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1] Abstract: Alkenone-derived estimates of temperature and CO, are contributing to our under-
standing of Earth’s climate history. In order to increase confidence in alkenone-based climate proxies
we recommend the following actions. First, the sedimentary component or fraction containing
alkenones should be identified in order to assess the impact of horizontal advection and vertical mixing
on alkenone-derived temperature and CO, estimates. Second, differential mixing rates of alkenone-
containing particles and sand-sized foraminifera should be quantified by independent dating of the two
phases. Until that is accomplished, apparent temporal offsets of climate proxies in the two phases
should be interpreted cautiously. Third, the stability of the unsaturation ratio and carbon isotopic
compositions of alkenones during all phases of diagenesis should be confirmed. Both field and
laboratory observations are required. Fourth, future alkenone investigations should be coupled with
other paleoclimate proxy measurements at high-deposition-rate-sites in a variety of oceanographic
settings. In upwelling regions and in the vicinity of river plumes, salinity and nutrient proxies should be
measured since changes in these parameters may affect alkenone biosynthesis.
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1. Introduction

21 Molecular fossils (biomarkers) have pro-
vided a treasure trove of paleoclimate informa-
tion during the last 15 years. Of particular
importance is the discovery of a biomarker
technique for precisely determining sea surface
temperatures (SSTs) [Brassell et al., 1986].
Pioneered in the mid 1980s by S. Brassell, G.
Eglinton, and coworkers at the University of
Bristol, England [Brassell et al., 1986], the
unsaturation ratio of C;; methyl ketones is
providing some of the most detailed records
of Pleistocene SSTs in many locations. Advan-
tages of the method are its (1) potential to
determine absolute SSTs, (2) ease of measure-
ment when compared to microfossil-based
techniques (i.e., rapid, inexpensive, small sam-
ple requirements), and (3) utility in most ocea-
nographic settings, over a wide range of
latitudes and depths (including regions where
other SST proxies are limited, e.g., below the
lysocline depth and where microfossil assem-
blages are dominated by a single species).
Recent analytical advances allow the genera-
tion of alkenone time series with temporal
resolution that is comparable to those of con-
ventional (inorganic) paleoclimate proxies.

3] Carbon isotopic measurements of alkenones
to determine historical pCO, [Andersen et al.,
1999; Jasper and Hayes, 1990] levels also hold
great promise for paleoclimate reconstructions.
Concentrations of greenhouse gases, such as
carbon dioxide, increased by 1/3 during glacial
terminations [Petit et al., 1999]. Extending the
detection of these changes beyond the limit of

polar ice cores (i.e., > ~420 ka) and to warm
periods of the Cretaceous and Tertiary [Pagani
et al., 1999a, 1999b], is an important step in
predicting the climate response to increased
anthropogenic CO, concentrations.

4] In this summary report from the National
Science Foundation Sponsored Alkenone
Workshop in Woods Hole, Massachusetts,
October 3—5, 1999, we (1) assess processes
with the potential to affect alkenone-based SST
determinations and isotopic paleobarometry,
(2) provide indicators of and remedies to these
confounding processes, and (3) recommend
specific experiments to assess the impact and
importance of these processes.

2. Summary of Findings

;51 Physical, chemical, and biological processes
may affect alkenone paleotemperature esti-
mates and isotopic records. Physical processes
such as sediment mixing and advection can
smooth the alkenone SST and isotopic signals,
introduce apparent temporal offsets relative to
other paleoclimate proxies, and introduce
allochthonous alkenones. Chemical factors
such as the kinetics and thermodynamics of
alkenone degradation can potentially alter alke-
none unsaturation and isotopic ratios. Biologi-
cal processes including growth rate and the
depth and season of alkenone production, the
biochemical response to changing nutrient and
salt concentrations, and the evolution of alke-
none-producing flora (prymnesiophytes) can
also affect alkenone unsaturation and isotopic
ratios preserved in the sedimentary record.
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6] While certain of these processes are not
unique to alkenone-based proxies (e.g., biotur-
bational smoothing, diagenesis, and variation of
depth and seasonality of the paleoceanographic
signal carrier), they should be assessed and
circumvented if possible by working in high
deposition rate locations and where the depth
and season of alkenone production are known
and believed to have remained unchanged
through time. Other processes, such as differ-
ential mixing rates of large and small particles,
may significantly alter the relative timing of
alkenone-based reconstructions (thought to be
contained in small particles) relative to those
based on the sand-sized foraminifera, including
faunal abundance and isotope records and accel-
erator mass spectrometry (AMS) radiocarbon
dates. Similarly, sediments and alkenone-con-
taining particles can be redistributed by benthic
processes and by ice, thus affecting estimates of
paleotemperature and pCO, in certain locations.

77 We recommend modeling, laboratory, and
field-based studies to determine the size distri-
bution of alkenone-containing particles and to
quantify the importance of vertical and lateral
redistribution processes on alkenone-derived
SST and pCO, estimates. Since alkenone
biosynthesis and diagenesis were the focus of
other working groups, we focus our discussion
primarily on the physical processes that can
affect alkenone paleotemperature estimates.

3. Lateral and Vertical
Redistribution

8] Combining faunal and isotopic data from
carbonate phases with measurements of alke-
none unsaturation and isotopic ratios can pro-
vide more detailed paleoclimate information
than the individual measurements [Bard et al.,
1997; Chapman et al., 1996; Madureira et al.,
1997; Rostek et al., 1993; Sikes and Keigwin,
1994; Weaver et al., 1999]. A logical extension
of this approach has been the coupling of foram

and alkenone data to derive estimates of sali-
nity [Rostek et al., 1993] and paleo-pCO,
[Jasper and Hayes, 1990; Jasper et al.,
1994]. Successful coupling of sedimentary
organic and inorganic climate proxies requires
that vertical and lateral transport processes
affect each phase similarly and that the depth
and season of production of each be the same
(or at least known).

91 Rapidly accumulating pelagic sediments
facilitate the resolution of climate events with
suborbital (millennial) durations [Bond et al.,
1993; Broecker et al., 1988; Chapman and
Shackleton, 1998; Keigwin and Jones, 1989;
Keigwin et al., 1991; Lehman and Keigwin,
1992]. Rapid sediment accumulation at open
ocean sites far from margins, slopes, and
upwelling areas is most often caused by lateral
“focusing” of fine-grained material, resulting
in drift deposits [Hollister et al., 1978; McCave
and Tucholke, 1986]. Sediment drifts have
accumulation rates that may reach 10—100
times that of typical pelagic sediments [Keig-
win and Jones, 1989; Ruddiman and Bowles,
1976; Silva et al., 1976]. A common character-
istic of such sites is that during episodes of
exceptionally high accumulation rate, coarse
particles such as foraminifera tests are heavily
diluted by clay and silt-sized grains.

o] As an example, one of the drift deposits
that is the subject of considerable interest is the
Bermuda Rise [Heezen et al., 1966], which
preserves a high-resolution climate archive of
the warm subtropical northwest Atlantic [Keig-
win and Jones, 1994]. This deposit is believed
to be maintained by lateral advection of distal,
fine-grained detrital components of turbidity
flows from the Canadian maritime provinces
(Laurentian Fan) by the deep western boundary
current [Laine and Hollister, 1981].

] At the Bermuda Rise, alkenone-based
temperature estimates indicate a ~5°C degla-
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cial increase of SST that is bracketed by
winter and summer SSTs derived from plank-
tonic foraminiferal assemblages using the
modern analog technique (S. J. Lehman et
al., manuscript in preparation, 2000). Notably,
coincident with the deglacial warming is a
10-fold decrease in alkenone concentration
from ~1 to ~0.1 pg/gdw. The concentration
difference could be related to changes in
alkenone preservation, production, or lateral
advection. Considering the latter, while
coarse, dense particles such as planktonic
foraminifera likely derive from overlying sur-
face waters, fine particles, possibly enriched
with organic material, can be transported long
distances. Thus lateral transport may intro-
duce organic matter from regions of colder or
warmer temperatures, compromising interpre-
tation of the regional climate signal. In the
Argentine Basin of the western South Atlan-
tic, for example, core top alkenone SST
estimates deviate significantly from ambient,
surface ocean temperatures, apparently due to
lateral displacement of suspended particles
and sediments by strong surface and bottom
currents, benthic storms, and downslope pro-
cesses [Benthien and Miiller, 2000].

1121 There are several approaches to assessing
the impact of lateral advection on sedimentary
alkenone unsaturation and isotopic ratios. For
example, one can compare alkenone-derived
time series to sedimentological parameters
such as weight percent CaCO;. Whereas a
variable phase relationship, such as that
observed at the Bermuda Rise, is good evi-
dence for a minimal role of advection [Sachs
and Lehman, 1999], phase-locked SST and
CaCO; signals would be consistent with a
dominant advective component of sedimentary
alkenones. Other approaches include mineralo-
gical or geochemical assessment of the source
of fine-grained material. For instance, uranium-
series isotopes can be used to quantify the
amount of sediment focusing at a site [Bacon,

1984; Suman and Bacon, 1989], and clay
mineralogy and Al/Ti ratios can provide
insights into the source of fine-grained mate-
rial. Consideration of the abundance of the cold
water, or tetra-unsaturated C;; methyl alke-
none, which is produced only at high latitudes
[Rosell-Mele, 1998], can be another indicator
of advected sediment in certain locations.

131 Nevertheless, a critical first-order ques-
tion in assessing the impact of horizontal
(advective) and wvertical (mixing) transport
on alkenone-derived temperature estimates is
determining the sedimentary component in
which they reside. Although this may vary
with location, an important first step would
be to confirm the common inference that they
reside within fine-grained particles. Thus
alkenone concentrations and distributions in
size/density fractionated sediments should be
measured in a variety of settings. Hydrody-
namic sorting of sediment into size fractions
can be accomplished using a split-flow lat-
eral-transport thin (SPLITT) device [Gid-
dings, 1985; Keil et al, 1994]. If indeed
alkenones reside in the fine fraction, then it
is recommended that attempts be made to
place alkenone SSTs on §'®0 stratigraphies
from the fine-grained (or coccolith) fraction.
In this way, reliable paleosalinity reconstruc-
tions may be obtainable.

n4] Vertical redistribution, or bioturbation, in
oxygenated sediments can diminish the tem-
poral resolution of downcore records [Berger
and Heath, 1968; Goreau, 1980; Schiffelbein,
1984]. Biological mixing can also decouple
coarse from fine sedimentary components
[McCave, 1995; Wheatcroft, 1992]. The
smoothing of climate signals that results from
bioturbation has been extensively studied and
is, in general, inversely dependent on sediment
accumulation rate [c.f. Guinasso and Schink,
1975]. This is so because vigorous benthic
mixing occurs in a limited zone beneath the
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seafloor [Boudreau, 1994; Goldberg and
Koide, 1962; Jumars and Wheatcroft, 1989].
As rates of sedimentation increase, residence
times within this mixing zone decrease [Berger
and Heath, 1968]. Thus locations with high
sedimentation rates (e.g., >20 cm/kyr) will
yield alkenone-derived time series with only
minor smoothing of millennial-timescale cli-
mate signals. Another artifact of bioturbation
stems from the fact that the depth of mixing is
dependent on particle size [Ruddiman and
Glover, 1972; Thomson et al., 1988; Wheat-
croft, 1992; Wheatcroft and Jumars, 1987].
Small particles are preferentially ingested by
deposit feeders and mixed downward, in effect
biologically ‘“‘pumping” coarser particles
toward the surface [McCave, 1988, 1995]. If
the size fraction of alkenone-enriched particles
differs from that of foraminifera, there is the
potential for climate proxies to become
decoupled or offset in the depth (and time)
domain. This process has been cited as a
possible cause for the deep penetration of
bomb-derived radionuclides in North Pacific
sediments [Druffel et al., 1984] and for radio-
carbon age differences between forams and
bulk carbonate in northeastern Atlantic sedi-
ments [Thomson et al., 1995] and between
forams and nannofossils (coccoliths) in South
Atlantic sediments [Paull et al., 1991].

1151 Although the vertical flux of organic matter
through the water column is believed to result
from sedimentation of large particles and
aggregates [McCave, 1984], these materials
rapidly dissociate and become finely dissemi-
nated upon arrival at the seafloor [Aufret and
Khripounoff, 1994; Lampitt, 1985]. As a result,
organic matter can preferentially mix down-
ward during bioturbation. Evidence for such
an effect is inferred from subsurface concentra-
tion maxima in labile organic compounds
[Conte et al., 1994; Santos et al., 1994; Conte
et al., 1995] and *'°Pb [Smith et al., 1986;
Thomson et al., 1988].

ne; Presently, the number of high-resolution
studies where inorganic and molecular organic
proxies have been jointly measured provides
limited opportunity to closely examine sedi-
ment records for potential offsets. However,
Madureira et al. [1997] note that a decrease
in alkenone-derived SST appeared to precede
the onset of Heinrich events H3 and H6 while
maxima in Neogloboquadrina pachyderma
(sinistral, left coiling variety) abundances coin-
cided with these layers [Madureira et al.,
1997]. While the authors pointed out that better
age resolution is needed to determine the origin
of these leads and lags, the sense of the
observed trends is consistent with differential
sediment mixing. A similar apparent offset
between alkenone and foram SST records
may be discernible in deglacial sediments from
the Bermuda Rise (S. J. Lehman et al., manu-
script in preparation, 2000).

n71 Potential factors controlling the depth of
bioturbation (and thus the magnitude of poten-
tial temporal offsets) are numerous and com-
plex [Trauth et al., 1997]; however, the rate and
nature of accumulating sediments may play a
significant role. Oxygen penetrates deeply into
sediments in typical low sediment deposition
rate (<5 cm/kyr) pelagic environments but not
when sediments accumulate rapidly, particu-
larly if that accumulation is associated with
an increased flux of metabolizable carbon.
Since an increase in sedimentation rate is not
always associated with an increased flux of
metabolizable carbon, such as in submarine
deltas associated with major river systems and
in locations experiencing high dust fluxes,
these areas may be especially useful for
coupled alkenone and foraminiferal-based
paleoclimate studies.

ns; Studies aimed at measuring the 4c age
discrepancy between alkenones and other bio-
markers and carbonate phases are underway at
the Bermuda Rise and Cariaco Basin (by T. L.
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Eglinton). Additional such studies are recom-
mended. These studies will likely never be
routine, given the analytical difficulty and large
sample sizes required. However, until the effect
of differential mixing rates of forams and
alkenone-bearing phases are quantified, the
climatic significance of apparent temporal off-
sets between biomarkers and forams should be
interpreted cautiously.

4. Annual Mean Versus Seasonal
SST

9] Global core top sediment calibrations of
the alkenone paleothermometer [Miiller et al.,
1998] are most consistent with mean annual
SSTs at 0-m water depth. This is enigmatic
since much of the ocean is characterized by
seasonal or episodic maxima in haptophyte
production [Brown and Yoder, 1994]. The sim-
plest explanation for the apparent inconsistency
is that there may be little difference between the
annual mean SST and the SST during the
season of maximum haptophyte production in
many of the studied locations [c.f., Miiller et
al., 1998]. A second possibility is that much of
the fresh organic rain from a bloom is con-
sumed rapidly at the seafloor by a thriving
benthic fauna [Prahl et al., 1993]. The slow
rain of alkenones the remainder of the year
might thus be “over-represented” in the sedi-
ments, resulting in an annual mean alkenone
SST.

20] A third possibility is that preferential loss
of the tri-unsaturated ketone relative to the di-
unsaturated ketone during early diagenesis
[Gong and Hollander, 1999; Hoefs et al.,
1998] results in an apparent “warming,” or
increase, of the alkenone unsaturation ratio.
Laboratory studies provide no evidence for
alteration of alkenone unsaturation ratios dur-
ing microbial [7eece et al., 1998] or photoche-
mical [Rontani and Cuny, 1997] degradation or
during grazing [Grice et al., 1998; Volkman et

al., 1980]. However, the timescales of these
experiments are vastly different from those
over which these compounds reside in the zone
of active diagenesis. Field studies have yielded
mixed results to date, and although the majority
seem to indicate little or no effect of diagen-
esis on the alkenone unsaturation ratio [Conte
et al., 1992; Prahl et al., 1989; Sikes et al.,
1991], other reports indicate some diagenetic
alteration [Gong and Hollander, 1999; Hoefs et
al., 1998]. It should be noted, however, that the
conclusions of Hoefs et al. [1998] may not be
valid given near-detection-limit concentrations
of the tri-unsaturated alkenone (J. Grimalt,
personal communication, 1999). Thus, the sta-
bility of the unsaturation ratio during all phases
of diagenesis should be confirmed. Both field
and laboratory observations are required. In the
meantime, near-surface, alkenone-derived
records of SST cooling that mirror typically
exponential declines in the concentration of
organic carbon should be interpreted with cau-
tion, since this would be consistent with the
preferential diagenetic loss of the tri-unsatu-
rated alkenone. Even if selective losses are
occurring, downcore studies may not be nega-
tively impacted. Assuming the diagenetic pro-
cess is constant through time it would simply
produce a warm bias to the time series. Alter-
natively, large changes in sedimentation rate or
bottom water oxygen concentrations could alter
the magnitude of diagenetic overprinting by
altering the duration of active diagenesis or
the type of heterotrophic activity and should
therefore be assessed.

211 Finally, it has been suggested that seasonal
alkenone production could lead to spurious
paleotemperature records if the season of pro-
duction changed rather than some reference or
mean annual SST. In the often cited scenario
where haptophyte production precesses from
spring to summer in response to colder mean
annual temperatures, it is unlikely to result in a
spurious alkenone SST time series because the
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temporal delay of the bloom would merely
result from delayed stabilization of the surface
layer. Thus the seasonal alkenone flux would
capture the same annual surface water condi-
tions as the bloom precessed in time. The
associated SSTs would be close to the annual
minimum temperature in much of the subtro-
pics and mid-latitudes [Levitus and Boyer,
1994] since blooms in those regions typically
coincide with the cessation of deep, winter
mixing. At that time, which marks the onset
of thermal stability, nutrients are still abundant
in the surface layer [Parsons et al., 1984].

5. Regionality of Alkenone-Derived
Climate Signals

221 Global core top calibrations of the alke-
none unsaturation ratio as an SST proxy for
latitudes between 60°N and 60°S and mean
annual SSTs (at 0 m) of 0°C to 29°C indicate
a robust relationship (#* = 0.98, n = 370)
[Miiller et al., 1998] indistinguishable from that
derived originally from cultures of Emiliania
huxleyi [Prahl et al., 1988]. An analysis of the
residuals indicated a standard error of regres-
sion of 1.5°C with no latitudinal dependence
[Miiller et al., 1998]. Regional differences
between alkenone-derived and other climate
proxies may thus be climatically significant.
Alternatively, one or more of the proxies may
be affected differently in certain regions (e.g.,
depth of production and/or calcification), and
as discussed above, differential mixing of for-
ams and alkenones could induce or obscure
synchroneity as well as asynchroneity. Unfor-
tunately, many late Quaternary time series are
from locations with low to moderate (i.e., <10
cm/kyr) sedimentation rates. Despite that
caveat, certain patterns of asynchroneity
between alkenone and foram-derived climate
proxies seem to be emerging on a variety of
timescales between tropical and mid-latitude
regions, as well as between upwelling and
subtropical gyre locations.

231 While SST records from subtropical gyres
closely resemble the pattern of oxygen isotope
records from ice cores and marine foraminifera
over the last four glacial cycles, those from the
tropical ocean indicate significantly warmer
temperatures for MIS 6 compared to other
glacial intervals (MIS 2—4 and 8) [Eglinton et
al., 1992; Herbert and Schuffert, 1999; Rostek
et al., 1993; Schneider et al., 1999, 1995,
1996]. Moreover, in upwelling areas and asso-
ciated boundary current systems, alkenone-
derived SST records frequently indicate max-
imum cooling during the middle stages of
glacial intervals, with warming trends begin-
ning 10—15 kyr before records of benthic §'*0
indicate decreases of ice volume at glacial
terminations. This feature has been described
for the east equatorial Pacific [Lyle et al.,
1992], the Santa Barbara Basin [Herbert et
al., 1995], the West African Margin [Eglinton
et al., 1992; Kirst et al., 1999; Miiller et al.,
1997, Schneider et al., 1996], the Cariaco
Basin [Herbert and Schuffert, 1999], and the
Arabian Sea [Rostek et al., 1993], and may
indicate regional differences in the timing of
major warming and cooling events between
subtropical gyres, upwelling regions, and equa-
torial current systems.

1241 Relatively few alkenone SST records with
high temporal resolution of (i.e., decades to
centuries) have been published. Those from
the subtropical North Atlantic [Sachs and
Lehman, 1999] and the Mediterranean Sea
[Cacho et al., 2000] closely covary with
isotope paleotemperature records from Green-
land ice cores, indicating that the near-polar
atmosphere and subtropical surface ocean
warmed and cooled together during Dans-
gaard-Oeschger cycles. By contrast, SST
records of moderate to relatively high tem-
poral resolution from the South China Sea
[Pelejero et al., 1999; Wang et al., 1999]
and the South Atlantic [Kirst et al., 1999]
do not show pronounced, millennial-scale SST
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variability. This lack of marked Dansgaard-
Oeschger cyclicity in alkenone-based SST
reconstructions contrasts with oxygen isotope
evidence from planktonic foraminifera from
the South Atlantic [Charles et al., 1996] and
from the South China Sea [Wang et al., 1999],
which indicate significant variations in sur-
face hydrography at suborbital time scales.
These differences suggest either that the oxy-
gen isotope variations are due solely to sali-
nity changes or that the alkenone records were
not sufficiently resolved to capture rapid and
short-lived SST changes in these regions.

1251 Poleward of the Arctic and Antarctic polar
fronts, there are presently no reliable alkenone
records owing to very low alkenone produc-
tion. In such regions, sedimentary alkenones
may derive in large part from ancient deposits
scoured by glacial ice [Weaver et al., 1999].
Only where warm currents prevailed (at least
during the summer season, e.g., in the far
northeast Atlantic) have alkenones yielded rea-
sonable SST records. However, in the belt of
ice-rafted debris (IRD) deposition, alkenone
records can be biased by the admixture of
autochthononous with allochthonous alkenones
[Weaver et al., 1999]. In such locations, char-
acterized by sporadic widespread delivery of
icebergs, the potential effect of salinity changes
on the biochemistry of alkenone production
may also be important [Rosell-Mele, 1998].

126] Existing alkenone records have provided
important late Quaternary SST histories that
often differ from those derived from faunal
census data. Regional differences in the appar-
ent timing of alkenone-derived SST and other
climate-proxy changes may provide insights
into the mechanisms of climate change. Alter-
natively, they may result from different biolo-
gical responses of forams and coccoliths in
different oceanographic regimes, from differ-
ential vertical sediment mixing, or from lateral
sediment advection. Until additional alkenone

records are published from high sedimentation
rate locations in important oceanographic
regimes (e.g., upwelling, equatorial, polar, sub-
polar, subtropical, tropical), and their SST
histories are assessed in the context of benthic
§'%0 stratigraphy and other paleoclimate pro-
xies, we recommend caution in interpreting the
climatic significance of apparent temporal
asynchroneities between alkenone and other
climate proxies. We strongly urge that future
alkenone investigations be coupled with other
paleoclimate proxy measurements at high
deposition rate sites in a variety of oceano-
graphic settings. Concurrent studies of alke-
none-derived SSTs and salinity and nutrient
proxies are also recommended, especially in
upwelling areas and in the vicinity of river
plumes, since changes in these parameters
may effect alkenone biosynthesis [Epstein et
al., 1998; Rosell-Mele, 1998].

6. Alkenone §">C Records

1271 Historical pCO, levels in the atmosphere
can potentially be estimated from the carbon
isotopic composition of alkenones and co-eval
carbonate phases [Jasper and Hayes, 1990;
Jasper et al., 1994]. A small number of alke-
none §'°C records have been used to date to
estimate late Quaternary and Miocene pCO,
[Andersen et al., 1999; Jasper and Hayes,
1990; Jasper et al., 1994; Pagani et al.,
1999a, 1999b]. Since both culture and field
studies indicate that the §'°C values of alke-
nones reflect haptophyte growth rates, nutrient
levels, and the concentration of dissolved CO,
in ocean surface waters [Bidigare et al., 1997],
reliable paleo-pCO, estimates require proxy
estimates of nutrient concentrations, growth
rates, and/or productivity [Bidigare et al.,
1999; Popp et al., 1997]. Downcore studies
in tropical and subtropical locations indicate
only minor changes in the §'°C value of alke-
nones for Quaternary [Andersen et al., 1999;
Jasper et al., 1994] and Miocene [Pagani et al.,
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1999a, 1999b] sections, when compared to the
Holocene. This may mean that surface ocean
CO, concentrations did not undergo pro-
nounced changes over the last several million
years. Alternatively, the effect on alkenone
§'°C from CO, changes could have been
opposed by concurrent changes in growth rate
and or nutrient concentrations.

28] Culture experiments have documented
consistent relationships between CO, concen-
tration and nutrient conditions in controlling
the isotopic fractionation associated with hap-
tophyte growth and alkenone production [Bidi-
gare et al., 1997; Popp et al., 1998]. However,
recent culture studies indicate that other
growth-controlling factors, such as light limita-
tion, are also important [Riebesell et al., 2000].
Nevertheless, it is encouraging that results from
the field are consistent with those from cultures
[Bidigare et al., 1997], and that environmental
conditions most favorable for alkenone produc-
tion are those that minimize the influence of
these additional factors (E. Laws, personal
communication, 1999). Alkenone §'°C values
should thus be cautiously interpreted in terms
of past CO, concentrations (or nutrient condi-
tions if the other property is constrained). For
such investigations, we strongly recommend
that alkenone CO, reconstructions be attempted
in regions where other proxies imply only
minor changes in past nutrient conditions and
productivity [Pagani et al., 1999a], and that
future such reconstructions be performed con-
currently with surface nutrient and paleopro-
ductivity estimates [Bidigare et al., 1999; Popp
et al., 1997].

9] Finally, we recommend widespread core
top calibrations of the alkenone §'°C pCO,
proxy [Jasper et al., 1994] (with concurrent
measurements of surface nutrient and light
parameters), similar to those performed for
the alkenone unsaturation SST proxy. In addi-
tion, multisite, high-resolution studies of late

Pleistocene sediments from open-ocean sites
should be conducted in order to compare alke-
none pCQO, estimates to ice core records of
carbon dioxide variations. Together, these stu-
dies will increase confidence in the use of
alkenone §'°C values for paleo-pCO, recon-
structions.

7. Conclusion

o] Molecular tools are gaining widespread
acceptance in paleoceanography as new climate
proxies are discovered and analytical techni-
ques improve. It is now possible to generate
very high resolution time series’ of sea surface
temperature from alkenone unsaturation ratios
in less time, at lower cost, and with smaller
samples than with conventional faunal and
isotopic methods. Indeed, the quality of the
many alkenone-derived SST records published
to date is impressive. Nevertheless, there is a
great need for additional high-resolution stu-
dies in a wide variety of high sedimentation
rate environments where smoothing and differ-
ential mixing of climate proxies during biotur-
bation can be minimized. These measurements
should be performed in cores with good benthic
§'%0 stratigraphies and in concert with other
paleoclimate proxies. In addition, the impor-
tance of advected alkenones must be assessed.
Measurements to determine the origin of sedi-
mentary alkenones should be performed wher-
ever possible, and assessment of alkenone-
derived climate signals should be made in the
context of other sedimentological (mineralogi-
cal and geochemical) components indicative of
laterally advected material. Regional asynchro-
nies between alkenone-derived SSTs and other
climate proxies should be interpreted with cau-
tion in all but the highest deposition-rate envir-
onments. Finally, while the prospect of
determining paleo-pCO, levels from alkenone
§'°C values prior to 420 ka (the limit of polar
ice cores) is promising, additional field studies,
including core top calibrations and compari-
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sons with late Pleistocene records of atmo-
spheric CO, from ice cores, are urged.

Acknowledgments

(311 We would like to thank Tim Eglinton, John Hayes,
Maureen Conte, the National Science Foundation, and the
rest of the NSF-sponsored Alkenone Workshop organizers
and supporters for their tremendous effort in putting
together a terrific workshop. This manuscript benefited
greatly from critical reviews by John Hayes, Bob
Anderson, and Kay-Christian Emeis.

References

Andersen, N., P. J. Miiller, G. Kirst, and R. R. Schneider,
The d'*C signal in C37:2 alkenones as a proxy for re-
constructing Late Quaternary pCO, in surface waters
from the South Atlantic, in Proxies in Paleoceanogra-
phy: Examples From the South Atlantic, edited by G.
Fischer and G. Wefer, pp. 469—488. Springer-Verlag,
New York, 1999.

Aufret, G., and A. Khripounoff, Rapid post-bloom resus-
pension in the northeastern Atlantic, Deep Sea Res. I,
41, 925-939, 1994.

Bacon, M. P., Glacial to interglacial changes in carbonate
and clay sedimentation in the Atlantic Ocean estimated
from 2*°Th measurements, Isotope Geosci., 2, 97—111,
1984.

Bard, E., F. Rostek, and C. Sonzogni, Interhemispheric
synchrony of the last deglaciation inferred from alke-
none palaeothermometry, Nature, 385, 707—-710, 1997.

Benthien, A., and P. J. Miiller, Anomalously low alke-
none temperatures caused by lateral particle and sedi-
ment transport in the Malvinas Current region, western
Argentine Basin, Deep Sea Res. I, 47, 2369-2393,
2000.

Berger, W. H., and G. R. Heath, Vertical mixing in pelagic
sediments, J. Mar. Res., 26(2), 134—143, 1968.

Bidigare, R. R., A. Fluegge, K. H. Freeman, K. L. Han-
son, J. M. Hayes, D. Hollander, J. P. Jasper, L. L. King,
E. A. Laws, J. Milder, F. J. Millero, R. Pancost, B. N.
Popp, P. A. Steinberg, and S.G. Wakeham, Consistent
fractionation of '*C in nature and in the laboratory:
Growth-rate effects in some haptophyte algae, Global
Biogeochem. Cycles, 11, 279-292, 1997.

Bidigare, R. R., et al., Iron-stimulated changes in '*C
fractionation and export by equatorial Pacific phyto-
plankton: Toward a paleogrowth rate proxy, Paleocea-
nography, 14, 589—595, 1999.

Bond, G., W. Broecker, S. Johnsen, J. McManus, L. La-
beyrie, J. Jouzel, and G. Bonani, Correlations between

climate records from North Atlantic sediments and
Greenland ice, Nature, 365, 143—147, 1993.

Boudreau, B. P, Is burial velocity a master parameter for
bioturbation, Geochim. Cosmochim. Acta, 58, 1243 —
1249, 1994.

Brassell, S. C., G. Eglinton, 1. T. Marlowe, U. Pflaumann,
and M. Sarnthein, Molecular stratigraphy: A new tool
for climatic assessment, Nature, 320, 129—133, 1986.

Broecker, W. S., M. Andree, G. Bonani, W. Wolfli, H.
Oeschger, and M. Klas, Can the Greenland climatic
jumps be identified in records from ocean and land?
Quat. Res., 30, 1-6, 1988.

Brown, C. W., and J. A. Yoder, Coccolithophorid blooms
in the global ocean, J. Geophys. Res., 99, 7467—7482,
1994.

Cacho, I., J. O. Grimalt, C. Pelejero, M. Canals, F. J.
Sierro, J. A. Flores, and N. J. Shackleton, Dansgaard-
Oeschger and Heinrich event imprints in Alboran sea
temperatures, Paleoceanography, 14, 698—705, 2000.

Chapman, R., and N. J. Shackleton, What level of resolu-
tion is attainanle in a deep-sea core? Results from a
spectrophotometer study, Paleoceanography, 13, 311—
315, 1998.

Chapman, M. R., N. J. Shackleton, M. Zhao, and G.
Eglinton, Faunal and alkenone reconstructions of sub-
tropical North Atlantic surface hydrography and paleo-
temperature over the last 28 kyr, Paleoceanography, 11,
343-357, 1996.

Charles, C. D., J. Lynch-Stieglitz, U. S. Ninnemann, and
R. G. Fairbanks, Climate connections between the hemi-
sphere revealed by deep sea sediment core/ice core cor-
relations, Earth Planet. Sci. Lett., 142, 19-27, 1996.

Conte, M. H., G. Eglinton, and L. A. S. Madureira, Long-
chain alkenones and alkyl alkenoates as paleotempera-
ture indicators: Their production, flux and early sedi-
mentary diagenesis in the eastern North Atlantic, Org.
Geochem., 19(1-3), 287-298, 1992.

Conte, M. H., L. A. S. Madureira, G. Eglinton, D. Keen,
and C. Rendall, Millimeter-scale profiling of abyssal
marine sediments: Role of bioturbation in early sterol
diagenesis, Org. Geochem., 22, 979-990, 1994.

Conte, M. H., G. Eglinton, and L. A. S. Madureira, Origin
and fate of organic biomarker compounds in the water
column and sediments of the eastern North Atlantic,
Philos. Trans. R. Soc. London, Ser. B, 348, 169—178,
1995.

Druffel, E. R. M., P. M. Williams, H. D. Livingston, and
M. Koide, Variability of natural and bomb-produced
radionuclide distributions in abyssal red clay sediments,
Earth Planet. Sci. Lett., 71, 205-214, 1984.

Eglinton, G., S. A. Bradshaw, A. Rosell, M. Sarnthein, U.
Pflaumann, and R. Tiedemann, Molecular record of se-
cular sea surface temperature changes on 100-year time-



e 'Geochemistry 3
| Geophysics ( >
" Geosystems {_7J

SACHS ET AL.: ALKENONES

2000GC000059

scales for glacial terminations I, II, and IV, Nature, 356,
423-426, 1992.

Epstein, B. L., S. D’Hondt, J. G. Quinn, J. Zhang, and P.
E. Hargraves, An effect of dissolved nutrient concentra-
tions on alkenone-based temperature estimates, Paleo-
ceanography, 13(2), 122—126, 1998.

Giddings, J. C., A system based on split-flow lateral-
transport thin (splitt) separation cells for rapid and con-
tinuous particle fractionation, Separation Sci. Tech., 20,
749-768, 1985.

Goldberg, E. D., and M. Koide, Geochronological studies
of deep sea sediments by the ionium/thorium method,
Geochim. Cosmochim. Acta, 26, 417450, 1962.

Gong, C., and D. J. Hollander, Evidence for differential
degradation of alkenones under contrasting bottom
water oxygen conditions: Implication for paleotempera-
ture reconstruction, Geochim. Cosmochim. Acta, 63(3/
4), 405-411, 1999.

Goreau, T. J., Frequency sensitivity of the deep-sea cli-
matic record, Nature, 287, 620—622, 1980.

Grice, K., C. M. Klein Breteler, S. Schouten, V. Grossi, J.
W. de Leeuw, and J. S. Sinninghe Damste, Effects of
zooplankton herbivory on biomarker proxy records, Pa-
leoceanography, 13(6), 686—693, 1998.

Guinasso, N. L. J., and D. R. Schink, Quantitative esti-
mates of biological mixing rates in abyssal sediments, .J.
Geophys. Res., 80, 3032—3043, 1975.

Heezen, B. C., E. D. Schneider, and O. H. Pilkey, Sedi-
ment transport by the Antarctic Bottom Current on Ber-
muda Rise, Nature, 211, 611-612, 1966.

Herbert, T. D., and J. D. Schuffert, Alkenone unsaturation
estimates of sea-surface temperature at Site 1002 over a
full glacial cycle,edited by R. M. Leckie, H. Sigurdsson,
G. D. Acton, and G. Draper, Proc. Ocean Drill. Pro-
gram Sci. Results, 165, 239-247, 1999.

Herbert, T. D., M. Yasuda, and C. Burnett, Glacial-inter-
glacial sea-surface temperature record inferred from al-
kenone unsaturation indices, Site 893, Santa Barbara
Basin, Proc. Ocean Drill. Program, Sci. Results, 146,
1995.

Hoefs, M. J. L., G. J. M. Versteegh, W. L. C. Rijpstra, J.
W. de Leeuw, and J. S. S. Damste, Postdepositional oxic
degradation of alkenones: Implications for the measure-
ment of palaco sea surface temperatures, Paleoceano-
graphy, 17(1), 42—49, 1998.

Hollister, C. D., R. Flood, and I. N. McCave, Plastering
and decorating in the North Atlantic, Oceanus, 21, 5—
13, 1978.

Jasper, J. P., and J. M. Hayes, A carbon isotope record of
CO; levels during the late Quaternary, Nature, 347,
462-464, 1990.

Jasper, J. P., A. C. Mix, F. G. Prahl, and J. M. Hayes,
Photosynthetic fractionation of '>C and concentrations

of dissolved CO, in the central Equatorial Pacific during
the last 255,000 years, Paleoceanography, 9, 781-798,
1994.

Jumars, P. A., and R. A. Wheatcroft, Responses of
benthos to changing food quality and quantity, with a
focus on deposit feeding and bioturbation, in Productiv-
ity of the Ocean: Present and Past, edited by W. H.
Berger, V. S. Smetacek, and G. Wefer, pp. 235-253.
John Wiley, New York, 1989.

Keigwin, L. D., and G. A. Jones, Glacial-Holocene strati-
graphy, chronology, and paleoceanographic observa-
tions on some North Atlantic sediment drifts, Deep
Sea Res., 36(6), 845—-867, 1989.

Keigwin, L. D., and G. A. Jones, Western North Atlantic
evidence for millennial-scale changes in ocean circula-
tion and climate, J. Geophys. Res., 99, 12,397—12,410,
1994.

Keigwin, L. D., G. A. Jones, S. J. Lehman, and E .A.
Boyle, Deglacial meltwater discharge, North Atlantic
Deep Circulation, and abrupt climate change, J. Geo-
phys. Res., 96, 16,811—-16,826, 1991.

Keil, R. G., E. Tsamakis, C. B. Fuh, J. C. Giddings,
and J. I. Hedges, Mineralogical and textural controls
on the organic composition of coastal marine sedi-
ments: hydrodynamic separation using SPLITT-fractio-
nation, Geochim. Cosmochim. Acta, 58, 879—893,
1994.

Kirst, G., R. R. Schneider, P. J. Miiller, 1. von Storch, and
G. Wefer, Late Quaternary temperature variability in the
Benguela Current System derived from alkenones,
Quat. Res., 52, 92-103, 1999.

Laine, E. P, and C. D. Hollister, Geological effects of the
Gulf Stream system on the northern Bermuda Rise, Mar:
Geol., 39, 277-310, 1981.

Lampitt, R. S., Evidence for the seasonal deposition of
detritus to the deep-sea floor and its subsequent resus-
pension, Deep Sea Res., 32, 885—-897, 1985.

Lehman, S. J., and L. D. Keigwin, Sudden changes in
North Atlantic circulation during the last deglaciation,
Nature, 356(6372), 757-762, 1992.

Levitus, S., and T. Boyer, World Ocean Atlas 1994 Vo-
lume 4: Temperature U.S. Dep. of Comm., Washington,
D. C., 1994.

Lyle, M. W., F. G. Prahl, and M. A. Sparrow, Upwelling
and productivity changes inferred from a temperature
record in the central equatorial Pacific, Nature, 355,
812-815, 1992.

Madureira, L. A. S., S. A. van Kreveld, G. Eglinton, M.
H. Conte, G. Ganssen, J. E. van Hinte, and J. J. Ottens,
Late Quaternary high-resolution biomarker and other
sedimentary climate proxies in a northeast Atlantic core,
Paleoceanography, 12(2), 255-269, 1997.

McCave, I. N., Size spectra and aggregation of suspended



e 'Geochemistry 3
| Geophysics ( >
" Geosystems {_7J

SACHS ET AL.:

ALKENONES 2000GC000059

particles in the deep ocean, Deep Sea Res., 31, 329—
352, 1984.

McCave, 1. N., Biological pumping upwards of the coarse
fraction of deep sea sediments, J. Sed. Petrol., 58, 148—
158, 1988.

McCave, I. N., Sedimentary processes and the creation of
the stratigraphic record in the Late Quaternary North
Atlantic Ocean, Philos. Trans. R. Soc. London, Ser. B,
348, 229-241, 1995.

McCave, 1. N., and B. E. Tucholke, Deep current con-
trolled sedimentation in the Western North Atlantic, in
The Geology of North America, Vol. M, The Western
North Atlantic Region, edited by P. R. Vogt and B. E.
Tucholke, pp. 451-468, Geol. Soc. of Am., Boulder,
Colo., 1986.

Miiller, P. J., M. Cepek, G. Ruhland, and R. R. Schneider,
Alkenone and coccolithophorid species changes in Late
Quaternary sediments from the Walvis Ridge: Implica-
tions for the alkenone paleotemperature method, Pa-
laeogeogr. Palaeoclimatol. Palaeoecol., 135, 71-96,
1997.

Miiller, P. J., G. Kirst, G. Ruhland, I. V. Storch, and A.
Rosell-Mele, Calibration of the Alkenone paleotempera-
ture index U'3‘/7 based on core-tops from the eastern
South Atlantic and the global ocean (60°N—60°S), Geo-
chim. Cosmochim. Acta, 62(10), 17571772, 1998.

Pagani, M., M. A. Arthur, and K. H. Freeman, Miocene
evolution of atmospheric carbon dioxide, Paleoceano-
graphy, 14, 273-292, 1999a.

Pagani, M., K. H. Freeman, and M. A. Arthur, Late Mioc-
cene atmospheric CO, concentrations and the expansion
of C4 grasses, Science, 285, 876—879, 1999b.

Parsons, T. R., M. Takahashi, and B. Hargrave, Biologi-
cal Oceanographic Processes, Pergamon, Tarrytown, N.
Y., 1984.

Paull, K., S. J. Hills, H. R. Thierstein, G. Bonani, and W.
Wolfli, '*C offsets and apparently non-syncronous d'30
stratigraphies between nannofossil and foraminiferal pe-
lagic carbonates, Quat. Res., 35, 274—-290, 1991.

Pelejero, C., J. O. Grimalt, S. Heilig, M. Kienast, and L.
Wang, High-resolution Us,* temperature reconstructions
in the South China Sea over the past 220 kyr, Paleocea-
nography, 14(2), 224-231, 1999.

Petit, J. R., J. Jouzel, D. Raynaud, N. 1. Barkov, J.-M.
Barnola, 1. Basile, M. Bender, J. Chappellaz, M. Davis,
G. Delaygue, M. Delmotte, V. M. Kotlyakov, M. Le-
grand, V. Y. Lipenkov, C. Lorius, L. Pepin, C. Ritz, E.
Saltzman, and M. Stievenard, Climate and atmospheric
history of the past 420,000 years from the Vostok ice
core, Antarctica, Nature, 399, 429—-436, 1999.

Popp, B. N, P. Parekh, B. Tilbrook, R. R. Bidigare, and E.
A. Laws, Organic carbon §'3C variations in sedimentary
rocks as chemostratigraphic and paleoenvironmental

tools, Palaeogeogr. Palaeoclimatol. Palaeoecol., 132,
119-132, 1997.

Popp, B. N., E. A. Laws, R. R. Bidigare, J. E. Dore, K. L.
Hanson, and S. G. Wakeham, Effect of phytoplankton
cell geometry on carbon isotopic fractionation, Geo-
chim. Cosmochim. Acta, 62(1), 69-77, 1998.

Prahl, F. G., L. A. Muehlhausen, and D. L. Zahnle,
Further evaluation of long-chain alkenones as indicators
of paleoceanographic conditions, Geochim. Cosmochim.
Acta, 52, 2303-2310, 1988.

Prahl, F. G., G. J. de Lange, M. Lyle, and M. A. Sparrow,
Post-depositional stability of long-chain alkenones un-
der contrasting redox conditions, Nature, 341, 434—437,
1989.

Prahl, F. G., R. B. Collier, J. Dymond, M. Lyle, and M. A.
Sparrow, A Biomarker Perspective on Prymnesiophyte
Productivity in the Northeast Pacific Ocean, Deep Sea
Res. I, 40, 2061-2076, 1993.

Riebesell, U., S. Burkhardt, A. Dauelsberg, and B. Kroon,
Carbon isotope fractionation by a marine diatom: De-
pendence on the growth rate limiting resource, Mar:
Ecol. Progress Ser., 193, 295-303, 2000.

Rontani, J. F., and P. Cuny, Stability of long-chain alke-
nones in senescing cells of Emiliania huxleyi: Effect of
photochemical and aerobic microbial degradation on the
alkenone unsaturation ratio U37k’, Org. Geochem., 26,
503-509, 1997.

Rosell-Mele, A., Interhemispheric appraisal of the value
of alkenone indices as temperature and salinity proxies
in high-latitude locations, Paleoceanography, 13(6),
694-703, 1998.

Rostek, F., G. Ruhland, F. C. Bassinot, P. J. Muller, L. D.
Labeyrie, Y. Lancelot, and E. Bard, Reconstructing sea
surface temperature and salinity using §'%0 and alke-
none records, Nature, 364(6435), 319-321, 1993.

Ruddiman, W. F., and F. A. Bowles, Early interglacial
bottom-current sedimentation on the eastern Reykjanes
Ridge, Mar. Geol., 21, 191-210, 1976.

Ruddiman, W. F., and L. K. Glover, Vertical mixing of
ice-rafted volcanic ash in North Atlantic sediments,
Geol. Soc. Am. Bull., 83, 2817-2836, 1972.

Sachs, J. P., and S. J. Lehman, Subtropical Atlantic tem-
peratures 60,000 to 30,000 years ago, Science, 286,
756759, 1999.

Santos, V., D. S. M. Billett, A. L. Rice, and G. A. Wolfe,
Organic matter in deep-sea sediments from the Porcu-
pine Abyssal Plain in the north-east Atlantic Ocean, I,
Lipids, Deep Sea Res. I, 41(5/6), 787—819, 1994.

Schiffelbein, P., Effect of benthic mixing on the informa-
tion content of deep-sea stratigraphic signals, Nature,
311, 651-653, 1984.

Schneider, R. R., P. J. Miiller, and G. Ruhland, Late Qua-
ternary surface circulation in the east equatorial South



e 'Geochemistry 3
| Geophysics ( >
" Geosystems {_7J

SACHS ET AL.:

ALKENONES 2000GC000059

Atlantic: Evidence from alkenone sea surface tempera-
tures, Paleoceanography, 10(2), 197-219, 1995.

Schneider, R. R., P. J. Miiller, G. Ruhland, G. Meinecke,
H. Schmidt, and G. Wefer, Late Quaternary surface tem-
peratures and productivity in the east equatorial South
Atlantic: Response to changes in trade/monsoon wind
forcing and surface water advection, in The South Atlan-
tic: Present and Past Circulation, edited by G. Wefer,
pp- 527-551, Springer, New York, 1996.

Schneider, R. R., P. J. Miiller, and R. Acheson, Atlantic
alkenone sea surface temperature records: Low versus
mid latitudes and differences between hemispheres, in
Reconstructing Ocean History: A Window into the Fu-
ture, edited by F. Abrantes and A. C. Mix, pp. 33-56,
Plenum, New York, 1999.

Sikes, E. L., and L. D. Keigwin, Equatorial Atlantic sea
surface temperature for the last 30 kyr: A comparison of
U;-%, d'®0 and foraminiferal assemblage temperature
estimates, Paleoceanography, 9, 31-45, 1994,

Sikes, E. L., J. W. Farrington, and L. D. Keigwin, Use of
the alkenone unsaturation ratio Uz;* to determine past
sea surface temperatures: Core-top SST calibrations and
methodology considerations, Earth Planet. Sci. Lett.,
104, 36—47, 1991.

Silva, A. J., C. D. Hollister, E. P. Laine, and B. E. Beverly,
Geotechnical properties of deep sea sediments: Bermuda
Rise, Mar. Geotechnol., 1(3), 195-232, 1976.

Smith, J. N., B. P. Boudreau, and V. Noshkin, Plutonium
and 210Pb distributions in northeast Atlantic sediments:
Subsurface anomalies caused by non-local mixing,
Earth Planet. Sci. Lett., 81, 15-28, 1986.

Suman, D. O., and M. P. Bacon, Variations in Holocene
sedimentation in the North American Basin determined
from 2*°Th measurements, Deep Sea Res., 36(6), 869—
878, 1989.

Teece, M. A., J. M. Getliff, J. W. Leftley, R. J. Parkes, and
J. R. Maxwell, Microbial degradation of the marine
prymnesiophyte Emiliania huxleyi under oxic and an-
oxic conditions as a model for early diagenesis: Long

chain alkadienes, alkenones and alkyl alkenoates, Org.
Geochem., 29(4), 863—880, 1998.

Thomson, J., S. Colley, and P. P. E. Weaver, Bioturbation
into a recently emplaced deep-sea turbidite surface as
revealed by *'"Pbeycess, > Thexcess, and planktonic for-
aminifera distributions, Earth Planet. Sci. Lett., 90,
157-173, 1988.

Thomson, J., G. T. Cook, R. Anderson, A. B. MacKenzie,
D. D. Harkness, and I.N. McCave, Radiocarbon age
offsets in different-sized carbonate components of
deep-sea sediments, Radiocarbon, 37, 91-101, 1995.

Trauth, M. H., M. Sarnthein, and M. Amold, Bioturba-
tional mixing depth and carbon flux at the seafloor,
Paleoceanography, 12, 517-526, 1997.

Volkman, J. K., G. Eglinton, E. D. S. Corner, and J. R.
Sargent, Novel unsaturated straight-chain methyl and
ethyl ketones in marine sediments and a coccolithophore
Emiliania huxleyi, in Advancces in Organic Geochem-
istry, 1979, edited by A. G. Douglas and J. R. Maxwell,
pp- 219-227, Pergamon, New York, 1980.

Wang, L., M. Sarnthein, H. Erlenkeuser, J. Grimalt, P.
Grootes, S. Heilig, E. Ivanova, M. Kienast, C. Pelejero,
and U. Pflaumann, East Asian monsson climate during
the Late Pleistocene: High-resolution sediment records
from the South China Sea, Mar. Geol., 156(1—4), 243—
282, 1999.

Weaver, P. P. E., M. R. Chapman, G. Eglinton, M. Zhao,
D. Rutledge, and G. Read, Combined coccolith, forami-
niferal, and biomarker reconstruction of paleoceano-
graphic conditions over the past 120 kyr in the
northern North Atlantic (59°N, 23°), Paleoceanography,
14(3), 336-349, 1999.

Wheatcroft, R. A., Experimental tests for size-dependent
bioturbation in the deep ocean, Limnol. Oceanogr., 37,
90-104, 1992.

Wheatcroft, R. A., and P. A. Jumars, Statistical re-analysis
for size-dependency in deep-sea mixing, Mar. Geol., 77,
157-163, 1987.



	Theme
	Abstract
	1. Introduction
	2. Summary of Findings
	3. Lateral and Vertical Redistribution
	4. Annual Mean Versus Seasonal SST
	5. Regionality of Alkenone-Derived Climate Signals
	6. Alkenone delta13C Records
	7. Conclusion
	Acknowledgments
	References

