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Abstract

Corganic/Ntotal values change from �5 in middle Miocene sediments deposited under the Benguela Current upwelling
system to �15 in latest Miocene and Pliocene sediments. Although the change appears to record a larger proportion of
land-derived material in younger sediments, bulk �13Corg values indicate a predominance of marine origin for organic
matter throughout the sequence. Marine paleoproductivity, as represented by mass accumulation rates of CaCO3 and
organic carbon, increased over this time interval. We postulate that the larger Corganic/Ntotal values record a shift
towards greater recycling rates of nitrogen-rich, relative to carbon-rich, organic matter components as the flux of total

organic matter to the seafloor increased. Furthermore, we propose that high Corganic/Ntotal values may record enhanced
paleoproductivity in other sedimentary sequences dominated by marine organic matter. # 2002 Elsevier Science Ltd.
All rights reserved.

1. Introduction

Corganic/Ntotal ratios have been widely used as a proxy
to identify changes in the proportions of sedimentary
organic matter delivered from algal and land–plant ori-

gins (e.g. Prahl et al., 1980, 1994; Premuzic et al., 1982;
Ishiwatari and Uzaki, 1987; Jasper and Gagosian, 1990;
Meyers et al., 1996; Silliman et al., 1996; Ujiie et al.,

2001; St-Onge and Hillaire-Marcel, 2001). The source
distinction is based on the generalization that fresh algal
organic matter typically has atomic C/N ratios between

5 and 8, whereas that from vascular land plants has C/N
ratios of 20 and greater (Emerson and Hedges, 1988;
Meyers, 1994). This fundamental difference in elemental

compositions arises principally from (1) the paucity of

cellulose in algae and its abundance in vascular plants,

and (2) the protein richness of algal organic matter.
Selective degradation of organic matter components

during diagenesis has the potential to modify the origi-
nal C/N ratios of the organic matter that accumulates in

sediments. A decrease in Corganic/Ntotal ratios over time
of burial below the seafloor has been reported in open-
ocean settings (e.g. Müller, 1977; Waples and Sloan,

1980; Meyers et al., 1996), where it involves the absorp-
tion and retention of ammonia and the release of CO2
and CH4 from the sediment derived from decomposition

of organic matter. In other cases, marine-derived
organic matter in sediments has Corganic/Ntotal values
that are higher than typical algal values (Meyers, 1997).

These high values typically occur in sediments rich in
organic carbon, and they imply retarded loss of carbon
relative to nitrogen in organic matter as it settles from
areas of elevated surface productivity (Verardo and

McIntyre, 1994). Examples of such preferential C-pre-
servation and consequent relative N-depletion are
documented in organic-carbon-rich sediments present in
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light–dark color cycles on the Walvis Ridge (Meyers et
al., 1983), in the Mediterranean Sea (Bouloubassi et al.,
1999; Nijenhuis and de Lange, 2000), in the equatorial
Atlantic (Verardo and McIntyre, 1994), and on the

northwest Mexican slope (Ganeshram et al., 1999). The
Corganic/Ntotal increases are most pronounced when total
organic carbon (TOC) contents are highest, suggesting

that a higher delivery rate of organic matter leads to
improved preservation of its carbon.
Because available evidence suggests that both dura-

tion of organic matter burial and rate of organic matter
delivery are possible factors in altering C/N ratios from
their original values, we have measured Corganic/Ntotal
values in sediments that have been deposited over an
11-My time span under different rates of marine organic
matter production and sedimentation at a location
under the Benguela Current upwelling system. Corganic/

Ntotal values are variably elevated over portions of this
interval, and our study allows us to reach conclusions
about what these higher values signify.

2. Experimental

2.1. Depositional setting

Ocean drilling program (ODP) Site 1085 (29�22 0S,
13�590E) is at a water depth of 1713 m on the con-
tinental slope of the Cape Basin of the South Atlantic
Ocean. This site is located offshore of the Orange River

at the southern end of the Benguela Current upwelling
system (Fig. 1). The coastal Namib Desert borders
the upwelling zone, and the muds of the Orange

River are transported southward and away from Site
1085 by the prevailing bottom currents (Summerhayes
et al., 1995). Sediments at Site 1085 consequently

consist mainly of greenish-gray, foraminifera-bearing
nannofossil oozes (Wefer et al., 1998). Sedimentation
rates range from 1.5 cm/ky in the middle Miocene to
7 cm/ky in the early Pliocene. Analyses done onboard

D/V JOIDES Resolution during ODP Leg 175 dis-
covered that sediments beneath this region of elevated
marine productivity commonly yield unusually high

Corganic/Ntotal values that range between 14 and 18
(Wefer et al., 1998).

2.2. Sampling and analysis

We obtained 789 samples from ODP Hole 1085A at

intervals of 50 cm from Core 15H to Core 64X (135–604
m below seafloor, mbsf). We used 25 samples from
Cores 29H and 30H from Hole 1085B to fill a recovery
gap between 269 and 279 mbsf in Hole 1085A. The

combined sequence provides a continuous hemipelagic
sedimentary record from the middle Miocene (14.5 Ma)
to the middle Pliocene (3.0 Ma), which encompasses both

the late middle Miocene onset and the early Pliocene
intensification of the Benguela Current upwelling system
and its associated elevated marine productivity (Diester-
Haass et al., 2002).

Freeze-dried samples were analyzed for calcium car-
bonate content by treatment with 3 N HCl using the
‘‘Carbonate Bomb’’ technique. (Müller and Gastner,

1971). The carbonate-free samples were rinsed, dried,
and analyzed for organic carbon and residual nitrogen
using a Carlo Erba EA1108 CHNS-O analyzer. The

TOC content is expressed on a whole-sediment basis
after adjusting for the carbonate content removed dur-
ing the ‘‘Carbonate Bomb’’ procedure. Corganic/Ntotal
ratios are calculated on an atomic basis.

Organic matter �13C values were determined from the
carbonate-free samples in the Stable Isotope laboratory
at The University of Michigan by combustion at 800 �C

in sealed Vycor tubes in the presence of CuO and Cu.
The Finnigan Delta S mass spectrometer was calibrated
with the NBS-22 (graphite) standard. Data are corrected

for 17O and expressed in conventional �13C notation
(�0.1%) relative to the PDB standard.
Age control of the upper part of the 11.5 Ma

sequence is based on a high resolution benthic �18O
record that has been tuned to orbital obliquity cycles
from 3.0 to 7.1 Ma (Vidal et al., 2002). The tuned iso-
tope record from Site 1085 was then compared to the

deep Pacific �18O record of Site 846 (Shackleton and
Kennett, 1975). The ages of major isotopic events are in
agreement for both Sites 1085 and Site 846 (Vidal et al.,

Fig. 1. Locations of ocean drilling program (ODP) Site 1085

and DSDP Site 532 relative to the general axis of the Benguela

Current (arrows). Areas of perennial and periodic upwelling as

defined by Lutjeharms and Stockton (1987) are shown by

shading.
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2002; Diester-Haass et al., 2002). Age control for the

lower portion of the sequence (7.1–14.5 Ma) is based on
shipboard biostratigraphy (Wefer et al., 1998).
Linear sedimentation rates and mass accumulation

rates are derived from the calculated ages of individual

samples, their depths below seafloor, and their dry bulk
densities as measured onboard the JOIDES Resolution
(Wefer et al., 1998). The high resolution chronostrati-

graphic control points were applied to the sedimentary
records to estimate bulk mass accumulation rates (Die-
ster-Haass et al., 2002). Mass accumulation rates

(MARs) for CaCO3 (g/cm
2/ky) and TOC (mgC/cm2/ky)

of these two biogenic sediment components were calcu-
lated for each sample as:

MARcomponent ¼ % component=100� MARbulkð Þ

� 1000 mg=g for TOCð Þ

where MARbulk is the mass accumulation rate of bulk
sediment in g/cm2/ky.

3. Results and discussion

Results of the carbonate and bulk organic matter
analyses of Site 1085 sediments provide information
about the record of organic matter production and the
degree of its preservation. Contents and MARs of

CaCO3 and TOC, and �13Corg values, were used as
proxies to identify changes in marine productivity and
delivery of organic matter to the seafloor.

3.1. Calcium carbonate contents and mass accumulation

rates

CaCO3 contents throughout the 11.5 My sediment
record are generally between 50 and 70% but range as

low as 26% at 9.5 Ma and as high as 92% at 5.1 Ma
(Fig. 2). These values are similar to those of modern
upwelling conditions associated with the Benguela Cur-

rent in which marine productivity is dominated by coc-
colithophorids (Summerhayes et al., 1995). Sediments
deposited prior to �9 Ma have somewhat lower CaCO3
contents than subsequent sediments. Variations in car-
bonate contents appear as relatively short-term increa-
ses and decreases related to light–dark cycles in
sediment color (Wefer et al., 1998) and as longer term,

more systematic increases and decreases (Fig. 2).
Mass accumulation rates reveal dramatic changes in

delivery of CaCO3 to the seafloor at Site 1085 since 12

Ma (Fig. 2). The MARCaCO3 remains �1.5 g/cm2/ky
from 14.5 to 12 Ma, when it increases to reach 5 g/cm2/
ky at 10.8 Ma before decreasing to �2 g/cm2/ky at 9.6

Ma. MARCaCO3 values again increase beginning 7 Ma
and exceed 8 g/cm2/ky between 5.4 and 4.8 Ma. This
peak in carbonate accumulation is followed by lower,

but still enhanced, values of 4–5 g/cm2/ky from 4.5 to 3
Ma. Because the coccolithophorids that Summerhayes
et al. (1995) found to be dominant today have probably
dominated algal productivity in the Benguela Current

region of the South Atlantic over this entire time span
(Wefer et al., 1998), the MARCaCO3 values can be inter-
preted as proxies for marine paleoproductivity rates.

Fig. 2. Contents of calcium carbonate (CaCO3) and total organic carbon (TOC), mass accumulation rates (MAR) of CaCO3 and

TOC, atomic Corganic/Ntotal values and �13Corg values (PDB) in sediments from ODP Site 1085 from the middle Miocene through the

middle Pliocene.
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Their general increase since 12 Ma, therefore, indicates
important growth in marine productivity over time,
especially since 7 Ma (Diester-Haass et al., 2002). How-
ever, dissolution of CaCO3 at the seafloor can weaken the

validity of this proxy. In particular, the low MARCaCO3
from 9.6 to 7 Ma corresponds to periods of globally
enhanced carbonate dissolution (Diester-Haass et al.,

2001; Lyle et al., 1995). We consequently employed a sec-
ond proxy, MARTOC, to examine changes in the history
of marine productivity over Site 1085.

3.2. Total organic carbon contents and mass
accumulation rates

TOC contents in Site 1085 sediments increase pro-
gressively from the middle Miocene to the Pliocene. The
order of magnitude increase, from 0.1% in sediment

deposited around 14 Ma to �1.5% at 3 Ma, is notably
different from the relatively small increase in CaCO3
contents over the 11-My time span (Fig. 2). Another

important difference between the contents of TOC and
those of CaCO3 is that higher TOC contents correspond
to darker sediment in the light–dark color cycles that

are well-developed in this sequence and especially in
sediment deposited since 6.4 Ma (Wefer et al., 1998).
The cycles have been postulated to represent glacial–

interglacial variations in the marine productivity asso-
ciated with the Benguela Current upwelling system
(Diester-Haass et al., 1990).
A similar increase in sediment TOC content since the

Miocene has been documented at DSDP Sites 362 and
532 on the Walvis Ridge (Siesser, 1980; Meyers et al.,
1983). However, this trend is not as well developed at

Site 1085 as at the more northerly locations, where TOC
contents reach 5–10% in Pliocene and Pleistocene sedi-
ments. Nonetheless, the contents found in the Pliocene

sediments at Site 1085 are higher than in Pliocene–
Pleistocene deep-sea sediments from the South Atlantic
(ca. 0.3%: Keswani et al., 1984), and they represent
burial of significant amounts of organic matter along

the southwest Africa margin.
TOC mass accumulation rates increase since the mid-

dle Miocene, and they reveal details in organic matter

burial not evident from the contents (Fig. 2). The
MARTOC gradually increases from �2 to �5 mgC/cm2/
ky from 14.5 to 12 Ma, when it grows to remain around

45 mgC/cm2/ky from 10.2 to 9.1 Ma before dropping to
�15 mgC/cm2/ky at 8.3 Ma. MARTOC values increase
again at 7 Ma to peak at 225 mgC/cm2/ky at 4.8 Ma.

This peak in organic carbon accumulation is followed
by a drop to �50 mgC/cm2/ky from 4.4 to 3.8 Ma and
then grows again to reach �100 mgC/cm2/ky at 3 Ma.
Nearly all of these MARTOC values are significantly

higher than those under open-ocean gyres (0.3 mgC/
cm2/ky: Suess and Müller, 1980), and many are greater
than those under the zone of Atlantic equatorial upwel-

ling (10–80 mgC/cm2/ky: Verardo and McIntyre, 1994).
Furthermore, they are virtually equivalent to MARTOC
values (60–150 mgC/cm2/ky: Giraudeau et al., 2002) at
Site 532 on the Walvis Ridge where TOC contents are

not as diluted by calcium carbonate and are conse-
quently much higher (5–10%).
The general concordance in increases of the two

paleoproductivity proxies—MARCaCO3 and MARTOC—
starting at 12 M and peaking around 5 Ma is strong
evidence that marine productivity increased and then

subsequently waned in the region of Site 1085. However,
the decreases in productivity at 9.6–7 Ma and 6.4 Ma
suggested by the MARCaCO3 record do not appear in the

MARTOC values, which suggests that these events
represent periods of heightened carbonate dissolution
and not diminished paleoproductivity. Moreover, the
MARTOC record indicates that paleoproductivity

increased from 3.8 to 3 Ma and did not decrease as
suggested by the MARCaCO3 values (Fig. 2). However,
contributions of land-derived organic matter have the

potential to bias the MARTOC record and to create a
falsely magnified record of marine productivity. Even
though Site 1085 is offshore a coastal desert having little

vegetation, we explored the possibility of continental
contributions of organic matter to sediments at this
location.

3.3. Origins of sediment organic matter

Pollen contents of sediments from Site 532 on the

Walvis Ridge (Fig. 1) indicate that the Namib Desert
has existed since the late Miocene (van Zinderen Bak-
ker, 1984). Delivery of much land-derived organic mat-

ter is therefore unlikely since the onset of coastal
upwelling �12 Ma. We nonetheless employed two
independent organic geochemical parameters—stable

carbon isotopic compositions and Rock-Eval pyrolysis
results—as proxies to test for the presence of continental
organic matter in Site 1085 sediments.
Organic matter �13C values were determined for a

subset of 49 samples that survey the entire 814-sample
sequence and another subset of 70 samples clustered
between 301 and 340 mbsf (5.5–6.2 Ma). The �13Corg
values range between 	20 and 	24% (Fig. 2). The lar-
ger �13Corg values expected of marine algal organic
matter (	20 to 	22%) generally coincide with higher
MARTOC values (Fig. 3). Inasmuch as typical �

13Corg
values of organic matter produced by C3 land plants are
about 	27% (Smith and Epstein, 1971; Jasper and

Gagosian, 1990; Meyers, 1994), the absence of such low
�13Corg values in sediments from Site 1085 indicates that
contributions of land-derived organic matter are minor
to lacking. However, it is possible that C4 plants, which

have �13Corg values that average about 	14% (O’Leary,
1988; Meyers, 1994), may have contributed some
organic matter to these sediments, although this possibility
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is made remote by comparison of both �13Corg values
and Corganic/Ntotal ratios of sediments with those of

typical land plants (Fig. 4). None of the sediment sam-
ples have combinations of �13Corg values and Corganic/
Ntotal ratios that can be obtained by mixing organic

matter from C4 land plants with algal organic matter,
although many of the Site 1085 samples have Corganic/
Ntotal values that are higher than typical algal organic
matter.

Results of the Rock-Eval analyses of organic-carbon-
rich Site 1085 sediments carried out during ODP Leg
175 indirectly support the algal origin of the organic

matter, as inferred from �13Corg values. The organic
matter appears to consist of varying mixtures of Type II
algal material and Type III land–plant material (Wefer
et al., 1998; Meyers, 2001). However, the possibility of

large proportions of land–derived organic matter con-
flicts with Corganic/Ntotal ratios in these sediments that
are too low (<20) for land-plant organic matter. The
inconsistency between the Rock-Eval source character-
ization and the elemental source characterization sug-
gests that the sediments contain marine organic matter

that has been partially oxidized to resemble Type III
material (Espitalié et al., 1977; Peters, 1986).

3.4. High Corganic/Ntotal ratios and their significance in
marine sedimentary sequences

Atomic Corganic/Ntotal values range between 2.4 and

19.1 in the Site 1085 sequence (Fig. 2). Most of the
values in sediments from 14.5 to 11.6 Ma are similar to
those of unaltered algal organic matter (5–8: Emerson

and Hedges, 1988; Meyers, 1994). Values generally
increase in the younger parts of the sequence, although
with systematic variations, to reach �15 between 5.2

and 5 Ma and again at about 3.3 Ma (Fig. 2). Despite
their variability, higher C/N values correlate sig-
nificantly (r2=0.36; n=814) with higher MARTOC
values. Many of the variations in C/N values roughly
mimic variations in MARTOC. For example, the period
of modestly elevatedMARTOC values (�15 mgC/cm

2/ky)
from 8.3 to 7 Ma is accompanied by Corganic/Ntotal
values that are elevated (10–13) relative to algal values
(Fig. 2). Most importantly, the initial increase in Corganic/
Ntotal values at 11.6 Ma fairly closely follows 12 Ma,

when increases in MARCaCO3, MARTOC, and benthic
foraminiferal accumulation rates (Diester-Haass et al.,
2001) indicate that paleoproductivity first began to

increase at Site 1085.
If increased rates of organic matter accumulation

result in increased sediment Corganic/Ntotal values, then
some threshold might exist at which elevated MARTOC
values are first accompanied by Corganic/Ntotal ratios that
are amplified above their initial algal values. The mini-
mum MARTOC associated with high C/N values is �10

mgC/cm2/ky in Site 1085 sediments (Fig. 5). This
threshold value is approximately the same as that noted
in Verardo and MacIntyre (1994) in which Corganic/Ntotal
values are larger than initial algal values in late Pleisto-
cene sediment from the equatorial Atlantic Ocean.
However, it is clear from the range of MARTOC
values that accompany any given Corganic/Ntotal ratio
in Fig. 5 that the relation between these two para-
meters is not simple. Moreover, the increases and
decreases in Corganic/Ntotal values evident at different

times in this sedimentary sequence (Fig. 2) indicate that
factors in addition to the MARTOC impact the elemental
ratio.

Fig. 4. Comparison of �13Corg values and atomic Corganic/Ntotal
values in Site 1085 sediment samples (dots) to elemental and

isotopic identifiers of bulk organic matter produced by marine

algae, C3 land plants, and C4 land plants (regular patterns).

Organic matter in these samples is predominantly marine in

origin. Adapted from Meyers (1994).

Fig. 3. Comparison of �13Corg values and MARTOC values in

Site 1085 sediment samples. Correspondence between less

negative �13Corg values and larger MARTOC values indicates

that marine-derived material dominates the organic matter

composition of these sediments.
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The original C/N ratio of the organic matter that
eventually was incorporated into the Site 1085 sediment
samples probably approximated the algal average of

106/16 (6.6; Redfield, 1942) at the sea surface. There-
fore, the higher values (>10) that typify organic matter
in sediments deposited since 11.6 Ma (Fig. 2) must arise
from alterations during sinking and perhaps after

deposition on the seafloor. Verardo and MacIntyre
(1994) postulated that the high Corganic/Ntotal values
they found in sediments under areas of elevated algal

productivity in the equatorial Atlantic Ocean reflect
more rapid loss of nitrogen than carbon from organic
matter during settling from the photic zone. They

reasoned that nitrogen-containing proteinaceous mat-
ter is more readily utilized by microbes than carbohy-
drate components. They found no evidence of post-
depositional alteration of C/N values over the 300-ky

record of their sediment cores. Similarly, little altera-
tion of Corganic/Ntotal values after sedimentation is
implied by the preservation of algal C/N values in a

subtropical North Atlantic Ocean sediment core in
which microbial activity halved TOC contents over the
top 10 cm (Freudenthal et al., 2001). Variations in the

Corganic/Ntotal values in the Site 1085 sediments may
therefore record variations in water-column processes
that affected the elemental composition of the organic

matter that reached the seafloor at different periods of
time.
A sediment trap study in the oxygen-deficient zone of

the eastern tropical North Pacific Ocean shows how

organic matter C/N values may increase during sinking.
Van Mooy et al. (2002) conclude that the modes of
organic matter degradation under oxic and suboxic

conditions differ. Suboxic microbial degradation via
denitrification preferentially utilizes nitrogen-rich amino
acids and consequently leaves a greater proportion of
carbon-rich organic matter components intact. This

change necessarily leads to higher C/N values in the
surviving organic matter. Oxygen-deficient zones com-
monly develop under areas of high productivity because

the large downward fluxes of organic matter draw down
the dissolved oxygen content of seawater. A connection
between high surface productivity, high TOC mass

accumulation rates in the seafloor, and high Corganic/
Ntotal values would follow.
The conclusion that modifications to the C/N values

probably occurred during sinking of marine material
from the sea surface appears at first to conflict with
evidence for the non-selective preservation of organic
matter in sinking particles at sites in the equatorial

Pacific Ocean and the Arabian Sea (Hedges et al., 2001),
but agreement may actually exist. Only 1% of the par-
ticulate organic matter present in the photic zone

reaches sediment traps �3 km below the surface at
these sites. Organic matter C/N values at the moderately
productive and therefore oxic Pacific Ocean site change

little from 7.0 to 8.1 over this depth. However, the
values increase from 7.4 to 9.7 at the highly productive
and suboxic Arabian Sea location, and most of this

increase occurs in the upper 500 m of the water column.
Because the majority of organic matter remineralizaton
occurs in the upper part of the water column (e.g.
Hedges et al., 2001), we speculate that selective degra-

dation is most important during initial sinking from the
photic zone, and that amplification of Corganic/Ntotal
ratios occurs during this phase.

Consequences of this early diagenetic process are evi-
dent in other types of organic-carbon-rich sedimentary
sequences. Corganic/Ntotal values in Mediterranean

sapropels are commonly in the range of 15–18 (Boulou-
bassi et al., 1999; Meyers and Doose, 1999; Nijenhuis
and de Lange, 2000), and range between 20 and 45 in
Cenomanian–Turonian black shales (summarized by

Meyers, 1997). These two types of accumulations are
believed to contain marine-derived organic matter in
which carbon-rich components have been preserved

better than nitrogen-rich components. In contrast to
marine settings, Corganic/Ntotal values in organic matter
in lacustrine deposits do not appear to experience simi-

lar selective diagenetic modification, and instead faith-
fully record changes in proportions of lake-derived and
land-derived organic matter (Meyers and Lallier-Vergès,

1999). The difference may reflect important differences
in delivery of organic matter, sinking times, and burial
rates between the deep sea and lakes. Primary among
the possible differences is the relative availability of dis-

solved nitrate, which is seldom a limiting nutrient to
primary producers in lake waters but is commonly limited
in marine systems.

Fig. 5. Comparison of atomic Corganic/Ntotal values andMARTOC
values in Site 1085 sediment samples. C/N values increase as

MARTOC values increase above a threshold of �10 mgC/cm
2/ky,

but the range of C/N values indicates that factors in addition to

the MARTOC impact the elemental ratio.
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4. Conclusions

We have compared Corganic/Ntotal values, MARCaCO3
values, MARTOC values, and �

13Corg values in sediments

from ODP Site 1085 that were deposited over an 11-Ma
period during which the high productivity associated
with the Benguela Current upwelling system evolved.

Corganic/Ntotal values increase from �5 to reach as high
as �15 as the biogenic component mass accumulation
rates increase. Organic matter is predominantly marine

in origin throughout this period. Selective diagenesis of
organic matter has apparently increased algal C/N
values from their original values between 5 and 8.

Because of its relation to the growth in productivity,
much of this change probably records a shift in relative
rates of preservation of the carbon-rich and nitrogen-
rich components as the flux of organic matter to the

seafloor increased. We postulate that the relative rate of
degradation of carbon-rich components of organic
matter has remained the same or possibly decreased

while that of nitrogen-rich components has increased.
Corganic/Ntotal values consequently increased.
We further postulate that most of the increase in Corganic/

Ntotal values occurs early in the sinking process. Once
deposited on the seafloor, C/N values of organic-car-
bon-rich sediments appear to experience little further

change. This inference implies that elevated Corganic/
Ntotal values in other marine sedimentary sequences may
be useful as indicators of former times of elevated
paleoproductivity. However, the lack of a straightfor-

ward relationship between Corganic/Ntotal values and
TOC mass accumulation rates in the Site 1085 sedi-
mentary record indicates that additional and still

unknown factors affect the Corganic/Ntotal ratios. This
complexity is underscored by the absence of similar
diagenetic increases in Corganic/Ntotal values of lacustrine

sediments during times of elevated productivity.

Acknowledgements

M. Lyle and J. Rullkötter provided detailed and very
helpful reviews of this manuscript. We thank R.S.

Robinson for her technical direction during this study
and H.-L. Lin for her helpful comments on an early
version of this contribution. P.A.M. is grateful to the

Deep Sea Drilling Project and the Ocean Drilling Pro-
gram, both funded by the National Science Foundation
and IPOD countries, for the unparalleled opportunity

to study the evolution of the Benguela Current upwel-
ling system during Legs 75 and 175. This study was
supported by funds from the Deutsche For-
schungsgemeinschaft and JOI-USSSP.

Associate Editors—S. Wakeham and J. Curiale

References

Bouloubassi, I., Rullkötter, J., Meyers, P.A., 1999. Origin and

transformation of organic matter in Pliocene–Pleistocene

Mediterranean sapropels: organic geochemical evidence.

Marine Geology 153, 177–197.

Diester-Haass, L., Meyers, P.A., Rothe, P., 1990. The Benguela

Current: glacial/interglacial fluctuations during its Miocene

northward migration across the Walvis Ridge. Paleoceano-

graphy 5, 685–707.

Diester-Haass, L.,Meyers, P.A., Vidal, L., 2002. The lateMiocene

onset of high productivity in the Benguela Current upwelling

system as part of a global pattern.Marine Geology 180, 87–103.

Diester-Haass, L., Meyers, P.A., Vidal, L., Wefer, G., 2001. Late

Miocene changes in paleoproductivity and carbonate dissolu-

tion in the Benguela Current upwelling system: local or global

control. EOS Transactions AGU 80 (46), F589. (abstract).

Emerson, S., Hedges, J.I., 1988. Processes controlling the organic

carbon content of open ocean sediments. Paleoceanography 3,

621–634.
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