cell is the largest and most active of these (DuRgmpling intervals make it difficult to recognize any steps. Within the
combe Rae et al.,, 1992). It vigorously sheds eddies and filaments i aternary record, no clear trends are apparent. Maximum values in
the coastal Benguela Current. Poleward subsurface flow brings nutdagiments of late Quaternary age in the sites north of the Walvis
ent-rich waters southward to this location from the Walvis Bay areaRidge may be sampling artifacts (extremes are more likely where
whereas upwelling is |.nduced by winds and the northward-flowm%amp“ng is dense, other factors being equal). The early Quaternary
Benguela Current, which approaches close to the coast thanks tq:@ximum suggested in the DSDP data of Meyers et al. (1983; Fig. 5)
narrow shelf (Fig. 4). Drilling at Site 1084, off Luderitz, recoveredis seen at Site 1081 and, perhaps, Site 1083, but not at Sites 1082 and

sediments with the highest organic carbon contents of any site ocCyipgs. site 1085 also has a maximum value in the early Quaternary.
pied (as much as 20%). Diagenetic activity, as reflected in the pres-

ence of methane and carbon dioxide and in the rapid reduction of sul-
fate within interstitial waters, is extremely intense; alkalinity values
were the second highest ever measured in sediments recovered
DSDP or ODP. (The highest were found off Peru, during Leg 11Z
Suess, von Huene, et al., 1988, 1990.) The central portion of the s¢
iment column recovered (upper Pliocene to lower Pleistocene) co
sists of diatom-bearing clay to diatomaceous clay and diatom oo:
sandwiched between nannofossil clay and ooze of early Pliocene a
late Pleistocene age. Black organic-rich layers are prominel
throughout the section. Sedimentation rates are typically between
and 20 cm/k.y., with the younger sediments having the higher rat
of accumulation.

Total organic carbon(wt %)
2 6

Age (m.y.)

Cape Transect

The southernmost sites of Leg 175 (1085, 1086, and 1087), ne DSDP Sites
the Cape of Good Hope, have pelagic calcareous oozes, mainly ni 104 ® 530
nofossil oozes, but with high proportions of foraminifers in some ar = 532
eas (especially at Site 1086). Diatoms, radiolarians, and other opali s 362
fossils generally are rare or absent, except in sediments correspol 12

ing to the MOM where abundances are distinctly higher. These sit
are excellently situated to monitor the fluctuating influence of SouthFigure 5. Organic carbon content at DSDP Sites 530, 532, and 362 in the
ern Ocean water, including intermediate water, and the import (AngolaBasin and on the Walvis Ridge (from Meyerset al., 1983).
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Figure 7. Contents of (A) methane and (B) carbon dioxide in sediments from Site 1081, based on headspace measurements made on board (see “Organic
Geochemistry” section, “Site 1081” chapter, this volume).

The overall trend of increasing organic carbon deposition is diffi- Given the pore-water measurements concerning sulfate, ammo-
cult tointerpret in any detail. Decay of organic matter continues deep nia, phosphate, and silicate, we can rank of the Leg 175 sites in terms
within the sediment, so that a trend toward lower values with depth of the intensity of organic-driven diagenesis. We use reported values
below seafloor is expected from diagenesis alone. The most obvious at 10 mbsf, as well as the depth at which the sulfate ion drops below
sign of decay of organic matter at depth was the high gas content of 1 mM. Sulfate, ammonia, and phosphate values correlate well among
hemipelagic sediments. Biogenic methane and carbon dioxide were the sites (r is between 0.7 and 0.8). However, the correlation between
roughly equally important at most sites, based on headspace mea- the silicate values and the other variables is rather poor. Thus, the in-
surements (Fig. 7). The methane production only sets in after the tensity of organic-driven reactions will not predict silicate values
available sulfate in interstitial waters has been used up for oxidation well (also illustrated in Fig. 8).
of organic matter. Carbon dioxide is generated throughout the zone The ranking of the sites in terms of intensity of diagenetic reac-
of bacterial activity. The presence of a methane maximum (100 to tions (driven by organic matter supply) is as follows: (1) Site 1084;
150 m at Site 1081) suggests that the rate of destruction of organic (2) Site 1078; (3) Site 1076; (4) Site 1077; (5) Site 1083; (6) Site

matter decreases considerably below 125 m. 1082; (7) Site 1075; (8) Site 1079; (9) Site 1085; (10) Site 1081, (11)
The high gas content in most of the cores recovered during Leg Site 1087; and (12) Site 1086. Site 1080 is not ranked. The first six

175 made handling and measuring physical propertiesdifficult. How- sites in this list have intense diagenesis and may be considered “high-

ever, it also kept sediments from compacting as quickly asthey might productivity” sites.

have otherwise, thus allowing much faster drilling than anticipated. The ranking in terms of dissolved silicate at 10 mbsf is as follows:

The site with the highest TOC values is Site 1084, off Lideritz, at th€l) Site 1075; (2) Site 1083; (3) Site 1082; (4) Site 1084; (5) Site
edge of the most active Namibian upwelling cell. Its sedimentd077; (6) Site 1076; (7) Site 1081, (8) Site 1085; (9) Site 1078; (10)
showed extremely high diagenetic activity (with a mixture of mal-Site 1087; (11) Site 1086; and (12) Site 1079. Site 1080 is not ranked.
odorous gases emanating from the cores, in addition to methane &afde first six sites in this list show elevated levels of silicate and may
carbon dioxide). be considered “high-opal” sites.

The rapid reduction of sulfate in the uppermost part of the sedi- Sites that appear in the first six ranks of both lists are (1) Site
ment column attests to the vigorous activity of bacteria within thel084; (2) Site 1083; (3) Site 1076; (4) Site 1077; and (5) Site 1082.
sediment (Fig. 8), as do the extremely high ammonia values in the in- Sites that appear in the last six ranks of both lists are (1) Site 1079;
terstitial waters, especially at Site 1084. High alkalinity of interstitial(2) Site 1085; (3) Site 1081; (4) Site 1087; and (5) Site 1086.
water results from these processes, which leads to the precipitation of Thus, on the whole, high-productivity sites also tend to be high-
carbonates including dolomites. Intense degradation of organic matpal sites, although this is by no means a strict correspondence. The
ter is also indicated by the rapid increase of phosphate values beldww-productivity low-opal sites compose the set of pelagic carbon-
the seafloor. Formation of apatite and other phosphatic minerals prates, except for Site 1079, off Lobito, with its high rate of terrigenous
sumably accounts for the decrease of phosphate values at depth. Apdiment accumulation.
parently, dissolved silicate values are similarly constrained, but at a The ranking given above, being derived from indices dependent
rather well-defined range of values (near 1000 uM), suggesting pren reactions within the upper ~50 m of the sediment column, refers
cipitation of Opal CT or uptake by clay minerals. This indicates thato Quaternary conditions. Concerning the abundance of diatoms
diatoms also are subject to long-term destruction. within Quaternary sediments, it is seen that the high-opal sites (as
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identified by dissolved silicate in pore waters) are the high-diatom
sitesaswell. The exact rank order depends on which criteriaare used
(average diatom abundance, last 2 m.y., or maximum abundance, for
example). In any event, Sites 1075, 1082, 1083, and 1084 would be
at thetop. As mentioned, the Congo Fan (Sites 1075, 1076, and 1077)
wasidentified previously asaregion of high opal deposition (as men-
tioned above). River supply and peri-estuarine pumping of silicate-
rich subsurface waters are the processes responsible for high opal
deposition. Sites 1082, 1083, and 1084 reflect the effects of coastal
upwelling and associated eddies and filaments penetrating the Ben-
guela Current.
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Figure 8. Chemistry of interstitial watersfrom Sites 1081, 1083, and 1084, as
measured on board, indicating high productivity of overlying waters. Note

All sites on and south of the Walvis Ridge tend to show a maxi-
mum abundance of diatoms near and just before 2 Ma. This is the
MOM, first discovered on the Walvis Ridge by Leg 75 scientists
(Shipboard Scientific Party, 1984). We confirm it here as a phenom-
enon common to the entire Benguela upwelling system and explore
it in some detail.

CARBONATE DEPOSITION

Much of the hemipelagic sediments and most of the pelagic sedi-
ments recovered during Leg 175 consist of calcareous nannofossils
with various admixtures of foraminifers. The varying carbonate con-
tent at any one site reflects production in overlying waters (and
benthic production), dilution with noncarbonate particles, and disso-
lution. In most cases, dissolution is the process most responsible for
the variations seen. Thisis true even in rather shallow water depths,
asat Site 1081 (805 m). At this site, abundances of calcareousfossils,
athough tracking one another, have no correlation with those of sili-
ceous fossils (Fig. 9).

Two factors dominate preservation (or dissolution) of calcareous
fossils: the saturation of waters in contact with the seafloor, which
providesthe boundary conditions, and the diagenetic reactionswithin
the uppermost sediment, which determine the chemistry of pore wa
tersin contact with the cal careous particles. |n low-productivity situ-
ations, deep-water properties are important, and their changes are re-
corded interms of fluctuationsin preservation. In environments char-
acterized by high production, diagenetic processes will dominate, so
that deep-water properties will imprint less prominently on the sedi-
ment.

What we expect to see regarding the deep-water environment isan
overall trend of increased carbonate preservation since the Miocene
carbonate crisis ~12 m.y. ago (Fig. 10). Thiscrisis, which represents
an excursion of the pelagic carbonate compensation depth (CCD) to
elevations closeto the crest of the Mid-Atlantic Ridge, wasfirst iden-

Benthic foraminifers ~ Calcareous nannofossils
Abundance Index Abundance Index Abundance Index Abundance Index
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Figure 9. Abundance estimates for siliceous and calcareous fossils in core-
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the extreme values at Site 1084, off Luderitz (see “Inorganic Geochemistr catcher samplesfrom Site 1081. B = barren; T = trace; R =rare; F=few; C =
section, “Site 1084” chapter, this volume).
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the wide spacing of samples make it difficult to extract a more de-
tailed dissolution stratigraphy.

In summary, there is some indication that there were two extended
. dissolution pulses, one centered near 3 Ma, the other in the early Qua-
b ternary. Itis likely that these were connected to times of high produc-
tivity. If so, this would suggest that productivity decreased somewhat
throughout the late Quaternary (as also suggested by the diatom
record; see Fig. 14). Organic matter abundance would not necessarily
4 show this reduction in productivity (Fig. 6) because of diagenetic
processes that result in an overall decreasing preservation of organic

Depth (km)
N

| | | | , a matter with depth below seafloor, which yields a false pattern of pro-
55 10 20 30 40 50 60 ductivity increase within the Quaternary.
Age (Ma)
Figure 10. Reconstruction of CCD variations in the South Atlantic, based on THE MATUYAMA OPAL MAXIMUM

backtracking of drilling sites, by various authors (Bg 72, after Berger, 1972;

VA et al., 77, after van Andel et al., 1977; H&W 85, after Hsu and Wright, . o . o
1985). From Berger and Wefer (1996). Several Leg 175 sites show a distinct opal maximum within the

upper Pliocene and lower Quaternary, spanning the lower half of the
Matuyama reversed polarity Chron (Sites 1081, 1082, 1084, and
w " . 1085; see Fig. 14). Detailed onboard studies reveal that the maximum
i(r)z;blzgrzir; eancre%?r(,F%g 7:%()) Sﬁgs\ﬁgge nﬁgg%i%t{?vr:%ﬁllo%%%)c O.Ir.ﬁ'edgibundance of diatoms is reached within the early Matuyama Chron,
. P T . ' : centered on ~2.2 Ma (Fig. 15). At Site 1084, near the most active up-
drop of the CCD since the bggmmng of the late Miocene largely rep; elling cell of the Be(nggela )Current system, the diatom maximun?
resents the increased intensity of NADW production. Seafloor batheglves its existence to a vigorous proliferatioﬁTbalassiothrix and

by NADW preserves carbonate, whereas seafloor bathed by Antarct(lj(fher pelagic species, in addition to eaetoceros spores typical

Bottom Water does not. The turning up of NADW some 10 m.y. ag%

tified in the South Atlantic based on results from DSDP Leg 3 (Fig.

is likewise recorded in the overall switch of opal deposition out of th or cc_nastal upwelling. A mixture of warm-water and cold-water
o e . pelagic forms and of upwelling species suggests frontal develop-
North Atlantic into the North Pacific (Keller and Barron, 1983; . L : . . :
ments and intense mixing in this region during the late Pliocene. At

Woodruff aqd Savin, 1989). . Site 1084, the rich supply of diatoms resulted in the development of

The available data do not show the late Neogene trend of ingjatom mats, reminiscent of those reported from the eastern equato-
creased deep-water carbonate preservation (Figs. 11-13). Thererig Pacific (Kemp and Baldauf, 1993).
one exception: at Site 1085 (1713 m), carbonate values are distinctly p e rms are similar for the Walvis sites, as mentioned earlier, ex-
IO.W‘ (between 9 and 8_Ma), and they rise to a high level shortly afFeEept that the cold-water component is somewhat weaker and diatom
Site 1086 (at 794 m) is too shallow to trace deep-water propertief, s gig not develop (or were not noted). A maximum abundance of
carbonate data for Site 1087 (at 1386 m) are not yet available. iaioms centered near the Pliocene/Pleistocene boundary was earlier

Visual comparison of carbonate stratigraphies at the sites on arﬂgported for DSDP Site 532 by Leg 75 scientists (Fig. 16). This site
south of the Walvis Ridge indicate a number of low-value intervalss |gcated on the Walvis Ridge at 1131 m water depth and was cored
Which can be interpr(?ted as pgrio.ds of.enhanced dissolution (Fig. 1} the APC (Dean et al., 1984; Gardner et al., 1984). The patterns re-
The first of these, going back in time, is between 0.6 and 0.7 Ma angydeq at this site for carbonate, organic carbon, and diatoms yield
is perhaps associated with glacial Stage 16. The second is centefggaple clues for the interpretation of the MOM (Fig. 16). From in-
between 1.7 and 2 Ma, marking the onset of the Quaternary. Lack ghection, it appears that organic carbon and diatom abundances do
detailed sampling prevents identification of other, older eventsyotshow similar trends (dilution effects may play a role in decreasing
There is a long-term trend toward lower values, from 6 to 2 Ma, seefyy correlation). Both the lowest and highest values for organic car-
at Sites 1081 and 1082. Presumably, this trend parallels increasggp are measured in the upper Pleistocene sediment, when diatom
productivity (and carbon dioxide production within sediments). AlSo,5pundances are well off the maximum. On the whole, carbonate in-
there is an overall increase in carbonate values throughout the Qudeaases within the upper Pleistocene sediment, with the onset of
ternary period, suggesting a general decrease in productivity or an igyge-amplitude ice-age cycles (i.e., after the mid-Pleistocene climate
crease in intermediate water and upper deep-water saturation. shift).

Nannofossil abundances show striking variability at some sites The late Pleistocene increase in carbonate values is here interpret-
(the Congo transect, Site 1081). Site 1081 has a nearly barren zag§ as a decrease in productivity by the arguments given above. A
within the lower Plliocene sectiqn; at Site 1082, a silm.ilar zone is Cers'[rong negative correlation between carbonate and organic carbon
tered on 3 Ma. This suggests high organic productivity at the boungwhich sets in just after the diatom maximum) supports this interpre-
ary between the early and late Pliocene, just before the MOM. Agtion. As productivity decreases, the silicate supply diminishes more
shorter barren zone is seen at Site 1081, near 1.5 to 1.6 Ma. Also,rgpidly than the phosphate supply, a pattern that is common in most
Site 1075, there is such a zone at the base of the section reCOVeredrbg'ions of the ocean (Herzfe|d and Berger, 1993; Berger and |_angel
tween 2 and 1.5 Ma. Abundance estimates are not sensitive enoughpress). Significantly, opal deposition is reduced during glacials at
nor sampling dense enough, to provide more detail on dissolutiofis site (Diester-Haass, 1985), even though upwelling activity has
zones or trends. most likely increased (Oberhéansli, 1991). What this means is that the

Benthic foraminiferal abundances show some of the same pantense late Pleistocene glacial conditions take the system beyond the
terns as carbonate percentages and nannofossils. Again, there are agtimum for opal deposition, which occurs at an intermediate stage
values in the early Quaternary (Sites 1075, 1077, 1081, and 1083) aoficooling.
around 3 Ma (Sites 1081 and 1084). Observations on the preservation Fundamentally, then, the Bengu&arrent system responded to
of planktonic foraminifers at Site 1084 support the general impresszooling in the Pliocene with increased upwelling (and increased dia-
sion that calcareous fossils are dissolved in those sections where ptom deposition). However, when cooling passed a certain threshold,
ductivity is high. The lack of sensitivity of the abundance index andipwelling becomes less efficient in pumping nutrients into the photic
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1085, measured during Leg 175 (see “Organic Geochemistry” sections of the individual site chapters, this vol

Figure 11. Carbonate percentages at Sites 1075—
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Nannofossil abundance index
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Figure 12. Nannofossil abundances estimated from smear slides for Sites 1075-1085. Abundance indices 1-5 same as in Figure 6.
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Benthic foraminifer abundance index
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catcher samples from Sites 1075-1085. Abundance indices 1-5 same as in Figure 6

Figure 13. Benthic foraminiferal abundances estimated on board from core
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Diatom abundance index
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Figure 14. Diatom abundance recorded in smear slides for Sites 1075-
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£ to collect high-nutrient subsurface waters. Indeed, the correlation be-
g 8 tween opal deposition and organic matter deposition remains strong-
g82 § ly positive off the Congo through glacial/interglacial cycles
Diatom Abundance Index ;é%‘a g% (SChnelder et al" 1997) . .
00 10 20 30 40 50 6o ET =3 The effects of increased intermediate-water currents on upper
2007 ? 1] ‘2’0 slope sediments may be seen at Site 1086. Here, the upper Quaternary
2] A | 120 record is missing entirely, and the upper part of the section (upper
gg: i g ] g Pliocene to Pleistocene) is foraminifer rich; that is, it appears to be
1001 & 100 winnowed.
120 | = |10 In summary, there is evidence for increased Pleistocene interme-
e Strong Coastal g diate-water flow along the upper slope below the Benguela Current.
180 1 Upwelling g 1180 Relaxing these currents (through general warming) should allow the
200 | g 1200 Angolan oxygen minimum to expand southward. This could provide
iig: 2 1B 1] gig for increased opal productivity despite a decrease in coastal up-
260 B g 1260 welling. This type of trade-off, we suggest, explains why there is a
Eiﬁg: Hiooenm s 1 iggg MOM in the early phase of the ice-age fluctuations.
£3201 A 4 =M Ll 430s
&0 } g fa0Z
0T | | |8 £ '€ 1300 BENTHIC FORAMINIFERS
38071 |2 I 5 T 380
wol 12|28 2 — 1 200 ASPRODUCTIVITY INDICATORS
1 lg |2 VS g ]
420 ‘g g 2 a 420
2‘;3 }% cl n ﬁg The traditional indicators of productivity, organic matter and opal
a0t |7 || yae0 abundance, are strongly influenced by diagenesis, which complicates
pod B | 1o interpretations. To obtain additional clues to changes in productivity,
540 4 3 early/late Pliocene | | {50 we turn to benthic foraminifers. Benthic organisms live on the food
560 1 % B 1560 provided by the export from overlying waters. The amount and nature
;3: G B Y ;g of this export is reflected in the abundance and species composition

of benthic foraminifers (Douglas and Woodruff, 1981; Woodruff,
1985; Lutze et al., 1986; Hermelin and Shimmield, 1990; Hermelin,
1992; Burke et al., 1993; Herguera and Berger, 1994; Loubere, 1994;
Thomas et al., 1995). Unfortunately, the abundance of benthic fora-
minifers in many of the sites is largely controlled by carbonate pres-
ervation, as discussed above. We next explore the possibility that de-
spite this handicap, species composition retains valuable information

Site 1084

Figure 15. Estimates of diatom abundances at Site 1084 based on smear-dide
examination. Abundance indices 1-5 same as in Figure 6.

layer. This drop in efficiency is likely tied to the nutrient content of
subsurface waters (that is, to thermocline fertility), as suggested by

Hay and Brock (1992). The passing of the system through and be-
yond a silica optimum would also explain why the correlation be-
tween temperature and opal abundance changes sign sometime with-
in the Pliocene, as reported by Diester-Haass et al. (1992). On the
warm side of the optimum, cooling produces additional upwelling
and hence increases diatom supply to the seafloor. On the cold side
of the optimum, cooling removes silicate from the thermocline, can-
celing any effects of increasing upwelling.

regarding trends in productivity.

The diversity of a benthic assemblage is sensitive to food supply:
organic-rich environments tend to show reduced diversity but high
abundance (Phleger and Soutar, 1973; Douglas and Woodruff, 1981,
Hermelin and Shimmield, 1995). A simple index of diversity (which
minimizes the effects from sample size) is the inverse of the percent-
age of the most abundant species. The distribution of this index
shows minimal values for Sites 1081, 1083, and 1084. Maximum val-

Why should “excess” cooling lead to a lowered silicate content inues are calculated for Sites 1076 and 1085 (Fig. 17) and in the other
the Benguela Current system? The answer must lie within the prawo pelagic sites (1086 and 1087; not shown in the figure). However,
cesses supplying silicate (and phosphate) to the Benguela Currexdmparison with the ranking of sites in terms of productivity shows
system. At present, maximum silicate and phosphate values in sube clear relationship. In the cores south of the Walvis Ridge, there is
surface waters are found not within the Benguela Current system, baittendency for higher values to occur in sediments older than 3 Ma.
off Angola, well north of the Walvis Ridge. From there, nutrient-rich This would agree with the proposition of lower productivity before
waters are brought southward along the upper slope with a polewatide late Pliocene. However, there is no sign of recovery of diversity
undercurrent, at least to the latitude of Luderitz (Fig. 4). This mechin the late Quaternary, for which we postulate lowered productivity.
anism of nutrient supply was identified by Hart and Currie (1960);Thus, from these data, it appears that the late Quaternary productivity
who found evidence of a subsurface current with extremely low oxyreduction applies only to opal, not to organic matter.
gen content flowing poleward along the edge of the continental shelf We plot the patterns for four taxBulimina spp.,Bolivina spp.,
(“compensation current”). The current is centered at ~200-300 rovigerina spp., andCibicidoides spp. The first two have long been
depth and appears to be the replacement source for upwelled watecognized as forms abundant in high-productivity regions in coastal
(Shannon, 1985). That a strong oxygen minimum with high silicaenvironments, such as off California (Uchio, 1960; Douglas and
content does not build up within the Benguela Current system (we a¥/oodruff, 1981). The presence dfigerina may indicate elevated
sume) is because ventilation by intermediate water currents preverevels of productivity (Lutze et al., 1986; Hermelin and Shimmield,
this: the poleward flow is restricted to a narrow band along the sheff990, 1995) and also has been tied to low-oxygen conditions in a
and upper slope (it may be severely curtailed once sea level drops lpelagic setting (Burke et al., 1993). Different species within this ge-
low the shelf edge). If such ventilation runs parallel to the strength afus apparently have different preferences (Berger et al., 1G&W).
the Benguela Current (as seems reasonable), then intensificationadloides is considered neutral with respect to productivity, at least
the Benguela Current (and of the underlying northward-flowing in-with respect to its relative abundance (Berger and Herguera, 1992).
termediate water) would simultaneously result in decreasing the The genu8uliminacomprises several speci@s éculeata, B. ex-
strength of the oxygen minimum, first off South Africa, and then offilis, B. marginata, B. mexicana, and B. truncana), which appear to
Namibia. In the extreme, only the region off Angola would continuehave more or less similar distributional patterns. Maximum values
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Figure 16. Late Neogene patterns of biogenous sedimentation on the Walvis Ridge in the Benguela Current system. Note the overall trend in diatom abundance,
showing the Matuyama Opal Maximum. From Dean and Gardner (1985) and Hay and Brock (1992).

occur at the Lideritz site (1084) and in two of the Walvis sites (1082 The genusBolivina is represented mainly bg. seminuda, B.

and 1081), but not in the third (Site 1083). The high percentages apseudoplicata, andB. aenarensis. By far the highest abundances oc-
pear within the Quaternary record (Fig. 18). There is a drop in the upur at the sites off Lobito (Angola), wheBslivina entirely domi-

per Quaternary section at Site 1081. High values also characterinates the assemblages (Fig. 19). These are environments of very high
many samples from the Congo Sites 1076 and 1077, but not from Siéecumulation rates of terrigenous sediment, with a seasonal supply of
1075. The patterns suggest that this taxon tracks high productivity iorganic matter from coastal upwelling. Furthermore, the dominance
pulsing upwelling systems associated with strong oxygen minima. tf Bolivina suggests low oxygen concentrations at the seafloor
prefers shallower areas within the set of Leg 175 sites; that is, areé@mith, 1963, 1964; Phleger and Soutar, 1973). High percentages of
with a strong influence from coastal upwelling. This agrees well withBolivina also are noted in upper Quaternary sediments at Site 1081,
results from the upwelling area in the Arabian Sea (Hermelin andvhere this genus replacBalimina as the dominant form in a pulse-
Shimmield, 1990). If this interpretation is correct, coastal upwellindike fashion. Substantial occurrences in the upper Miocene and lower
effects within the Benguela Current system (Walvis and LuderitPliocene sections at Site 1082 are somewhat puzzling. Apparently,
sites) increased greatly from the late Miocene to the Quaternary, witBolivina also thrives here at the expenseBafimina. The patterns

a possible maximum in late Pliocene to early Quaternary time. suggest that this taxon prefers environments of moderate to high pro-
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Diversity of benthic foraminifers (1/max)
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Figure 17. Diversity patterns of benthic foraminifers at Sites 1075-1085. The index is the inverse of the fraction of the most abundant species (e.g., 20% yields

the diversity index 5).
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Figure 18. Abundance patterns of the genus Bulimina at Sites 1075-1085 according to shipboard analysis of core-catcher samples.
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Figure 19. Abundance patterns of the genus Bolivina at Sites 1075-1085 according to shipboard analysis of core-catcher samples.
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ductivity in acoastal setting and does especially well where influx of
terrigenous silts dominate the environment. Occurrences before and
after the Bulimina-dominated late Neogene sequences (Sites 1081,
1082, and 1084) suggest that productivity went through a maximum
centered between 2 and 3 Ma, with Bolivina occupying the flanks of
that maximum.

The genus Uvigerina comprisesthe species U. auberiana, U. gal-
lowayi, U. hispida, U. hispidocostata, and U. peregrina. Maximaoc-
cur at Site 1081 on the Walvis Ridge (Fig. 20). Among the Benguela
set of sites, 1081 ranks low in productivity, but intermediate in opal
deposition. Itisat the edge of the Angolan oxygen minimum at arath-
er shallow depth (805 m). The high values for Uvigerinawould seem
to support the notion that this species prefers an environment of mod-
erately elevated productivity in association with an oxygen mini-
mum. If this interpretation is correct, oxygen deficiency is indicated
for aperiod between 3 and 2 Maon the Walvis Ridge and in the mid-
dle of the Quaternary at Site 1082 (Walvis Bay). In the Cape transect,
high values occur in the lower Pliocene (Site 1085; other sites not
shown because of spotty data) but also in the upper Pliocene (Site
1087). Thus, the distribution of Uvigerina would support the notion
of an expanded oxygen minimum in the Cape Basin before the Gaus-
sian termination of globa warm-climate conditions.

The taxon Cibicidoides (also referred to as Cibicides and Planul-
ina by various authors) comprisesthe species C. bradyi, C. pachyder-
ma, and C. wuellerstorfi. These forms are of specia interest because
they serve as carriers of isotopic information for deep-water compo-
sition. They are thought to live mainly as epibenthos, avoiding inter-
ference from the isotopic composition of interstitial waters (Lutze
and Thiel, 1989; review in Wefer and Berger, 1991). Cibicidoidesis
widespread and apparently well adapted to awide variety of environ-
ments. It has substantial presencein the Congo Fan sites (1075, 1076,

and 1077) and in the Benguela set (Sites 1081-1087; see Fig. 21)
tends to avoid the environment preferredBolivina (Sites 1078 and

1079). Maxima occur where the other abundant genera, which a
tied to elevated productivity, are not entirely dominant. An interest

ing situation is shown in the Luderitz site (1084), wiEitecidoides

unexpectedly reaches high values within the high-productivity upp
Pliocene section. Apparently, it alternates vBiilimina, the high-
productivity taxon. This suggests that productivity varied consider:
ably at Site 1084 right through the early Matuyama opal maximu
If so, it supports the notion of cyclic upwelling and mixing, as op-
posed to a continuous strong upwelling (as in the late Quaternary).
In summary, the abundance patterns of benthic foraminiferal spe-
cies suggest that there is no simple ranking of species with respe
productivity, but that each responds to a mixture of environment
factors. We assume that such factors include sedimentation rate
quantity and quality of organic matter, oxygen supply, and substra@
properties. The built-in negative correlation among abundant taxa
also makes interpretations difficult. The present analysis by inspe%
tion suggests that the presumed productivity maximum associate
with the Matuyama opal maximum is real and not just an artifact
diagenetic processes. Also, there are indications of alternating high:-
and low- productivity periods within and just before the maximum
between 3 and 2 Ma. The hypothesis of an expanded oxygen mi
mum before the Gaussian climate revolution is supported (albe{

mildly).
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Walvis Ridge, and in the upwelling cells south of the Ridge; see arti-
cles in Wefer et al., 1996a). Much detailed work will be necessary to
document fluctuations in productivity in these various settings and to
tie the fluctuations in oceanic conditions to the corresponding changes
in climate on the adjacent continent.

Work completed in preparation for Leg 175 on piston cores has
shown that productivity systems are extremely sensitive to climatic
change on several time scales. The influence of precessionally mod-
ulated seasonal insolation is especially strong in the tropical regions
(Schneider et al., 1994, 1996, 1997; Wefer et al., 1996b), as has been
known for some time (Mcintyre et al., 1989; Molfino and Mclintyre,
1990; Mcintyre and Molfino, 1996). The effect is still strong at the
latitude of the Walvis Ridge (Wefer et al., 1996b). Three factors are
sufficient for obtaining a reasonable statistical model of organic car-
bon accumulation on the Walvis Ridge: (1) the general climatic state
of the world, as reflected in a standard oxygen-isotope curve; (2) the
precessional effect, as measured by insolation in July’hit 85d (3)
the decay of organic matter during diagenesis.

The example given in Figure 22 is based on total organic carbon
(TOC) measurements on Core GeoB 1028 (Geosciences Bremen),
located close to DSDP Site 532. The time scale is based on oxygen-
isotope stratigraphy (data in Wefer et al., 1996b). The TOC model is
of the form

TOC =92 INS*D a<1,

where S stands for sealevel and is expressed as an arbitrary index,
a linear transformation of the G. sacculifer isotope record in ODP
806 (806so0x; Berger et a., 1995). INS is the insolation in July at
15°N, expressed as an arbitrary index ranging between 0.5 and 1.5, a
linear transformation of the actual irradiation values given in Berger
and Loutre (1991). The exponent a is taken as %5; this defines the
weighting of the two explanatory variables as 2 to 1. The resulting

Clculated curve is shown as TOCcalc and is compared with TOC-

meas (model and target; Fig. 22). The difference between model and
target, the residual, shows decreasing values with depth in core, indi-
cating the effects of diagenesis. The slope is decreasing with depth,
reflecting diminishing rates of decay, with the most active destruc-

tion occurring in the uppermost meter of the sediment column. From

mt'he nature of the residual, thereis a hint that the system is more sen-

sitive toward precession during cold climate states than during warm
ones on a100-k.y. scale.
The appearance of color reflectance data at Site 1075 and subse-

olor cycles. It would be of great interest to document a diminishing
Iuence of precessional power going from the tropicsto the Cape of
ood Hope.
Unfortunately, the origin of color differencesis not entirely clear;
('ilrying contents of carbonate and organic matter are involved, as
ell as other components such as terrigenous supply and authigenic
giinerals. Also, comparison between different holes at the same site
ows that amplitudes of color variation are subject to artifact, such

‘asexposureto air. For example, although Hole 1075A showsincreas-
rftg amplitudes with depth, Hole 1075C shows the exact opposite in

e long-term trend (see ‘“Lithostratigraphy” section, “Site 1075”
chapter, this volume). Short-term changes in amplitude presumably
are less subject to alteration and may preserve the precessional beats.
To test this idea, we first establish a detailed time scale using mag-
netic susceptibility (measured continuously on unopened cores). To

Much of what we know or guess about long-term changes in praavoid circular reasoning, we do not use reflectance to establish a
ductivity is derived from studying glacial/interglacial contrasts andscale. Inspection of raw magnetic susceptibility data, combined with
glacial/interglacial cycles. In the area surveyed during Leg 175, varprevious knowledge about sedimentation rates in the region
ations in productivity are generated in different ways, within different(Schneider et al., 1994, 1997), suggested a direct correlation with the
geographic settings (off the Congo, near the Angola Dome, at thglobal oxygen-isotope stratigraphy. The fit is in fact excellent (Fig.
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1085 according to shipboard analysis of core-catcher samples.

Figure 20. Abundance patterns of the genus Uvigerina at Sites 1075—
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Figure 21. Abundance patterns of the genus Cibicidoides at Sites 1075—-1085 according to shipboard analysis of core-catcher samples.
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Figure 22. Statistical modeling of TOC content in Core GeoB1028 on the
Walvis Ridge (near DSDP Site 523). Input is global sealevel, as reflected in [ ‘ ‘ | ‘
agloba oxygen-isotope signal (806sox) and seasonal insolation, as reflected '0'20 200 400 600 800 1000 1200
in solar energy received during July at 15°N. After accounting for the trend Age (ka)
(caused by decay), r?is 0.65. Data sources: TOC, Geowissenschaften Bre- ) . )
men; 806s0x, Berger et al. (1995); and Jul 15N, Berger and Loutre (1991). Figure 24. Precongl compongnts of reflggtance and color data $|te
1075, dated by matching magnetic susceptibility to a standard oxygen-iso-
tope curve. Note the apparent increase in sensitivity of color to forcing dur-
partialy . ing the last 600 k.y. (forcing is taken as the precessional effect on summer

integrated insolation, as given in Berger and Loutre, 1991).
susceptibility| A

2

1.5
suggest that sea-surface temperature and wind fields respond to
changes in seasonal insolation (Kutzbach and Liu, 1997). In particu-
lar, modeling indicates that 6000 yr ago, when seasonal contrast was
' i H Y : greater than today because of late summer perihelion, sea-surface
t ! temperature (SST) was greater in late summer, and winds had a stron-
0.5 g Il ger landward component toward North Africa (Fig. 25). A landward
7 9 11 component is also suggested for South Africa. The effect of such a
8 18 ik \ change in wind field would be to weaken the trades and hence de-
crease upwelling in the eastern equatorial Atlantic. Also, the offshore
component of flow along the southwestern margin would be weak-
T T D N e N T ened, reducing upwelling in the entire Benguela Current system.
05, 100 200 300 400 500 600 700 800 Whether heat transfer from the South Atlantic to the North Atlantic
Age (ka) would increase or decrease is not clear; presumably, there would be
) i ) e o a shift from transport by currents to transport by moist winds.
Figure 23. Correlation of magnetic susceptibility (“partially integrated sus- The experiment by Kutzbach and Liu (1997) illustrates how the
ceptibility”) and a global oxygen-isotope curve (“0jsox96"). Dashed line = cjimate record in Africa will have to be consulted to fully understand
magnetic susceptibility. 0Jsox96, Ontong J@vaacculifer oxygen-isotope o history of upwelling in the Angola-Benguela systems. It is clear
curve, as given in Berger et al. (1996). from their results that the influence of tropical dynamics will be
strong well beyond the tropics. Although we expect that precessional
23), especially if susceptibility data are partially integrated going up- information will tend to dominate in the tropical portion of the Leg
ward in the sequence (labeled “partially integrated susceptibility” inL75 megatransect (based on the earlier findings cited), we anticipate
Fig. 23; for details, see Berger et al., Chap. 22, this volume). The i strong precessional signal even off the Cape of Good Hope. As
tegration assumes that susceptibility is spiked on deglacial transitiomsentioned, the relationships to climatic change on the continent will
and has the effect of smoothing the curve and moving it towarthe of special interest (Jansen et al., 1984).
slightly younger ages.
The time scale derived from correlation, in the fashion shown in
Fig. 23, places the Brunhes/Matuyama boundary at the correct depth CONCLUSIONS: CENTRAL ISSUES
(i.e., just before the susceptibility maximum corresponding to StageAND MATUYAMA OPAL MAXIMUM HYPOTHESIS
19 in the correlation). With the time scale established, reflectance
data were automatically dated and could be analyzed for precessional Inasmuch as upwelling along the southwestern coast of Africa is
information. Results show strong precessional cycles in the red/bludriven by winds and is closely tied to the strength of the offshore cur-
ratio, especially in the last 600 k@Milankovitch Chron) when the rents, it reflects processes important in the heat transfer from the
100-k.y. cycle dominates climatic change (Fig. 24). Total reflectanceSouth Atlantic to the North Atlantic Oceans. However, no simple re-
on the whole, has less prominent precessional information, but motationship between productivity and heat transfer can be assumed.
so in the middle Pleistocene (Croll Chron, ~600-1200 k.y.). Al- At least two factors introduce important complications. The first
though a correspondence of forcing and response is evident for baththe back pressure developed from a glaciated Northern Hemi-
reflectance and color, the match is not as good as one would hopphere, which moves the Intertropical Convergence Zimme its
(perhaps because of the above-mentioned artifact). northern position toward the equator (Flohn, 1985). The back-pres-
Precessional information enters the record through productivitgure problem demands that productivity patterns be reconstructed
variations because of cyclic fluctuations in the wind field (McIntyreequally well for the systems off Iberia and northwest Africa for com-
et al., 1989; Molfino and Mcintyre, 1990; Schneider et al., 1994parison with the southern African regions.
1996; Jansen et al., 1996; Mcintyre and Molfino, 1996; Mix and The second factor concerns changes in the nutrient content of sub-
Morey, 1996; Wefer et al., 1996b). Simulations with a climate modesurface waters feeding the upwelling system (Hay and Brock, 1992;

Index values (std.)

\

0Jsox96
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Figure 25. Simulated surface winds for summer months for (A) control and
(B) R + ASST minus control. Control = present conditions; R + ASST =
departure of the situation 6 k.y. ago from the present. Note the change in the 10
wind-speed scale, going from A to B. R = the effects of summer insolation
with SST fixed; ASST = an adjustment in the model for heating of the sea 0
surface. Simplified from Kutzbach and Liu (1997).
10
Lange and Berger, 1993; Herguera and Berger, 1994). Changes in
nutrient content of subsurface waters (“thermocline fertility”) are 20
readily appreciated when comparing depositional rates of opal ar
organic matter (Berger et al., 1994, 1997; Berger and Wefer, 199 30
Schneider et al., 1996, 1997). Thus, great care must be taken to ci
ture both the influence of physical mixing and upwelling (which de-
pend on the wind field) and that of thermocline fertility (which de- 40
pends on the quality of upper intermediate waters, among othe
things). 508
The MOM off southwestern Africa is of special interest in the

context of evolution of the Benguela Current and the concomitant de¢
velopment of thermocline fertility. It is centered near 2.2 Ma and fol- 70W 60 S0 40 30 20 10 0 10 20E
lows a_rapid increase of diatom produ_ctivity near 3 Ma. In its early Figure 26. Hypothesis of silicate expansion in subsurface waters during the
stage, itis marked by a strong Antarctic component, as well as by ¢, atuyama Opal Maximum (MOM). A. Present-day distribution patterns of
adnjlxture.of warm-water forms. After MOM time, dlatom.aceous r€- gijicate at 100 m (simplified from Herzfeld and Berger, 1993). Gray = silicate
mains typical of strong cog_stal up_v_velllng dominate. This SeQUeNC content >4 uMikg; black = >8 uM/kd. Hypothetical conditions during
suggests a greater availability of silicate in subsurface waters duriry,ou time, near 2.2 Ma. Currents: SAC = South Atlantic Current, BC =
the MOM, than either before or after. We hypothesize that the M,O'\‘ Benguela Current, PUC = Poleward Undercurrent, AGR = Agulhas Retrof-
marks a time when the Benguela Current (and all other currents inte lection, and AAE = Antarctic water excursions.
acting with it at its point of origin) were flowing less vigorously than
today (Fig. 26). The silicate front (Fig. 27A) was less well developed
than in the Quaternary, and subsurface waters were richer in silicate 3. Warm-water and cold-water forms of all major planktonic or-
north of 40S than they are today (e.g., Westall and Fenner, 1990, p. ganisms in the Cape Basin region should be less well segregated
780). Because the Agulhas Retroflection was less active to the west  during the MOM than today.
of the Cape of Good Hope (it depends on the inertia of a strong Agul-
has Current), waters of Antarctic origin were entrained sporadically Our hypothesis states that the system goes through an optimum
into the region off southwest Africa up to Namibia (“AAE” in Fig. with respect to diatom deposition. It implies that warming moves us
26B). Poleward undercurrent flow (“PUC” in Fig. 26) was strongercloser to the optimum; hence, interglacials should have greater opal
during MOM time, being less opposed than today by the Bengueldeposition on and south of the Walvis Ridge, and indeed they do
Current and northward-flowing Antarctic Intermediate Water. (Diester-Haass et al., 1990, 1992; Hay and Brock, 1992). Also, north
Our scenario (Fig. 26B) suggests a number of tests: of the ridge, a more normal pattern should be found, with glacial sed-
iment having the greater opal content (as described by Schneider et
al., 1996, 1997). Furthermore, before reaching the MOM, more opal
1. During MOM time an increased poleward undercurrent shouléhould accumulate on and south of the ridge during cold periods be-
bring oxygen-deficient waters at intermediate depths to a recause cooling moves the system closer to the optimum. There are in-
gion farther south than today. dications that this may be so (Diester-Haass et al., 1992; Hay and
2. A decreased Agulhas Current (and decreased eddy activitygrock, 1992).
should result in fewer planktonic organisms being imported These distinct patterns on various time scales suggest to us that
from the Indian Ocean. upwelling is not the only factor controlling opal deposition; the qual-
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South Atlantic Ocean, but the countervailing currents (South Atlantic
Current and Antarctic Circumpolar Current) were not as strong as
they are today. It is possible that such optimum injection was contem-
poraneous with the MOM, in which case our hypothesis would have
to be modified to account for sporadic warm-water incursions from
0 the Indian Ocean into the Cape Basin.
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PALEOCEANOGRAPHIC SYNTHESIS OF SHIPBOARD RESULTS
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Figure 28. Agulhas Current and Agulhas Retroflection (south of Africa) and associated currents and eddies (from Peterson and Stramma, 1991; after L utjeharms

and van Ballegooyen, 1988).
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