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Abstract—The concentration of C;,-Cj, long-chain alkenones and alkenes were determined in surface
water and surface sediment samples from the subpolar waters of the Southern Ocean. Distributions of
these compounds were similar in both sample sets indicating little differential degradation between or
within compound classes. The relative amounts of the tri- to tetra-unsaturated Cs; alkenones increased
with increasing temperature for temperatures below 6°C similar to the di- and tri-unsaturated C;, alken-
ones. The Cy; di-, tri-, and tetra-unsaturated methyl alkenones are used in paleotemperature calculations
via the U and the U% ratios. In these datasets, the relative abundances of the Ci., and the Cijs
alkenones as a proportion of the total C;, alkenones were opposite and strongly related to temperature
(the latter with more scatter), but the abundance of the Cs;, alkenone showed no relationship with
temperature. The original definition of U%; includes the abundance of 37:4 in both the numerator and
denominator, and thus it is perhaps not surprising that there is considerable scatter in the values obtained
for U% at low temperatures. Of the two, we suggest that U%; is the better parameter for use in paleotemper-
ature estimations, even in cold locations. U%; values in the sediments fall on virtually the same regression
line obtained for the water column samples of Sikes and Volkman ( 1993), indicating that their calibration
is suitable for use in Southern Ocean sediments. The comparison of water column data with sedimentary
temperature estimates suggests that the alkenone distributions are dominated by contributions from the
summer when the biomass of Emiliania huxleyi and presumably flux to the sediment, is expected to be

high. Copyright © 1997 Elsevier Science Ltd
1. INTRODUCTION

The alkenone unsaturation ratio, U%;, is becoming a widely
used technique for estimating past sea surface temperatures
(SST) of the world’s oceans. The technique has attracted
attention in the paleoceanographic community because it is
the first quantitative method for SST estimation that is not
based on microfossil tests. As such, it augments established
techniques because it responds to a different set of environ-
mental controls than those that influence foraminiferal as-
semblages or isotope values. The proportions of long-chain
unsaturated ketones* on which UY is based are varied by
the organism in response to the water temperature in which
it is growing (Prahl et al., 1988) and thus is distinct from
other geochemical temperature proxies (such as §'*0) which
are based on passive, equilibrium processes. U%; has been
successfully applied to a wide variety of paleoceanographic
topics, from decadal scale El Nifio events to Milankovitch
scale climate changes (see Brassell, 1993 for a literature
review).

The alkenone unsaturation function U%; is defined as the
ratio of the di- to tri-unsaturated long chain Cs; methyl alken-
ones in the sample:

* Namely: heptatriaconta-15E,22E-dien-2-one (C,;.,), heptatria-
conta-8E,15E,22E-trien-2-one (Cs,3), heptatriaconta-8E,15E,22E,
29E-tetraen-2-one (Ciyq).
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U% = [Cs721/(ICs72] + [Caa])

The originally defined paleotemperature parameter was
U%, which included the Cs., alkenone in the calculation as
follows:

U5 = [Cxa] = [Cyrual/([Ca72] + [Cir3] + [Caral)

The Ci;,4 alkenone was originally included in calculations
because it was thought that it might also convey some tem-
perature information ( Marlowe, 1984). Prahl and Wakeham
(1987) excluded the C;;., alkenone from the calculation be-
cause it is often not detectable in sediments (Brassell et al.,
1986a,b) and because its exclusion improved the linearity
of the relationship at lower temperatures (Prahl et al., 1988).

Numerous calibrations from batch cultures indicate large
variations in temperature response between strains (e.g.,
Brassell, 1993) and species (Volkman et al., 1995), but
work by Kenig et al. (1997) indicates that some of this
variation may be attributable to differences in growth rates.
Nonetheless, field calibrations of the technique have demon-
strated that, despite variations in the several published rela-
tionships to growth temperature and real differences between
local field calibrations (Conte and Eglinton, 1993; Brassell,
1993), the relationship between U%; and temperature is re-
markably consistent and linear with SST in the world’s
oceans over a broad temperature range (5-25°C; Sikes and
Volkman, 1993; Rosell-Melé et al., 1995; see Brassell, 1993
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for a review of the literature). The reduced slope at high
and low temperatures (above 25 and below 5°C) first noted
by Sikes and Volkman (1993) may be the effect of declining
growth rates at extreme temperatures. The body of evidence
indicates that local field calibrations are the best to use,
however, the similarity of field calibrations suggests that the
range in open ocean variations is sufficiently narrow that the
use of a single worldwide calibration is within acceptable
limits. The present best estimate is: U%;, = 0.037T — 0.083
(Brassell, 1993).

In addition to variation in the relationship between U%,
and the temperature at the time of biosynthesis (i.e., the
calibration used), seasonality and diagenetic effects have the
potential to limit our ability to interpret paleotemperatures
and paleoenvironmental information from the U%; signal in
sediments. The season which the sedimentary U%-derived
SST represents must be inferred. In many locations it appears
that the temperatures recorded by the alkenones in the sedi-
ments represent the warm, or summer season (Sikes et al.,
1991), but this is not strictly true. The U¥%-derived SST
represents a weighted average of biomass production (or
more strictly flux to the sediments) throughout the year
(Prahl et al., 1993). Work by Prahl et al. (1993) from the
northwest Pacific demonstrated that most of the flux to the
sediments occurred in early summer but that the sedimentary
U% -derived SST reflected summer thermocline temperatures
(that is, from deep in the surface mixed layer), which were
coincidentally the same as winter SST. The processes of
degradation and diagenesis of the C;; alkenones are poorly
understood. However, despite significant removal of alken-
ones in surface sediments, the unsaturation level (and hence
the temperature signal) appears to be well preserved under
a variety of conditions (Prahl et al., 1989; McCaffrey et al.,
1990; Sikes et al., 1991; Madureira et al., 1995).

The unusual alkenones on which U%, is based are associ-
ated with several other C3;-C;9 unsaturated methyl and ethyl
ketones, as well as C;7-Csy alkenes and esters (Volkman et
al., 1980a,b, 1995; Marlowe et al., 1984a,b, 1990; Conte et
al., 1994). Work with microalgae in culture has established
that the suite of long chain alkenones, alkenoates, and al-
kenes are produced by a very limited number of haptophytes
(Volkman et al., 1980a,b, 1995; Marlowe et al., 1984a,b,
1990). In the open ocean the main source of the alkenones
appears to be the two species Emiliania huxleyi and Gephy-
rocapsa oceanica, with the latter potentially an important
contributor only in warmer tropical and subtropical regions
(Rosell-Melé et al., 1994; Volkman et al., 1995). Notably,
G. oceanica is a very minor constituent in Southern Ocean
waters (less than 2% of the population for locations exam-
ined in this study; Nishida, 1986).

The relative abundances of alkenes, alkenones, and alken-
oates varies between species ( Volkman et al., 1995). How-
ever, the indication that alkenones and alkenoates degrade
at appreciably different rates in the surface waters (Prahl et
al., 1993) and in sediments (Prahl et al., 1989, 1993, 1995)
suggests that temperature estimators which combine differ-
ent compound classes (Conte et al., 1992; Conte and Eglin-
ton, 1993) should be applied with some caution to the sedi-
ment record. However, the ratio of Cs; to Css alkenones is

fairly consistent across all culture temperatures for each of
the few species that have been studied (Prahl et al., 1988;
Volkman et al., 1995). Thus, it appears that an examination
of the relative amounts of all the alkenones and the ratio of
Cs; to Cig alkenones in particular may have the potential to
provide paleoenvironmental information about the species
contributing these compounds ( Volkman et al., 1995).
Sikes and Volkman ( 1993 ) recently calibrated [/%; in sur-
face waters of the Southern Ocean for paleoclimatic tempera-
ture estimations. In this work we compare the alkenone and
alkene distributions in surface water samples determined pre-
viously by Sikes and Volkman (1993) with the values in
sediments deposited nearby in order to examine possible
effects due to degradation and seasonality. We hope that this
will allow a better understanding of the paleotemperature
and palecenvironmental record provided by U%; and its asso-
ciated compounds in the Southern Ocean and, hence, allow
more confident interpretations of the paleoclimate record.

2. MATERIALS AND METHODS

Samples of suspended particulate organic matter in surface waters
were collected during two research cruises and analyzed as described
in Sikes and Volkman (1993). Volumes as large as 180 L were
collected on a single GFF glass fiber filter to provide sufficient
material for lipid analysis. Filters were pre-cleaned by heating in a
muffle furnace to 500°C for 24 h. Water samples were collected
both from the ship’s clean water intake line located at 3 m depth
and from surface-tripped bottles of CTD casts. Temperature mea-
surements were taken at the time of collection from the thermistor
at the intake (for water line samples) or from the CTD thermistor
(for bottle samples). Core top samples were supplied by the South-
ern Ocean paleoceanography research group in France (Laurent La-
beyerie and Jean-Jacques Pichon) from their core library in Bor-
deaux. Additional core top samples were collected in collaboration
with the Marine Geology group at the New Zealand Oceanographic
Institution (NZOI).

Frozen filters were extracted ultrasonically in chloroform and
methanol to provide a total lipid extract following procedures de-
scribed in Volkman et al. (1988). Sediment samples were extracted
following the same method but using 510 grams of wet sediment.
In earlier studies of alkenones (Volkman et al., 1988), extracts
were analyzed directly by capillary GC, but the Cy;, peak in the
chromatogram was very small, particularly for the cold water sam-
ples, and it occurred as a shoulder on a co-eluting Cj; tri-unsaturated
fatty acid methyl ester which made it impossible to measure it with
an accuracy better than +=20%. Since a more accurate quantification
of the C; alkenones was needed, the extracts were saponified in 5%
KOH in methano! and the neutral fraction containing the alkenones
and alkenes obtained by partitioning into hexane-chloroform ( Sikes
and Volkman, 1993). For this study, extracts from a laboratory
culture of a noncalcifying haptophyte (T. Isochrysis sp.) grown at
16°C, with approximately equal amounts of the Ci;, and Cisa
(U% = 0.521), was used routinely as a working standard in our
laboratory. Variation in analyses of this standard over a year showed
a standard deviation of 0.006 U units, which gives an analytical
accuracy of approximately +0.18°C (depending on the calibration
used).

These fractions were analyzed by capillary GC using a HP-1
methyl silicone fused silica column (50 m X 0.32 mm id.). The
samples were injected in chloroform using a cooled OCI-3 on-col-
umn injector. Hydrogen was the carrier gas. A temperature program
of 50-150°C at 30°C min.”' and 150-325°C at 3°C min.”' was
employed which gave good separation of all major constituents
(Sikes and Volkman, 1993). Compounds were detected with a flame
ionization detector and peak areas were measured using DAPA ac-
quisition and processing software. For final compound identification,
samples were analyzed by gas chromatography mass spectrometry
(GC-MS) on a Hewlett Packard 5790 MSD connected by a direct
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capillary inlet to a HP 5890 gas chromatograph operated as described
above. Typical MSD conditions were: electron energy 2200 volts,
transfer line 310°C, electron energy 70 eV, 1.1 scans sec”', mass
range 40-600 Da.

3. RESULTS AND DISCUSSION
3.1. Alkenone Distributions

For this study we analyzed forty-two filters from surface
waters and twenty-eight surface sediment samples from the
Southern Ocean. The water samples were taken during two
transects south of Tasmania; one conducted in late winter to
early spring (AA1/91) and one in late spring (FR9/86;
Sikes and Volkman, 1993). The sediment samples are from
three transects; one from south of Tasmania directly underly-
ing one of the water transects, one from the western Indian
Ocean, and one short transect from east of New Zealand
(Fig. 1, Table 1). Of these, thirty-nine of forty-two particu-
late matter samples and twenty-five of twenty-eight sediment
samples contained sufficient amounts of the Cs;-Csy alken-
ones to permit their concentrations to be measured by capil-
lary GC. Those water samples with alkenone levels too low
to measure reliably were either from low volume samples,
samples from beneath the ice, or from waters sampled deeper
than 50 m. Those sediment samples with unmeasurably low
levels of alkenones were from sites that have summer tem-
peratures cooler than 4°C and are usually covered with winter
sea ice.

It is well known that the relative abundances of the cellular
concentrations of the C;,-Cs4 alkenones are related to temper-
ature (Prahl and Wakeham, 1987; Prahl et al., 1988; Volk-
man et al., 1995). Additionally, growth rate may have a
small effect on their unsaturation ratio and cellular concen-
trations (Kenig et al., 1997). In our water samples, the major
long-chain constituent was the Cs,; methyl alkenone; with
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decreasing water temperatures the relative abundances of the
di-unsaturated compounds were very much reduced ( Table
2). The alkenones were present in highest concentrations
(>10 ng/L) in waters within the temperature range —0.2 to
3.2°C, where values for the Cy;; were in excess of 40 ng/
L. However, levels of Cj;.5 in excess of 20 ng/L were found
in waters warmer than 9°C, collected later in the season.
Furthermore, concentrations of all alkenones tended to in-
crease in waters of the same temperatures as the season
progressed during the sampling cruise. We think that this is
probably due to the onset and development of the spring
bloom and the increase in growth rate associated with these
conditions.

In sediment samples, overall alkenone abundances tend
to increase with decreasing latitude (and hence increasing
water temperature ), although there is considerable variabil-
ity with values ranging from 12 to 90 ng/g dry weight. This
may reflect factors such as greater light and a longer growth
season which would increase annual productivity in these
otherwise similar Southern Ocean environments. There is a
high latitude maximum in concentrations seen only in the
KTB transect (Fig. 1) for sediment samples underlying sum-
mer SST’s of 5-7.5°C, which is similar to that seen in the
water samples.

To understand the differences between U%; and U%, we
have considered the relative abundances of the individual Cs,
compounds relative to the total Cs; alkenones as a function of
temperature (Fig. 2a, b, ¢). The relative abundance of the
C;,, alkenone to the total of the C,; alkenones shows a
particularly strong relationship to temperature both in water
column and sediment samples (r = 0.874. see Fig. 2a). At
temperatures above 16°C, the Cs;, alkenone comprises more
than 45% of the total C;; alkenones decreasing to less than
10% at temperatures below 10°C. Additionally, the scatter
in this relationship is very low in comparison to that of the
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Fig. 1. Map of the sample locations. Surface water samples (open circles) were taken in two transects south and
southeast of Tasmania. AA1-9] was a late winter cruise of the RV Aurora Australis in 1991, and FR9-86 was a
spring summer cruise of the RV Franklin in 1986. Sediment samples (solid squares) were taken in three transects,
south of Tasmania (samples designated KR88), in the western Indian Ocean (samples designated KTB) by the RV
Marion Dufresne, and to the east of New Zealand (CR denotes samples from the Chatham Rise) by NZOI vessels.
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Table 1: Location of samples and overlying water temperatures,

Sample Latitude Longitude Water depth ssT* Ug; SSTT
{°8} (°E) {m) O O
FR9/86 Filters:

FR9/86-9 5713 15456 surface 190 4384
FR9/86-10 5715 154 58 surface 190 510
FRY/86-12 5622 15503 surface 210 5.02
FR9/86-15 5600 154 58 surface 1.50 8.69
FR9/86-18 5533 15515 surface 320 6.69
FR9/86-19 55 00 15500 surface 4.20 6.02
FR9/86-22 5431 155 02 surface 5.00 5.25
FR9/86-23 5400 154 59 surface 7.00 8.56
FR% /86-27 5259 154 59 surface 6.00 6.60
FRY/86-30 5231 155 00 surface 6.50 14.55
FR9/86-3¢ 5130 154 59 surface 7.80 7.08
FR9/86-42 5103 155 04 surface 200 7.28
FR9/86-47 4900 154 59 surface 9.30 8.15
FR9/86-53 4700 15500 surface 9.80 8.64
FR9/86-56 4700 15459 surface 1040 820
FR9/86-69 4559 154 57 surface 1170 10.87
FR9/86-75 4458 154 55 surface 12,10 11.54
FR9/86-79 4355 15027 surface 1220 1148
AA1/91 Filters
AA1/91-19 4511 145 42 surface 9.50 923
AA1/91-20 4511 145 44 surface 9.50 9.20
AAl1/91-21 4625 14505 surface 9.50 11.83
AAL1/91-22 4627 145 05 surface 9.50 9.49
AA1/91-24 4760 14422 surface 8.80 10.82
AA1/91-27 5013 14311 surface 740 559
AA1/91-28 5040 14315 surface 5.60 5.14
AA1/91-29 5127 14235 surface 4.30 5.32
AA1/91-30 5151 14235 surface 390 498
AA1/91-32 5308 14215 surface 2.50 470
AA1/91-33 5332 14159 surface 140 504
AAl1/91-3¢ 5351 14040 surface 320 547
AA1/91-36 5554 14051 surface 120 453
AA1/91-38 5808 13950 surface 150 468
AA1/91-39 5938 13910 surface -0.20 4.54
AA1/91-41 6147 13806 surface -0.70 6.28
AA1/91-43 6453 13623 surface -1.90 ND
AA1/91-44 6453 136 24 surface -1.90 ND
AA1/91-45 63 36 13701 surface -1.90 ND

AAL/91-49 5407 14140 surface 1.80 4.72
AAL1/91-50 5407 14140 surface 1.80 6.92
AA1/91-51 5115 142 54 surface 7.00 6.81
AA1/91-52 4442 145 56 surface 9.80 8.87
AAl1/91-54 4406 146 15 surface 11.30 10.86
AAL1/91-55 4406 146 15 surface 1130 11.58
KR88 Sediments:

KR88-07 4709 14548 2898 12,00 1355

KR88-08 49215 14848 3885 10.00 10.87

KR88-09 5036 14709 4350 9.00 1242

KR88-10 5411 144 48 2785 5.00 579

KR88-11 54 55 14404 2880 5.00 535

KR88-12 5624 14517 3020 4.00 5.05

KR88-13 5757 144 35 3740 4.00 4.56

KR88-14 6117 144 26 4200 2.00 ND

KR88-15 6318 14155 3380 1.00 ND

KR88-16 64 46 14113 3320 0.50 ND

KR88-17 6612 140 30 180 -0.50 ND

KTB Sediments:
KTB-01 49 06 6701 1235 557 5.86
KT1B-08 5159 6107 4710 368 ND
KTB-12 4900 57 60 4390 4.84 700
KTB-14 5000 5760 4610 4.18 807
KTB-18 4801 55 59 4245 5.50 7.07
KTB-20 47 00 5800 4550 720 1042
KTB-21 4558 5559 4195 8.28 797
KTB-22 4560 5560 4260 8.26 8.81
KTB-25 4501 5758 4680 10.50 10.77
KTB-26 43 58 5558 4750 11.59 12.65
KTB-29 4300 5801 4765 1349 13.62
KTB-31 4059 57 59 4920 15.74 15.85
KTB-34 4160 58 01 4795 14.70 14.60
CR Sediments
W266 4214 17922 2540 17.00 16.35
W268 4251 178 58 980 16.20 16.76
R657 4232 178 30 1408 17.00 19.95
U938 4505 17930 2700 14.50 13.82
U939 4432 17930 1300 15.00 13.77

* SST was directly measured for water samples (FR9/86 and AA1/91).

Levitus (1994) summer season surface temperatures for the overlying water

were used for sediments {(KR88, KTB and Chatham Rise).
1 Estimates of SST were based on the U’a(; calibration of Sikes and Volkman, 1993.
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Csyy, and Ci74 (Fig. 2b and ¢). The C;q5 alkenone abundance
is also related to temperature, but its relationship is the in-
verse of that of the C;;., alkenone and not as well correlated
(r = 0.660, see Fig. 2b). The C;;; alkenone comprises 50—
90% of the C;; alkenones throughout the temperature range
up to 14°C, with a general trend to lower proportions with
higher temperature (Fig. 2b: Note the considerable scatter
in the values at lower temperatures).

The abundance of the C;7,, methyl alkenone, on the other
hand, shows no relationship to temperature (r = 0.118; Fig.
2c). In fact, for samples in the 3-~5°C range, the relative
abundance varies from almost zero to 45% of the total Cy,
alkenones. Some of this variation may reflect seasonal ef-
fects. For example, the Ci74 methyl alkenone is virtually
undetectable in the winter water samples and even in the
coldest waters it is only a trace constituent (Table 1). How-
ever, it was present in water samples taken later in that cruise
(AA1/91) and in most samples from the spring cruise as
well as in the sediment samples warmer than 3.5°C. This
distribution may be related to changes in growth rates, but
requires more study to determine the controlling factors. In
the sediment samples there appears to be an increase in
relative abundance of the C;;,4 methyl alkenone with decreas-
ing temperature {although still with significant scatter; Fig.
2¢). This is consistent with the view that the alkenones in
the sediment are mainly derived from a restricted time win-
dow when biomass is greatest, i.e., in the summer.

It appears from our data that the dominant influence on
U%; s the changing proportion of the Cs;., alkenone and only
secondarily the change in relative amount of the Cy.5. The
Ciy.4 abundance, if used at all, is best only included in the
denominator (Fig. 2a and b). At low temperatures there is
little to be gained by the inclusion of the C;.., alkenone in the
calculation due to the considerable variability in its relative
abundance. Of the two established parameters we suggest
that U%, is the better for use in paleotemperature estimations,
even in cold locations.

Previous studies have shown that the Cs;., methyl alken-
one is usually undetectable in sediments underlying warmer
waters, leading to identical values of U, and U%; . Addition-
ally, in colder samples, the exclusion of the Cs,.; alkenone
was found to increase the linearity of the temperature rela-
tionship (Prahl et al., 1988) as well as causing the parameters
to diverge (Rosell-Melé et al.,, 1994). Rosell-Melé et al.
(1994) investigated the relative abundance of the C;; alken-
ones to the total of the C;,-Cyy alkenones and alkenoates in
sediment samples from the North Atlantic. The C;;, alken-
one abundance showed no change with temperature between
10 and 3°C and then a stepwise jump in the relationship,
with an accompanying increase in the scatter. These authors
also compared U%, to U% in the same samples and found
that the parameters diverge below approximately 8°C (i.e.,
U% below 0.4) and that there was an increase in scatter of
the data as the relative amounts of the Cs;4 and the Cay,
alkenones became similar. They did not have a clear explana-
tion of the scatter but suggested that it may have been due
to lateral advection of organic material. Our water column
data from the Southern Ocean suggests that the scatter is due
to the Cs,4 alkenone abundance responding most strongly to



Paleotemperature estimation in polar regions 1499

factors other than temperature. Additional scatter may be
introduced by the possibility that alkenones having different
degrees of unsaturation may degrade at different rates (Free-
man and Wakeham, 1992), but evidence for this is lacking.
The scatter introduced by the inclusion of the C;;.4 alkenone
into temperature estimations in North Atlantic sediments
leads to values of U%; from 0.035 to 0.321 (one third of the
total possible range) for sea surface temperatures of 3.0—
3.3°C (n = 6; Rosell-Melé et al., 1994). Therefore, despite
the apparently lower sensitivity (Rosell-Melé et al., 1994),
we suggest that better SST estimates can be obtained by
using U¥, in cold waters, particularly those above 4°C.

Both U% and U¥%, lose their sensitivity to temperature in
waters below 5°C in the North Atlantic (Rosell-Melé et al.,
1994). In the Southern Ocean, the slope of the relationship
of U%; to sea surface temperature decreases below 4°C (Sikes
and Volkman, 1993). This effect may be related to very low
growth rates at such low temperatures. However, in both
oceans, the increase in scatter at low temperatures may re-
flect a limit to the use of changes in the degree of alkenone
unsaturation by the organism as a means of coping with
temperature change. This is demonstrated by the poor rela-
tionship to temperature of U%, below 6°C (r? = 0.005 r
= 0.07 slope = 0.064). Clearly there is no statistical relation
of U¥ to temperature in very cold waters.

Prahl et al. (1988) and Volkman et al. (1995) observed
that the ratio of C;; methyl alkenones to the total of Csg
methyl and ethyl alkenones in cultures of E. huxleyi and G.
oceanica changed little with temperature. Volkman et al.
(1995) showed that values of this ratios were ~0.70 (with
a range of 0.59-0.81) for G. oceanica and 1.46 (with a
range of 1.18-1.70) for E. huxleyi. Conte et al. (1994)
found a range of 0.86-2.16 (average 1.16) for cultures of
E. huxleyi. In our water samples the ratio ranges from 0.7
to 1.8 (average 1.3). This is consistent with the range of
results for E. huxleyi in culture, but not G. oceanica and
supports earlier work (Sikes and Volkman, 1993) which
suggested that E. huxleyi is the dominant alkenone-produc-
ing species in the Southern Ocean.

In the sediments the ratio of C;,/C,; alkenones ranges
from 0.4 to 1.4 (average 1.0). In both water and sediment
samples this relationship shows no relationship to tempera-
ture (Fig. 3). Several of the sediments have quite low values,
within the range normally found in G. oceanica, even those
from the sediment transect (KR88) which directly underlies
one of the water sample transects (AA1-91, Fig. 1). This
suggests that the use of this parameter in sediments to assess
the paleo-algal sources of these compounds may be limited.
Determining the algal source of the alkenones is important
to accurately determine paleo-temperatures because the two
species show a different relationship of U%; to temperature
(Volkman et al., 1995). This becomes especially important
in cases where the sediments were laid down prior to the
first appearance of E. huxleyi, where the paleo-distributions
of E. huxleyi are not well known or where the species assem-
blages are known to be different from today.

3.2. Alkene Distributions

The C;7 and Cs; n-alkenes have previously been detected in
some of the haptophytes that produce the long chain alkenones

(Volkman et al., 1980a,b; Conte et al., 1994). although this
may not be true of all strains of E. huxlevi. From alkenone
and alkene distributions in Southern Ocean water, Sikes and
Volkman (1993) suggested that the hydrocarbons might accu-
mulate in the cells exposed to extremely cold temperatures.
Indeed, C;; and Cy3 n-alkenes were detected in all water sam-
ples and become significant constituents relative to the alken-
ones in Southern Ocean waters cooler than 6°C (Table 2).

The sum of the Cs, n-alkene abundances is approximately
equal to the sum of the C;; methyl alkenones at temperatures
around 0°C with relative amounts declining to near-zero with
increasing temperatures to 14°C (Fig. 4a). Although there
is scatter in the data it is apparent that there is a significant
trend to higher alkene abundances with decreasing tempera-
tures as proposed by Sikes and Volkman (1993). The rela-
tionship can be written £ Cir-ene/2 Ci-one = —0.049T
+ 0.826 (r = 0.611, r* = 0.373). The slope of this relation-
ship is comparable in magnitude to that of U%;, however, it
seems that this relationship may be of limited value in pa-
leoclimate studies due to the scatter in the data, the apparent
variability in alkenone abundance between species of hapto-
phytes, and the possibility of differential degradation be-
tween compound classes in sediments (J. K. Volkman, un-
publ. data, 1992; Brassell, 1993). Sinninghe Damsté et al.
(1989) reported a number of long chain organic sulfur com-
pounds in anoxic sediments which appeared to have resulted
from incorporation of sulfur into alkenes, but not alkenones
(Brassell, 1993). This differential degradation of alkenes
and alkenones would make parameters based on alkene to
alkenone ratios of little use as paleotemperature indicators
in anoxic sediments. Note that alkenes and alkenones were
below detection levels in sediments deposited below waters
having summer temperatures of less than 4°C, probably be-
cause of low algal biomass.

The possibility that the degree of unsaturation of the al-
kenes might respond to changes in temperature in a similar
way as the alkenones was investigated by plotting the abun-
dance of the C;; alkene against the sum of the C;, alkenes
(in this case just Ciz.3 plus Ciz4). The two sets of water
column samples showed the same behavior (Fig. 4b), but
the datasets were not superimposable. From 0 to 6°C, there
was a systematic decrease in the relative abundance of the
Ci7.4 alkene to about 6°C, above which there was no change
in the ratio since the C;;; alkene dominated the distribution
and represented over 90% of the alkenes. At higher tempera-
tures, the alga is probably unable to modify the distribution
of alkenes further, so the biochemical response to changes
in temperature is seen increasingly in the alkenone distribu-
tions. As noted above, the relative abundance of alkenes
decreased with increasing temperature to the point where
they were very minor constituents above 10°C. At first sight,
it might appear that this change in Csi;; alkene abundance
from 0 to 6°C could provide a useful paleoclimate proxy.
Unfortunately, this seems unlikely when one considers the
considerable scatter in the sediment data plotted on the same
figure (Fig. 4b).

3.3. Calibration of U%, for Paleo-Sea Surface
Temperature Estimation

The relationship of U%; and U%; to water ( growth ) temper-
ature has been studied in cultures (Prahl and Wakeham,
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Table 2: Concentrations of long chain alkenones and alkenes in seawater and sediment samples.

Sample Long chain alkenes* Long chain alkenones T
(ng/L or ng/g) (ng/L or ng/g)

37:4HC 37:3HC 38:4HC 38:3HC 37:4MK 37:3 MK 37:2 MK 38:3EK 38:3MK 38:2EK 38:2MK 39:3EK 39:2EK
AA1/91 filters
AA1/91-19 0.0 08 0.0 0.3 1.2 2.7 0.8 14 1.0 0.3 0.1 05 00
AA1/91-20 0.0 0.6 0.0 0.3 0.0 8.2 24 3.0 2.7 1.5 0.4 0.6 0.0
AA1/91-21 0.0 32 0.0 0.0 0.0 38 1.9 2.0 1.8 1.6 1.0 0.6 0.0
AA1/91-22 0.1 0.6 0.0 0.0 0.2 6.4 2.0 3.4 31 2.3 0.5 060 00
AAl1/91-24 0.0 28 0.0 04 0.2 5.8 24 19 14 15 0.5 3.0 00
AA1/91-27 03 0.8 0.0 0.2 0.0 1.3 0.1 0.6 0.5 0.0 0.0 02 0.0
AA1/91-28 03 5.6 0.0 08 0.2 113 0.7 42 34 1.1 0.3 07 01
AA1/91-29 0.6 9.2 02 1.5 0.1 16.9 1.2 6.7 52 1.7 0.3 1.1 0.2
AA1/91-30 1.1 10.2 02 1.6 0.3 19.9 11 8.4 5.6 2.0 0.5 1.6 0.1
AA1/91-32 35 169 05 2.5 0.5 24.8 1.0 114 72 14 0.2 19 03
AA1/91-33 56 232 0.8 3.2 2.8 452 25 201 126 13 0.0 33 05
AA1/91-3¢ 15 8.1 0.0 11 0.2 129 1.0 5.1 33 1.1 0.0 1.1 0.4
AA1/91-36 59 188 07 2.7 0.9 339 1.1 169 9.7 52 1.5 27 08
AA1/91-38 5.1 171 0.6 28 0.7 283 11 13.8 8.6 14 0.2 2.3 0.6
AA1/91-39 64 138 05 1.8 1.0 22.0 07 139 6.1 0.8 0.0 22 06
AA1/91-41 17 29 0.2 0.4 0.5 3.6 04 29 1.1 0.0 0.0 00 00
AA1/91-43 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 00
AA1/91-44 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 00
AA1/91-45 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 00
AA1/91-49 50 178 00 2.8 1.1 25.6 1.0 134 71 13 0.0 1.0 0.0
AA1/91-50 25 94 05 25.7 3.0 14.5 22 79 4.9 35 1.8 0.0 0.0
AA1/91-51 0.0 2.0 0.0 0.4 0.3 3.2 0.5 13 1.1 0.5 0.3 02 00
AA1/91-52 02 5.1 0.0 14 0.0 337 9.0 114 127 50 2.3 21 00
AA1/91-54 0.0 2.2 0.0 0.0 0.0 15.2 6.3 4.1 44 32 11 0.4 0.0
AA1/91-55 0.7 19.8 0.0 0.0 0.0 9.3 44 4.2 37 19 1.1 0.0 0.0
FRY/86 filters
FR9/86-9 0.5 0.9 02 0.4 0.1 1.2 0.1 0.7 0.4 0.1 0.0 0.1 0.1
FR9/86-10 115 396 16 5.5 ND 341 20 166 62 146 41 35 31
FR9/86-12 7.1 253 12 6.1 24 403 22 200 122 33 0.5 29 0.7
FR9/86-15 29 5.2 0.6 1.0 21 123 32 5.6 3.2 14 0.0 0.0 0.0
FR9/86-18 75 294 35 6.2 ND 320 44 265 120 50 2.0 14 00
FR9/86-19 ND ND ND ND ND ND ND ND ND ND ND ND ND
FR9/86-22 1.6 9.6 0.0 17 0.4 16.2 11 6.8 52 1.6 0.3 1.0 0.1
FR9/86-23 1.5 6.8 0.0 1.1 19 8.8 22 7.4 42 2.8 24 33 27
FRY9/86-27 1.1 82 0.0 1.1 04 159 2.1 6.1 5.0 2.3 0.6 1.3 04
FR9/86-30 0.7 3.9 0.0 0.6 0.5 11.8 9.5 3.8 3.0 8.8 0.7 05 05
FR9/86-34 0.3 24 0.2 0.4 0.0 4.4 0.7 1.6 1.2 05 0.1 02 0.0
FR9/86-42 0.0 5.9 0.0 3.0 ND 182 31 53 4.7 22 0.7 0.0 00
FR9/86-47 1.2 9.8 0.0 1.1 0.6 245 5.4 8.3 8.1 3.8 1.8 21 1.3
FR9/86-53 0.4 33 0.0 0.4 3.1 153 3.9 53 55 2.3 0.8 0.5 0.8
FR9/86-56 0.4 38 0.0 0.4 0.4 13.0 29 45 39 1.9 0.6 04 0.8
FR9/86-69 0.0 2.0 0.0 0.0 0.6 12.7 53 4.5 42 3.6 1.4 0.5 0.6
FRY9/86-75 0.2 0.4 0.0 0.0 12 1.9 0.9 0.8 07 0.7 0.2 0.0 0.1
FRY9/86-79 2.0 4.8 0.0 0.8 0.0 514 241 192 119 129 26 1.6 25
KR88 sediment:
KR88-07 4.7 7.3 0.0 3.6 9.1 559 380 257 188 293 255 47 07
KR88-08 3.2 9.5 0.0 2.8 6.7 39.2 163 141 109 178 224 4.2 0.6
KR88-09 3.2 57 24 2.5 6.4 25.1 140 318 406 123 40 33 04
KR88-10 4.7 14.5 3.1 9.9 17.8 37.0 34 212 101 0.0 0.0 4.1 0.0
KR88-11 53 138 00 0.0 6.8 27.8 19 204 98 2.0 1.6 31 00
KR88-12 38 143 00 24 1.8 124 0.7 9.3 33 1.2 0.0 19 00
KR88-13 5.3 9.1 0.0 0.8 33 13.4 0.5 196 196 2.8 0.0 22 0.0

1987; Prahl et al., 1988; Volkman et al., 1995) and in water
column samples from many locations worldwide ( Prahl and
Wakeham, 1987; Prahl et al., 1988; Conte et al., 1992; Conte
and Eglinton, 1993; Sikes and Volkman, 1993). Although
the general relationship between U%; and water temperature
is similar in most regions (Brassell, 1993), it is clear that
due to the differences in this relationship between sites (per-
haps as a function of growth rates or different strains), the
most accurate paleotemperature estimation can be obtained
by using a local calibration. Sikes and Volkman (1993)

established a calibration for the Southern Ocean based on
the same water column samples used in this study.

In our samples, there were sufficient alkenones found in
all core-tops underlying waters with summer temperatures
greater than 4°C to permit quantitative determination of Cs;
and Cs4 alkenone abundances (Table 1). In these sediments
U% shows excellent correlation with summer sea surface
temperature averages overlying the core-top locations (Levi-
tus, 1994; Fig. 5a). The linear regression of these data can
be expressed as U, = 0.038T — 0.082 (r = 0.960, r?
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Table 2. (Continued)

KR88-14 0.0 0.0 0.0 0.0 0.0 0.0
KR88-15 0.0 0.0 0.0 0.0 0.0 0.0
KR88-16 0.0 0.0 0.0 0.0 0.0 0.0
KR88-17 0.0 0.0 0.0 0.0 0.0 0.0
KTB sediments

KTB-01 618 2899 00 478 93.2 276.6
KTB-08 348 869 0.0 396 1374 2085
KTB-12 747 1236 0.0 19.1 1377  309.0
KTB-14 210 460 75 102 61.1 1494
KTB-18 160.0 143.1 0.0 0.0 1853 297.1
KTB-20 359 726 126 148 528 159.8
KTB-21 263 1764 102 326 455 2808
KTB-22 352 688 00 123 8.3 742
KTB-25 334 350 0.0 0.4 541 627
KTB-26 0.0 482 87 186 631 1447
KTB-29 ND ND 6.0 175 416 163.0
KTB-31 116 342 00 16.8 66.8 1933
KTB-34 ND 688 88 16.8 485 1921
CR sediments

R657 0.0 0.0 0.0 0.0 894 4755
U938 0.0 0.0 0.0 0.0 44 16.0
U939 0.0 0.0 0.0 0.0 238 126.1
W266 0.0 0.0 0.0 0.0 236.2 8331
W268 0.0 0.0 0.0 0.0 216.7 587.1

0.0 0.0 0.0 0.0 0.0 00 00
0.0 0.0 0.0 0.0 0.0 0.0 00
0.0 0.0 0.0 0.0 0.0 00 0.0
0.0 0.0 0.0 0.0 0.0 00 00
262 2882 678 991 00 571 309
00 1332 493 423 00 243 00
493 1419 820 555 00 434 213
323 1074 548 265 62 172 49
471 1965 767 89 139 389 ND
607 908 566 435 159 167 6.0
59.0 1395 940 519 115 210 6.8
174 593 338 592 00 102 ND
256 489 193 426 39 124 00
842 818 557 603 204 99 78
1123 765 534 739 243 105 89
1934 713 530 1217 303 113 400
156.1 978 638 1012 420 124 151
967.5 2055 1999 4934 1854 888 527
114 64 59 7.6 20 ND ND
89.0 431 452 569 182 ND ND
907.2 2322 2815 607.1 2379 475 775
685.0 2128 221.0 4557 1584 37.1 59.7

1501

* HC = alkenes
1 MK = methy! ketones; EK = ethyl ketones

= 0.921). The slope of this line (0.038) is not significantly
different from that of the Southern Ocean water column data
above 4°C (0.041; Sikes and Volkman, 1993) by a two-
way t-test at the 95% confidence interval (p < 0.05). This
suggests that the calibration of Sikes and Volkman (1993) is
suitable for use in paleo-temperature estimation in Southern
Ocean sediments.

In our study and in previous work (Sikes et al., 1991;
Prahl et al., 1993; Rosell-Melé et al., 1995), the slope of
the sediment linear regression is slightly lower than that of
the local water column data although it is not demonstrated
from statistical analyses in this or previous studies (Sikes et
al., 1991) whether this effect is real or not. This sediment
relationship would result in paleotemperature estimations
slightly cooler than what would be predicted from the water
column calibration. This offset has been suggested to be
due to faster degradation of the more unsaturated alkenones
(Prahl et al., 1988, 1993; Sikes et al., 1991; Freeman and
Wakeham, 1992; Rosell-Melé et al., 1995) although there is
no hard evidence for this. Interestingly, the relationship
based on these Southern Ocean sediments is very similar to
the global compilation of Brassell (1993).

An additional concern in calibrating the sedimentary al-
kenone record for paleotemperature estimations is determin-
ing which season’s SST is reflected in the sediments. Previ-
ous sediment studies (Sikes et al., 1991; Rosell-Melé et
al., 1995) have demonstrated that sediments show a similar
relationship to atlas-derived temperatures as do water col-
umn samples and that they accurately reflect overlying water
temperatures with few exceptions (Conte et al., 1992; Free-
man and Wakeham, 1992). The sediment trap study by Prahl
et al. (1993) showed that the U%, temperature recorded in
the sediments reflects the time of maximum productivity
and flux of these compounds to the sediment (even if the

temperature recorded was that of the lower mixed layer). In
the Southern Ocean, as in most locations, maximum biomass
production occurs during the phytoplankton blooms of the
spring-summer.

Rosell-Melé et al. (1995) correlated sedimentary U%; to
all four seasons of Levitus (1982) and for temperatures at
water depths of 0, 30, and 50 m in the North Atlantic. In
this study they determined that the season with the best linear
fit of sediment U% to temperature was that of winter SST.
Their results also showed that highest correlations for all
seasons were consistently associated with surface tempera-
tures (0 m), although all regressions in all seasons were
highly correlated (r > 0.900). As they pointed out, because
the surface mixed layer generally has a very small tempera-
ture gradient the consistently good correlation for all depths
is not surprising, even if most of the biomass is not forming
at 0 m. We used atlas surface temperature values for our
comparisons.

Because water column calibrations are based on the direct
measurement of the temperature at which the alkenones were
produced, they represent a truly empirical dataset. We sug-
gest a better way to assess the validity of any sedimentary
U¥, calibration (based on temperatures taken from atlas val-
ues for overlying waters in a chosen season) is to compare
it to the relationship obtained from water column samples.
We obtained winter atlas SST estimates, O m depth (Levitus,
1994, COADS World Ocean Atlas, 1996) for the waters
overlying our sediment samples and compared them to our
water column samples (Fig. 5b). The winter sediment corre-
lation is clearly offset from that of the water column. In
contrast, the relationship of our summer SST estimates for
the sediment samples is not significantly different from the
water column data by a two way t-test as discussed above
(Fig. 5a). The same exercise can be done for the spring and
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Fig. 2. Relative abundances of each of the Ci; alkenones as a
proportion of total C;, alkenones plotted against temperature. This
shows a comparison of their relative amounts across a wide range
of absolute concentrations and productivities to elucidate their indi-
vidual relationship to temperature. (a) Relation of Ca7,/(Cs7 + Cara
+ C;;4) to temperature r = 0.874, slope = 0.028, y intercept
= —0.021; (b) Relation of Cs373/(Cs7.2 + Cs7.3 + Cj74) to tempera-
ture » = 0.660, slope = —0.025, y intercept = 0.884; (c) Relation
of Ci7.4/(Cyp + Cs75 + Ciyy4) to temperature r = 0.118, slope
= —0.0003, y intercept = 0.138. Note that the slope in (a) and (b)
are approximately the inverse of one another and the regression
coefficients indicate a good relationship to temperature, whereas in
(¢), the C;,4 concentration data show no trend with temperature.

autumn seasons, but the values consistently fall between
winter and summer, so we do not discuss them here for
brevity and clarity (see Rosell-Melé et al., 1995). The clos-
est association between water column and sedimentary val-
ues is for summer temperature estimates.

The difference in agreement between summer and winter
sediment estimates with that of the water column is even
more evident if the available global dataset is used (Fig. 6).
For this, we have estimated winter SST for the sediment
data of Sikes et al. (1991) and presented it with the winter
estimates from this study and those of Rosell-Melé et al.
(1995) and compared it to all published water column mea-
surements (Prahl and Wakeham, 1987; Conte and Eglinton,
1993; and this study: Sikes and Volkman, 1993). If winter
SST estimates are used the sediment relationship to tempera-
ture is offset from that of the water column (Fig. 6b). If

summer SST estimates are used for the sediments, the two
data sets and their relationship to temperature coalesce
(Fig. 6a).

The better agreement of the summer dataset to the water
column samples indicates that it is the summer not winter
season that is reflected in the sediment record (as also im-
plied by the alkenone flux measurements of Prahl et al.,
1993). This suggests that despite the apparently cooler-than-
summer surface temperatures reflected in the sedimentary
record by Prahl et al. (1993, 1995) and the better fit seen
in the Rosell-Melé€ et al. (1995) data it is the summer season
that is generally recorded in the sediments and it is that
relationship that should be used when making paleotempera-
ture estimates. The good correlation with winter tempera-
tures in the North Atlantic may occur simply because the
annual average difference between the two seasons is consis-
tent in the same way that a given season’s average tempera-
tures are consistent year to year. Although using a local
winter calibration will give excellent winter temperatures for
modern sediments (Rosell-Melé et al., 1995) despite the fact
that the alkenones are produced in the summer (Prahl et al.,
1993), any change in the inter-seasonal temperature range
will make paleo-SST estimations inaccurate because the win-
ter relationship is derived from the present winter-summer
temperature spread. An illustration of this seasonality effect
can be seen by comparing summer and winter sediment data
from the northern North Atlantic and the Southern Oceans
(temperatures below about 15°C in Fig. 6). Summer core
top estimations from both oceans generally fall together on
the graph. In contrast, winter estimates from the two oceans
are reasonably separate fields. This is because the seasonal
range of temperature in the Southern Ocean is much less
than that of the North Atlantic. Thus, even under modern
conditions, the North Atlantic winter temperatures are more
offset from the water column calibration than those in the
Southern Ocean.
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Fig. 3. Relationship of the ratio of C;; methyl ketones to Csg
methyl and ethyl ketones (Ciz., + Ciy.3 methyl ketones/(Csgy + Cagss
methyl + Csi;., + Cag.s ethyl ketones) to temperature. The data show
no systematic change with temperature. The upper (hatched) area
indicates the range of this ratio observed for cultures of Emiliania
huxleyi. The lower (double hatched) area is the range of values of
this ratio observed for cultures of Gephyrocapsa oceanica (Volkman
et al., 1995). The results for the water column are consistent with
the view that the main algal source of these compounds in the
Southern Ocean is E. huxleyi. (see the text for a more detailed
discussion).
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Fig. 4. Relationship of alkene abundances to temperature in the
Southern Ocean. Solid symbols are sediment samples and shaded
symbols are water column samples. (a) Plot of the relative abun-
dance of total Cy; alkenes over total Cs; methyl alkenone (Cs73 +
Ci7.4 HC/C37.5 + Cs3.3 + Ci7.4 MK) vs. temperature. The amount of
the alkene in the sample increases relative to the amount of alkenone
with decreasing temperature. This parameter shows a linear relation-
ship to temperature which is the opposite to that of U%;. S Cy-ene/
S Cy-one = —0.049T + 0.826 (r = 0.611, r* = 0.373). Below
8°C the alkene amounts are generally one half to two times the
amount of the alkenones. (b) Plot of the unsaturation ratio of the
Cs; hydrocarbons (Csr.3 HC/Cyr3 + Ciq4) of water samples vs.
temperature. Lines are hand-drawn approximations of the relation-
ship to temperature. The water column data show an increase up to
6°C where the samples are >90% Cs;.. Above that there is no
change with temperature and increased scatter. The sediments show
no discernible relationship with temperature.

4. CONCLUSIONS

In the cold waters of the Southern Ocean, it appears that
variations in the unsaturation ratio of long chain alkenes and
alkenones in response to temperature are at the limit of their
effectiveness for the organisms that produce them. At near
zero temperatures, the phytoplankton produce alkenes and
the degree of unsaturation decreases with increasing temper-
ature (Csy4 declines relative to Cs7.5). At 6°C more than 90%
the alkenes consist of the less unsaturated compound. At this
point the alkenones begin to show a significant response to
temperature, and we conclude that the organism switches
from altering the degree of unsaturation of hydrocarbons to
altering the unsaturation of the alkenones in response to
temperature change. From 6°C, with increasing temperature,
they produce greater proportions of the less unsaturated al-
kenones (C;,; declines relative to Cs;.) which is reflected
in the U%; relationship to temperature.

The relative abundances of the alkenes and alkenones sug-
gest three important findings: (1) Distributions of the alkenes
and alkenones in these high latitude samples show little dif-
ferential degradation between compound classes in water
column and surface sediment samples. The ratio of the Cs;
alkenes to the C;, alkenones is related to temperature and
may be useful in determining relative temperature change in
samples where the Ci;, alkenone abundance is very low.
Values of U%; in the sediments show a relationship to sum-
mer sea surface temperature that is not statistically different
from water samples further supporting the evidence in the
literature that U%, measurements in the sediments are a ro-
bust proxy for paleotemperature. (2) The ratio of the sum
of C;; methyl alkenones to the sum of the methyl and ethyl
Csz alkenones is generally similar in sediments and overlying
waters, with some significant exceptions. Our results suggest
that some caution is needed when this parameter is used to
determine the likely paleo-algal source of these compounds.
(3) The variation in the relative abundances of the Cis.5,
Ci73, and the Cs;,4 alkenones with temperature indicate that
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Fig. 5. The values of U% determined in the sediment (solid sym-
bols) and water column (shaded symbols) in the Southern Ocean.
(a) Plot of the water column U%; values vs. the temperature mea-
sured in those samples and of the sediment data vs. summer SST
for the overlying water (Levitus, 1994). Dotted line is the linear
correlation of Sikes and Volkman (1993) for the water column.
Solid line is the regression of the sediment data U% = 0.038T
—0.082 (r = 0.960, r* = 0.921). The two are not significantly
different at the 95% confidence interval (see the text for discussion).
(b) Sediment data plotted vs. winter SST (Levitus, 1994); solid line
is the linear regression for this data (r* = 0.834, r = 0.913, slope
= 0.039, y-intercept = 0.021). Water column data and regression
are the same as in Fig. 5a. The water column and sediment regression
are significantly different if the winter season is assumed to represent
the sediment U%; values. Note that if summer temperatures are used
for the sediments the two data sets overlap.
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Fig. 6. All published sediment data for U%; (solid symbols),
including this study, (Sikes et al., 1991) and U%, (Rosell-Melé et
al., 1995) and all published water column data for U%, (Prahl and
Wakeham, 1987; Sikes and Volkman, 1993) and U%, (Conte and
Eglinton, 1993) (open symbols). If the published data consisted of
only UY;, this would pull U%; points up on the graph for values less
than 0.4 (Rosell-Melé et al., 1994), but this does not affect the
discussion here because it affects both seasons equally. (a) Water
column data plotted vs. measured temperature and sediment data vs.
summer SST for the overlying water. Solid line is the linear regres-
sion of the sediment data (r* = 0.936, » = 0.968, slope = 0.031,
y-intercept = 0.057). (b) Sediment data plotted vs. winter SST for
the overlying water (We have estimated overlying winter SST for
the Sikes et al. (1991) data). Solid line is the linear regression of
the sediment data (r> = 0.915, r = 0.955, slope = 0.030, y-intercept
= 0.184), dotted line is the linear regression of the water column
data set. Water column data and regression line are the same as Fig.
6a. Note that for summer temperature estimates (Fig. 6a) the water
and sediment data sets overlap and their linear regression lines are
very close, whereas if winter SST estimates are used for the sedi-
ments (Fig. 6b) the two datasets separate. Although the statistics on
the two different sediment calibrations are similarly good, the fact
that the summer sediment estimates agree better with the water
column samples for which the temperature was directly measured
suggests that it is the summer season that is preserved in the sediment
record.

all the quantitative temperature information is found in the
relative amounts of the di- and tri-unsaturated compounds.
This suggests that the C;,4, should not be included in temper-
ature calculations. We suggest that U%; should be used rather
than U%, even in cold locations.
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