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Abstract

An important discovery during Ocean Drilling Program Leg 175, when investigating the record of upwelling off
Namibia, was the finding of a distinct Late Pliocene diatom maximum spanning the lower half of the Matuyama
reversed polarity chron (MDM, Matuyama Diatom Maximum) and centered around 2.6^2.0 Ma. This maximum was
observed at all sites off southwestern Africa between 20³S and 30³S, and is most strongly represented in sediments of
Site 1084, off Lu«deritz, Namibia. The MDM is characterized by high biogenic opal content, high numbers of diatom
valves, and a diatom flora rich in Southern Ocean representatives (with Thalassiothrix antarctica forming diatom mats)
as well as coastal upwelling components. Before MDM time, diatoms are rare until ca. 3.6 Ma. After the MDM, in the
Pleistocene, the composition of the diatom flora points to increased importance of coastal upwelling toward the present,
but is accompanied by a general decrease in opal and diatom deposition. Here we present a simple conceptual model as
a first step in formalizing a possible forcing mechanism responsible for the record of opal deposition in the upwelling
system off Namibia. The model takes into account Southern Ocean oceanography, and a link with deepwater
circulation and deepwater nutrient chemistry which, in turn, are coupled to the evolution of North Atlantic Deep Water
(NADW). The model proposes that between the MDM and the Mid-Pleistocene climate revolution, opal deposition off
Namibia is not directly tied to glacial^interglacial fluctuations (as seen in the global N18O record), but that, instead, a
strong deepwater link exists with increased NADW production (as seen in the deepwater N13C record) accounting for
higher supply of silicate to the thermocline waters that feed the upwelling process. The opal record of Site 1084 shows
affinity to eccentricity on the 400-kyr scale but not for the 100-kyr scale. This points toward long-term geologic
processes for delivery of silica to the ocean. ß 2002 Elsevier Science B.V. All rights reserved.
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``Tfrom the irritation which suspense occa-
sions, is the mind forced on to pronounce, with-
out su¤cient data for pronouncing.''

Cardinal John Henry Newman (1801^1890)

1. Introduction: Paradox of the Matuyama
Diatom Maximum

In a previous paper on the early Matuyama
Diatom Maximum (MDM) o¡ southwestern Afri-
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ca, Lange et al. (1999) summarized the evidence
for a distinct diatom maximum within the latest
Pliocene, spanning the lower half of the Matuya-
ma reversed polarity chron. This prolonged max-
imum is centered around 2.6^2.0 Ma, and follows
a rapid increase of diatom deposition near 3.1 Ma
(Berger et al., 1998).

The evidence for this phenomenon was gath-
ered during the second half of Ocean Drilling
Program Leg 175, when the JOIDES Resolution
occupied ¢ve sites o¡ SW Africa in order to re-
trieve the record of the Namibia upwelling system
(Wefer et al., 1998; see Fig. 1). All of the ¢ve sites
showed a maximum content of diatom debris be-
ginning in the middle of the Gauss Chron and
lasting to just before the Olduvai Chron. At least
three sites (1082, 1083, 1084) contain diatom mats
of the kind reported from the eastern equatorial
Paci¢c for the latest Miocene and earliest Pliocene
(Kemp and Baldauf, 1993), and Sites 1081 and
1085 also show Thalassiothrix valves forming an
interlocking meshwork. Within the resolution of
shipboard stratigraphy, the period of maximum
diatom deposition seems to be synchronous. The
peak occurs within 100 kyr of 2.2 Ma, in the latest
Pliocene, which is somewhat younger than the
center of the overall range of the maximum
(2.6^2.0 Ma).

Maximum diatom deposition at the end of the
Pliocene was earlier reported from Site 532 on
Walvis Ridge, together with data on organic car-
bon and carbonate deposition (Gardner et al.,
1984; Hay et al., 1984; Dean and Gardner,
1985; Diester-Haass et al., 1992; Sancetta et al.,
1992; Hay and Brock, 1992). In Site 532, as is
true for Sites 1081^1085, there is no indication
for increased organic matter deposition during
the time of the MDM. Paradoxically, organic car-
bon deposition tends to increase while diatom
deposition decreases, after the MDM. Bacterial
decay of organic matter may contribute to this
di¡erence in trends. However, the discrepancy
points to a more fundamental conundrum, that
is, that opal deposition is somehow decoupled
from the deposition of organic matter. This is
also suggested by the `Walvis Paradox' (Berger
and Wefer, 1996), which arises from the observa-
tion that opal deposition is decreased during gla-

cial periods (Diester-Haass, 1985; Diester-Haass
et al., 1992) while the intensity of upwelling ap-
pears to be increased (Oberha«nsli, 1991), at least
during the late Quaternary.

Identi¢cation of the diatom remains on board
the drilling vessel (Shipboard Scienti¢c Party,
1998a) and subsequently on shore (Lange et al.,
1999) established that the diatom £ora of the
MDM has strong antarctic/subantarctic a¤nities.
Intervals rich in the needle-shaped species Thalas-
siothrix antarctica alternate with intervals domi-
nated by upwelling indicators such as Chaetoceros
radicans and C. cinctus (mainly represented as
spores and setae), as well as unfragmented T. nitz-

Fig. 1. Location of the Leg 175 sites o¡ southwestern Africa
that show the MDM centered between 2.6 and 2.0 Ma. Site
1084 o¡ Lu«deritz Bay has the highest opal contents and
shows the presence of diatom mats rich in Thalassiothrix
within the MDM. Heavy shading, coastal upwelling zone;
light shading, zone in£uenced by eddies and ¢laments from
the upwelling zone, as seen in satellite images. From Lange
et al. (1999).
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schoides. In addition to the strong Southern
Ocean and upwelling components, the MDM dia-
tom £ora includes nearshore forms and represen-
tatives of oligotrophic, warm waters. After the
MDM, the £oral aspect shifts to dominance of a
coastal upwelling in£uence, as suggested by the
constant presence of Chaetoceros resting spores
(Lange et al., 1999). The record shows a lack of
diatom mats, scarcity of Southern Ocean repre-
sentatives, and increased concentrations of organ-
ic matter.

The paradox of the MDM is that increased
coastal upwelling in the Pleistocene is accompa-
nied by an apparent decrease in total diatom dep-
osition. The relative increase in coastal upwelling
as a source of diatom debris is clear from the
preponderance of Chaetoceros spores after the
MDM. While an increase in upwelling in absolute
terms does not necessarily follow from this obser-
vation, it is highly probable based on other evi-
dence. Thus, Oberha«nsli (1991) has shown quite
convincingly that glacial conditions in the late
Quaternary are associated with increased coastal
upwelling on the Walvis Ridge. The same rela-
tionship has now been found for Site 1085,
in the early Quaternary (Anderson et al.,
2001). Thus, as the glacial component of climate
becomes increasingly dominant, after 2 Ma,
we should expect an overall increase in coastal
upwelling, as a general trend within the Quater-
nary. In contrast, a decrease in total diatom dep-
osition is readily evident from concentration
measurements, either visually (diatom abun-
dance index, DAI) or by determination of opal
content (Wefer et al., 1998; Lange et al., 1999;
Përez et al., 2001). It persists when taking into
account mass accumulation rates (Lange et al.,
1999).

A number of possible explanations have been
put forward regarding the origin of the MDM,
including a change in silicate content of thermo-
cline waters (Berger et al., 1998; Lange et al.,
1999). Here we explore the structure of the prob-
lem, that is, we search for the simplest possible
description of the phenomenon to be explained.
The approach is designed to result in a statement
about the minimum number of elements in the
system which call for explication.

2. Data base: The opal record of Site 1084

The strongest representation of the MDM is in
Site 1084 (25³30PS, 13³01PE; water depth: 1992 m,
penetration: 605 mbsf, earliest Pliocene). This is
the site where the fundamental di¡erence between
the frontal zone assemblage of the MDM (with its
diatom mats) and the coastal upwelling assem-
blage of the Pleistocene (without diatom mats)
was ¢rst documented in some detail (Shipboard
Scienti¢c Party, 1998b). We use the information
on diatom abundance and opal percentage in this
site, as published in the Appendix of Lange et al.
(1999), for the data base of the analysis which
follows (Fig. 2). Ages were calculated from ship-
board tie points (nannofossil data and paleomag-
netic reversals) after transfer into the composite
depth frame. Connections between tie points were
made by smoothed interpolation of sedimentation
rates (rather than by assuming constant sedimen-
tation rate between tie points).

The MDM, with its frontal zone aspects, as
described, is seen to be centered between 2.6 and
2.0 Ma, as mentioned (Fig. 2A, DAI). The opal
index (opi; log of ratio of opal over non-opal) is
similarly centered on this interval ; however, it
shows an overall increase of opal toward younger
ages within the MDM ^ something that the visual
index (DAI) is unable to show, because it has an
upper limit at the point where diatom debris is the
dominant sediment. The ramping up of opal dep-
osition begins a million years before the MDM is
reached; that is, near 3.6 Ma. An abrupt drop to
lower values occurs after the MDM, at 2.0 Ma or
slightly earlier. After this event, there is a general
decrease of opal deposition, marked by increasing
amplitudes of £uctuation. In other words, while
low-diatom intervals become more prominent in
abundance and duration, high-diatom intervals
still occur as well, and provide large contrast.

The overall trends are re£ected in greatly
smoothed versions of the diatom and opal abun-
dance series (Fig. 2B). `Frontal zone' marks the
position of the MDM, with its Thalassiothrix dia-
tom mats and rich admixture of Southern Ocean
species. The relative importance of `coastal up-
welling' increases toward the present, as docu-
mented by Chaetoceros resting spores (Lange et
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Fig. 2. Diatom and opal deposition in Site 1084 (Hole A). (A) Summary of raw data. DAI, diatom abundance index; opi, opal
index; MDM, early Matuyama Diatom Maximum. The opal index is the logarithm of the ratio of opal to non-opal content in
the sample measured. Data from Lange et al. (1999). (B) Greatly smoothed versions of the series in the upper panel. DAI and
opi as above. `Frontal zone' marks the position of the MDM. The relative importance of coastal upwelling increases toward the
present, as documented by Chaetoceros resting spores. At the same time, overall diatom deposition decreases. Note the relative
insensitivity of the visual index (DAI) compared to opal %, at low values of opal. (C) Residual values of DAI and opi, after re-
moval of smoothed series from original series. Note the increase of variability in the late Quaternary.
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al., 1999). At the same time, overall diatom dep-
osition decreases. The trend toward increasing
values within the MDM is now obvious for
both indices. For the same amount of smoothing,
the opal index tends to show more structure, pre-
sumably because of its greater sensitivity; this is
especially obvious at low diatom abundance, in
the late Quaternary. Removal of the long-term
trends results in residual series for both the DAI
and the opi (Fig. 2C). Smoothing was performed
by repeated application of a 111 boxcar, which is
equivalent to di¡usion. The process was arbitra-
rily stopped when the result had the morphology
shown in Fig. 2B. The excellent correlation be-
tween the two indices is noteworthy, although
there is some disagreement in places (near 0.5
Ma and near 1.6 Ma).

In large part, we think, disagreements between
the two indices stem from the fact that di¡erent
samples were analyzed along a rather variable rec-
ord. Typical sample spacing is shown in Table 1.
Thus, by chance, one sampling pattern can land
on a series of peaks while another will retrieve a
series of lows, on the scale of precession, say. It is
evident, from this sample spacing, that a search
for cycles at periods of less than 60 kyr in length
would be fraught with problems. We have not
attempted a search for obliquity periods or short-
er periods, therefore.

Encouraged by the good ¢t of the two indices
(Fig. 2C), we have merged the two series in order
to decrease sample spacing for better resolution.
Considering the di¡erences in sensitivity, espe-
cially at the ends of the range of diatom abun-
dance, we have avoided overall linear regression
in making the match. Instead, we formed means

and standard deviations along each series, using a
moving 400-kyr window. We then set the DAI
values to the means and standard deviations of
the opi values, at the center of the gliding window
(this corresponds to local linear regression). Fi-
nally, we merged the DAI transforms with the
opi values, according to assigned age (by simple
sorting). The merged series was smoothed with a
121 ¢lter simultaneously for both age and index,
and then interpolated for 8-kyr intervals. This
new series is labeled `opx' and will be used for
time series analysis.

3. Hypothesis : Concept of optimum

The smoothed version of opal deposition shows
a ramp-up beginning between 4 and 3 Ma, a max-
imum centered near 2.3 and 2.2 Ma and a subse-
quent decline (Fig. 2B). The overall trend is rem-
iniscent of the proposition that the share of opal
deposition around Antarctica (of total global dep-
osition) moves through an optimum as the planet
cools (Fig. 3). The reason given is that an overall
increase in the production of North Atlantic Deep
Water (NADW), due to cooling in the late Plio-
cene, will move silicate into the Southern Ocean,
increasing diatom production there (Berger and
Wefer, 1991). This proposed mechanism is re-

Table 1
Sample spacing of the diatom abundance index (DAI) and
the opal index (opi) at Site 1084

Age span Diatoms (DAI) Opal (opi)
(Ma) (kyr) (kyr)

0^0.5 2^25 3^18
0.5^1.0 2^20 3^25
1.0^1.5 5^35 10^40
1.5^2.0 10^35 10^40
2.0^2.5 2^18 8^15
2.5^3.0 10^30 12^20

Fig. 3. Hypothesis of early Pleistocene opal maximum in the
Southern Ocean, based on the concept of a link to an opti-
mum in NADW production (at the critical level of cooling).
From Berger and Wefer (1991).
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ferred to as the `¢re-hose e¡ect' (Boyle and
Rosenthal, 1996). At some critical level, addition-
al cooling interferes with NADW production (for
example through sea ice formation, or from de-
creased export of water vapor from the North
Atlantic), negatively impacting the `¢re-hose' ef-
fect. At that point, diatom production in the
Southern Ocean decreases and the Antarctic
Ocean's share in the global ocean silica sequestra-
tion drops. The concept of an early Pleistocene
Antarctic opal silica optimum has recently been
supported by the results of Leg 177, in a south^
north transect from Bouvet Island to Agulhas
Ridge south of the Cape (Gersonde et al., 1999).
Thalassiothrix diatom mats are reported from Site
1091 (47³S) in the early Pleistocene, and also in
Site 1093 (50³S).

Can we link these propositions and ¢ndings to
the upwelling regime o¡ SW Africa? To do this,
one would need to show that the formation of
thermocline waters (which feed the upwelling) is
tied rather closely to the oceanography of the
Southern Ocean. The formation of thermocline
waters in the South Atlantic is a complicated pro-
cess and is the subject of intense study (Talley,
1996). It is reasonable to suppose, however, that
the silicate content of these subducted waters will
be strongly in£uenced by the proximity of newly
upwelled Southern Ocean waters to the location
of convergence, and by the richness of these deep
waters as concerns the silicate content. Both fac-
tors, presumably, will depend not only on general
conditions (such as planetary temperature gra-
dient and associated wind ¢elds) but also on the
speci¢c process of silicate supply from northern
deep waters. We reason, therefore, that a strong
supply of NADW waters will be favorable to high
silicate values in thermocline waters: the band of
vertical convection in the Southern Ocean will be
wide (bringing frontal action northward into the
range of interaction with the Benguela system)
and the silicate content will be high (through the
`¢re-hose' e¡ect).

The lag of the Antarctic diatom maximum
(early Quaternary) with respect to the Namibian
diatom maximum (latest Pliocene) would seem to
indicate an increased separation of the Antarctic
ring of deep vertical mixing from the convergence

where thermocline waters are subducted in the
subantarctic regions. We suggest that this separa-
tion is a result of spin-up and contraction of the
Circumpolar Current.

The concept of optimum conditions (whatever
the details) suggests an approach whereby we an-
alyze the data in terms of distance from the opti-
mum, on a general cooling trend. The concept of
the in£uence of NADW production suggests in-
vestigating deepwater chemistry as a possible fac-
tor in driving opal deposition o¡ SW Africa. To
these two tasks we turn next.

4. Model : Overall cooling and distance from
optimum

For a conceptual modeling of opal deposition
we use two driving factors: global system state
and distance from optimum condition. For the
target, we use the smoothed DAI series (Fig. 2B),
which reaches back before 4 Ma. The global sys-
tem state (that is, a measure of the condition of
the planet in terms of overall temperature gra-
dients, wind ¢elds, intensity of upwelling, deep
circulation) could be expressed in a number of
ways; we use the smoothed series of N18O of deep-
water benthic foraminifers in the deep Paci¢c (Site
849, Mix et al., 1995). Along this line (Fig. 4A,
`system state'), we mark o¡ a range for optimal
conditions, between 3.5 and 3.65 on the oxygen
isotope index, corresponding to the time span
from 2.8 and 2.1 Ma (`frontal zone optimum',
Fig. 4A, note intersection with `system state').
The algorithm that translates system state and
distance from optimum into an estimate of dia-
tom deposition has the form of a linear regres-
sion:

Dx � aUff �dist�g � bUN18O� c �1�

where f(dist) is the inverse of the di¡erence of the
given state (x) to the nearest point on the opti-
mum (fz), augmented by 0.5 (to avoid dividing by
zero):

f �dist� � 1=�M�x3fz�M� 0:5� �2�

The coe¤cients a and b and the constant c are
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Fig. 4. Conceptual model of the record of opal deposition o¡ SW Africa, in the last 4 million years. (A) Target (DAI, smoothed,
from Fig. 2B), elements of the model (`system state', `frontal zone optimum'), algorithm (DAI = f{x,1/(fzo3x)}) and output
(`model'). The system state is the N18O of benthic foraminifers in Site 849, in the eastern equatorial Paci¢c (Mix et al., 1995); it
is `x' in the algorithm. The term `fzo3x' is the distance to the closest point in the frontal zone optimum (see text for details).
(B) Model generated using the ¢rst term of the algorithm only. (C) Model generated using the second term of the algorithm
only.
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adjusted for best ¢t. In Fig. 4A, the term
(M(x3fz)M+0.5) is written as (fzo3x) for brevity.
The series resulting from applying the algorithm
to the N18O series as drawn re£ects the target quite
well (Fig. 4A). To illustrate the meaning of the
two terms in the algorithm (Eq. 1), we run the
terms separately. The term re£ecting distance
from the optimum {f(1/(fzo3x)} produces a
mesa-like structure, which yields a maximum
and rapid drop-o¡ next to it, but fails to represent
the overall di¡erence before and after the maxi-
mum (Fig. 4B). The term re£ecting the changing
system state (overall cooling, intensity of upwell-
ing, {f(x)}) produces a model which is a simple
mirror image of the N18O input series (Fig. 4C).
Together, the two terms produce the observed ¢t,
with opal deposition being considerably higher
after the MDM than before it. Also, by tilting
the mesa top maximum produced by the ¢rst
term (Fig. 4B), the second term shifts the maxi-
mum closer to the termination of optimum con-
ditions, as observed.

How well does the algorithm (Eq. 1) perform
when asked to reproduce not just the smooth ver-
sion of the diatom abundance (for which it was
¢tted), but the higher-frequency £uctuations in
diatom and opal content? To answer this ques-
tion, we use the original N18O series from Site
849 as input, rather than the smoothed series (as
in Fig. 4). Results of the test compare well with
the overall structure of the DAI record, reproduc-
ing a sense of the overall variability in pre-MDM
and post-MDM which is quite in line with what is

observed (Fig. 5). However, in detail results are
disappointing: the predicted peaks and valleys do
not match the observed ones. The mismatch on
the scale of 100 kyr could be due to dating prob-
lems. There is no reason to expect that the ship-
board age model is precise on this scale (while
that of Site 849 is orbitally tuned). Alternatively,
the simple model proposed (relying on N18O and
distance of N18O values from optimum conditions)
is inappropriate for describing opal £uctuations at
the 100-kyr scale.

5. A search for forcing: Deepwater link and
Milankovitch

If N18O is unable to describe the conditions of
opal deposition, might there be other factors to be
considered? To deal with this question we return
to the second part of the working hypothesis
about an Antarctic silica optimum (Fig. 3), that
is, to the link with deepwater circulation. The
nutrient chemistry of the deep waters of the ocean
is linked through global exchange processes, with
the production of NADW playing a major role in
modifying that chemistry (Keir, 1988; Raymo et
al., 1997). An excellent marker for the oxygen and
nutrient content of deep waters is the N13C com-
position of benthic foraminifers (Wefer and Ber-
ger, 1991). Thus, if deepwater chemistry is impor-
tant in the opal record o¡ SW Africa, and if it is
tied to NADW production, we should expect a
correlation between the Paci¢c deepwater N13C

Fig. 5. Performance of the algorithm (Eq. 1) for modeling short-term £uctuations of opal deposition. Input is unsmoothed (origi-
nal) N18O series of Site 849 (benthic foraminifers, Mix et al., 1995).
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and the rate of opal deposition in the Benguela
Current.

Such a correlation appears to exist (Fig. 6).
Also, it has the correct sign for the expectation
that increased NADW production (which lowers
the N13C values in Paci¢c deep waters) increases
opal deposition in the southern South Atlantic.
Previous to the onset of 100-kyr cycles (near 700
kyr, Berger and Wefer, 1992; Mudelsee and Stat-
tegger, 1997), there is a remarkable similarity be-
tween the opal abundance in Site 1084 (`opx') and
the N13C record of benthic foraminifers in Site
849, in the deep Paci¢c (`C-13', Mix et al.,
1995). However, within the last 600 kyr (Milan-
kovitch Chron, characterized by large climate ex-
cursions) a correlation is not obvious. The match
over much of the Quaternary (excepting the last
third) suggests that the concept of a deepwater
link is correct. Its deterioration in the late Pleis-
tocene indicates a regime shift, such that late Qua-
ternary mechanisms cannot be easily invoked to
explain variations for the rest of post-MDM time.

The N13C signal (from Site 849) is not entirely
independent from the N18O signal. We might ask,
therefore, whether variation in N18O indirectly in-
£uences opal deposition, by way of the N13C var-
iation. Interestingly, if the portion of the N13C
that is correlated to N18O in the record of Site
849 is removed from the N13C record (by calculat-
ing N13C from regression on N18O and taking the
di¡erence to the observed N13C), the match with
the opal record is improved for pre-Milankovitch

time, but is worsened for the Milankovitch Chron
(last 625 kyr). This exercise would seem to suggest
that glacial^interglacial cycles (as recorded by
N18O) are less important than deep circulation
(as seen in N13C) in the early two thirds of post-
MDM time, for the opal record, but gain impor-
tance for the last third, when they attain a dom-
inant role in climate change.

In the introductory essay to the present volume,
the point is made that the opal record of Site 1084
shows a¤nity to eccentricity (that is, the potential
for seasonal contrast) on the 400-kyr scale. It is
intriguing to note that no such relationship exists
for the 100-kyr scale (Fig. 7). The correlation be-
tween eccentricity and opal abundance is zero,
both for the early and for the late Quaternary.
Given the fact that the 100-kyr ice-age cycle dom-
inates climate in the late Quaternary, and that it is
clearly tied to eccentricity (through amplitude
modi¢cation of the precessional e¡ect, empha-
sized by Milankovitch, 1930), it is surely surpris-
ing to note this lack of response displayed in the
opal record.

The fact that the 400-kyr cycle is represented in
the opal record, while the 100-kyr cycle is not,
would seem to point toward processes that have
to do with long-term cyclic geologic processes,
such as the intensity of weathering of silicate min-
erals on land, with associated changes in supply
of silica by rivers. Large long-period changes in
seasonal contrast ^ which prevent attainment of
equilibrium, a state with reduced reaction rates ^

Fig. 6. The link between the Namibia opal record and global ocean deepwater nutrient chemistry, as seen in the relationships be-
tween opal abundance (`opx') and carbon isotope composition of Paci¢c deep water (Site 849, Mix et al., 1995). Note reversed
scale for N13C. The correlation over the entire 2 Ma is signi¢cant at P6 0.01, but is comparatively poor in the last third of the
record.
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presumably are ideal for optimal delivery of silica
to the ocean.

The presence of cycles in the opal record at
periods below 400 kyr and above 60 kyr is further
checked by calculating an evolutionary spectrum
with a window of 800 kyr and an o¡set of 400
kyr. Nine spectra were calculated using autocor-
relation and standard Fourier expansion. The
merged residual opal record (opx) was used for
the last 3 million years, and the equivalent DAI
record for the time before that, back to 4.4 Ma
(Fig. 8). The output was corrected for a general
trend by dividing Fourier amplitudes by the
square of log (period). This subdues amplitudes
to the left (long periods) and enhances those to
the right of the graph (short periods).

The overall average of the spectra (top of
graph) shows maximum power near 240 kyr, a
secondary peak near 130 kyr, and a minor peak
near 77 kyr. The peak near 130 kyr can be readily
assigned to the eccentricity period near 125 kyr,
given the broadness of the maximum. This period
represents the maximum cyclicity for the intervals
centered on 2 Ma (end of MDM) and also on 0.4
Ma (that is, the Brunhes chron). The periods of
77 kyr and 240 kyr are close to a whole-fraction
relationship (1 to 3); one tends to be strong where
the other is weak, and vice versa. In addition, the
240-kyr period is close to twice the eccentricity
line at 125 kyr. What needs explanation, then, is
the presence of the 77-kyr period, which has no
obvious parent. We note that the sum tone of 413
(main eccentricity period) and 95 (second most

important eccentricity period) is 77 kyr and we
propose, therefore, that this period is related to
eccentricity.

The lack of consistency in periodicity is perhaps
the most striking property of the spectral land-
scape of the opal record of Site 1084. Additional

Fig. 8. Evolutionary spectrum of opal record (opx for last 3
Ma, DAI only before that). Fourier expansion of autocorre-
lation series is used to determine amplitude, which was modi-
¢ed by dividing each entry by the log (period) squared.

Fig. 7. Relationship of opal record of Site 1084 to eccentricity of the Earth's orbit (Berger and Loutre, 1991).
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work, on other sites, will have to verify whether
this is a general property of the Namibia opal
record. If so, it would suggest that the various
factors responsible for producing the opal record
constantly change their interactions as the bound-
ary conditions change. Some of these changes are
of a purely geographic nature, such as the closure
of the Panama Isthmus (Keller et al., 1989;
Coates et al., 1992) which had a profound in£u-
ence on deepwater production (Keigwin, 1982;
Maier-Reimer et al., 1990). Others involve the
changing imbalance between the cold South and
the relatively warm North (Flohn, 1984), espe-
cially in the Atlantic realm. Yet others revolve
around the continued build-up of maximum ice
masses in the northern hemisphere, culminating
in the Mid-Pleistocene climate revolution, and
shortly after moving the system into the familiar
100-kyr ice-age cycles.

The appearance of the spectral landscape of the
opal record (Fig. 8) suggests that it will be di¤-
cult to ¢nd simple rules leading from the physical
state of the system (and Milankovitch forcing) to
the output observed; that is, the production and
deposition of diatoms o¡ SW Africa. In a global
context, ¢nding the links between the diatom pro-
duction in eastern boundary upwelling and the
changes in opal production in the Antarctic
Ocean, as the planet cools (Baldauf and Barron,
1990), is of prime importance for advancing the
understanding of the Neogene history of ocean
productivity.
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