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Abstract

We report high resolution molecular abundance data for alkenones, dinosterol, long chain diols and n-alkanols from
ODP Site 658 (20�45 0N, 18�35 0W; 2263 m water depth). These data are compared with previously reported data for
TOC, chlorins, opal and long chain n-alkanes. The contents and mass accumulation rates (MARs) of chlorins are used
as total phytoplankton productivity proxies, while the contents and MARs of opal, dinosterol, alkenones and diols are
used as productivity proxies for diatoms, dinoflagellates, haptophytes and eustigmatophytes/diatoms, respectively. Five
high productivity intervals (HPIs) are identified: two at the glacial/interglacial transition boundaries of 132–122 and
15–8 ka, two within the warmer periods of MIS 3 (50–30 ka) and the late Holocene (4–0 ka), and one within the glacial
period of MIS 4 (67–60 ka). Productivity was lowest during both the penultimate glacial maximum of MIS 6
(150–140 ka) and the last glacial maximum (22–18 ka), as revealed by both the total phytoplankton and individual phy-
toplankton productivity indicators. Phytoplankton community structure changed significantly over the last 160 kyr.
The Termination I&II HPIs were characterized by higher opal content, possibly reflecting increased diatom contributions
to total productivity. Eustigmatophyte/diatom and haptophyte contributions were higher during MIS 5, but decreased
toward the Holocene. Dinosterol revealed an opposite trend, with the highest contribution in the Holocene. We ascribe
such changes in phytoplankton communities to the effects brought about by the varying amounts and nature of nutrient
inputs contributed regionally by eolian dusts, river influxes, ocean currents and upwelling water masses.
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1. Introduction

Increasing concern over the global climatic
effects of rising atmospheric CO2 concentrations
from fossil fuel burning has prompted reconstruc-
tions of the record of natural CO2 variability.
.
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Several records obtained using ice cores (Barnola
et al., 1987; Petit et al., 1999) and deep sea sedi-
ments (Shackleton et al., 1983; Jasper and Hayes,
1990) have shown that past atmospheric CO2 con-
centration has varied by 40% between glacial and
interglacial periods. Since the oceans contain 60
times more carbon than the atmosphere (Broecker
and Peng, 1982), it has been proposed that CO2

exchanges between the atmosphere and the oceans
were largely responsible for past pCO2 oscillations
(Broecker and Peng, 1989). Transport of carbon
from the surface ocean to the deep sea and ulti-
mate sediment burial is to a large extent controlled
by the ‘‘biological pump’’ (Berger et al., 1989),
although other physical processes are also very
important (Berger and Keir, 1984; Boyle, 1988;
Broecker and Peng, 1989). Thus, the accurate
reconstruction of paleoproductivity is critical for
understanding the carbon cycle in the past and
for predicting the fate of anthropogenic carbon in
the future. Several approaches have been advanced
for quantitative estimation of paleoproductivity,
such as those based on the sedimentary contents
of total organic carbon (TOC), siliceous fossils,
foraminiferal species and barite (Pokras, 1987;
Mix, 1989; Sarnthein et al., 1992; Paytan et al.,
1996; Abrantes, 2000; Anderson et al., 2002). In
20 10 0 1030
40

30

20

10

0

NETW

Ja
nuar

y

Tra
des

SAL

A

N.E.Atlantic

ODP658 +

20

Lake
Chad

40

30

20

10

0

Fig. 1. (A) Present day major wind belts, dust source and deposi
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Present day surface ocean currents (Canary Current, solid arrow) an
vegetation zones of northwest Africa (White, 1983). From North to So
Saharan transitional steppes; Sahara, absolute desert, desert and semi-
Savanna, dry savannas and woodland; SDF, semi-deciduous forest; RF
this paper, we apply this general approach, but
using mainly biomarker proxies, to a deep sea sed-
iment site, ODP Site 658 (Fig. 1), cored on the
continental slope west of Cap Blanc (20�45 0N,
18�35 0W) in 2263 m water depth.

1.1. Biomarkers and phytoplankton productivity

Biomarkers in marine sediments have been used
as proxies for total and specific phytoplankton
group paleoproductivity. For example, chlorin
accumulation rate has been used as a molecular
indicator of total phytoplankton paleoproductivity
(Harris et al., 1996). This approach is based on
the fact that chlorophyll a, one of the pigments
required for photosynthesis, is present in all aerobic
photosynthetic organisms and is the most abundant
chlorophyll in the biosphere (Welschmeyer and
Lorenzen, 1985). Its concentration in the photic
zone has been used as a means of estimating algal
biomass and productivity (Longhurst et al., 1995).
However, following senescence, water column trans-
formation and early sedimentary diagenesis, less
than 1% of the chlorophyll production is typically
preserved in marine sediments as chlorins (Keely
et al., 1990; Eckardt et al., 1992; Shankle et al.,
2002). Hence, chlorins were early considered to be
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of little use as a quantitative estimate of paleopro-
ductivity (Eppley and Peterson, 1979; Repeta
et al., 1992). Furthermore, the uncertainty remains
as to what extent chlorin concentration, or MAR
variation in marine sediment is a result of changes
in surface productivity or of sedimentary preserva-
tion (Furlong and Carpenter, 1988; Calvert and
Pedersen, 1992). Despite these uncertainties, Harris
et al. (1996) demonstrated the potential of chlorins
as a proxy of Quaternary marine productivity by
correlating chlorin MAR maxima with peaks of
other productivity indicators, such as biogenic opal
MAR and TOC MAR over the last 350 kyr from
ODP Site 658. Thus, chlorins have been applied
for reconstructing paleoproductivity in the South
(Summerhayes et al., 1995) and North Atlantic
(Higginson, 2000), in the Northeastern (Schubert
et al., 1998) and Northwestern Arabian Sea (Altabet
et al., 2002; Higginson et al., 2004), and in the South
China Sea (Higginson, 2000; Higginson et al., 2003).
Similarly, loliolide and isololiolide, the degradation
products of carotenoid pigments, have been used to
estimate marine productivity (Hinrichs et al., 1999;
Versteegh and Zonneveld, 2002). Steryl chlorin
esters (SCEs) have also been shown to have poten-
tial for phytoplankton community assessment (Dahl
et al., 2004).

Alkenones are probably the most thoroughly
studied lipid biomarkers of marine origin, due to
the increasing use of the UK0

37 index to reconstruct
past sea surface temperature (SST; Brassell et al.,
1986; Prahl and Wakeham, 1987; Eglinton et al.,
2001). Their biological source is restricted to a nar-
row range of marine algae belonging to the hap-
tophyta, of which Emiliania huxleyi is the most
important contemporary oceanic member (Volk-
man et al., 1980a,b; Marlowe et al., 1990). Their
abundances and accumulation rates have been used
to estimate haptophyte productivity and total mar-
ine productivity (Prahl et al., 1993; Rostek et al.,
1997; Villanueva et al., 1997, 1998; Henriksson
et al., 2000; Werne et al., 2000; Pailler et al., 2002;
Versteegh and Zonneveld, 2002; Calvo et al., 2004;
Higginson and Altabet, 2004; Moreno et al., 2004;
Seki et al., 2004).

The long chain C28, C30 and C32 alkyl diols are
often very abundant in marine sediments (Poynter
et al., 1989a; Versteegh et al., 1997; Schouten et al.,
2000; Versteegh et al., 2000; Méjanelle et al., 2003;
Sinninghe Damsté et al., 2003). There are a num-
ber of positional isomers, but the C30 and C321,
15-diols are frequently dominant (Ferreira et al.,
2001). Mediterranean sapropels have high concen-
trations of the C30-1,15-diols, with minor amounts
of the corresponding C32 isomer and only traces of
the 1,14 diols. On the other hand, Versteegh et al.
(2000), Méjanelle et al. (2003) and Sinninghe
Damsté et al. (2003) found that the alkyl diols in
the sediments below the upwelling zone off Walvis
Bay are dominated by the C30-1,14-diol. This com-
pound was also the main diol beneath the Oman
upwelling region (ten Haven et al., 1989). Sinnin-
ghe Damsté et al. (2003) concluded that the 1,14
alkyl diols are indicators of high nutrient condi-
tions in the photic zone and suggested that the
1,13- and 1,15-diols are likely produced by marine
yellow-green microalgae, such as the eustigmato-
phytes. Méjanelle et al. (2003) reported that the
alkyl diols produced by the eustigmatophyte Nan-

nochloropsis have the C32-1,15-diol as the most
abundant compound, accompanied by some C30,
C34 and C36-1,15-diols and C30-1,13-diols. On the
other hand, the 1,14-diols are produced by diatoms
such as the widespread genus Proboscia. It is prob-
able that there are significant unidentified algal
sources. In spite of these uncertainties, these alkyl
diols have been used as biomarkers in paleoenvi-
ronmental reconstruction. For example, their
abundance in marine sediments was used as one
of the indicators of marine algal productivity off
NW Africa at ODP Sites 658 and 660 (Poynter
et al., 1989a) and in the SE Atlantic below the
highly productive waters on the African continen-
tal margin (Hinrichs et al., 1999), where for two
cores each spanning the last 76 kyr, the alkyl diols
showed a close positive relationship with other
productivity proxies, such as alkenones and dinos-
terol. These biomarkers generally have higher con-
centrations during the glacial periods, probably
reflecting higher productivity. A diol index has
been introduced by Versteegh et al. (1997) based
on the relative abundances of the 1,15-C30(x16)
and the 1,15-C32(x18) isomers. From limited data,
this index has been proposed to reflect the surface
hydrography where the compounds are
synthesized.

Analyses for the alkyl diol isomers, e.g., 1,15-,
1,14-, etc. and homologues, e.g., C28, C30, etc., plus
determination of the corresponding keto-ols and
hydroxy alkenoates would provide an excellent data
base for evaluation in conjunction with other
parameters, such as upwelling and nutrient indica-
tors. Work to date, notably the surveys made of
South West Africa, e.g., the Congo vs Walvis Bay,



M. Zhao et al. / Organic Geochemistry 37 (2006) 72–97 75
indicates that the diols are sensitive indicators of
hydrographic conditions in the photic zone, reflect-
ing mainly nutrient levels.

Dinosterol is the major sterol in many species of
dinoflagellates (Boon et al., 1979; Volkman et al.,
1998), although it also has been reported in a few
diatoms (Volkman et al., 1998). Its occurrence and
that of its saturated hydrocarbon counterpart in
sediments (Moldowan et al., 1996) have been used
as indicators of dinoflagellate contribution to sedi-
mentary organic matter, while the stratigraphic
changes in dinosterol content have also been used
to infer changes in marine productivity and dinofla-
gellate productivity. Increases of dinosterol content
in recent (20th century) sediment samples from the
Santa Barbara Basin and the Chesapeake Bay corre-
late well with regional dinoflagellate bloom events
(Kennedy and Brassell, 1992; Zimmerman and Can-
uel, 2002). On a glacial/interglacial timescale, dinos-
terol content changes indicate that dinoflagellate
surface productivity was higher during the glacial
periods in the Southern Ocean (Ikehara et al.,
2000) and the Atlantic (Henriksson et al., 2000),
but in contrast, higher during the interglacial stages
and deglacials along the California continental mar-
gin (Mangelsdorf et al., 2000) and in the Japan Sea
(Ishiwatari et al., 1999).

1.2. Biomarkers and phytoplankton community

structure

For today�s environment, changes in competition
and consequently phytoplankton community struc-
ture due to differing biological responses to varying
nutrient concentrations and other environmental
factors can be clearly demonstrated by direct cell
counting and DNA, pigment and lipid biomarker
analyses (Abrantes et al., 2002; Wakeham et al.,
2002) and by models (Smayda and Reynolds,
2001). Detailed pigment data offer a useful tool
for the study of phytoplankton community struc-
ture in present day oceanic environments (Mackey
et al., 1996; Mackey et al., 2002; Qian et al.,
2003). Qian et al. (2003) studied the spatial and tem-
poral variability of phytoplankton biomass in the
waters of the Gulf of Mexico using pigment analysis
and classified the main classes as haptophytes, pro-
karyotes (cyanobacteria, prochlorophytes), diatoms
and dinoflagellates. However, many pigment com-
pounds experience diagenesis and lose their struc-
tural information relatively quickly in the
sediments. Hence, one can not readily use this
approach to reconstruct paleocommunity structures
from the sedimentary record. The non-pigment lipid
biomarkers, although less specific, offer another
method for paleoreconstruction. Wakeham et al.
(2002) carried out detailed lipid biomarker analyses
of trap materials collected in the Arabian Sea off
Oman. They assessed the contribution of each bio-
marker and hence source organism, by normalizing
biomarker fluxes to the total organic carbon fluxes
and proposed that the progression in biomarker flux
peaks through time should correspond to a succes-
sion in the source organisms that produced them.
They concluded that biomarker fluxes fluctuate in
time and space as a reflection of biological produc-
tion and of community structure and succession, as
controlled by variations in hydrography and nutri-
ent regimes.

Schubert et al. (1998) were among the first to use
the multi-biomarker-based approach to assess the
paleophytoplankton community structure at a site
(94KL) in a monsoon-driven upwelling area in the
northern Arabian Sea, employing chlorins for total
phytoplankton, brassicasterol for diatoms, alke-
nones for haptophytes and dinosterol for dinoflagel-
lates. Concordant concentration maxima for these
proxies and TOC over the last 200,000 yr were used
to infer that the relative contributions of the phyto-
plankton groups were roughly uniform at the mil-
lennial timescale, with major contributors being
diatoms, dinoflagellates and haptophytes. They
argued that, with the core location located beneath
the oxygen minimum zone (OMZ), the contents of
these biomarkers would not be significantly affected
by preservation artifacts. However, they also
noticed that double peaks in TOC and chlorins at
ca. 135 kyr could be resolved into a high dinosterol
contribution (first peak) and high alkenone and
brassicasterol contributions (second peak). They
pointed to the considerable potential of the multiple
biomarker method, as it is able to distinguish
between different contributors. Other studies have
provided a plethora of evidence that community
structure has changed on glacial–interglacial time-
scales in response to changes in climate and in nutri-
ent inputs. Seki et al. (2004) reconstructed changes
in community structure for the Sea of Okhotsk over
the last 30 kyr using the mass accumulation rates of
alkenones, CaCO3, and biogenic opal. They con-
cluded that the shift in the dominant phytoplankton
species from coccolithophorid (E. huxleyi) during
deglaciation to diatoms in the late Holocene was
probably caused by an increase in silicate supply
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to the euphotic layer. Dahl et al. (2004) used SCEs
to estimate the phytoplankton community change
in the Cariaco Basin during the Younger Dryas
(YD) cold event. They observed an increase in the
diatom population but a decrease in the dinoflagel-
late population, in response to enhanced upwelling.
Using sterol and alkenone biomarkers, Werne et al.
(2000) also observed a diatom-dominated phyto-
plankton community in the Cariaco Basin during
the YD which became coccolithophore-dominated
during the Holocene. Schulte and Bard (2003)
reported the abundances of alkenones, sterols, diols
and ketols for a site on the Maldives platform of the
Indian Ocean. They argued that the biomarker
abundances could serve as qualitative proxies for
changes in paleoproductivity and used the lipid/
TOC records to reconstruct the productivity of the
planktonic community over the last 320 kyr. Their
finding was that the community did not change sig-
nificantly during this time. Menzel et al. (2003) used
the biomarker approach as being ‘‘representative of
four major classes of marine primary producers –
haptophytes (alkenones), diatoms (loliolides, etc.),
dinoflagellates (dinosterol) and eustigmatophytes
(alkyl diols and ketols). Their results from sites in
a transect in the Mediterranean through Pliocene
sapropel horizons, suggested that the phytoplank-
ton composition was not influenced by SST but
rather was controlled by the nutrient supply. Simi-
larly, the parallelism between n-alkane and brassi-
casterol fluxes in the Tasman Sea area was taken
to indicate that diatom productivity responded to
increased dust input during the glacials (Calvo
et al., 2004).

1.3. Terrigenous input and ocean productivity

Both rivers and eolian dust contribute terrige-
nous components to marine sediments. River input
is generally higher during the warmer and more
humid interglacial periods (Tiedemann, 1991; Ber-
trand et al., 1996). Dust supply can be influenced
by several processes. The first is the extent of lift
off from the continent. Rapid changes can occur
in the availability and characteristics of the dust
sources consequent upon climatic and vegetation
changes. Thus, both the chemistry and mineralogy
of the dust are variable. Lake Chad and associated
areas (Fig. 1), rich in playas and paleolake deposits,
are major sources of dust (Eglinton et al., 2002;
Prospero et al., 2002), especially in the past. The
transcontinental Sahel zone running West to East
to the South of the Sahara is subject to seasonal loss
of grass cover due to fire and to desiccation of
ephemeral river and lacustrine areas, exposing fine
soils and alluvial sediments to wind erosion; the
Central Mountain Massif (Tibesti mountains), con-
stantly eroded by sand storms, is extremely rich in
iron (Goudie and Middleton, 2001) and to the
north, the Atlas mountain regions have carbonate
rocks with different element contents (Fig. 2.1).
Dust delivered to the Atlantic (Fig. 2.4) depends
on many factors, notably climate strength and direc-
tion of wind systems, hydrographic regime and the
consequential vegetation cover.

Saharan dusts contain high amounts of iron and
silica (Goudie and Middleton, 2001; Eglinton
et al., 2002; Perez-Marrero et al., 2002), as well
as other minerals and elements, which would stim-
ulate phytoplankton growth. The immediate fertil-
izing effect of dust on productivity of open ocean
waters has been well established (Martin and Fitz-
water, 1988; Price and Morel, 1990; Boyd et al.,
2000; Bowie et al., 2001; Chrisholm et al., 2001;
Bishop et al., 2002; Mills et al., 2004). The SOI-
REE experiment (Bowie et al., 2001) with added
iron showed that large pennate diatoms and auto-
trophic flagellates (mainly haptophytes) responded
quickly to iron input. The bloom can last up to
2 yr due to biogeochemical cycling in the surface
waters. Hence, intermittent major dust storms even
on a yearly basis would be expected to result in
apparently continuous blooms on a geological
timescale. Mills et al. (2004) conducted iron fertil-
ization experiments in the eastern tropical North
Atlantic, a region rich in diazotrophs and strongly
impacted by Saharan dust input. They showed that
the region�s primary productivity was nitrogen-lim-
ited and that nitrogen fixation was co-limited by
iron and phosphorus. Saharan dust addition evi-
dently stimulated nitrogen fixation, by supplying
both iron and phosphorus. Bishop et al. (2002) car-
ried out a direct study of the effects of dust input
into the Sub-Arctic North Pacific, which showed
a biotic response to the natural iron fertilization
resulting from the input of Gobi Desert dust in
April 2001. Observations of particulate organic
carbon (POC)/chlorophyll systematics strongly
supported an iron fertilization effect. A recent care-
ful study (Wells, 2003) of the chemical speciation
suggests that soluble iron concentrations need only
increase slightly (625 pM) above ambient levels for
large diatoms to grow rapidly. It is likely, then,
that very small but continuous increases in iron
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flux might still stimulate large diatom blooms in
high-nitrate, low-chlorophyll (HNLC) waters. A
similar conclusion also reached by Price and Morel
(1990) was that even trace amounts of metals (Fe,
Zn, Co, Ni, Cu and Cd) can be nutrients for algal
growth in impoverished environments such as the
oceans. However, several recent papers suggest
that, while iron addition could stimulate phyto-
plankton growth, its impact on POC export is lim-
ited (Boyd et al., 2004; Buesseler et al., 2004; Coale
et al., 2004). Other studies have demonstrated the
dust fertilizing effect by correlating biomarker pro-
ductivity with dust input proxies. Ikehara et al.
(2000) report phytoplanktonic biomarker records
(alkenones, dinosterol and brassicasterol) for the
last two deglaciations from the Southern Ocean.
Enhanced atmospheric transport of dust was
linked synchronously to the increased marine pro-
ductivity at the glacials, presumably due to the
increased supply of iron. In another study, Calvo
et al. (2004) used alkenone and sterol biomarkers
to assess the community structure response to dust
input in the Tasman Sea as inferred from n-alkane
fluxes during the last 470 kyr. The parallelism
between brassicasterol and n-alkane fluxes was
taken to indicate that diatom productivity
responded to increased dust input during the gla-
cials. Amo and Minagawa (2003) reported TOC
and biomarker data for the Shatsky Rise in the
Western North Pacific over the last 130 kyr. They
suggest that this dust input comes from the Chi-
nese Loess Plateau (CLP) region. They quote the
CLP dust as having about 3% iron and cite high
inputs of aluminium and titanium during the
LGM. Using TOC and biomarkers as paleopro-
ductivity proxies, they conclude that �the eolian
dust supply played an essential role enhancing
paleoproduction during the LGM�. In other stud-
ies, Henriksson et al. (2000) suggest that fine,
iron-rich, dust fertilized growth of dimethyl sulfide
(DMS) producers at site 167772 on the Equator in
the South Atlantic during the glacial stages and
Barcena et al. (2001) reported paleoclimatic data
from a site in the Alboran (Med.) Sea, with high
dust input and enhanced iron supply from about
22 to 10 ka.

1.4. Biomarkers and terrigenous input

The long chain n-alkanes (C27, C29, C31 and C33)
and n-alkanols (C24, C26, C28 and C30) are specific to
higher land plant leaf waxes (Eglinton and Hamil-
ton, 1967) and are transported to marine sediments
via eolian dust (Simoneit et al., 1977; Gagosian
et al., 1981; Huang et al., 2000; Zhao et al., 2003)
and fluvial particulate matter (Bird et al., 1995; Pele-
jero et al., 1999). The n-alkane content of surface
sediments from the Kara Sea shelves has been used
to estimate that 70% of the preserved organic car-
bon in that area is terrestrially derived (Fernandes
and Sicre, 2000). Likewise, near surface sediments
of the Dead Sea contain organic matter of mostly
terrestrial origin (Oldenburg et al., 2000). In con-
trast, the same approach reveals a low terrestrial
input on the continental slope of the Nansha Sea,
China (Duan, 2000). Several studies have inter-
preted the stratigraphic variations in the n-C29

homologue (nonacosane) in terms of changing ter-
rigenous input related to wind strength and dust
input (Poynter et al., 1989b; Ishiwatari et al.,
1994; Madureira et al., 1997; Cacho et al., 2000;
Sicre et al., 2000; Zhao et al., 2000; Amo and Min-
agawa, 2003; Zhao et al., 2003; Calvo et al., 2004).
Higher alkane content in the South China Sea dur-
ing the last glacial was attributed to enhanced river
input caused by lower sea level (Pelejero, 2003), but
alkane maxima during the deglaciation in the Sea of
Okhotsk were interpreted as a result of the outflow
of terrestrial organic matter from the submerged
continental shelf when the sea level rose (Seki
et al., 2003). On the other hand, higher sedimentary
n-alkane content in the N. Atlantic during glacial
times has been attributed to terrigenous sediments
transported by ice-rafted debris (Villanueva et al.,
1997).

The long chain n-alkanols have been used sim-
ilarly to evaluate terrigenous input into marine
sediments (Poynter et al., 1989a; Cacho et al.,
2000; Sicre et al., 2000; Sicre et al., 2001; Ternois
et al., 2001). However, there are a few reports of
the presence of some homologues (e.g., C22–C28)
in microalgae and cyanobacteria, so a marine con-
tribution to the sedimentary record is a possibility
(Volkman et al., 1999). In addition, the relation-
ship between the abundances of selected n-alkanes
and n-alkanols has been evaluated first as the
HPA Index (Poynter and Eglinton, 1991), and
more recently as the Alcohol Index (AI; Cacho
et al., 2000). In the western Mediterranean Sea,
lower AI values have been ascribed to preferential
mineralization of the n-C26 alkanol due to
increased deep water ventilation, consistent with
a stronger northern hemisphere wind system
(Cacho et al., 2000).
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1.5. Preservation of organic matter and opal and

productivity estimation

The most important uncertainty underlying the
use of productivity proxies is that of production
vs. preservation (Calvert and Pedersen, 1992). The
sedimentary content of TOC and of individual
organic compounds (Prahl et al., 1989) is influenced
by a variety of biogeochemical factors, notably pri-
mary productivity, water column remineralization,
sedimentation rate and bottom water oxygen con-
centration and exposure time (Eppley and Peterson,
1979; Mueller and Suess, 1979; Pedersen and Cal-
vert, 1990; Hedges and Keil, 1995; Tyson, 2001).
Only a small proportion (often less than 1%) of
the original surface production is preserved in the
sediments (Suess, 1980; Romankevich, 1984).
Hence, it is often debatable whether the sedimentary
organic content mainly reflects surface productivity
or the efficiency of preservation. For preservation,
there is also some uncertainty regarding the role
of the redox condition of the surface sediments
(Pedersen and Calvert, 1990; Hartnett et al., 1998;
Hoefs et al., 2002; Sinninghe Damsté et al., 2002;
Hartnett and Devol, 2003) versus sedimentation
rate (Tyson, 2001) as the central factor.

After studying chlorins in sediments on the
Oman margin in the Arabian Sea, Shankle et al.
(2002) decided that they can be regarded as indica-
tors of palaeoproductivity, though the controls are
complicated in terms of water depth, bottom water
oxygen levels and sediment grain size. The chlorin
signal depends on the local depositional environ-
ment as well as the surface production. They con-
cluded that sedimentary chlorins can be used as a
proxy for palaeo productivity with the reservation
that the rate at which they are degraded is not well
understood. Increased primary production results in
higher chlorin concentrations reaching the sedi-
ment. Also, an increased sedimentation rate allows
a higher proportion of the chlorin flux to be pre-
served. Prahl et al. (1989) reported biomarker
records at MANOP site C in equatorial Pacific
Ocean and concluded that absolute quantitative
assessments of marine source contributions based
on analysis of biomarkers are hampered by the same
limitations as TOC, since only a small fraction is
preserved in the sediments. They suggested that
combined methods are needed to separate produc-
tion from preservation effects. Other recent studies
find that production is the dominant factor in con-
trolling the downcore organic records (Hinrichs
et al., 1999; Schouten et al., 2000). Hinrichs et al.
(1999) pointed out that the alkenones, diols, and
the long chain fatty acids belong to the most refrac-
tory group of biomarkers, which are less subject
than other types of lipids to oxic degradation.

It is apparent that, with the diverse environmen-
tal conditions bearing on surface water productiv-
ity, water column processes, sedimentation, and
early diagenesis/burial, it is unlikely that the content
or MAR of any biomarker proxy can be used as an
absolute productivity indicator. However, some of
these environmental effects can be allowed for by
comparing the relative downcore variations of sev-
eral proxies (Versteegh and Zonneveld, 2002), espe-
cially if the sedimentation rate is relatively constant.

We conclude that sedimentary biolipids can be
used to partially reconstruct the overlying marine
phytoplankton community and the terrigenous
inputs, but only with certain reservations. First,
selective preservation is a major factor, but it is also
evident that the relationship between the biomark-
ers and their original sources is not a simple one,
just as it is with other types of proxy such as opal.
The principal difficulty lies in establishing just which
organisms have been responsible for the production
of the biomarkers. Thus, with dinosterol, which of
various species or even which genera of dinoflagel-
late actually produced this sterol and to what
extent? In effect, what precisely does a change in
the abundance of dinosterol within a core mean?
Since different species of dinoflagellates have differ-
ent environmental needs, such as depth in a water
column, nutrient concentrations, etc. we really
would wish to know which species has contributed.
Instead, we have to make do at present with the gen-
eralization of a semi-quantitative contribution from
dinoflagellates as a class or group of organisms.

The same considerations apply to all biomarkers,
including the alkenones, which largely reflect only
Emiliania and Gephyrocapsa productivity within
the haptophytes. However, in the case of the alkyl
diols, the limited literature data indicate that these
compounds are made by the eustigmatophytes
and, to a lesser extent, diatoms. We are unable to
separate out the contributions from these organisms
which have rather different environmental require-
ments and hence have adopted the eustigmato-
phyte/diatom assignment as a provisional working
basis.

What emerges from these considerations is that
there is clearly benefit to be obtained by surveying
large numbers of individual species of organisms
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for gene content. It should be possible to arrive at
more firmly based interpretations of sedimentary
biomarker abundances when the key genes for the
formation of these lipids have been located, identi-
fied and surveyed in the biosphere and in type envi-
ronments. Closer links should then be apparent
between biomarkers and the environmental condi-
tions under which they are formed.

The environmental controls on opal production
and dissolution in both the water column and sedi-
ments have been documented extensively (Rague-
neau et al., 2000). The authors concluded that the
efficiency of biogenic silica export fluxes, lateral
advection of water masses, sediment redistribution,
and spatial variations in the preservation efficiency
of the biogenic silica all affect the use of opal as a
productivity proxy. For example, lower opal export
rate in the Atlantic Ocean than the Pacific Ocean
could partially explain the lower opal content in
the Atlantic Ocean sediment. They hypothesized
that the low ambient silicic acid concentration in
waters off NW Africa could induce the growth of
diatoms more susceptible to dissolution, which
would further decrease their export rate. On the
other hand, opal flux does not change significantly
with depth in the deep water, but sedimentary pro-
cesses do. For our site, glacial–interglacial timescale
changes in silica supply brought by dust and upwell-
ing of different water masses should affect opal pres-
ervation efficiency.

1.6. The site

Site 658 lies directly beneath an area of perma-
nent upwelling mostly controlled by the strength
of the northeast trade wind (NETW); it is in the cen-
tral region of dust deposition, supplied by the Sah-
aran air layer (SAL) and the NETW (Figs. 1 and 2).
Upwelling of nutrient-rich waters and fertilization
by eolian dusts enhance productivity in the photic
zone at this site relative to the open ocean, resulting
in high sedimentation rates estimated at 10–
20 cm kyr�1, and total organic carbon contents of
up to 3% (Harris et al., 1996). The site has been
the focus of a number of investigations regarding
the evolution of both the marine and terrestrial
paleoenvironments of the region over the last
500 kyr. Terrestrial records indicate long term
increased aridity of the Sahara (Tiedemann et al.,
1989), but humid periods also occurred abruptly
(de Menocal et al., 2000). For the marine environ-
ment, glacial instability was revealed by abrupt
changes in SST (Eglinton et al., 1992; Zhao et al.,
1995). Marine productivity estimation generally
revealed peaks at terminations (Harris et al., 1996;
Higginson, 2000; Zhao et al., 2000).

Phytoplankton productivity at these latitudes is
mainly controlled by the nutrient concentration, as
supplied by several processes including the upwell-
ing of deep and nutrient-rich waters, eolian dust
deposition and fluvial flux. As a result, primary pro-
ductivity is basically high for ODP Site 658, while
its variability is determined by the climatic and
oceanographic processes that influence the delivery
of these nutrients to the surface waters. The supply
of nutrients is firstly determined by the intensity of
upwelling, which is primarily driven by the NETW
strength (Fig. 1A). The upwelling cell off NW Africa
(Fig. 1B) generates surface waters which are
amongst the most productive in the oceans. The
Late Quaternary trade wind history has been
estimated mainly by analyzing eolian terrigenous
material (Sarnthein et al., 1982) and pollen (Hoog-
hiemstra, 1989) in the sediments, and it was gener-
ally concluded that the glacial wind was stronger
than that of the interglacial. However, recent stud-
ies show that productivity peaks were associated
with terminations for this region and for regions
further north in the Atlantic (Bertrand et al.,
1996; Harris et al., 1996; Thomson et al., 2000;
Zhao et al., 2000; Moreno et al., 2002). The higher
productivity during the terminations suggests stron-
ger upwelling, associated with the interaction of
atmosphere and ocean circulations, SST changes
and melt-water discharges (Thomson et al., 2000;
Moreno et al., 2002).

Also important was the nutrient level of the upw-
elled water, which is mainly determined by the paths
and strengths of the deep sea circulation (Higgin-
son, 2000). Upwelling can only result in new pro-
duction if the inventory of nutrients, new and
recycled, is sufficient to sustain it. The quantitative
balance between new and recycled nutrients needs
more attention. Presently, ocean circulation off
NW Africa involves four water masses: North
Atlantic Deep Water (NADW) flows southwards
below 2000 m from the North Atlantic, resulting
in low-oxygen bottom waters around Cap Blanc
(Sarnthein et al., 1982; Futterer, 1983). NADW flow
was reduced during peak glacial cooling, replaced at
least in part by northward-flowing nutrient (e.g.,
nitrate)-rich, corrosive Antarctic Bottom Water,
flowing north along the western continental margin.
Above this, highly saline and more oxygen-rich



Fig. 2. Schematic of sources and ablation and transport systems supplying dusts from NWAfrican continent to the photic zone at Site 658
off Cap Blanc in the NE Atlantic.

1. Major dust sources

(1a) The Lake Chad Basin, including the Bodele depression (ca. 14�N, and 15�E)
(1b) The Central Saharan mountain massifs of Ahoggar, Air, and Tibesti.

(1c) The transcontinental Sahel zone running West to East to the South of the Sahara.

(1d) The North and Western region encompassing arid parts of Morocco, Algeria and Mauretania in the peri-mountain regions to the
North of the Sahara.

(1e) The Mediterranean and North West coastal zones.

2. Dust ablation

Lift off of dust and fine soils is very dependent on aridity. Dust flux to the NE Atlantic can be expected to be low in pluvial episodes,
and high in cold, arid and windy times.

3. Dust transport

Dust lifted off during storm events is transported at ca. 3–5 km height, mainly by the SAL, from East to West across the Sahara to the
Atlantic.

4. Dust fall out and rain out

Dust fall out from the transiting dust clouds brought by the SAL and the NETW occurs fairly continuously but maximizes in rain
storms. Dust supplies both macro- and micro- mineral nutrients.

5. Photic zone processes

The photosynthetic zone, the top tens of meters, is comprised of cold upwelling water masses containing macronutrients. Loss of nutri-
ents occurs through dispersion by surface currents and the rain of fecal debris to the ocean floor.

6. Upwelling of ocean waters

At Site 658, the upwelling is driven by the NETW, modified to some extent by the upper air flows of the SAL, bringing cold mid-water
masses to the surface. At present, these are mainly NADW, rich in macronutrients such as nitrate and phosphate.

7. Sedimentation through the water column

Ballasting by the heavy eolian particles, ingested by zooplankton and excreted in fecal pellets, speeds the descent of organic debris. The
mineral particles also adsorb and physically protect organic matter.

8. The sedimentary record

This combined regime of upwelling and eolian input is expressed as a high sedimentation rate of marine and terrigenous matter, both
inorganic and organic.
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Mediterranean outflow water (MOW) constitutes a
significant flow from the north. Although restricted
during glacially lowered sea level, the incursion of
MOW during interglacial periods such as the Holo-
cene has confined NADW flow to depths well below
�1750 m. Above the MOW, between ca. 150–
400 m, low oxygen, nutrient-rich South Atlantic
Central Water (SACW) separates deep water flow
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from the sluggish, wide and shallow eastern bound-
ary current, the Canary Current (CC) above. The
CC, the southward limb of the Portuguese current,
originates from the North Atlantic Drift and flows
along the Iberian and N. African continental mar-
gins, where it becomes gradually detached from
the continental slope between 25�N and 21�N due
to low-level wind forcing (Gabric et al., 1993). This
current may have transmitted cold meltwaters dur-
ing ice rafting events in the North Atlantic (Zhao
et al., 1995).

The riverine input is known to bring in nutrients,
such as dissolved silica which can be expected to
enhance diatom production and preservation. How-
ever, the particulate load is not normally carried far
out to sea, and its contribution to the ballasting
effect is not expected to be significant at this site.
More importantly, significant amounts of nutrients
can be brought to the coastal region by the flooding
of continental shelves during the deglaciation (Ber-
trand et al., 1996; Thomson et al., 2000).

As reviewed in Section 1.3, dust input can
increase productivity. In addition, dust can also
enhance organic preservation by two means. The
first is its contribution to the rapid transport of
organic production to the sea floor through the bal-
lasting effect of mineral particles incorporated in
fecal pellets (Ittekkot and Haake, 1990; Armstrong
et al., 2002); the second is the contribution made
to sedimentation rate which leads to the more rapid
burial of organic matter (Fig. 2.7). The overall result
is that an increased proportion of organic produc-
tion can reach the sea floor, largely escape benthic
processes and bioturbation and, hence, contribute
to higher TOC and biomarker contents in the ben-
thic sediments (Fig. 2.8).

1.7. Approach and goals

Multi-biomarker analyses from the same core
offer increased scope for evaluating variations in
both total and individual phytoplankton productiv-
ity, and this approach has been applied routinely to
reconstruct paleocommunity structure change in a
variety of climate settings (Schubert et al., 1998;
Hinrichs et al., 1999; Versteegh and Zonneveld,
2002; Menzel et al., 2003; Schulte and Bard, 2003;
Higginson and Altabet, 2004).

We report here new molecular abundance data
for alkenones, alkyl diols, dinosterol and n-alkanols
at Site 658 for the last 160 kyr. These are compared
with previously reported data for contents of TOC,
chlorins, opal and n-alkanes from the same site.
Typical abundances of alkenones, diols, dinosterol
and n-alkanols are in the range of lg g�1, less than
0.01% individually and less than 0.05% for all bio-
markers combined. However, lithogenic abun-
dances of clay and quartz vary between 10% and
50% each across the same interval (Tiedemann
et al., 1989). We circumvent this disparity by com-
paring differences between the proxy abundances
and the timing of maxima/minima. Our approach
is based on the assumption that the chlorins can
be used as a proxy for total phytoplankton produc-
tivity and, correspondingly, opal for diatoms, dinos-
terol for dinoflagellates, alkenones for haptophytes,
and alkyl diols for eustigmatophytes/diatoms. The
aim is to evaluate the information given by these
different, individual biomarkers as proxies for spe-
cific phytoplankton groups. Temporal coherences
and differences among these proxies from the same
location may shed new light on the fertilization
effects of the different nutrient sources. In addition,
multi-proxy analysis allows for some evaluation of
the effects of degradation of biomarkers as produc-
tivity proxies (Versteegh and Zonneveld, 2002).

2. Materials and methods

2.1. Stratigraphy

Three holes (A, B, and C) were drilled at ODP
658. A ‘‘common’’ age-scale was established for
these sites (Zhao et al., 2003). It gives an average
sedimentation rate of approximately 15 cm kyr�1

for the last 160 kyr. However, sedimentation rates
vary widely from 8.6 to 73.7 cm kyr�1 for the last
23 kyr, afforded by 13 AMS 14C dates. For the inter-
val of 23–160 ka, the age model was mostly based
on the benthic isotope stratigraphy of 658A and
B, and the sedimentation rate varied only between
9 an 20 cm kyr�1. There was a hiatus in 658A/B
from 8.8 mbsf (50 ka) to 9.1 mbsf (74.5 ka), so no
data were available for this section, but there was
a relatively complete recovery of sediments for this
interval from Hole 658C. The adopted age scale
for 658C, however, retains some uncertainties (1–
3 kyr) since it relies mostly on the d18O records for
658A and B.

2.2. Methodology

More detailed methods for lipid analyses were
given in Zhao et al. (1995). Sampling resolution
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was generally 2–5 cm (150–300 yr). For biomarker
measurements, ca. 0.5 g of freeze-dried sediment
was extracted with organic solvent (dichlorometh-
ane/MeOH, 3:1) three times, after adding the
internal standard containing C21 n-alkanol and C36

n-alkane. Quantification of lipid biomarkers was
achieved by comparing individual peak areas with
those of the internal standards. Over 900 samples
were analysed, mainly for the chlorin content and
the range of homologues of alkenones, n-alkanes,
n-alkanols, alkyl diols and the sterol dinosterol.
The following individual biomarkers were analysed:
C37 (C37:2, C37:3 and C37:4 methyl) alkenones and
C38 (C38:2, C38:3 methyl and C38:2, C38:3 ethyl) alke-
nones, 1,15-C30 and C32 diols, dinosterol, C27, C29,
C31 and C33 n-alkanes, C24, C26, C28 and C30 n-alk-
anols. For alkyl diols, a limited number of samples
were analyzed using GC-MS as the TMSi ethers.
The homologues and isomers were recognized by
their relative elution order and fragmentograms
(de Leeuw et al., 1981; Poynter, 1989; Poynter
et al., 1989a). The C30 and C32-1,15-diols were the
most abundant with some C28 and C30-1,14-diols
also present. Biosynthetically related series of other
compounds, such as the unsaturated alkyl diols, the
hydroxy alkanones and the hydroxy alkanoates,
were not studied. Under these analytical conditions
for the total extracts as the TMSi ethers, the sterol
region was not efficiently resolved, with the excep-
tion of the dinosterol peak. Hence, brassicasterol
could not be accurately determined.

Analyses of chlorins (658C) were reported in
Harris and Maxwell (1995), with sampling resolu-
tion of 150–300 yr per sample. Opal (658A/B cores)
was measured by Tiedemann (1991) using sliced
cores, with resolution of only approximately
2000 yr per sample.

Conversion of the contents of the various param-
eters to their MARs was achieved using the follow-
ing formula (Tiedemann et al., 1989):

MAR ¼ LSR�DBD� C;

where MAR is in lg cm�2 kyr�1 for the biomarkers,
and g m�2 yr�1 for TOC and opal, LSR is the linear
sedimentation rate (cm kyr�1), DBD is the dry bulk
density (g cm�3 wet volume), C is the sediment com-
ponent content (lg g�1 for biomarkers and wt% for
TOC and opal). Since DBD was not determined for
658C, we used the data from 658A/B for the same
composite depth (Tiedemann et al., 1989). Sedimen-
tation rate is calculated based on the ‘‘common’’
age-scale.
3. Results

Fig. 3 presents the contents and MARs of TOC,
chlorins, opal, RC30 + C32 diols, RC37 + C38 alke-
nones, dinosterol and Rn-alkanes and n-alkanols, as
well as the linear sedimentation rate (LSR) for the last
160 kyr. The SST record (Fig. 3H) has been reported
(Zhao et al., 2003), but is included here for compari-
son purposes. The contents of TOC, chlorins, opal,
C37 alkenones and n-alkanes have been reported pre-
viously (Tiedemann, 1991; Harris and Maxwell,
1995; Harris et al., 1996; Jordan et al., 1996).

TOC content (Fig. 3A) varied between 0.5% and
3%, with values generally higher during the warm
stages (MIS 5, 3 and 1) and lower during the cold
stages (MIS 6 and 2). However, the cold MIS 4
showed two large oscillations, with values reaching
3%.

Chlorin content (Fig. 3B) shows variations from
1 to 18 lg g�1. Higher values and maxima are
observed around 0–4, 8–15, 33–50, 60–67, and
123–133 ka, lower values and minima occurred
around 8, 15–30, 50–60, 135–150 ka. Generally,
peak glacial periods of LGM (23–18 ka) and PGM
(145–135 ka) had lower chlorin values, but the
amounts for MIS 4 were high. Deglaciations and
MIS 3 had higher values, but most of MIS 5 (70–
120 ka) had low values.

Opal content for 658A and B (Fig. 3C) ranged
from 2% to 33% with two peaks centered at the
deglaciation (11 and 128 ka, respectively). The low-
est values were near the LGM and PGM. There
were no data for MIS4 due to the hiatus.

The C30 and C32 alkyl diols (Fig. 3D) show sim-
ilar downcore variation and the X–Y plot yields a
correlation coefficient (R2) of 0.86 (Fig. 4A), in
agreement with the assumption that they have com-
mon sources. The total contents of the C30 and C32

alkyl diols, range from 0.3 to 14 lg g�1. Higher val-
ues and peaks are recorded for example, at 0–4, 10–
15, 30, 37–44, 60–67, 115, 122–132 ka. Lower values
and some minima are recorded at, for example, 4–
10, 15–27, 50–60, 83–85, 117–122, 132–142 ka.
There are no clear glacial to interglacial patterns,
except that the two peak glacial periods (LGM
and PGM) both had very low values.

C37 and C38 alkenones (Fig. 3E) show almost
identical downcore profiles and an R2 of 0.98 in
an X–Y plot (Fig. 4B), in accordance with their
common sources. Total alkenone values vary by a
factor of 32 (1–32 lg g�1). Higher values and peaks
are observed around 0–4, 38–45, 60–80, 85–92,
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Fig. 3. Content and MAR records for ODP Site 658C over last 160 kyr, together with records for biogenic opal for 658A and B and UK0

37

SST and linear sedimentary rate data for 658C. Marine isotope stage boundaries (1–6) are labeled on the top. LGM is the last glacial
maximum and PGM is the penultimate glacial maximum and T1 and T2 indicate Terminations. The arrow labeled Gap is for a coring gap
between 99.1 and 104.3 ka in 658C. Solid lines are for content and dashed lines are for MAR. NM is �not measured�. (A) Content (%) and
MAR (g m�2 yr�1) of TOC. (B) Content (lg g�1) and MAR (lg cm�2 kyr�1) of chlorins (Harris et al., 1996). (C) Content (2–63 lm
fraction, carbonate-free, %) and MAR (g m�2 yr�1) of biogenic opal for ODP 658A/B (Tiedemann, 1991). (D) Content (lg g�1) and MAR
(lg cm�2 kyr�1) of of RC30 + C32 diols. (E) Content (lg g

�1) and MAR (lg cm�2 kyr�1) of RC37 + C38 alkenones. (F) Content (lg g�1)
and MAR (lg cm�2 kyr�1) of dinosterol. (G) Content (lg g�1) and MAR (lg cm�2 kyr�1) of RC27 + C29 + C31 + C33 n-alkanes plus
RC24 + C26 + C28 + C30 n-alkanols.
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105–125, 147–160 ka, lower values and minima
occurred around 5–37, 50–60, 132–147 ka. Alkenone
content was generally higher during interglacials, but
lower during glacials with the exception of higher
values during MIS 4 and early MIS 6. The two
peak glacial periods (LGM and PGM) and the two
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deglaciation intervals all had very low values, and the
low values extended to the early Holocene for termi-
nation I. Interesting features are the persistent low
alkenone concentration from 37 to 5 ka and the
higher values in MIS 5.

Dinosterol content (Fig. 3F) shows a range of
0.03–1.5 lg g�1. The content for several intervals
(e.g., 37–44, 61–82 and 130–144 ka) was below
detection limit, which was estimated at 0.02 lg g�1.
The content for the last 35 kyr was much higher
than for the rest of the record. Within this interval,
the LGM period had the lowest values. Dinosterol
content increased at the start of deglaciation
(15 ka) and reached a peak at around 9 ka, followed
by some decreases at 7 and 4 ka. For the interval of
40–160 ka, dinosterol values were generally low.
The glacial periods of MIS 6&4 had values below
detection limit.

The n-alkanes and n-alkanols (Fig. 3G) show
similar downcore profiles and an R2 of 0.63 in an
X–Y plot (Fig. 4C), in agreement with the assump-
tion that they are both derived from land plant leaf
wax. Their total content varied by a factor of
approximately 5 for both groups. These terrigenous
components seem to show slightly more variability
than the marine derived organic components (chlo-
rins, alkenones, dinosterol and diols; Fig. 3). Their
contents do not demonstrate a clear glacial/intergla-
cial pattern, but peak glacial times (LGM and
PGM) did show lower values.

The MAR variations (Fig. 3A–G) generally par-
allel those of the contents of the same parameters,
except for the last 15 kyr. Three significant MAR
peaks are apparent at 14.7–13, 7.9–7.4 and
2–0.8 ka. On the other hand, the MARs are conspic-
uously low for all parameters for the interval 11.2–
9.7 ka. These major deviations in MAR from
contents are largely a result of variations of linear
sedimentation rate (LSR, Fig. 3H) afforded by the
10 AMS 14C dates for the last 15 kyr. Thus, sedi-
mentation rate varies by more than a factor of 8
(8.6 cm kyr�1 for 7.9–9.7 ka to 73 cm kyr�1 for
7.9–7.4 ka) for this interval. For the interval of
23–160 ka, the age model was mostly based on the
benthic isotope stratigraphy of 658A and B, and
the estimated sedimentation rate varied only by a
factor of 2 (between 9 and 20 cm kyr�1). Thus,
sharp increases or decreases in MARs are created
at age control points even if there are no significant
changes in the contents of these parameters.
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4. Discussion

4.1. Downcore variations in the marine productivity

proxies

Both content and MAR of biogenic components
have been used as proxies for paleoproductivity. In
view of the potentially sharp boundaries created by
age control points, it is important to cross correlate
both the MAR and content records of the same
parameter.

Five intervals of higher total phytoplankton pro-
ductivity are indicated by the chlorin content and
MAR records. Two occurred during deglaciations
or terminations (15–8 and 133–123 ka), one
occurred during the late Holocene interglacial (4–
0 ka) and one occurred during the milder intervals
of the last glacial (50–30 ka), but only one occurred
during the glacial period of MIS 4 (67–60 ka). The
five intervals are termed the High Productivity
Intervals (HPIs) of the Late Holocene, Termination
I, MIS 3, MIS 4, and Termination II, for easier
comparison. The opal record in 658A/B indicates
only two major diatom productivity peaks at 15–8
and 133–123 ka that matched the two HPIs at the
terminations well (Harris et al., 1996). There was a
small opal peak during the early stage of the MIS
3 HPI, but opal content was very low for the late
Holocene HPI. However, fewer peaks in the opal
record may be a consequence of lower sampling res-
olution in 658A/B. No opal data were available for
the MIS 4 HPI due to the hiatus in core 658A/B;
hence, a major diatom peak may have existed
between 75 and 50 ka. In addition, high productiv-
ity intervals were also identified for Terminations
III and IV using total chlorin content (Higginson,
2000).

Alkyl diols show somewhat higher eustigmato-
phyte/diatom productivity during all five HPIs,
although the Termination I peak was small. Of
the 4 individual phytoplankton productivity prox-
ies, the alkyl diol productivity record has the best
match with the total productivity (chlorins) record.
Alkenones revealed higher haptophyte productivity
during the HPI of the Late Holocene and the MIS
4, but smaller productivity peaks during the MIS 3
HPI, and a smaller and delayed Termination II
HPI. However, no Termination I HPI was
observed. On the other hand, two major and broad
alkenone peaks in MIS 5 (at around 92–85 and
115–105 ka) correlate with smaller increases in the
total productivity record of chlorins. The dinos-
terol record revealed only two higher dinoflagellate
productivity periods that match the Late Holocene
and Termination I HPIs. There was also a small
peak near the end of the MIS 3 HPI. However,
dinosterol was below the detection limit during
the MIS 4 HPI and part of the Termination II
HPI.

The most striking behavioral feature of these
biomarker proxies is that they all indicate lower
algal group productivity for this site during the
two peak glacial times (LGM, 25-18 ka and
PGM, 145-135 ka). Lower total productivity dur-
ing the LGM for this region has been reported
before (Bertrand et al., 1996; Harris et al., 1996;
Zhao et al., 2000), but the lower productivity dur-
ing the PGM suggests that the causative phenome-
non could have operated during all the peak glacial
periods for this region, as indicated by chlorin
analysis (Higginson, 2000). All proxies, except the
alkenones, also reveal higher productivity at the
two terminations, in agreement with results from
this region, the North Canary Basin (Moreno
et al., 2002), the Iberian margin (Thomson et al.,
2000) and the western Mediterranean (Barcena
et al., 2001). Higher productivity, especially of dia-
toms, within a major upwelling region during Ter-
minations would be expected to drive down
atmospheric pCO2 (Higginson and Altabet, 2004)
at precisely the time that ice core records indicate
that pCO2 was rising sharply.

4.2. Downcore variations in terrigenous biomarkers

The terrigenous biomarkers, the n-alkanes and
n-alkanols (Fig. 3G), show trends which are remark-
ably similar to those of major portions of the chlo-
rin and TOC records. Thus, they show high values
for all five HPIs. One explanation for the parallel-
ism between the n-alkanes and n-alkanols and the
TOC records could be that terrigenous input was
a significant contribution to TOC. However, low
resolution studies have revealed that TOC was pri-
marily of marine origin for this site (Stein et al.,
1989). In addition, optical observations of organic
matter (OM) at nearby site 11K (for ca.last 60
Ka) reveal mainly structureless flakes, typical of a
planktonic/bacterial origin, whilst continental OM
(lignocellulose fragments) represents a minor contri-
bution (Martinez et al., 1999). Rather, the most
likely explanation lies in the fertilizing effect of the
terrigenous input on the phytoplankton productiv-
ity, combined with enhanced preservation due to
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increased sedimentation. The primary relationship
must be between the n-alkanes and the n-alkanols
reflecting terrigenous input and the chlorins repre-
senting total phytoplankton productivity. In gen-
eral, colder and drier climates are associated with
stronger winds and higher dust inputs (Tiedemann
et al., 1989), but n-alkane and n-alkanol inputs
may not always reflect dust inputs. Indeed, peak gla-
cial times (LGM and PGM) had strikingly lower n-
alkane and n-alkanol inputs for this site, which may
reflect lower densities of vegetation cover of the dust
source region at these cold and arid times (Zhao
et al., 2003).

4.3. Downcore variations in TOC-normalized

productivity proxies

One problem associated with using sedimentary
biomarker contents as productivity proxies is that
biomarkers are only a very small fraction of the
total sediment contents, but lithogenic components
can vary between 40% and 70% (Tiedemann et al.,
1989; de Menocal et al., 2000; Zhao et al., 2003).
Since both aridity and wind strength maximized at
the LGM and PGM, it is likely that deflation and
hence lithogenic flux also reached maxima at these
times (Tiedemann, 1991; Ruddiman, 1997; Zhao
et al., 2003). Therefore, lithogenic dilution of sedi-
ments could account in part for the lower biomarker
contents during the LGM and PGM. However, sed-
imentation rates were about average (13–
15 cm kyr�1) during the LGM, but much higher
during the deglaciation (30 cm kyr�1) and part of
the early Holocene (up to 73 cm kyr�1). Indeed,
comparisons of biomarker contents and MARs fur-
ther confirm that productivity was the lowest during
the LGM.

Another means of evaluating the productivity
proxies is to normalize the contents to TOC in order
to eliminate the dilution effects; these data are plot-
ted in Fig. 5B–G. The TOC-normalized values gen-
erally show downcore variations paralleling those of
the contents. We can deduce two preliminary con-
clusions. The first is that sediment dilution was
not mainly responsible for the downcore variations.
The second is that the downcore variations in the
marine proxies were largely independent of TOC
variability. This supports earlier arguments that
biomarker variability is mainly controlled by sur-
face productivity.

However, preservation must be considered (Cal-
vert and Pedersen, 1992). As indicated above, envi-
ronmental effects on preservation can be allowed for
by comparing the relative downcore variations in
several proxies (Versteegh and Zonneveld, 2002),
especially if the sedimentation rate is relatively con-
stant. At ODP site 658, the sedimentation rate for
most of the record varied by only a factor of 2 over
the last 160 kyr. The downcore variation in the mar-
ine biomarkers varied by up to a factor of 15 while
terrigenous biomarkers varied by a factor of 5. Fur-
thermore, the different marine biomarkers show
peaks at different intervals. These results suggest
sedimentation and diagenesis rates are not the main
controls of the downcore variations of these bio-
marker contents at Site 658. The decreasing dinos-
terol content with increasing sediment age
(Fig. 3F) does reveal a trend consistent with a
strong preservational artifact for this record. How-
ever, a longer but lower resolution dinosterol record
from 658A showed that dinosterol had many other
high abundance peaks during the last 500 kyr, sug-
gesting that surface production was also important
(Poynter et al., 1989a).

We conclude that preservation alone does not
explain the behavior of the biomarker productivity
proxies in ODP 658C, though it will have played a
role in controlling the magnitudes of their maxima
and minima. Rather, we argue that their downcore
variations mainly reflect primary production
changes.

4.4. Principal component analysis and fertilization off

the coast of NW Africa

The records of the productivity and the terrige-
nous input proxies (Fig. 3) clearly show similarities,
but there are also major differences. Principal com-
ponent analysis (PCA, Table 1) was performed
using the JUP Program of SAS on the original con-
tent data of the proxies in order to highlight the
commonalities and differences among the various
measurements. In addition to the six direct produc-
tivity proxies (TOC, chlorins, opal, alkenones,
dinosterol and alkyl diols), we also included UK0

37

SST as it is related to upwelling, and alkanes and
alkanols content as a proxy for terrigenous bio-
marker input. The first four factors account for
85% of the total variance of the data sets. Factors
1, 2 and 4 are all related to marine phytoplankton
productivity, as each is loaded by one or more of
the productivity proxies. Since factor 1 is loaded sig-
nificantly by both TOC and chlorins, it is most
likely the best total productivity indicator. For
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individual groups of phytoplankton, factor 1 repre-
sents mostly the productivity contributions from
eustigmatophytes (diols) and haptophytes (alke-
nones) with some contribution from diatoms
(opal), but no contribution from dinoflagellates
(dinosterol). Factor 2 represents productivity con-



Table 1
Principal component analysis of data for core 658C and 658A and B (opal only)

Eigenvalue % of variance Cumulative % of variance

Factor 1 3.43 42.8 42.8
Factor 2 1.48 18.5 61.3
Factor 3 1.00 12.5 73.8
Factor 4 0.93 11.6 85.3

Eigenvectors Factor 1 Factor 2 Factor 3 Factor 4

TOC 0.477 0.106 0.042 0.161
Chlorins 0.406 0.400 0.001 �0.102
Opal 0.243 0.466 0.056 �0.614
Alkenones 0.342 �0.476 0.120 0.187
Dinosterol 0.047 0.546 �0.090 0.730
Diols 0.477 �0.182 0.005 0.099
SST �0.059 0.069 0.986 0.069
Alkanes and alkanols 0.446 �0.220 �0.035 �0.062

Percentage of variance of the first four factors and the loadings of the proxies on factors 1–4.

88 M. Zhao et al. / Organic Geochemistry 37 (2006) 72–97
tributions mainly from dinoflagellates and diatoms.
The significantly negative loading of alkenones indi-
cates that, at least for some time intervals, the pro-
ductivity of haptophytes was lower when those of
dinoflagellates and diatoms were higher. Factor 4
represents some additional productivity contribu-
tions from dinoflagellates and haptophytes, which
occur when diatom productivity was lower. These
results suggest temporal variations in phytoplank-
ton community structure responding to environ-
mental changes. The significant loading of the
n-alkanes and n-alkanols in factor 1 reflects the
visual observation that there are some strong simi-
larities downcore between the records of the n-alk-
anes and n-alkanols and those of the productivity
proxies. However, n-alkanes and n-alkanols are
not produced by marine phytoplankton. Hence,
their high loading in factor 1 supports the claim that
the dust input which mostly carries them contrib-
utes significantly to the fertilization of the ocean
phytoplankton (eustigmatophytes, haptophytes
and diatoms), as well as enhancing organic preser-
vation due to increased sedimentation. However,
increased dust input during the LGM (Tiedemann
et al., 1989) did not increase productivity (Fig. 3).
One possible explanation is that the weakened
upwelling (Zhao et al., 2000) did not bring up suffi-
cient macronutrients to sustain the enhanced pro-
ductivity for this site. Future studies using
biomarkers and independent estimates of ocean
nutrients by nitrogen isotope and carbon isotope
measurements (Altabet et al., 2002) could help to
clarify the situation regarding dust fertilization.
Furthermore, as the terrestrial n-alkanes and n-alk-
anols are typically associated with the fine particles,
they could be easily moved about by resuspension
and lateral sediment transport caused by deep water
flow (McCave, 2002). Hence, increased n-alkanes
and n-alkanols in the core might not reflect higher
dust input at the site. SST is the only significant
loading on factor 3, accounting for 12.5% of the
variance. Surprisingly, SST has no significant load-
ing on factors 1, 2 and 4 (all productivity factors),
indicating that upwelling is not one of the main
causes of productivity variation at this site. If it
were, we would expect a high negative loading of
SST on at least one of productivity factors since
stronger upwelling would enhance surface produc-
tivity but decrease SST (Hinrichs et al., 1999). We
infer that the persistence of the upwelling cell has
provided the basic scenario maintaining the high
productivity, but that fertilization-induced varia-
tions in productivity have resulted from changing
inputs of nutrients brought in by remote water
masses and by eolian dust.

The correlations of these different proxies are
further illustrated by the coefficients derived by
multivariate analysis (Table 2). TOC and chlorins
have a coefficient of 0.67 (Table 2 and Fig. 4D),
which is in accord with the conclusion that most
of the TOC is of marine origin (Stein et al.,
1989). In fact, this correlation for ODP 658C was
cited as the evidence that chlorins could be used
as a paleoproductivity proxy (Harris et al., 1996).
Among the individual phytoplankton productivity
proxies, opal and diols reveal good correlation
with chlorins, but alkenones do not. Opal and
diols also do not correlate well. This is surprising,



Table 2
Multivariate analysis of data for core 658C and 658A and B (opal only) and cross-correlation coefficients

TOC Chlorins Opal Alkenones Dinosterol Diols SST

Chlorins 0.667
Opal 0.352 0.558
Alkenones 0.466 0.172 �0.034
Dinosterol 0.215 0.260 0.062 �0.165
Diols 0.718 0.533 0.215 0.644 �0.008
SST �0.039 �0.044 0.001 �0.017 0.003 �0.097
Alkanes and alkanols 0.645 0.457 0.225 0.549 �0.110 0.721 �0.121
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since it has been proposed that alkyl diols are pro-
duced by diatoms under high productivity (upwell-
ing) settings (Sinninghe Damsté et al., 2003). One
possible explanation is that opal dissolves easily
in the Atlantic Ocean surface water (Ragueneau
et al., 2000) and is a poor proxy for diatom pro-
ductivity, except for very productive intervals, such
as the two terminations. Alternatively, the compar-
ison provides some support for our provisional
assignment of eustigmatophytes as the main pro-
ducers of the diols. The terrestrial biomarkers, alk-
anes and alkanols show reasonable correlation
with chlorins. Interestingly, diols, alkanes and alk-
anols, and alkenones all correlate well with TOC.
These correlations probably reveal some preserva-
tion effects, since these lipid biomarkers are all
fairly resistant to degradation. They are often bet-
ter preserved than TOC (Versteegh and Zonneveld,
2002), but chlorins are less well preserved. Table 2
reveals that SST does not have any significant cor-
relation with the other proxies. We infer that, while
upwelling has maintained high productivity for Site
658, it could not account for the productivity
variations.

Another likely explanation for the observed pat-
terns in biomarker and TOC contents may lie in
changes of wind direction and seasonality during
the glacials (Martinez et al., 1999). The intensifica-
tion of offshore winds at the LGM (Shimmield,
1992; Leroux, 1993; Grousset et al., 1998; Martinez
et al., 1999; Zhao et al., 2000) could have caused a
persistent over-deepening of the mixed layer within
the upper waters of the center of the upwelling cell.
As planktonic species would have been consistently
convected down to 40–50 m depth, essentially below
the euphotic zone, it is possible that this could have
resulted in relatively lower in situ marine productiv-
ity when offshore winds were most intense. Further-
more, light attenuation and surface water turbidity
caused by the increased surface wind shear and
maximum aerosol loading of near surface winds
could have restricted phytoplankton production
(Huntsman and Barber, 1977). Both of these effects
have been observed during in situ studies of the
most intense region of upwelling today (Huntsman
and Barber, 1977; Gabric et al., 1993). Certainly,
reconstructions of paleo-winds during peak glacials
suggest more prolonged, intense winds, with intensi-
fied trade winds focused between the stationary
ITCZ and a depressed paleo-polar front.

Other processes affecting the productivity at Site
658 and this region in general include the nutrients
transported by eolian dusts and fluvial fluxes and
the upwelling of the different water masses, which
are reviewed in Sections 1.3 and 1.6, respectively.
The relationships between these various fertilizing
mechanisms must be complicated. While height-
ened wind speeds tend to increase both the dust
input and the upwelling strength, hence summing
the fertilizing effects, the situation is not simple
(Fig. 2.5). For example, an increase in the speed
of the higher altitude SAL may result in more dust
being delivered to the ocean, but the SAL�s effect
on upwelling (Fig. 2.6) is likely to be small. River
flux usually increases during the humid and warm
interglacial stages, but its relationship with upwell-
ing is not known. Thus, one would not expect to
correlate the productivity record with the behavior
of any single paleoclimatic or paleoceanographic
proxy. It is the interplay of the different fertilizing
agents that will determine the final appearance of
the productivity record. Overall, for a site like
658, the basic picture would be that upwelling pro-
vides most of the macronutrients (such as nitrate,
phosphate and dissolved silica), giving rise to high
background productivity, while other nutrients,
such as iron, are mainly supplied by eolian and
other inputs from the continent (Fig. 2.5 and
2.6). Plankton stimulation is obviously related to
the macronutrient inventory of the oceans, espe-
cially nitrate in waters supplying this upwelling cell
(SACW, MOW and the CC). Specifically, since the
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HPIs at the two terminations were mainly the
result of increased diatom productivity, the
increased fertilization was most likely induced by
the riverine input of dissolved silica. On the other
hand, for the MIS 4 HPI, peaks were evident in
most of the productivity proxies (no opal data).
Since this interval was also characterized by lower
SST, nutrient supply was most likely caused by
increased upwelling.

4.5. Changes in phytoplankton community structure

on the geological timescale

A significant feature of the 658 biomarker
records is that the alkenone content was low dur-
ing the two HPIs indicated by high chlorin con-
tents at the terminations (Fig. 3). These results
and the PCA analyses seem to suggest that there
is a degree of independence shown by the produc-
tivities of the major primary producers in this
region of the ocean. For Termination II, during
the transition from lower to higher total productiv-
ity, the algal productivity represented by the bio-
markers started almost coevally with the diatoms
and eustigmatophytes, followed by the dinoflagel-
lates and then the haptophytes (Figs. 3 and 5).
The slight leading of the diatom peak over the
total productivity peak is likely caused by lower
sampling resolution and by use of the 658A and
B cores, rather than the 658C core, for the opal
measurements. Similar but less obvious sequential
trends are also observed for Termination I.
Another means to seek out the temporal relation-
ships between the individual phytoplankton groups
and their contributions to total marine productiv-
ity is to normalize the various contents to chlorin
content (Fig. 6). Peaks in each of these chlorin-
normalized phytoplankton productivity proxies
reflected relatively higher individual contributions
to total productivity. However, interpretations
based on the normalized contents need to be tenta-
tive as the amplitude variations often reflect more
about the changes in chlorin content rather than
of the other biomarkers. For example, chlorins dis-
play well-defined maxima at ca. 125, 113 and
90 ka, but diols, alkenones and dinosterol do not
(Fig. 3). Again, the minima in the normalized con-
tents of diols, alkenones and dinosterol at these
times only indicate relative decreases in the respec-
tive phytoplankton groups as contributors to the
total productivity. Nevertheless, these normalized
proxy records allow us to assess which phytoplank-
ton groups were the major contributors to each of
the 5 HPIs. Thus, normalized opal peaks for Ter-
minations I and II reveal increased diatom contri-
butions to total productivity but low contributions
for the MIS 3 and Late Holocene HPI. The chlo-
rin-normalized alkyl diol record reveals small con-
tributions of eustigmatophytes/diatoms to total
productivity for Terminations I and II, but
increased contributions to the MIS 4, MIS 3 and
late Holocene HPI. On the other hand, the eustig-
matophyte/diatom contribution was higher during
MIS 5 when total productivity was lower. Hapto-
phyte contributions had similar patterns to those
of the eustigmatophytes/diatoms, with the highest
values in MIS 5 when total productivity was lower.
Both groups also reveal a decreasing trend from
MIS 5 toward the Holocene. Dinosterol, on the
other hand, reveals the opposite trend for the dino-
flagellates, with increasing contributions toward
the Holocene.

These phytoplankton community structure
changes at Site 658 must reflect differening
responses of the various phytoplankton groups to
paleoenvironmental changes. Our results add to
the literature evidence that phytoplankton commu-
nity structures do change in particular regions of
the oceans on geological timescales and that these
changes are probably caused mainly by regional
variations in the amounts and relative proportions
of available nutrients. The mechanisms may
involve the differing responses of the various types
of phytoplankton to the changing supplies of both
macro- and micronutrients. The eolian nutrients
certainly include iron from the iron-rich rocks of
the Sahara and this iron can be expected to make
a major contribution to the elemental needs of
phytoplankton (Boyd et al., 2000). Furthermore,
many other micronutrients will be supplied from
the different types of sediments eroded from the
NW African Continent. Thus, opal and chlorin
abundance peaks at the two terminations were
most likely the result of increased diatom produc-
tivity, in response to increased riverine nutrient
(especially silicate) input (Tiedemann, 1991; Marti-
nez et al., 1999). For micronutrients, it has been
demonstrated that diatoms and haptophytes
require different trace metals to stimulate their
growth (Morel et al., 1994). E. huxleyi has a Co
requirement that could only be partly met by Zn,
while the diatoms Thalassiosira pseudonana and
T. oceanica have Zn requirements that could be
largely met by Co (Sunda and Huntsman, 1995).
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Thus, nutrient inputs with different ratios of Zn/Co
would enhance the productivity of the two groups
differently. Future research on the trace metal con-
tents of dust inputs, photic waters and of sedi-
ments from the ODP Site 658 area could help
test this hypothesis.
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5. Conclusions

The estimated productivities of diatoms, dinofla-
gellates, haptophytes and eustigmatophytes/dia-
toms (the contents and MARs of opal, dinosterol,
alkenones and alkyl diols, respectively) represented
the major part of the total phytoplankton paleo-
productivity (as expressed by the content of chlo-
rins) at Site 658 over the last 160 kyr. Significant
points are:

1. Five high productivity intervals (HPI) are identi-
fied, based on the content and MAR of chlorins:
two at the glacial/interglacial transition bound-
aries of 132–122 and 15–8 ka, two within the
warmer periods of MIS 3 (50–30 ka) and the late
Holocene (4–0 ka), and one within the glacial
period of MIS 4 (67–60 ka).

2. Total and individual phytoplankton productivi-
ties were the lowest during the penultimate gla-
cial maximum (145–135 ka) and the last glacial
maximum (23–18 ka), implying that upwelling
was not strong, and/or that the center of the
upwelling cell had migrated further offshore
(Bertrand et al., 1996). Evidently, the ‘‘biologi-
cal pump’’ at this location did not contribute
significantly to lower atmospheric pCO2 at those
times.

3. Major changes in phytoplankton community
structure took place over the last 160 kyr at Site
658 on timescales of hundreds and thousands of
years. Community structure changes were char-
acterized by increased diatom contribution to
total productivity during the HPI of Termina-
tions I and II, while eustigmatophyte/diatom
and haptophyte contributions were higher during
MIS 5. Dinosterol made the highest contribution
in the Holocene.

4. We observe strong parallels between major por-
tions of the records for the terrigenous biomarker
proxy (n-alkanes and n-alkanols) and those of the
total phytoplankton productivity (chlorins). We
interpret this parallel behavior as a causal rela-
tionship, namely fertilization by nutrients trans-
ported within the terrigenous input (Fig. 2).

5. The fertilizing effect of dust inputs is superim-
posed on that of the nutrients provided by the
upwelling of the deep waters, current transport
and river input. These fertilizing processes oper-
ate positively, but vary independently. Variations
in both quantity and composition of the eolian-
borne nutrients, related to varying lift off from
differing source areas, could explain some of the
sequences of changing community structures of
the phytoplankton.
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