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ABSTRACT

 sea-surface temperature (SST) estimates obtained at ~2.5-k.y. resolution from Ocean Drilling Program Site 1020 show
glacial–interglacial cyclicity with an amplitude of 7°–10°C over the last 780 k.y. This record shows a similar pattern of variabil-
ity to another alkenone-based SST record obtained previously from the Santa Barbara Basin. Both records show that oxygen
isotope Stage (OIS) 5.5 was warmer by ~3°C relative to the present and that glacial  temperatures warm in advance of
deglaciation, as inferred from benthic δ18O records. The alkenone-based SST record at Site 1020 is longer than previously pub-
lished work along the California margin. We show that warmer than present interglacial stages have occurred frequently during
the last 800 k.y. Alkenone concentrations, a proxy for coccolithophorid productivity, indicate that sedimentary marine organic
carbon content has also varied significantly over this interval, with higher contents during interglacial periods. A baseline shift
to warmer SST and greater alkenone content occurs before OIS 13.

We compare our results with those from previous multiproxy studies in this region and conclude that SST has increased by
~5°C since the last glacial period (21 ka). Our data show that maximum alkenone SSTs occur simultaneously with minimum
ice volume at Site 1020, which is consistent with data from farther south along the margin. The presence of sea ice in the glacial
northeast Pacific, the extent of which is inferred from locations of ice-rafted debris, provides further support for our notion of
cold surface water within the northern California Current system, averaging 7°–8°C cooler during peak glacial conditions. The
cooling of surface water during glacial stages most likely did not result from enhanced upwelling because alkenone concentra-
tions and terrestrial redwood pollen assemblages are consistently lower during glacial periods.
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INTRODUCTION

The California Current system (CCS) forms the eastern limb of
the North Pacific Gyre. This complex system of opposing currents
brings cool, fresh water to the tropics and exerts a strong influence on
the climate of western North America (Lyle et al. 1992; Ramp et al.,
1997; Norton and McLain, 1994; Dettinger et al., 1995). Physical
processes such as Ekman transport, wind-stress curl, and ultimately
thermohaline circulation (Hickey, 1979) enable the CCS to sense
basinwide changes in ocean temperatures and wind fields. On histor-
ical time scales, this variability also affects coastal circulation, local
fisheries, and rainfall along the western coast of North America
(Hayward et al., 1996). On decadal time scales in the modern Pacific
Ocean, periodic disturbances in basinwide wind fields, sea-surface
temperatures (SST), and biological productivity are linked to El
Niño/Southern Oscillation (ENSO) events that originate in equatorial
regions (Chelton, 1982; Simpson, 1983; Emery and Hamilton, 1985).
Typical ENSO conditions along the California margin include unusu-
ally warm SST and reduced coastal upwelling (Enfield, 1989),
whereas cooler SST and strengthened coastal upwelling typify La
Niña conditions. Whether these ENSO connections are analogs to
glacial–interglacial cycles on longer, orbital time scales along the
California margin remains an interesting but unanswered question.
Improved paleoceanographic knowledge of the CCS on glacial–inter-
glacial time scales will help to unlock the complexities between the
interactions of wind fields, ice-sheet stability, and variations in the
oceanic heat pump of the Pacific. Ocean Drilling Program (ODP) Site
1020 (Fig. 1), a pelagic drill site on the eastern flanks of the Gorda
Ridge, lies directly under the CCS but far enough offshore to avoid
influence by seasonal upwelling events (Lyle, Koizumi, Richter, et

1Lyle, M., Koizumi, I., Richter, C., and Moore, T.C., Jr. (Eds.), 2000. Proc. ODP,
Sci. Results, 167: College Station TX (Ocean Drilling Program).

2Department of Geological Sciences, Box 1846, Brown University, Providence RI
02912, USA. Correspondence author: timothy_herbert@brown.edu
al., 1997). The excellent recovery of an undisturbed sedimentary sec-
tion at this site provides an opportunity to characterize regional vari-
ations in oceanic circulation on orbital time scales.

The role of eastern boundary currents as fundamental components
of basinwide oceanic circulation remains poorly understood on orbital
time scales in the Pacific. One model suggests that eastern boundary
currents may have strengthened during glacial times. CLIMAP
Project Members (1981) reconstructed glacial SSTs throughout the
oceans and saw markedly cooler water within the eastern boundary
current along the coast of northwest Africa and in the Peru Chile Cur-
rent. They concluded that the inferred cooling resulted from increased
upwelling of subsurface water driven largely by more vigorous oce-
anic circulation.

The difficulty of obtaining paleoceanographic data along the Cal-
ifornia margin results largely from poor preservation of calcium car-
bonate (CaCO3), an important component in almost all marine paleo-
reconstructions. CLIMAP Project Members (1981) used radiolarian
faunal assemblages coupled with oxygen isotope (δ18O) stratigraphy
to identify a Holocene to last glacial maximum (LGM) SST anomaly
of 2°C in the North Pacific, but they characterized the entire region
with only two cores. More recently, Sancetta et al. (1992) used diatom
fauna, pollen, and sedimentological data from the Multitracers project
and Lyle et al. (1992) to characterize the Holocene–LGM oceano-
graphic variability of the northern CCS. They found that marine or-
ganic sediment contents (offshore) were lower during the LGM than
at present, and their terrestrial pollen records north of 36°N suggested
reduced upwelling during the LGM. Sabin and Pisias (1996) exam-
ined the marine-terrestrial link from a suite of cores in the latitudinal
band of 35°–50°N and found that SST anomalies based on radiolarian
transfer functions correlated well (warmer SST and warmer pollen-
derived paleotemperatures) with terrestrial pollen records from the
Pacific Northwest.

Our study uses sedimentary alkenones as indicators for overlying
SST and marine productivity. As organic biomarkers, alkenones pro-
vide an excellent opportunity to characterize SSTs where traditional
carbonate proxies are poorly preserved because their ratios resist sed-
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iment diagenesis (Volkman et al., 1980; Brassell et al., 1986; Prahl et
al., 1993; Herbert et al., 1998). Marlowe et al. (1990) identified the
coccolithophorid class Prymnesiophyceae as the exclusive photosyn-
thetic algae that biosynthesize alkenones. Brassell et al. (1986) pio-
neered the use of alkenone paleothermometry and defined a link be-
tween alkenone unsaturation and overlying water temperature as the
index. Subsequent laboratory culture work by Prahl and Wakeham

 (1987) and Prahl et al. (1988) on Emiliania huxleyi strain 55a
(northeast Pacific) calibrated the  index with algal growth tem-
peratures. Since then, other workers have validated this global cali-
bration with respect to core-top sediments and modern SST (Sikes et
al., 1997; Rostek et al., 1993; Doose et al., 1997; Sonzogni et al.,
1997; Herbert et al., 1998; Müller et al., 1998), and recent studies
have characterized paleo-SST and productivity disturbances within
the CCS on Holocene–LGM time scales (Prahl et al., 1993, 1995;
Doose et al., 1997; Herbert et al., 1995, 1998). Prahl et al. (1995) and
Doose et al. (1997) used -derived SSTs from core-top and LGM
sediment samples and documented a warming of 3°–4°C since the
LGM at 42°N. Unpublished alkenone results from our lab show that
Holocene–LGM SST anomalies varied consistently along the entire
California margin (23°–41°N; T.D. Herbert et al., unpubl. data), sim-
ilar to those determined by most faunal studies. One study (Kennett
and Venz, 1995), however, estimated an 8°C LGM–Holocene warm-
ing in the Santa Barbara Basin using coiling ratios of Neogloboquad-
rina pachyderma.

Detailed SST records derived from the use of alkenones along the
California margin were first published by Prahl et al. (1993). They
used data from the Multitracers project to relate alkenone-based SST
to modern SST or photic zone temperatures and, at a site ~1°N of Site
1020, found that alkenone-based SST most closely represents winter
SST or annual average temperatures at 50 m. Herbert et al. (1998)
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showed that along the continental margin (water depth <2 km), alk-
enone-derived SSTs from both Gephyrocapsa oceanica and E. hux-
leyi most closely relate to mean annual surface temperatures. These
studies used numerous core-top samples to conclude that alkenone-
derived SSTs exhibit a systematic bias of colder temperatures toward
the gyre of up to ~3°C, which may reflect changes in seasonality or
depth of production.

We present here an alkenone-proxy record of SST and Hapto-
phyte algal productivity at ODP Site 1020, and we discuss our results
with respect to those from other sites along the California margin
(Herbert et al., 1995; Prahl et al., 1995; Sabin and Pisias, 1996; Doose
et al., 1997; Ortiz et al., 1997). Site 1020 provides the opportunity to
assess the scale of SST anomalies and their relationships to Hapto-
phyte productivity and global ice volume well beyond the LGM. Our
record extends over eight glacial–interglacial cycles to the Brunhes/
Matuyama magnetic reversal boundary (780 ka) and thus represents
one of the longest paleoceanographic records available from the Cal-
ifornia margin.

OCEANOGRAPHIC SETTING

The CCS consists of three distinct currents: (1) the California
Current, flowing southward with a dispersed, eddy-ridden character
that typifies eastern boundary surface currents (Hickey, 1979); (2)
the subsurface California Countercurrent, flowing northward in a
more focused manner than the diffuse, turbulent California Current,
although little is known of its influence north of San Francisco (Hick-
ey, 1979; Karlin, 1980); and (3) the surface Davidson Current, flow-
ing northward along the coast north of Point Conception (~35°N), but
only during fall and winter (Hickey, 1979). Some workers (e.g.,
Smith, 1992) have suggested that the Davidson Current may repre-
sent the surface manifestation of the California Countercurrent, and
water property measurements seem to support this idea (Hickey,
1979). The onset of the Davidson Current during winter further sup-
presses upwelling along the northern California margin; otherwise,
its oceanography is poorly understood.

On seasonal time scales, changes in the intensity and orientation of
flow within the CCS reflect the influence of basinwide wind patterns
(Fig. 2; Huyer, 1977, 1983). The strength of the gradient between the
North Pacific high and the continental thermal low pressure system
over California drives local surface winds, which blow weakly from
the north, south of Mendocino (Huyer, 1983). These southward winds
initiate Ekman transport in the surface layer, resulting in elevated sea-
surface topography, depressed isopycnals in the gyre, and the up-
welling of cool, saline, nutrient-rich waters along the coast (Huyer,
1983).

On interannual time scales, changes in the CCS reflect the influ-
ence of ENSO events that originate in the equatorial Pacific (Chelton,
1981). During El Niño conditions, warmer water propagates north-
ward along the western margin of North America (Simpson, 1983;
Emery and Hamilton, 1985; Johnson and O’Brien, 1990; Lyle et al.,
1992; Van Scoy and Druffel, 1993; Ramp et al., 1997). This warm-
water intrusion changes the overall density field of the surface water,
reduces upwelling along the coast of California, and results in lower
sediment alkenone and marine Corg concentrations. In fact, previous
very high-resolution -SST reconstructions show evidence of
these subdecadal scale (3–5 yr) phenomena (Kennedy and Brassell,
1992; Herbert et al., 1998). On the glacial–interglacial time scales
seen at Site 1020, the opposite scenario may exist, coupling warmest

-SST with highest concentrations of alkenones in the sediments.

MATERIALS AND METHODS

We obtained a high-resolution suite of samples (~25-cm intervals;
∆T = 2.5 k.y.) from the upper 85 meters composite depth (mcd) of
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ALKENONE PALEOTHERMOMETRY
sediment at Site 1020 (41°N, 126°W), with overlap between Holes
1020C and 1020D to ensure a complete record (Fig. 3). All sediment
samples were treated and analyzed for alkenones according to the
methods described in Herbert et al. (1998). We routinely obtained a
precision of better than 0.005  units (~0.15°C) as determined by
replicate analyses of selected sediment samples. Comparison of core-
top and LGM -SSTs from Prahl et al. (1995), Doose et al. (1997),
Herbert et al. (1998), and this study show excellent agreement be-
tween the two labs.

Some workers disagree about whether to include the tetra-unsat-
urated ketone (C37:4) in temperature estimations (Prahl et al., 1988,
1993; Sikes et al., 1997; Brassell, 1993; Conte and Eglinton, 1993;
Rosell-Melé et al., 1993). The  calibration neglects the C37:4 ke-
tone from SST estimates. At Site 1020, this particular molecule oc-
curs in greatest abundance during glacial phases, but it often co-
elutes with unknown molecules, making it difficult to reproduce an-
alytically. Consequently, many calibration studies favor the use of

 indices along the California margin (Prahl et al. 1988; Doose et
al., 1997; Herbert et al., 1998) and in colder regions such as the
Southern Ocean (Sikes et al., 1997), and we report only the  index
in Table 1. 

All of our glacial-age samples contain di-, tri-, and tetra-unsatur-
ated alkenones (C37:2, C37:3, C37:4), whereas interglacial-age samples
contain only di- and tri-unsaturated alkenones. This reflects the
greater importance of C37:4 molecules at cooler SSTs (Brassell et al.,
1986; Rosell-Melé et al., 1993). We calculate alkenone concentra-
tions (SC37; nmol/g dry sediment) as the sum of the C37:2, C37:3, and
C37:4 molecules, and we assume that SC37 represents a proxy for Hap-
tophyte algal productivity (Villanueva et al., 1997; Rosell-Melé et
al., 1997). These concentrations reflect the productivity and preser-
vation of one important component of marine phytoplankton, subject
to dilution from other sources.
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Figure 2. Surface atmospheric pressure for winter and summer (from Huyer,
1983; mb = millibar).
Numerous laboratory culture and core-top experiments (Prahl and
Wakeham, 1987; Brassell, 1993; Volkman et al., 1995) have shown
that the  index faithfully records modern SST (Fig. 4, inset). We
believe that these results validate our choice to present our SST re-
construction using the  index for this region.

AGE MODEL

We assigned preliminary ages to our samples from paleomagnetic
identification of the Brunhes/Matuyama Chron (81.21 mcd; Heider et
al., Chap. 28, this volume) and assuming a constant sedimentation
rate of ~10 cm/k.y. The complete δ18O record from Site 1020 is not
yet available as this is written. Data are available for isotope Stages
1.0–3.3, 5.1–6.4, 7.1–8.4, and 8.5–10.2 (A. Mix, pers. comm., 1998).
Our spliced record (Fig. 3) bears a striking resemblance to ice-vol-
ume changes as inferred from SPECMAP δ18O and other Brunhes
Chron δ18O records. We have matched our  SST estimates to the
SPECMAP composite (Imbrie et al., 1984), Site 677 (Shackleton et
al., 1990), and to the preliminary benthic δ18O record from Site 1020
(A. Mix, pers. comm., 1998). The most striking feature is the co-
occurrence of maximum  SST and interglacial δ18O. This correla-
tion is documented directly at Site 1020 for benthic δ18O Stages 5.1–
5.5 and 7.1–8.4 (A. Mix, pers. comm., 1998). Based on this relation-
ship between warmest  SST and lightest benthic δ18O, we tied our
warmest  SSTs from Site 1020 with Site 677 interglacial δ18O
(Shackleton et al., 1990) at Stages 5.5, 7.0, 9.0, 11.1, 15.1, 15.3, 17.0,
and 19.0. We linearly interpolated ages using the Site 677 time scale
(Shackleton et al., 1990) between oxygen isotope Stages (OIS) 5.5,
7.0, 11.1, 15.1, 15.3, and 17.0 at Site 677 and the Brunhes/Matuyama
boundary at Site 1020 (Fig. 5). We remind the reader that Site 677
δ18O is used only because its length is similar to our alkenone record.
Our references to “leads” or “lags” are speculative, but we are confi-
dent that we will observe similar phase relationships with the com-
plete Site 1020 δ18O record when it becomes available.

RESULTS

Our record of alkenone concentration and  SST at Site 1020
shows dominant 100-k.y. glacial–interglacial cyclicity over the last
780 k.y. Global ice volume has a strong 100-k.y. component, and
comparisons of our data with benthic δ18O should enable us to exam-
ine phase relationships between alkenone-based SST, alkenone con-
centration, and δ18O. Over the last four major glacial–interglacial cy-
cles, glacial temperatures have reached remarkably consistent minima
(~6°C). These temperatures exist today in the Gulf of Alaska (Levi-
tus, 1994). Deglacial warming has averaged 7°–10°C over this period;
however, peak interglacial temperatures show larger variation than
full glacial conditions. Alkenone temperature estimates suggest that
three of the last four interglacial periods have been 2°–3°C warmer
than the Holocene. Earlier in the record, the average  index in-
creases noticeably in a manner consistent with overall warmer marine
temperatures in the first half of the Brunhes Chron. Peak interglacial
temperatures do not appear any warmer than the interglacials of the
latest Pleistocene, and glacial sea-surface cooling was reduced (Fig.
5). Despite the overall similarity between alkenone SST and global
ice-volume records, the timing of coldest SSTs along the northern
California margin precedes greatest global ice volume by ~8–10 k.y.
For example, during the last glacial cycle at Site 1020, minimum
SSTs occurred at ~30 ka (OIS 3), ~9 k.y. before the LGM. A similar,
though less well-constrained, early warming occurred at Site 1020 in
each of the last four glacial–interglacial cycles.

Alkenones derive exclusively from phytoplankton, hence their
concentration in marine sediments reflects the supply and preserva-
tion of marine organic matter. Studies have shown that organic car-
bon supply plays a more important role than preservation in determin-
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Figure 3. Alkenone splice time series from Holes 1020C and 1020D. SST = sea-surface temperatures.
ing the total fraction of marine Corg in sediments (Karlin et al., 1992;
Reimers et al., 1992; Dean et al., 1994). Total organic carbon mea-
surements are useful in assessing marine productivity rates (Müller
and Suess, 1979; Eppley and Peterson, 1979; Rabouille and Gaillard,
1991); however, terrigenous Corg may comprise a significant portion
of the total Corg in continental margin sediments. To develop a history
of paleoproductivity along the northern California margin, we must
estimate the marine fraction of Corg over time. We do not expect SC37
and marine Corg to correlate perfectly because other marine plankton
groups may contribute significant fractions of the total Corg. A com-
parison of SC37 and  SST shows that higher alkenone concentra-
tions occur during interglacials than during glacial periods (Fig. 6).
Although the time series of SC37 and CaCO3 (Lyle et al., Chap. 11,
this volume) are not exactly in phase, comparison of the two records
does show some significant similarities (i.e., shared peaks at ~68,
~260, ~360, and ~500 ka). We explore later the relationship between
lower inferred coccolithophorid productivity and cold glacial SST es-
timated at Site 1020. On longer time scales, a general shift to higher
SC37 values occurs before OIS 13 (~500 ka using our preliminary
time scale).
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Table 1. Alkenone data from Site 1020.

Note: temp. = temperature.

This is a sample of the table that appears on the volume CD-ROM.

Hole
Core, 

section
Interval

(cm)
Depth
(mcd) index temp. (°C)

ΣC37
(nmol/g)

1020C 1H-1 025-026 0.25 0.418 11.1 2.70
1H-1 050-051 0.50 0.403 10.7 1.69
1H-1 075-076 0.75 0.375 9.9 1.77
1H-1 100-101 1.00 0.407 10.8 3.11
1H-1 125-126 1.25 0.390 10.3 2.26
1H-2 000-001 1.50 0.320 8.3 2.32
1H-2 025-026 1.75 0.335 8.7 1.10
1H-2 050-051 2.00 0.326 8.4 0.79
1H-2 075-076 2.25 0.272 6.8 1.58
1H-2 100-101 2.50 0.370 9.8 0.20
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DISCUSSION

We can assess the validity of our results from Site 1020 in several
ways. The -SST estimates from our Holocene samples at Site
1020 most closely resemble modern winter SST in the area (Levitus,
1994; Fig. 4). This means that any cooling in our record cannot result
from a shift toward a colder season of productivity. Temperatures
warmer than Holocene could reflect a bias associated with changes in
the seasonal patterns of production toward spring or summer months;
however, the Holocene marine isotope Stage (MIS) 5.5 temperature
increase at Site 1020 is identical to that at Site 893, which shows no
seasonal bias occurring today (Herbert et al., 1995).

The magnitude of glacial–interglacial SST variability holds re-
markably constant over the last 450 k.y. with glacial temperatures
around 5°C cooler and interglacial SSTs 2°–3°C warmer than today.
The LGM–Holocene warming of ~4°C that we infer from Site 1020
also agrees with data from other locations along the California mar-
gin. To the south, -SST records at Site 893 (Santa Barbara Basin)
and Core EW9504-03PC (32°04′, 117°35′) show ~2°–3°C warming
from LGM–Holocene (Fig. 7; Herbert et al., 1995). In all three cases,
MIS 5.5 is warmer than modern. To the north, -SST records at
Multitracers Site Midway (W8709-8PC and TC) indicate roughly a
5°C warming since the LGM, but unfortunately, this record does not
extend to MIS 5.5.

The consistency in glacial–interglacial warming strengthens our
confidence in the data and strongly suggests a margin-wide response
as climate changed from full glacial to interglacial conditions. Other
marine isotopic and faunal studies (Sabin and Pisias, 1996; Ortiz et
al., 1997) confirm the alkenone SST warming we see along the Cali-
fornia margin, but these records extend only to the LGM.

At Site 1020, profiles of Corg and total alkenone concentrations
(Lyle et al., Chap. 11, this volume) are greatest around warmest alk-
enone SSTs from the LGM–Holocene. This inferred increase in sed-
imentary Corg and alkenone concentrations is also seen farther south
in alkenone data from Site 893 (Herbert et al., 1995) and in Core
EW9504-03PC (T.D. Herbert et al., unpubl. data). To the north, Lyle
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et al. (1992) saw increases in Corg mass accumulation rates since the
LGM in the Multitracers Transect. Ortiz et al. (1997) inferred in-
creases in productivity since LGM at 42°N from isotopic gradients in
Gephyrocapsa bulloides and from planktonic foraminiferal shell ac-
cumulation rates. Based on our data from Site 1020 and the data from
these earlier studies, we infer that productivity may have been re-
duced during the LGM and has slowly increased in strength as mod-
ern conditions evolved. Terrestrial proxies such as coastal redwood
pollen also suggest that upwelling ceased or diminished along the
California margin (Heusser, Chap. 20, this volume). Sancetta et al.
(1992) analyzed Core W8709-3 from 42°N and found less redwood
pollen during the LGM, matching more recent data by Heusser et al.
(Chap. 17, this volume). They concluded that weakened summer up-
welling was responsible for the decreases in pollen. At Site 1020, cor-
relations between redwood pollen and alkenone SST also suggest that
upwelling was strongest during interglacial periods and weaker or
nonexistent during glacial periods (Heusser et al., Chap. 17, this vol-
ume).

In addition to observed LGM–Holocene SST warming and Hap-
tophyte productivity increases, alkenone SST records along the Cal-
ifornia margin also show similar relationships to ice volume. The
coldest alkenone SSTs at Sites 1020 and 893 and Core EW9504-
03PC all lead δ18O maximum ice volume by at least 5 k.y. (Fig. 7;
Herbert et al., 1995) in the south, and we speculate by a similar
amount at Site 1020 in the north. The geographic consistency of this
relationship suggests that there is an early response of SST warming
with respect to ice volume along the California margin. The length of
our record at Site 1020, coupled with the Site 893 record (Herbert et
al., 1995), allows us for the first time to infer the behavior of sea-sur-
face temperatures within the CCS beyond the last glacial period. We
see that this early deglacial warming occurs consistently over ~350
k.y.; however, we are less confident in the preliminary age model
much beyond this point.

A margin-wide SST response along the California margin would
require a large-scale forcing during a glacial–interglacial transition.
Two proposed mechanisms for cooler SSTs involve contributions
from atmospheric effects resulting from the presence of glacial ice
sheets and/or changes in thermohaline transport within the CCS.
158
An expansion of the Alaskan Gyre southward, perhaps because of
changes in either oceanic or atmospheric circulation patterns, would
aid in cooling the sea surface of the northeast Pacific Ocean. This en-
croachment of cool, subarctic water in the glacial northeast Pacific is
similar to the scenario proposed by CLIMAP Project Members
(1981) in the LGM North Atlantic, which shows the deflection of the
Gulf Stream by the advancing polar front in the glacial North Atlan-
tic. The expansion may have deflected the North Pacific Current/
Kuroshio Current Extension and the west wind drift to the south, al-
lowing cooler temperatures to exist for a longer duration in the north-
ern part of the CCS.

A map of the southernmost extent of ice-rafted debris (IRD) in the
northeast Pacific (Fig. 8) provides evidence independent of alkenone
estimates that a cooler northeast Pacific existed during glacial times.
ODP Site 887 (Gulf of Alaska) shows a large range in IRD abundance
(Krissek, 1995) preserved there, and references to IRD as far south as
off the coast of Oregon are made in Griggs and Kulm (1969). These
deposits suggest that major ice sources must have been located prox-
imal to the Gulf of Alaska and offshore of the northwest coast of
North America during glacial times. Thus, the presence of IRD in the
northeast Pacific supports the notion that the icebergs must have orig-
inated there. The petrology of the Site 887 IRD suggests that the
provenance was the Alaskan coastal region and the Pacific Northwest
of North America (Krissek, 1995). If SSTs in present areas of sea ice
are analogs of the past, water temperatures proximal to sea ice would
have been on the order of 2°–4°C (CLIMAP, 1981) for the LGM
northern northeast Pacific. Therefore, the glacial temperatures as
cold as 4°–6°C at Site 1020 are plausible.

The southward expansion of the northeast Pacific IRD belt is not
necessarily the ultimate mechanism for glacial cooling of the sea sur-
face. What could cause this belt to expand? For the IRD belt to prop-
agate southward, the sea surface must be cool enough to allow the
southerly migration of ice. COHMAP Members (1988) have modeled
the atmospheric surface winds for the Holocene and LGM, and their
results suggest an increase in the influence of the Aleutian Low, typi-
cally seen in modern Northern Hemisphere winter (Fig. 2; Huyer,
1983). We believe that the persistence of cyclonic wind fields over the
northeast Pacific Ocean may have played a part in increasing the size
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Figure 6. Site 1020  SST and alkenones concentration on time scale developed from Site 677 δ18O. Interglacial stages are shaded. SST = sea-surface tem-
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ALKENONE PALEOTHERMOMETRY
of the Alaskan Gyre, causing its sphere of influence to be felt farther
south than today. The idea of the southerly migration of the Alaskan
Gyre is not new. Moore (1973), who documented subarctic radiolari-
an fauna along the northern California/southern Oregon border, was
first to propose that Alaskan fauna existed this far south during the
LGM. Lyle et al. (1992) acknowledged the possibility of the Alaskan
Gyre planktonic community thriving off the coast of Oregon based
upon productivity and organic carbon fluxes along the Multitracers
Transect at 42°N. However, Lyle et al. (1992) suggested reduced
coastal upwelling or subsurface replacement of nutrient-rich water as
a better explanation of their data. Ortiz et al. (1997), using transfer
functions from a 10-core transect at 42°N, saw that the strongest mod-
ern analogs of glacial fauna currently live in the Alaskan Gyre.

The northward winds modeled by COHMAP Members (1988) for
the LGM along the California margin would have reduced upwelling
at Site 1020. We see this reduction evidenced by lower Corg, terrestrial
pollen, and SC37 concentrations. One factor that may have contributed
to the reduction of upwelling is an increase in northward, coastal flow
of the geostrophic Davidson Current (Hickey, 1979), which would be
possible under the atmospheric scenario proposed by COHMAP
Members (1988).

We must also consider the possibility that a disturbance in the heat
budget of the tropics and higher latitudes existed during the LGM, as
4

6

8

10

12

14

16

0 5 10 15 20

U
k'

37
 T

em
pe

ra
tu

re
 (

o C
)

Meters Composite Depth

MIS 5e

LGM

ODP 1020

0 40 80 120 160
10

12

14

16

18

20

U
k'

37
 T

em
pe

ra
tu

re
 (

o
C

) ODP 893
warm late stage 6

Depth (m)

LGM

MIS 5e

10

12

14

16

18

20

0 1 2 3 4 5 6 7

ew03pc

Depth (cm)

LGM

MIS 5e

U
k'

37
 T

em
pe

ra
tu

re
 (

o C
)

Figure 7. Milankovitch-scale resolution records from 
Holes 1020 (north) and 893 (central), and Core 
EW9504-03PC (southern) along the California margin. 
Benthic δ18O confirms positions of last glacial maxi-
mum (LGM) and marine isotope Substage (MIS) 5e in 
all locations (Site 1020: A. Mix, pers. comm., 1998; Site 
893: Kennett et al., 1995; Core EW9504-03PC: L. Stott, 
pers. comm., 1998). Shaded region defines the LGM 
time interval (21 ± 2 ka).
suggested by Sr/Ca measurements of corals (Beck et al., 1992). If the
tropical LGM anomaly was as large as this method predicts, this dis-
turbance would have serious consequences regarding thermohaline
reorganization along the California margin.

The modern relationship of colder SST and enhanced upwelling/
organic preservation (La Niña) and anomalously warm SST with re-
ductions in upwelling (ENSO) along the California margin does not
persist on an orbital time scale. The increases in the records of sedi-
mentary alkenone concentration, Corg, and terrestrial pollen assem-
blages all center around warmer SSTs at Site 1020. From this, we
have inferred maximum productivity or preservation of sediment alk-
enone concentrations during warmer periods of SST, although peri-
ods that are more productive have existed during the past (for exam-
ple, OIS 13).

CONCLUSIONS

We present here the 780-k.y. -SST and alkenone productivity
record at Site 1020. We have made the following conclusions:

1. Glacial–interglacial SST amplitudes have varied consistently
over the last 450 k.y.; however, the total amplitude dampens
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during the early Brunhes Chron. Also, interglacial SSTs are
generally warmer than Holocene values by ~3°C.

2. Our Holocene–LGM SST decrease of 5°C is within the error of
previous multiproxy studies such as Prahl et al. (1995), Sabin
and Pisias (1996), and Ortiz et al. (1997).

3. The sea-surface glacial cooling of 5°C at Site 1020 may be the
result of the complex interaction of this current system with
sea ice, glacial atmospheric effects, and a southward expan-
sion of the Alaskan Gyre in the glacial northeast Pacific. Our
Holocene -based SSTs most closely approximate modern
winter SST (or subsurface production); therefore, the only
possible bias (relative to today) would involve a shift to a
warmer season of production.

4. We infer a tight correlation between warmest alkenone SST
and minimum ice volume over the last 800 k.y. This cannot be
tested adequately until a suite of δ18O data from Site 1020 at the
same resolution become available. We observe similar rela-
tionships between alkenone’s SST and δ18O data in cores to the
south (Herbert et al., 1995; T.D. Herbert et al., unpubl. data).

5. The paleoceanographic record at Site 1020 shows evidence for
enhanced Haptophyte productivity during periods of warm
SST and diminished productivity during cold SST. This in-
ferred productivity pattern is consistent with sedimentary Corg
content and with climatic information from redwood pollen
(Heusser, Chap. 20, this volume).
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