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[1] Middle/late Miocene to early Pliocene sedimentary sequences along the continental margin of southwest
Africa have changes that correspond to the carbonate crash (12—9 Ma) and biogenic bloom events (~7—4 Ma)
described in the equatorial Pacific by Farrell et al. [1995]. To explore the origins of these changes, we analyzed
the carbon and coarse fraction contents of sediments from ODP Sites 1085, 1086, and 1087 at a time resolution
of 5 to 30 kyr. Several major drops in CaCO; concentration between 12 and 9 Ma are caused by dilution from
major increases in clastic input from the Oranje River during global sea level regressions. Abundant pyrite
crystals and good preservation of fish debris reflect low oxygenation of bottom/pore waters. Regional
productivity was enhanced during the time equivalent to the carbonate crash period. Higher benthic/planktic
foraminiferal ratios indicate that CaCOj3 dissolution at Site 1085 peaked between 9 to 7 Ma, which was after the
global carbonate crash. This period of enhanced dissolution suggests that Site 1085 was located within a low-
oxygen water mass that dissolved CaCO5; more easily than North Atlantic Deep Water, which began to bathe this
site at 7 Ma. At 7 to 6 Ma, the onset of the biogenic bloom, increases and variations in total organic carbon and
benthic foraminiferal accumulation rates show that paleoproductivity increased significantly above values
observed during the carbonate crash period and fluctuated widely. We attribute the late Miocene
paleoproductivity increase off southwest Africa to ocean-wide increases in nutrient supply and
deliveryl. INDEX TERMS: 3022 Marine Geology and Geophysics: Marine sediments—processes and transport; 4267
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“carbonate crash,” which was a period between about
12 to 9 Ma when several sharp drops in CaCO3 concen-
tration occurred in the equatorial latitudes of the Pacific
and Indian Oceans [Peterson et al., 1992; Berger et al.,
1993; Farrell et al., 1995; Lyle et al., 1995; Lyle, 2003]
and in the Caribbean Sea [Roth et al., 2000]. Changes in
deep water circulation, shoaling of the CCD, and shallow-
deep fractionation are considered as possible causes. The

1. Introduction

[2] Major changes occurred in the ocean-continent cli-
mate system in the middle to late Miocene. Antarctic ice
sheets expanded, sea level fluctuated, surface and deep
water masses cooled, equator-pole temperature gradients
steepened, uplift of the Isthmus of Panama started, silica
fractionation between Atlantic and Pacific Oceans devel-
oped, C,4 plants expanded, and Himalaya uplift initiated

important changes in atmospheric circulation and continen-
tal weathering [cf. Zachos et al., 2001].

[3] Within this time interval there are two especially
remarkable paleoceanographic events. The first is the
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second event is the ”biogenic bloom,” which was a
significant increase in marine biological productivity that
began after 7 Ma and continued into the Pliocene in the
equatorial Pacific Ocean [Farrell et al., 1995; Berger et

'Auxiliary data are available electronically at World Data Center-A for
Paleoclimatology, NOAA/NGDC, 325 Broadway, Boulder, CO 80303,
USA. (paleo@mail.ngdc.noaa.gov; URL: http://www.ngdc.noaa.gov/paleo)
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al.,, 1993], in the equatorial Atlantic Ocean [Murray and
Peterson, 1997], and in the Indian Ocean [Vincent et al.,
1985; Peterson et al., 1992; Gupta and Thomas, 1999;
Dickens and Owen, 1999], and appears to have started as
early as 9 Ma in the southwest Pacific Ocean [Grant and
Dickens, 2002].

[4] The causes of the carbonate crash and the biogenic
bloom remain poorly understood. Here we report multi-
proxy evidence for these events from three ODP sites that
describe a depth transect across the continental margin of
southwest Africa, and we provide observations and inter-
pretations that should improve understanding of these
events. Our results also add new details to the history of
upwelling associated with the Benguela Current.

2. Background
2.1. Study Area

[s] The Benguela Current is the eastern boundary
current of the South Atlantic subtropical gyre [Peterson
and Stramma, 1991]. Southerly and southeasterly trade
winds drive coastal upwelling of cold, nutrient rich water
from depths of 200—300 m [Hart and Currie, 1960] over
most of the continental shelf. The cool waters are
separated from the warmer subtropical waters of the
offshore Atlantic by a thermal front. However, plumes
and filaments of upwelled water extend westward and
transport nutrients to the open ocean [Lutjeharms and
Stockton, 1987; Summerhayes et al., 1995]. Phosphate
and silica are relatively low in subsurface waters in the
Cape Province south of the Benguela Upwelling Area,
and productivity is less than in the Namibia Upwelling
Area [Berger et al., 2002]. Nearby land areas are dom-
inated by the very dry Namib Desert. The only perennial
river is the Oranje River whose sediment load is trans-
ported to the shelf and slope and distributed southward
by the south-flowing counter currents [Rogers and
Bremner, 1991; Summerhayes et al., 1995].

[6] Previous investigations of the Miocene history of
upwelling off southwest Africa concluded that the onset
of high productivity was at about 10 Ma (see the Berggren
and Kent [1985] timescale) [Siesser, 1980; Meyers et al.,
1983] and postulated that the Benguela Current and related
upwelling migrated progressively from south to north within
the late Miocene and Pliocene [Diester-Haass et al., 1990,
1992]. These early interpretations were hampered by in-
complete sediment sequences, poor temporal resolution, and
information from only one location - DSDP Site 362/532 on
the Walvis Ridge [Bolli et al., 1978; Hay et al., 1984; Hay
and Brock, 1992; Diester-Haass et al., 1990, 1992].

[71 ODP Leg 175 recovered continuous sediment sequen-
ces from multiple sites that greatly expand opportunities to
study the history of the Benguela Current Upwelling Sys-
tem. Lange et al. [1999], Marlow et al. [2000], Christensen
et al. [2002], Giraudeau et al. [2002], and Robinson and
Meyers [2002] describe Pleistocene-Pliocene portions of
Benguela Current upwelling history. Our investigation
focuses on the early Pliocene to middle-late Miocene period
at Sites 1085, 1086, and 1087 in the Cape Basin. The three
ODP sites form a depth transect across the upper continental
slope of southwest Africa (Figure 1). Site 1085 (1713 m
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Figure 1. Locations of ODP Sites 1086 (781 m), 1087
(1371 m), and 1085 (1713 m), which form a depth transect
on the continental slope of the Cape Basin and DSDP Site
532/362 (1331 m) on the Walvis Ridge. Shading identifies
areas of perennial and periodic upwelling as defined by
Lutjeharms and Stockton [1987].

water depth) is at the outer rim of the Oranje River fan,
where the shelf is relatively wide (180 km) [Shannon and
Nelson, 1996]. Sites 1086 (781 m water depth) and 1087
(1371 m water depth) are located on the narrower conti-
nental slope off South Africa [Wefer et al., 1998a].

2.2. Samples and Analysis

[8] We selected sediment sequences starting in the middle
Pliocene and continuing to the Miocene limits that were
imposed in Hole 1085A by a slump at 603 meters below
seafloor (mbsf) (14.47 Ma), in Hole 1086A by the limit of
coring at 205 mbsf (7.5 Ma), and in Hole 1087C by a slump
at 424 mbsf (11.57 Ma) [Wefer et al., 1998a]. We obtained
10 cm® samples at intervals of 50 to 100 cm, which
correspond to time intervals of 5 to 30 kyr depending on
sedimentation rates.

[o] Two g of each sample were set aside for carbon
analyses, and the remainder was washed through 40 and
63 pm sieves. The >40 pm fraction was used for a combined
coarse fraction and isotope analysis. The >63 pm fraction
was sieved into 63—125, 125-250, 250-500, and >500 pm
fractions. In each fraction, 800 grains (if present) were
counted and up to 25 biogenous, terrigenous and authige-
nous components were identified. The percent composition
of the coarse silt (40—63 pm) and sand fraction was
calculated by multiplying the percentage of each individual
component in each fraction by the weight of the fraction.

[10] Carbon analyses were done on the sediment records
from Sites 1085 and 1087 but not on the abbreviated record
from Site 1086. Freeze-dried samples of bulk sediment were
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analyzed for CaCOj; concentrations using the carbonate
bomb technique of Miiller and Gastner [1971]. Weighed
samples were reacted with 3N HCI, and the volume of CO,
released from each sample was measured and compared to
the volumes released from known amounts of pure CaCOj3
to determine the percentage (+1%) in the sample. The
carbonate-free residue after acid treatment was collected,
rinsed, and dried. Amounts of total organic carbon (TOC) in
the carbonate-free residues were measured with a Carlo
Erba 1108 CHNS analyzer. This procedure involves heating
the sample at 1020°C and measuring the combustion
products by gas chromatography [Verardo et al., 1990].
TOC concentrations (£0.05%) were calculated on a whole-
sediment basis by adjusting for the CaCOj; concentrations
determined from the bomb technique.

[11] Determinations of the 6'0 values of shells of the
benthic foraminifera Cibicidoides wuellerstorfi and
C. kullenbergi in the >250 pm fraction samples from Hole
1085A were measured using a Finnigan MAT 252 mass
spectrometer (T. Westerhold and T. Bickert, Middle to Late
Miocene Oxygen Isotope Stratigraphy of ODP Site 1085—
SE Atlantic, submitted to Palaeogeography, Palaeoclima-
tology, Palaeoecology, 2003, hereinafter referred to as
Westerhold and Bickert, submitted manuscript, 2003). Data
are reported in per mil VPDB after calibration with NBS
19. The mean external reproducibility is +0.07%o relative
to an internal carbonate standard (Solnhofen limestone).

2.3. Analytical Strategies

[12] To investigate the causes and consequences for the
carbonate crash and the biogenic bloom events, we
employed different suites of proxies to assess carbonate
dissolution, carbonate dilution by other sediment compo-
nents, sea level changes, and paleoproductivity changes.
2.3.1. Evidence of CaCQO; Dissolution

[13] Weused the benthic/planktic foraminiferal ratio (B/P),
which is calculated as (% benthics/% benthics +%
planktics)*100, as a proxy for dissolution to detect varia-
tions in content and flux of CaCO; and to relate them to
possible dissolution changes. The B/P ratio is influenced by
water depth (which is assumed to have been nearly constant
during the investigated period), by-productivity (with
increasing export productivity and food supply to the
seafloor benthic foraminiferal numbers will increase), and
by carbonate dissolution (planktic foraminifers are more
easily dissolved than benthic ones [Parker and Berger,
1971]). In addition, increased paleoproductivity enhances
carbonate dissolution at the seafloor by microbial metabo-
lism of organic matter and consequent CO,-enhanced
calcite dissolution [Archer and Maier-Reimer, 1994]. Thus
increased paleoproductivity exerts a two-fold effect on the
benthic/planktic foraminiferal ratio: it can increase benthic
foraminiferal numbers, and it can increase dissolution of
planktic foraminifers. Both effects increase the ratio and
potentially complicate its interpretation.

[14] Benthic foraminifers, which form the main basis for
our reconstruction of paleoproductivity, can also be subject
to dissolution. However, lack of strong fragmentation of
planktic foraminifers and the observation of parallel
increases in accumulation rates of benthic and planktic
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foraminifers [Diester-Haass et al., 2002] indicate that
benthic foraminiferal numbers are not markedly affected
by dissolution.

2.3.2. Evidence of CaCQO; Dilution and Sea Level
Change

[15] Decreases in carbonate concentration might be
caused not only by dissolution of carbonate but also by
dilution by other sediment components. We therefore stud-
ied the concentrations of terrigenous particles in the >40 pm
size fractions, reasoning that silt and sand-sized clastic
particles form the coarsest tail of terrigenous input and
would consequently be proxies for total clastic delivery and
transport energy.

[16] We explored possible relations between the carbonate
crash and biogenic bloom events and sea level changes by
looking at the abundance of shelf-derived glauconite par-
ticles, phosphate grains, worn shell material, and the
remains of shallow water organisms such as bryozoans,
decapods, and thick-walled molluscan debris. We postulated
that these particles might be transported to the continental
slope more easily during regressions and seaward migration
of the shoreline [McRae, 1972; Rogers and Bremner, 1991;
Wefer et al., 1998a].

2.3.3. Paleoproductivity Estimates

[17] Paleoproductivity reconstructions can be problematic
on ocean margins. We therefore used multiple proxies to
assess changes in paleoproductivity. Recognizing that carbon
accumulation rates are sometimes increased by downslope
transport [Diester-Haass et al., 1992; Sancetta et al., 1992;
Summerhayes et al., 1995] and can be decreased by dissolu-
tion and degradation, we employed concentrations and mass
accumulation rates of CaCO5 and TOC. We also made use of
the organic matter §'°C values from Hole 1085A published
by Twichell et al. [2002]. Because opal production mirrors
changes in seawater chemistry along the southwest Africa
margin more than the upwelling process itself, the presence
of opal has been discontinuous in sediment records of the
Benguela Current Upwelling System [Lange and Berger,
1993; Summerhayes et al., 1995; Lange et al., 1999; Berger et
al.,2002]. We elected not to use this paleoproductivity proxy
because of its discontinuous nature.

[18] Benthic foraminiferal concentrations and accumula-
tion rates (BFAR) are valuable proxies for reconstructing
changes in export paleoproductivity [Herguera and
Berger, 1991; Herguera, 2000; Nees, 1997; Schmiedl
and Mackensen, 1997; Yasuda, 1997; van der Zwaan et
al., 1999]. These fauna subsist on the amount and
nutritional value of the exported organic matter. To
address the problem of downslope transport processes that
might enhance the BFAR and by inference carbon deliv-
ery, we measured benthic foraminiferal numbers in three
grain-size fractions (125-250, 250—-500 and >500 pm),
reasoning that the coarsest ones are most likely to be
autochthonous. In addition, we counted the numbers of
the benthic foraminifer genus Uvigerina, which reflects
high export productivity and high delivery rates of organic
matter to the seafloor [e.g., Schmiedl and Mackensen,
1997; Gupta and Thomas, 1999; Ohkushi et al., 2000;
Berger et al., 2002] at Site 1086, which lies within the
depth range of this genus.
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Figure 2. Linear sedimentation rates for ODP Sites 1085 (1713 m), 1087 (1371 m), and 1086 (781 m),
obtained from the age model of Westerhold et al. (submitted manuscript, 2003).

2.4. Age Control and Sediment Accumulation Rates

[19] Age models for the Miocene sections of ODP Holes
1085A and 1087C were generated by T. Westerhold et al.
(Miocene evolution of carbonate sedimentation in the eastern
South Atlantic: High-resolution XRF-scanning records of
ODP Sites 1085 and 1087, submitted to Marine Geology,
2003, hereinafter referred to as Westerhold et al., submitted
manuscript, 2003) using orbital tuning of an XRF¢, intensity
record to the summer insolation astronomical solution of
Laskar et al., [1993]. Fine-tuning was done iteratively by
correlating each prominent maximum of the Fe record to the
minima of the target curve. This gave at least one age control
point for each eccentricity cycle. Prior to the tuning proce-
dure, a composite record was established by splicing the
XRFg, record of each core from the two holes to the SGR
(Magnetic Susceptibility, GRAPE, Reflectance) log of Hole
1085A to compensate for the 10% core-to-core gaps that
typify drilled sequences. Shipboard biostratigraphic datums
and paleomagnetic measurements provided the preliminary
age model for Sites 1085 and 1087 [Wefer et al., 1998a].
Because of coring-induced magnetization, the magnetostrati-
graphic interpretation at Hole 1085A was only possible down
to the bottom of Chron C3n.4n at 5.23 Ma at 280 mbsf depth
[Wefer et al., 1998a], therefore precluding a magnetostrati-
graphic age model for the middle to late Miocene. The age
model of Site 1086 is based on shipboard biostratigraphy. A
discussion of the age model of Vidal et al. [2002] based on the
oxygen isotope record and which gave slightly different
results especially at the Miocene-Pliocene transition is given
in the work of Westerhold et al. (submitted manuscript, 2003).

[20] Linear sedimentation rates (LSR) in Hole 1085A
range between 1 and 14 cm/kyr (Figure 2). From 14 Ma
up to 10.6 Ma the sedimentation rates were well below
4 cm/kyr. They then steadily increased to a maximum value

of 14 cm/kyr at 10 Ma. Thereafter, rates decreased to values
below 4 c/kyr until 6.7 Ma, and then they rose to 6 cm/kyr.
In Sites 1086 and 1087, the sedimentation rates range
from 5 to 13 c/kyr and from 2 to 7 cm/kyr, respectively
(Figure 2).

[21] We used the improved linear sedimentation rates
from our orbital tuning and the sediment porosity and
density values available in the work of Wefer et al.
[1998a] to calculate total sediment mass accumulation rates
(MARs). We then calculated individual component MARs
for CaCOs5 in g/em**kyr, TOC in mg/cm®*kyr, and benthic
foraminifera in number/cm?*kyr based on the relation:

MARcomponent - (% COHIPOHCH'E/ 100 X MARbulk sediment)

3. Results

[22] Concentrations of the sand-sized fraction at the three
sites vary between <1% and about 10%, with lower values
more common at Site 1085, which is the deepest location
(Figure 3). Lowest values appear between 9 and 7 Ma at all
sites, and they extend back to 11 Ma during the period of
high LSR at Site 1085. The benthic foram §'%0 values from
Hole 1085A gradually increase from ~1.7%o at 14 Ma to
about 2.3%o0 atl0 Ma and then fluctuate between 1.9 and
2.9%o afterward (Figure 4).

[23] CaCOj; concentrations are generally about 10% lower
at Site 1085, which is closer to the Oranje River fan, than at
Site 1087 (Figure 5). CaCO; concentrations drop dramati-
cally between 9.5 and 9 Ma at both sites. Percentages
decrease to about 25% at Site 1085 and to about 60% at
Site 1087. Several smaller and briefer decreases occur
between 12.5 and 10 Ma at Site 1085. CaCO3; MARs
change similarly to bulk LSRs at both sites (Figure 6).
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Figure 3. Percent contributions of the sand fraction (>63 pm) to sediments from ODP Sites 1085, 1087,

and 1086.

TOC MARs are generally higher at Site 1085 than at Site
1087. The values increase strongly at 6.7 Ma and fluctuate
widely thereafter at both sites (Figure 7).

[24] Numbers of benthic foraminifers per gram of sediment
(NBF) increase from <300 prior to 8.5 Ma at Sites 1085 and
1087, to exceed 1000 at Sites 1086 and 1087 between 6.5—
3 Ma (Figure 8). Values at Site 1087 are similar to or slightly
higher than those of Site 1085, whereas maxima at the
shallowest Site 1086 are much higher than those at the deeper
locations. Changes in the benthic foraminiferal accumulation
rates (BFAR) are similar at Sites 1085 and 1087: very low
values prior to 11 Ma, higher values from 11 to 9.5 Ma, and a
sharp increase at about 7 Ma followed by strong fluctuations
(Figure 9). Small foraminifers dominate size distributions at
the three sites (Figure 8). Increases in small-sized foramini-
fers are accompanied by increases in coarse ones, except for
two periods at Site 1085, marked by arrows, where small ones
increase and coarse ones decrease. Abundances of Uvigerina
spp at Site 1086 (Figure 10) correlate with variations in NBF
and BFAR (Figures 8 and 9). Benthic/planktic foraminiferal
ratios are below 10% with small fluctuations prior to 11 Ma.
The ratios increase to up to 45% at Site 1085 and 20% at Site
1087 between 9.5 and 7.5 Ma, and then drop to lower but
widely fluctuating values after 7.5 Ma (Figure 11). Benthic/
planktic ratios after 7.5 Ma are in general highest at the
shallowest Site 1086. At Site 1085, however, values are
higher than at Site 1087 despite being about 240 m deeper.

[25] Concentrations of fish debris at Site 1085 increase
from 14 Ma to peak between 11.5-10 Ma, then decrease
rapidly until 9 Ma, and finally decrease gradually to 3 Ma
(Figure 12). Site 1087 shows a similar pattern but with
lower values, and the abbreviated record at Site 1086 also
hints of a similar pattern.

[26] Terrigenous matter (mainly quartz, mica, some feld-
spar and rock debris) exists in very small amounts in the 63—
125 pm fraction but becomes significant in the 40—63 um
fraction (Figure 13). At Site 1087, values are in general <2%.
At the shallowest Site 1086, strong fluctuations between 0
and 13% occur. At Site 1085, which is nearest the Oranje
River fan, three distinct terrigenous maxima of up to 20% are
present between 11.5 and 9 Ma. These maxima correspond
to minima in CaCO;5; concentrations and maxima in fish
debris (Figures 5 and 12). Several spikes in terrigenous input
appear between 5.5—-3 Ma at Site 1085.

[27] Glauconite is rare or absent in the >63 um fractions,
whereas it is present in widely fluctuating concentrations in
the 40—63 pm fraction from 6-3 Ma at the three sites
(Figure 14). Prior to 9 Ma, a few percent glauconite is
present at times when terrigenous matter is most abundant at
Site 1085 (Figure 13). Other shelf-derived particles (thick-
walled molluscs, decapods, bryozoans, relict shell material,
phosphorite grains) have maxima (Figure 15) correlating
with maxima in glauconite (Figure 14) and terrigenous
matter (Figure 13).

[28] The proportion of pyrite crystals in the sand fraction
at Site 1085 approaches 50% between 11 and 7.5 Ma
(Figure 16). No pyrite is found before 12.5 Ma, and values
steadily decrease after 7.5 Ma. Pyrite concentrations are
much lower at Site 1087, but spikes of up to 20% between
9.2—8.5 Ma coincide with the Site 1085 pyrite peak. Pyrite
is rare or absent at Site 1086 except between 7.5—7 Ma.

4. Discussion

[20] Virtually all of the descriptions of the middle-late
Miocene carbonate crash and early Pliocene biogenic bloom
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4.1. Carbonate Crash Period 14+ + .
[30] CaCOj3 concentrations at Sites 1085 and 1087 show ) ) ) ) ) ) ) ) ) )

several decreases between 14 and 9 Ma (Figure 5). The
deepest drop is between 9.5 and 9 Ma and is simultaneous
with the “nadir” of the carbonate crash in the equatorial

Figure 6. Mass accumulation rates of CaCOj in sediments
at ODP Sites 1085 and 1087.

6 of 19



PA1007

MAR TOC (mg/cm?2 ky)

o 50 100 150 200 50 100 150 200

Site 1085 Site 1087,

Age (Ma)

101 e
12

14r

Figure 7. Mass accumulation rates of total organic carbon
(TOC) at ODP Sites 1085 and 1087.

4.1.1. Evidence of CaCO; Dissolution

[31] Increases in CaCO; dissolution that left a mark on
carbonate accumulation patterns should produce increases
in the B/P foraminifera ratios. However, changes in the
ratios (Figure 11) are not related to variations in CaCOs;
concentration (Figure 5). If the major depressions in CaCO;
content between 12 and 9 Ma were due to carbonate
dissolution, we would expect corresponding maxima in
B/P ratios. However, we find B/P maxima later, after
CaCOs; concentrations had already recovered and terrige-
nous matter supply had dropped. These results reveal a
decoupling of CaCO; content and carbonate dissolution as
reflected in B/P ratios. We conclude that B/P ratios do not
reflect only carbonate dissolution. The observation of B/P
ratios that start to increase in parallel with TOC MARs
(Figure 7) from 12 to 9 Ma implies that the B/P ratio is
partly controlled by respiratory calcite dissolution of
planktic foraminifers with increasing productivity. However,
the depressions and peaks in CaCO; content do not
correlate with B/P ratio variations. We therefore conclude
that dissolution is not the controlling factor in the CaCO;
decreases on the southwest Africa margin that correspond
in time to the global carbonate crash.
4.1.2. Increases in Terrigenous Delivery and
CaCO; Dilution

[32] Magnetic susceptibility values of Site 1085 sedi-
ments increase during the 12 to 9 Ma period [Wefer et al.,
1998a] and point to increases in clastic components that can
explain the very high sedimentation rates during this time
(Figure 2). The concentration of terrigenous particles in the
40—63 pm fraction increases six-fold (Figure 13) during the
carbonate minima between 11.5 and 9 Ma. These silt-sized
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clastic grains are the “coarsest tail” of total terrigenous
input and suggest that sediment supply from the nearby
Oranje River was enhanced considerably. At Site 1087,
which is farther from the Oranje River than Site 1085, the
depression in CaCOj3 concentration is weaker. The amount
of silt-sized terrigenous matter at this site is very low (<2%
of the silt fraction) and increases only slightly during the
carbonate depressions. Because Site 1087 is farther from the
river, terrigenous sediment components are smaller in size
and less abundant.

[33] Several factors probably contributed to the consider-
able increase in delivery of terrigenous matter by the Oranje
River to Site 1085 between 11.5 and 9 Ma. Most important
is a sea level regression that shifted the river mouth closer to
the shelf edge and led to channel downcutting to a new base
level. Oxygen isotope values start to increase at the same
time as the terrigenous matter supply increases (Figure 4). A
cooling event that increased global ice volume could have
lowered sea level [Hodell et al., 2002]. The Haq et al.
[1987] sea level curve shows a major regression at about
11.5 Ma. Moreover, Betzler et al. [2000] report a eustatic
sea level lowering at the Queensland Plateau and at the
Great Bahama Bank at 10.7 Ma, which is the time of the
first major spike in terrigenous matter concentrations at Site
1085 and the increase in shelf-derived particles. At Site
1085, the 11.5 Ma horizon is marked by very high content
of shelf-derived particles (28% of the sand fraction), which
suggests a major regression and related erosion of the shelf.
Terrace development in the Namib Desert also points to a
lowered sea level [Pickford and Senut, 1999].

[34] A sharp decrease in kaolinite and a relative increase
in smectite during the 9.5 to 9 Ma major drop in CaCO;
concentration are observed at Site 362 on the Walvis Ridge
[Robert and Chamley, 1987; Paturel, 2000] and indicate a
change to a less humid climate during this period of cooling.
A shift to drier climate is also supported by an increase in
proportion of grass pollen in sediments of Site 1085 after
the carbonate crash [Oboh-Ikuenobe, 2001], as well as the
onset of the fynbos succulent vegetation in the late Miocene
[Pickford and Senut, 1999] that succeeded the middle
Miocene wooded-grassland environments north of the
Oranje River [Siesser, 1978]. With increasing aridity,
the vegetative cover is likely to have become sparser and
the Oranje River could have more easily eroded the land
surface in its vast catchment area. The decrease in silt-sized
terrigenous input and recovery of carbonate values about
2.5 My after the onset of the carbonate crash can be
attributed to the late Miocene sea level highstand evidenced
by fossiliferous sediments in the coastal Namib Desert
[Pickford and Senut, 1999] and to the likelihood that loose
material on the vegetation-free land surfaces had been
largely eroded by this time.

[35] At 9 Ma, coarse-sized terrigenous input suddenly
dropped to 1/3 to 1/4 of its former values. CaCO; concen-
trations sharply increase and indicate the end of the crash
event, but they reach a maximum only at 7 Ma, when
terrigenous input is at a minimum. Decreases in clastic
supply after 9 Ma are expressed as a decrease in the >40 pm
fraction (Figure 13). Reasons for these changes include
rising sea level, changing climate, and reduced fluvial
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Figure 9. Benthic foraminiferal accumulation rates in numbers per cm® per kyr in sediments from ODP

Sites 1085, 1087, and 1086.

transport. The gradual increase in CaCOs; concentrations
from 9 to 7 Ma underscores the importance of terrigenous
input as the main factor controlling carbonate concentra-
tions. Site 1087, which is located at greater distance from
Oranje River, received less terrigenous matter in the >40
and <40 pm fractions and consequently shows a much
smaller reduction in CaCOj; content during the crash events.
We consequently conclude that increases in terrigenous
input were primarily responsible for the carbonate decreases
between 12.5 and 9 Ma on this margin.
4.1.3. Paleoproductivity Changes

[36] B/P ratios are sensitive to productivity as well as to
carbonate dissolution. We therefore wondered whether the
gradual increase in B/P ratios from 12 to 8 Ma indicates
gradually increasing export paleoproductivity. We enlisted
additional paleoproductivity proxies to address this impor-
tant question. Both the NBF and BFAR increased between
11 and 9.7 Ma (Figures 8 and 9), but they were lowest during
the major CaCOj; depression at 9.5 to 9 Ma (Figure 5). TOC
MARSs, another proxy for paleoproductivity, also began to
increase at 11 Ma and reached a maximum between 10 to
9 Ma (Figure 7). However, at 9 to 8 Ma when B/P ratios
were highest, TOC MARs, BFARs and NBF decreased. In
contrast, organic matter 6'>C values remained about
—23.5%0 from 14 to 11 Ma and then increased to fluctuate
around —22.0%o until 8 Ma [Twichell et al., 2002], which
suggests increased paleoproductivity from 11 to 8 Ma.

Consensus between the different paleoproductivity proxies
does not exist.

[37] A pattern of gradually increasing productivity from
12 to 9 Ma is supported elsewhere in the ocean by higher
phosphate mass accumulation rates (PMAR) at Site 526
(western Walvis Ridge) and Site 757 (Ninety East Ridge)
[Hermoyian and Owen, 2001]. During the same time,
Uvigerina numbers, which are a good proxy for export
productivity [Berger et al., 2002], increased at these sites
(L. Diester-Haass, unpublished results, 2002).

[38] A possible explanation for some of the discrepancies
between the various paleoproductivity proxies may be
found in the variations in fish debris and pyrite in our
sediments. The amounts of fish debris, rare before 12.5 and
after 8 Ma, increase and decrease parallel with terrigenous
input between 12.5 and 9 Ma (Figures 12 and 13). Pyrite
appears for the first time at 12.5 Ma with the first spike in
terrigenous input and increases gradually until reaching a
maximum between 9.5 and 8.5 Ma that occurs shortly after
the spikes in terrigenous input (Figure 16). Three factors
control pyrite formation: abundance of (1) TOC, (2) reactive
detrital Fe, and (3) dissolved sulfate [Emeis et al., 1991].
The onset of increased terrigenous sediment delivery at
about 12.5 Ma probably increased detrital Fe availability
[Wefer et al., 1998b]. Increasing productivity led to higher
TOC MARs (Figure 7). Greater sedimentation of organic
matter enhanced oxygen depletion in the uppermost sedi-

Figure 8. Number of benthic foraminifers >125 pm in 1 g of sediment found in sediments from ODP Sites 1085, 1087,
and 1086 and their size distribution, expressed as numbers of foraminifers sized 125-250 pm, 250—500 pm, and >500 pm
in 1 g of sediment. Arrows at Site 1085 highlight intervals discussed in text where numbers of smaller foraminifers increase

and coarser ones decrease.
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Figure 10. Concentrations and accumulation rates of the
benthic foram genus Uvigerina in sediments from ODP Site

1086.

ment layers, reduced interstitial sulfate, and increased pyrite
formation. Oxygen depletion was probably greatest 9.8 to
9 Ma where pyrite content is highest (Figure 16). These
oxygen-depleted sediments were hostile to benthic fauna;
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we find lowest NBF and BFAR from 9.8 to 9 Ma despite the
high paleoproductivity indicated by TOC MARs. Preserva-
tion of fish debris, whose apatite and cartilaginous skeletal
material is rapidly dissolved in well-oxygenated environ-
ments, is improved under these circumstances. After 6.7 Ma
fish debris is rare despite high productivity because of good
oxygenation of bottom and pore waters. These consider-
ations lead us to conclude that regional paleoproductivity
was elevated from 12 to 9 Ma.

4.1.4. Water Mass Changes

[39] From 12.5 to 9 Ma, carbonate dissolution varies in
parallel with pyrite, productivity proxies, and terrigenous
input. We expected to find a drop in carbonate dissolution
simultaneous with the sharp reduction in coarse terrigenous
supply at 9 Ma. Instead, carbonate dissolution increases
(Figure 13) after the 9.5 to 9 Ma crash event until reaching
maxima of up to 50% B/P between 8.5 and 7.5 Ma. Other
processes are evidently involved, inasmuch as terrigenous
matter, productivity proxies and pyrite content decrease
when carbonate dissolution (B/P ratio) is at its maximum.
We attribute this finding to a change in ocean circulation
and bottom water masses.

[40] Site 1085 is presently within the upper part of the
North Atlantic Deep Water (NADW) [Siedler et al., 1996],
which is a well oxygenated and carbonate-ion-rich water
mass that preserves CaCOjz well [Gerhardt and Henrich,
2001; A. N. A. Volbers and R. Henrich, unpublished
manuscript, 2003, hereinafter referred to as Volbers and
Henrich, unpublished manuscript, 2003]. The overlying
Upper Circumpolar Deep Water (UCDW) is at a depth
between 900 and 1400 m and is not as well oxygenated
and has lower carbonate ion concentrations. Sediments
deposited within this water mass show stronger carbonate

Benthic/Planktic Foram Ratio (%)
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Figure 11. Benthic/planktic foraminiferal ratio, expressed as the percent of benthic forams in the total of
benthic plus planktic forams, in sediments from ODP Sites 1085, 1087, and 1086.
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Figure 12. Concentrations of fish debris in the sand fraction (>63 pum) of sediments from ODP Sites

1085, 1087, and 1086.

dissolution (Volbers and Henrich, unpublished manuscript,
2003). Antarctic intermediate water presently lies between
400 and 900 m and probably did not influence Miocene-
Pliocene sediments at the depth of ODP Site 1085.

[41] Information on the Miocene paleohydrography in the
southeast Atlantic is sparse. Woodruff and Savin [1989]

believe that from 10 to 6 Ma the thermohaline circulation in
the Atlantic resembled modern circulation in many ways.
The existence of a NADW is assumed since the late
Miocene - about 10 Ma by many authors [Woodruff and
Savin, 1989; Wright et al., 1991; Hay and Brock, 1992;
Farrell et al., 1995; Berger and Wefer, 1996; King et al.,

Terrigenous Matter in 40-63 ym fraction (%)

20 25 5 10

15 20 25 5 10 15 20 25
T T

2 T T T T T T T
Site 1085

Age (Ma)

T T T T
Site 1087

Site 1086

Figure 13. Contributions of terrigenous material (%) to the total 40—63 pm fraction of sediments from

ODP Sites 1085, 1087, and 1086.
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Figure 14. Concentration of glauconite in the 40—63 um fraction of sediments from ODP Sites 1085,
1087, and 1086.

1997] and even a few million years earlier by others Miocene water masses were comparable to present-day
[Ramsay et al., 1998; Frank et al., 2002]. The NADW ones, our finding of increased CaCO; dissolution might
was overlain by a southern component water above about be due to deepening of the UCDW-NADW boundary.
1200 m depth at 30°S in the late Miocene [Frank et al., During the 9 to 7 Ma period, when unusually strong
2002]. If the physicochemical properties of these late carbonate dissolution cannot be related to productivity and
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Figure 15. Concentration shelf-derived particles (coarse mollusc debris, relict shell material, decapods,
bryozoans, phosphorite) in the sand fraction (>63 pm) of sediments from ODP Sites 1085, 1087, and
1086.
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Figure 16. Concentration of pyrite in the sand fraction (>63 pum) of sediments from ODP Sites 1085,

1087, and 1086.

metabolic CO, generation, we propose the presence of an
oxygen-poor UCDW that led to stronger dissolution of
planktic foraminifers. This proposal is supported by find-
ings of Diekmann et al. [2003], who attribute carbonate
depleted sediments at 8 Ma from ODP Site 1088 on the
Agulhas Ridge to a strong influence of corrosive circum-
polar deep water (CPDW). The initiation of Northern
Hemisphere glaciation at 7 Ma [Larsen et al., 1994]
probably strengthened the flow of NADW [Berger and
Wefer, 1996; King et al., 1997] and raised the UCDW-
NADW boundary such that Site 1085 was within NADW.
Such a change in water mass is supported by benthic
foraminiferal §'°C values from Site 1088 that show an
increase in northern component water masses at 6.6 Ma
and larger than present-day amounts in the early Pliocene
[Billups, 2002]. This finding can explain why carbonate
dissolution has been weaker since 6.7 Ma, although strongly
fluctuating, despite highly increased paleoproductivity.
Pyrite content dropped after this hydrographic change
because of good oxygenation in bottom and pore waters.
4.1.5. Cause of the Carbonate Crash on the Southwest
Africa Margin

[42] We conclude that the three major depressions in
carbonate concentrations between 12 and 9 Ma were caused
by strong terrigenous dilution of biogenic carbonate. The
influence of productivity on the carbonate concentration
depressions is less clear. Export productivity increased from
12—10 Ma, as can be seen in the increase in BFAR. The
increase in CaCO3; MAR since 12 Ma points to enhanced
production of calcareous nannoplankton. We cannot deter-
mine whether the elevated productivity is related to the first
appearance of upwelling influence or to enhanced fluvial
nutrient input; either could have caused the gradual

increases in CaCO; MAR, TOC MAR, BFAR, and NBF.
However, it is clear that during the time of the strongest
decrease in carbonate concentration and highest pyrite
content at 9.5 to 9 Ma, productivity was lower than prior
to 10—-9.5 Ma, as can be seen in lower CaCO3; MAR and
TOC MAR. Bottom water oxygen depletion was such that
benthic life suffered and NBF and BFAR decreased.
4.1.6. Paleoceanographic Implications

[43] During the middle-to-late Miocene, strong decreases
in carbonate concentrations occurred in equatorial regions
of all major oceans and have been attributed to dissolution
as a consequence of the rise in the CCD [Van Andel and
Health, 1975]. In the Caribbean, five major dissolution
spikes between 12 and 10 Ma correspond to pulses of
NADW [Roth et al., 2000]. In the eastern equatorial Pacific,
the carbonate crashes are dissolution events related to low
productivity between 12 and 9 Ma that have been attributed
to tectonic restriction of deep water flow through the
Panama gateway [Lyle et al., 1995; Farrell et al., 1995].
At locations in the equatorial Atlantic Ocean, on the Ceara
Rise [Shipboard Scientific Party, 1995], in the South
Atlantic [Hsii and Wright, 1985], on the Ontong Java
Plateau [Berger et al., 1993], and in the Indian Ocean
[Petersen et al., 1992], the interval of low carbonate
accumulation extends from 9 Ma back until the middle or
even early Miocene and has been attributed to a rise in the
CCD and low paleoproductivity [Peterson et al., 1992]. A
correlation between low CaCO; accumulation rate and high
sea level during the middle Miocene suggests repartitioning
of carbonate to the shelves instead of the deep seafloor
[Berger et al., 1993]. However, Lyle et al. [1995] argue that
the Miocene transgressions were interrupted by the middle-
late Miocene regression, which should have increased deep-
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sea CaCOj; concentrations and lowered the CCD. In the
absence of these changes, they rule out sea level change as a
major factor in causing the carbonate crash.

[44] Our results conflict with others in showing that
dilution of carbonates by terrigenous matter during the
carbonate crash interval is responsible for the low carbonate
concentrations off southwest Africa. Furthermore, local
productivity increased during the crash events, contrary to
interpretations of Lyle et al. [1995]. Our results are the first
from a subtropical continental margin, and they are from
relatively shallow water depths of 1800 to 1300 m. Thus
they probably reflect local processes, such as increased
flow of the nearby Oranje River, in addition to global
phenomena.

[45] A broader aspect of the changes in clastic sedimen-
tation that are evidently important on the southwest Africa
margin emerges from the estimates of average global
Cenozoic sedimentation rates produced by Davies et al
[1977]. A synchronous increase in carbonate and total
sedimentation rates in the late Miocene (11.2—5.2 Ma,
recalculated to Berggren et al. [1995] ages) in the three
major ocean basins points to a global increase in weathering
and dissolved nutrient supply to the oceans. Similarly, Rea
[1992] calculates a five-fold increase in terrigenous flux to
the northern Indian Ocean at about 12.6 Ma (recalculated to
Berggren et al. [1995] ages) as a result of the Himalaya
uplift. These aspects imply that not only lowered sea level
but also a global change in atmospheric circulation might
have led to the locally increased weathering and erosion that
yielded the increased terrigenous input to the southwest
Africa margin during the time of the carbonate crash.

4.2. Biogenic Bloom Period

4.2.1. Evidence of Paleoproductivity Changes on the
Southwest Africa Margin

[46] Paleoproductivity, as reflected in NBF, BFAR, and
TOC MAR, gradually increases after 12.5 Ma at Sites 1085
and 1087. Between 7 to 6 Ma, however, a major change to
higher and more widely fluctuating paleoproductivity proxy
values occurred. The paleoproductivity fluctuations covary
with changes in LSRs (Figure 2). Unlike the 11.5 to 9.5 Ma
period when the high LSRs are related to a strong increase
in terrigenous input, the terrigenous matter concentrations
are low and CaCOj; contents are high. A similar increase in
mass accumulation rates of biogenic carbonate has also
been observed on the Walvis Ridge at this time [Siesser,
1980; Cepek et al., 1999].

[47] The increase in LSR is most likely a consequence of
increasing paleoproductivity. Further support for increasing
productivity since 6.7 Ma comes from Site 1086 where
Uvigerina spp. numbers and accumulation rates, both tested
tracers of high export productivity [Berger al., 2002],
increase in parallel with BFAR and NBF (Figures 8,
9, and 10). In addition, organic matter §'°C values at Site
1085 increase from —23.0%o0 to —21.5%o at about 6.5 Ma
[Twichell at al., 2002], which is yet more evidence of a
productivity increase at this time.

[48] The concentration of sand fraction and the MAR of
carbonate increase parallel to the increase in paleoproduc-
tivity proxies at about 6.7 Ma (Figures 3 and 5). It is
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interesting to note that at Site 926 on the Ceara Rise of the
equatorial Atlantic Ocean, fluxes of the sand fraction
[Shackleton and Crowhurst, 1997] and CaCO; [Murray
and Petersen, 1997] show the same pattern, which has been
attributed to an increase in “blue ocean productivity” and to
a decrease in carbonate dissolution after 6.5 Ma [Shackleton
and Crowhurst, 1997]. Our results support this interpreta-
tion; the increase in our sand fraction concentrations paral-
lels a decrease in carbonate dissolution. This agreement
points to a possible Atlantic-wide oceanographic change
since 6.5 Ma, related perhaps to an intensification and
extension of NADW flow. Furthermore, we observe an
increase in paleoproductivity that is not accompanied by
an increase in CaCO; dissolution, as also seen by Murray
and Petersen [1997] on the Ceara Rise. Dissolution often
increases with increased delivery of organic matter [Archer
and Meier-Reimer, 1994].

[49] The onset of high paleoproductivity at 6.7 Ma is not
related to a significant change in 6'*0 values (Figure 4).
However, Kennett [1995] describe a major regression related
to the expansion of Antarctic ice shelves at 6.5 to 5 Ma, and
three of our major increases in productivity after 6.7 Ma are
related to heavy 6'*0 values (5.8 to 5.4, 4.9 to 4.6, and 3.3
to 3.1 Ma). If these §'%0 maxima are due to global cooling
and ice growth, sea level should have been lowered. Haq et
al. [1987], Aharon et al. [1993], and Vidal et al. [2002]
assume about a 40 m drop in sea level in the late Miocene.
In fact, evidence for lowered sea level exists at Site 1085 in
the form of an increase in glauconite (Figure 14), which
comes from the shelf [Rogers and Bremner, 1991] and is
more easily transported downslope during regressions. At
the shallowest site (1086), glauconite percentages are high-
est, and shallow-water particles such as thick-walled or
worn mollusc shells and phosphorite grains indicate down-
slope transport processes, as do terrigenous matter concen-
trations that parallel glauconite abundances. However,
Site 1087, which is about 500 m deeper than Site 1086,
contains no hint of sediment supply from shallow water
during the 4.9 to 4.6 Ma cool period when a major
regression is likely.

[s0] We cannot completely exclude that benthic foramini-
fers have also been transported downslope from shallow
water, as small sized foraminifers (125—-250 pm) increase in
two intervals at Site 1085 compared to the larger ones that
decrease (Figure 11) [Diester-Haass et al., 2002]. However,
at Sites 1086 and 1087, the 250—500 and >500 pm sized
foraminifers increase in parallel to the small ones (Figure 8).
As neither glauconite nor other shallow water particles are
found in fractions >250 pm, we assume that benthic
foraminifers >250 pm are autochthonous. If large foramini-
fers increase in parallel to small ones, it can be assumed that
this is due to production and not to lateral supply of small
foraminifers.

[s1] If only water depth controls the NBF and BFAR
values and TOC MARs, we should expect a progressive
decrease from Site 1086 to Site 1087 to Site 1085. This
change should exist because the organic matter supply, and
thus food for benthic organisms, decreases with depth if
there is not an additional source of organic particles, such as
near-bottom downslope transport of suspended organic
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matter from the outer shelf [Diester-Haass et al., 1992;
Sancetta et al., 1992; Summerhayes et al., 1995]. Our
results show that such an additional source must have been
active, because BFAR and TOC MAR values are in general
highest at the deepest Site 1085, except for the 5.8 to 5.6 Ma
interval, where BFAR values increase at Site 1087. B/P
values, which normally decrease with increasing water
depth [Berger and Diester-Haass, 1988], correlate to that
finding by being higher at Site 1085 than at the shallower
Site 1087. We argue that Site 1085 received a greater food
supply and thus shows higher BFAR and B/P ratios than the
shallower sites. The terrigenous input from the Oranje River
must be considered as a potential additional source of food,
either by fertilizing surface waters with dissolved nutrients
or by adsorption of organic matter on clay mineral surfaces.
Higher glauconite contents at Site 1085 compared to the
shallower Site 1087 underscore the increased influence of
downslope transport processes (Figure 14) on the continen-
tal slope, which is steeper in the region of Site 1085
compared to the two more southerly locations.

[s2] We conclude that primary productivity increased
considerably and fluctuated strongly off southwest Africa
after about 6.7 Ma. Increased organic matter supply from
the photic zone raised TOC contents of the sediments and
enhanced benthic foraminiferal production rates. Some of
these paleoproductivity maxima occurred in cooler periods
(Figure 4), when sea level was likely to have been lowered.
Downslope transport of originally shallower sediment com-
ponents may have amplified the paleoproductivity signals of
BFAR and TOC MAR at these times.

4.2.2. Origins of Paleoproductivity Increase on
Southwest Africa Margin

[s3] The paleoproductivity increase we find may reflect
the onset of regional upwelling [Summerhayes et al., 1995],
or it could be part of a global change in oceanic productiv-
ity. If upwelling processes influenced the signal of high
paleoproductivity at our sites beyond the shelf edge, west-
ward flowing filaments of upwelled water would need to
transport nutrients to our sites and thus enhance benthic
foraminiferal production and increase TOC MARs. In this
case, we would expect to find a decrease in paleoproduc-
tivity signals with increasing distance from the shelf edge.
Site 1085 presently lies within a center of such a filament of
upwelled water [Wefer et al., 1998a] and has higher pro-
ductivity events than the southern locations. However, as
we cannot separate the influence of river fertilization from
possible upwelling effects, this finding does not allow any
conclusion as to upwelling history. Comparing Sites 1086
and 1087 does not allow conclusions as to possible upwell-
ing either, because the higher BFAR at Site 1086 can be
explained by shallower water depth alone.

[s4] The question of when the onset of upwelling
occurred cannot be answered from biogenic opal, although
it is a significant component of Pliocene and Quaternary
sediments on the Walvis Ridge [Diester-Haass et al., 1990,
1992; Sancetta et al., 1992; Lange et al., 1999; Anderson et
al., 2001; Berger et al., 1998, 2002]. No opal is found in
the Miocene sequences at Sites 1086 and 1087. At Site
1085, minor amounts at 5.8 and 5.2 Ma record the south-
ernmost extension of silica-enriched intermediate water
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[Diester-Haass et al., 2002; Anderson et al., 2001]. Lange
et al. [1999] and Marlow et al. [2000] observe that late
Miocene and early Pliocene diatoms from Site 1082 on the
Walvis Ridge and Site 1084 in the northern Walvis Basin
are oligotrophic warm-water species. These findings imply
that local upwelling processes, which supply cool water
and related upwelling-specific assemblages, are not solely
responsible for the late Miocene increases in paleoproduc-
tivity in the Cape Basin that correspond to the global
biogenic bloom.

[55] Examination of late Miocene records from other
widespread locations suggests that the productivity history
in the Cape Basin is instead linked to global productivity
variations. Increases in LSR and productivity similar to
those at Site 1085 appear at locations in the equatorial
Pacific Ocean [Van Andel and Health, 1975; Berger et al.,
1993; Farrell et al., 1995], the equatorial Indian Ocean
[Peterson et al., 1992; Dickens and Owen, 1999], the
northwest Pacific Ocean [Rea et al., 1995], the southwest
Pacific Ocean [Grant and Dickens, 2002], and the subpolar
South Atlantic Ocean [Froelich et al., 1991; Diekmann et
al., 2003]. For example, in the equatorial Pacific Ocean
LSRs increase by a factor of 5 and more between 7 and
6 Ma. These increases in LSRs correspond to dramatic
increases in productivity proxies such as MARs of opal,
carbonate, phosphorus, and barium [e.g., van Andel and
Health, 1975; Schroeder et al., 1997]. Furthermore, the
equatorial Pacific locations as well as Site 704 on the
Meteor Rise [South Atlantic] show the same well-developed
temporal variability in productivity during the high produc-
tivity interval as does Site 1085 [Schroeder et al., 1997;
Farrell et al., 1995; Froelich et al., 1991]. According to the
best available chronostratigraphy, the shift at Site 1085
began at 6.7 to 6.5 Ma, and the time given by Farrell et
al. [1995] for the onset of the biogenic bloom in the
equatorial east Pacific is 6.7 Ma (their timescale is based
on Shackleton et al. [1995], which for the 7 to 6 Ma period
corresponds to Berggren et al. [1995]). The shift to higher
productivity at the subpolar location Site 704 is at 6.9 Ma
[Froelich et al., 1991], after adjusting to the timescale of
Berggren et al. [1995], and at 6.5 Ma at ODP Sites 1088 and
1092 [Diekmann et al., 2003].

4.2.3. Paleoceanographic Implications

[s6] The productivity increase in the latest Miocene (6.9
to 6.5 Ma) at widespread locations raises several ques-
tions: (1) Was the increase a consequence of redistribu-
tion of nutrients within the oceans?, (2) Was it a response
to an increase in supply of nutrients to the oceans?, and
(3) Are the carbonate crash and the biogenic bloom
events related?

[57] Two mechanisms that could have redistributed
nutrients within ocean basins are gradual shoaling of the
Isthmus of Panama [Farrell et al., 1995, and references
therein] and onset of NADW formation [Berger et al., 1995;
Wright et al., 1991]. However, Farrell et al. [1995] did not
find a temporal link between the history of NADW and the
onset of the biogenic bloom. Potential effects of the Messi-
nian salinity crisis [Hodell et al., 1994] are too late accord-
ing to the revised dating (6.0—5.3 Ma) by Krijgsman et al.
[1999] to have initiated the biogenic bloom.
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[s8] This period of the late Miocene biogenic bloom is
characterized by sediment hiatuses at most southern high-
latitude locations [Barker et al., 1990; Barron et al., 1991;
Wise et al., 1992; Exon et al., 2001]. Nonsedimentation in
the Southern Ocean and major increases in biogenic pro-
duction and sedimentation at low latitudes point to a
redistribution of nutrients within ocean basins. The growth
of the west Antarctic ice sheets [Shackleton and Kennett,
1975; Kennett, 1995; Hodell et al., 1994, 2002 and refer-
ences therein] and initiation of Northern Hemisphere ice
caps at 7 Ma [Larsen et al., 1994] may have affected
vertical nutrient distribution by increasing the equator-to-
pole temperature gradient and thus intensifying atmospheric
and oceanic zonal circulation and therefore mixing in the
ocean. A similar mechanism is also probably responsible for
the sudden rise in marine biological productivity in the
earliest Oligocene during the substantial growth of Antarctic
ice sheets [Diester-Haass and Zahn, 1996, 2001].

[59] Another candidate to explain the latest Miocene
biogenic bloom is enhanced flux of dissolved nutrients to
the oceans [Dickens and Owen, 1999]. The onset of Indian
Ocean monsoons at 7 to 6 Ma. [Molnar et al., 1993], a time
that has been supported by climate modeling [Prell and
Kutzbach, 1992], may have increased chemical weathering
of the continents and enhanced fluvial fluxes to the oceans.
Increased delivery of Ca and Si and other nutrients neces-
sary for the increased production of carbonate and opaline
fossils that is observed in the latest Miocene may have been
the consequence. A possible effect of monsoon circulation
on wind systems in other parts of the world could be
expected. Southeast trade winds may have intensified
and contributed to the productivity increase between 6.7
to 6.5 Ma at Site 1085.

[60] Our evidence of an export productivity increase at
6.7 to 6.5 Ma in the Cape Basin does not permit us to
distinguish unequivocally between a local change in
upwelling processes and thus onset of upwelling circulation
off southwest Africa or to global changes in nutrient
distribution or supply. We also cannot rule out a geochem-
ical link between the middle/late Miocene carbonate crash
as observed in the Caribbean [Roth et al., 2000], the
equatorial Pacific [Lyle et al., 1995; Berger et al., 1993]
and the South Atlantic [Berger and Wefer, 1996], that ended
about 2 My before the onset of high productivity. However,
the coincident timing of similar increases in productivity at
the many distant locations is striking, and it suggests the
existence of a global connection of some kind.

5. Conclusions

[61] Middle-late Miocene to early Pliocene sediments
from the southwest African continental margin provide
new information about the carbonate crash and biogenic
bloom events that have previously been described from the
equatorial regions of the ocean basins. The principal cause
of the carbonate crash off southwest Africa, evident as
several sharp drops in CaCO; concentration between 12
and 9 Ma, is an increased delivery of clastic matter from the
Oranje River. Carbonate dissolution as reflected on B/P
ratios is not related to the carbonate drops. This is most
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evident at Site 1085, which is located close to the outer edge
of the Oranje fan, and less pronounced at Site 1087, 200 km
south of Site 1085. A sea level regression at the middle/late
Miocene transition shifted the river mouth closer to the shelf
edge and increased delivery of the river sediment load to the
continental slope. The role of terrigenous dilution as the
main agent in creating the drops in CaCO; during the 12 to
9 Ma period along the southwest Africa margin contrasts
with the origin of the carbonate crash events in offshore
areas of the equatorial Indian and Pacific Oceans, which
were caused by carbonate dissolution [Peterson et al., 1992;
Lyle et al., 1995; Berger et al., 1993].

[62] Paleoproductivity, as reflected by TOC MAR, NBF
and BFAR, began to increase at 12 Ma, coincident with the
increase in terrigenous input. We cannot determine whether
the onset of early upwelling or fertilization by dissolved
river load is responsible. During the nadir of the carbonate
crash at 9.5 to 9.0 Ma, when CaCOs was at its minimum
and TOC was elevated, the NBF and BFAR paleoproduc-
tivity proxies have low values because oxygen depletion
restricted benthic life. High amounts of fish debris and
pyrite crystals record productivity-driven decreases in bot-
tom oxygenation between 12 and 9 Ma.

[63] At 9 Ma, carbonate values recovered and gradually
increased to a maximum at 7 Ma in response to a gradual
decrease in terrigenous input as indicated by decreasing
magnetic susceptibility of sediments. Carbonate dissolu-
tion, however, does not correlate to the increasing CaCOj3
concentrations, as it has a maximum during the time
of recovery of CaCO; concentrations between 8.5 and
7.5 Ma. We believe that different processes control car-
bonate dissolution before and after 9 Ma. Between 12—
9 Ma, carbonate dissolution can be attributed to changes in
paleoproductivity and related benthic bacterial activity,
plus lowered oxygenation of bottom and pore water in
the rapidly deposited terrigenous muds. Since 9 Ma,
however, major changes in water mass distribution are
proposed for the carbonate dissolution maximum during a
period of low paleoproductivity and improving oxygena-
tion of bottom and pore waters. During the 9 to 7 Ma
period, Site 1085 was likely within the Upper Circumpolar
Deep Water whose low carbonate ion concentration and
low oxygen content would have favored carbonate disso-
lution. With the onset of Northern Hemisphere glaciation
at about 7 Ma [Larsen et al., 1994], the North Atlantic
Deep Water expanded upward to cover Site 1085 and
created much better but fluctuating carbonate preservation
despite higher surface productivity.

[64] At about 6.7 Ma, paleoproductivity increased off
southwest Africa by factors of up to 7 to 9 and fluctuated
strongly. Some of the maxima in TOC MAR, NBF, and
BFAR are during cooler periods, when sea level was lower
and cross-shelf transport brought glauconite and shell
material to the continental slope. The onset of high paleo-
productivity off southwest Africa is simultaneous with that
in the eastern equatorial Pacific [Farrell et al., 1995],
western equatorial Pacific [Berger et al., 1993] and Indian
Ocean [Peterson et al., 1992; Dickens and Owen, 1999]. We
believe that the late Miocene southwest African paleopro-
ductivity increase is related to a global increase in paleo-
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productivity and not to the regionally increased paleopro-
ductivity related to the strength of upwelling in the Ben-
guela Current Upwelling System, which peaked at about
3 Ma [Meyers et al., 1983; Marlow et al., 2000].
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