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Abstract— A field calibration of the U¥,; index with sea surface temperature is discussed, through analysis
of an extensive suite of surface sediments (n = 109) from the northeastern Atlantic (2°S—-75°N). Values
of U%, are compared with sea surface temperatures for overlying waters measured at different depths and
seasons, to obtain a correlation suitable for palacotemperature reconstructions. The best fit is obtained using
surface (0 m) temperatures corresponding to caloric winter and autumn months. However, the annual
average, spring and summer surface temperature equations also have high correlation coefficients, and are
also appropriate for climatic studies. The results further validate the general applicability of the U¥; as a
climatic proxy, because the calibration equations are valid over a wide range of surface water temperatures
(0-28°C) for different algal populations and are representative of the average contribution of alkenones

to sediments, as found in sediment cores.
1. INTRODUCTION

The UY," index (Brassell et al., 1986a,b) and its simplifica-
tion, U’ (Brassell et al., 1986b; Prahl and Wakeham, 1987)
are based on the relative abundances of long-chain alkenones
with thirty-seven carbon atoms, which are ubiquitous bio-
markers in the world’s oceans, both in the water column and
in sediments (Brassell, 1993). These indices relate to the tem-
perature of the euphotic zone where the alkenones are bio-
synthesised by some Prymnesiophyceae algae (Volkman et
al., 1980a,b; Marlowe, 1984 ) and are being used for recon-
structing palaeo-sea-surface temperature (SST) records, in
part in sediments devoid of any other SST proxy-indicator
(e.g., microfossil transfer functions), through U¥-strati-
graphic analysis of deep-sea cores (Poynter et al., 1989;
Eglinton et al., 1992; Kennedy and Brassell, 1992; Lyle et al.,
1992; Rostek et al., 1993). However, questions remain about
their veracity, for instance, due to diagenesis of the alkenones,
the species dependency of the temperature calibration, and
their applicability in cold water regimes at high latitudes.
Three approaches to calibration have been used (Table 1).
The first attempts employed laboratory cultures of Emiliania
huxleyi (Marlowe, 1984; Prahl and Wakeham, 1987; Prahl et
al.,, 1988) and various other species (Isochrysis galbana,
Chrysotila lamellosa) (Marlowe, 1984), and more recently,
cultures of Geophyrocapsa oceanica { Volkman et al., 1995).
The calibration equations are different for each of the species
(Table 1). The second approach consisted of using water col-
umn particulate organic matter ( Atlantic, Pacific, and Circum-
Antarctic oceans and the Black Sea) (Prahl and Wakeham,
1987; Prahl et al., 1988, 1993; Conte et al., 1992; Freeman
and Wakeham, 1992; Conte and Eglinton, 1993; Sikes and
Volkman, 1993) to test, usually successfully, equations based
on laboratory cultures of E. huxleyi and extend their appli-
cation to cold water locations. In some cases, new calibration
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curves were suggested (Prahl and Wakeham, 1987; Conte et
al., 1992; Conte and Eglinton, 1993; Sikes and Volkman,
1993 ). However, the results obtained from the water column
show considerable temporal and spatial variability (Table 1).
For example, Conte et al. (1992) found no significant U¥,’-
SST relationship for some samples from the Northeastern At-
lantic (46—60°N), but they did observe a clear SST record
(r? = 0.81) for the ratio of alkenones to alkyl alkenoates (the
latter also biosynthesised by the same group of algae). How-
ever, based on an enlarged sample set, Conte and Eglinton
(1993) demonstrated that U%,’ of suspended matter can pro-
vide a reliable measure of SST above 16°C for the northeast
Atlantic. In contrast, in the Black Sea, the UY,’ based SST
estimates appeared too low, perhaps due to the natural vari-
ability in water depth and the timing of alkenone biosynthesis
(Freeman and Wakeham, 1992). Finally, a third approach to
evaluate U%,-to-SST relationships is use of surface sediment
extracts and compare values of U%; with those of temperatures
from overlying surface waters. To date this has been at-
tempted with limited numbers of samples in the Pacific (Prahl
et al., 1988, 1993; McCaffrey et al., 1990; Kennedy and Bras-
sell, 1992), the northeastern Atlantic (Conte et al., 1992),
and in some parts of the global ocean (Sikes et al., 1991)
(Table 1). In general, the U¥, signal measured in sediment
extracts agreed with the modern temperatures found in the
overlying euphotic zone, when using the culture equation of
Prahl and Wakeham (1987), revised by Prahl et al. (1988).
Proper interpretation of the U, values in terms of SST re-
quires consideration of several factors and topics which are
poorly understood. These include (1) the precise water depth
and season(s) at which the alkenones are biosynthesised and
their temperature signal is produced; (2) the temperature
range to which any transfer equation applies, (3) which is
linked to whether the relationship between U¥, and SST is
linear throughout; (4) the possible effect of varying compo-
sition of coccolith species on UX-SST records; and finally,
(5) the analytical quality of the U% data (Brassell, 1993;
Conte and Eglinton, 1993; Rosell-Melé, 1994; Roseli-Mel€ et
al., 1994a).
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We report a systematic field calibration of the U¥, index
based on a suite of 109 surface sediment samples from the
northeastern Atlantic which span the almost complete range
of temperature regimes and the coccolithophorid biogeo-
graphic zones found therein (Fig. 1). Although E. huxleyi is
the dominant species in the area (Mclntyre and B¢, 1967;
Okada and Mclntyre, 1977) there are other major species
present among the coccolithophorid/prymnesiophyte com-
munity, such as G. ericsonii and G. muellerae (Jordan, 1988),
which may also biosynthesise the alkenones (Marlowe et al.,
1990). The results for U%; are compared with modern average
temperatures of the overlying waters (Levitus, 1982). Data
from sediment surface samples represent an average signal of
hundreds, or a few thousands of years of sedimentation de-
pending on rates of bioturbation and sedimentation. Hence,
the data discussed are representative of the long-term aver-
aged input to the sediment of long-chain alkenones biosyn-
thesised by natural populations of the algae. Therefore, inter-
seasonal or interannual variability is not a factor, unlike water
column samples. Prahl et al. (1989) demonstrated that the
extensive oxidation loss of alkenones in bottom sediments had
little effect on their unsaturation pattern. Similarly, for several
cores in the northeastern Atlantic, the U%,’ values show very
consistent values with depth in the top 10 cm, despite the
substantial degradation of alkenones in the top 1 ¢cm due to
diagenesis (Conte et al., 1992; Madureira, 1994). Hence,
since the latter Holocene temperatures are not believed to
have changed greatly, it could be argued that the diagenetic
effect has no great effect in U, values. On the other hand,
the samples may include laterally transported sediment, ad-
vected both in the water column and on the seafloor (Thom-
son et al., 1993). We have opted for use of the original U¥,
index instead of the more commonly used U¥,” index, where
the tetraunsaturated alkenone is excluded, because, as noted
previously (Rosell-Melé et al., 1994b), the tetraunsaturated
alkenone becomes more significant with decreasing temper-
ature, especially at the cold-end of the SST calibration, and
both indices yield different values.

EXPERIMENTAL

Full details of the analytical procedure are given elsewhere (Ro-
sell-Melé, 1994; Rosell-Melé et al., 1994c). Briefly, the sediments
were retrieved from the seafloor using box corers or multicorers, and
a subsample from the top 1 cm was taken. Samples were freeze dried,
solvent extracted in a sonication bath, and the total extract was
cleaned with a commercial silica cartridge. The relative abundances
of the C;; alkenones were measured using gas chromatography-mass
spectrometry with ammonia chemical ionization. Three injection rep-
licates were carried out for each sample extract.

RESULTS AND DISCUSSION

We have studied different SST datasets corresponding to
different depths (0, 30, and 50 m) and caloric seasons (Fig.
2) to determine which temperature produced the best fit for
deriving a general U¥;, = f(7T') equation (Table 2). In a pre-
vious comparable study using core-tops, Sikes et al. (1991)
assumed that the sediment signal would reflect that of the
warm seasons. We have preferred to carry out a pragmatic
analysis of the data and explore other possibilities. The values
of temperature used are the only variable that changes in the

latitude

longitude

FiG. 1. The dots on the map indicate the locations of the surface
sediment samples (top 1 cm) analysed in this study. The crosses
indicate those locations believed to be affected by ice rafting of or-
ganic sediments. The coccolithophorid biogeographic zones are ap-
proximately drawn after McIntyre and Bé (1967): Tropical (4), Sub-
tropical (3), Transitional or Temperate (2), and Subarctic (1).

different equations obtained, with the same set of U¥, values
used throughout. Hence, the linear correlations produced can
be compared on the basis of their correlation coefficients, be-
cause they only differ according to the temperature set used.
Confidence intervals for the regression coefficients were de-
termined with a significance level of 95% and must be used
with caution when comparing coefficient probability ranges
because the choice of significance level is arbitrary.

The best correlation between U; and SST is obtained using
water temperatures from O m depth for the autumn and winter
seasons, which comprises the months from November to
April, both inclusive. High correlation coefficients are also
found with other temperature sets, particularly spring and
summer at 0 m. The slopes of the regressions at 0 m are the
same for all the seasons (b = 0.029), and only the y-intercepts
vary. As the temperature values are those of deeper waters,
for any season, the coefficient of correlation decreases ( Table
2), mainly due to the appearance of clusters of samples in the
plot (when U¥; > 0.7 (or 0.85)), which do not plot linearly
with samples with lower U%,. If the samples considered in the
calibration are only those where 0.2 < U¥, < 0.7 (or 0.85),
the water depth dependence of the correlation coefficients is
much smaller (Table 2), and the regression coefficients are
not significantly different. Samples with U¥, > 0.85 come
from low latitude locations with permanent thermocline and
marked vertical temperature gradient, which decreases grad-
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Table 2. Coefficients of the regression analysis (U*37=a+bT) carried out between U*y; data and water

temperature values for different caloric seasons and depths. The coefficients stand for: a: y-intercept, b:

slope, R: coefficient of correlation. The confidence interval has been determined with a significance

level of 95%.
Depth (m) Winter Spring Summer Autumn Annual
0<U%;, <1@m=109)

a 0.217 £ 0.018 0.151 £ 0.022 0.093 + 0.024 0.189 + 0.020 0.162 = 0.020

0 b | 0.029+0.001 0.029 = 0.001 0.030 £ 0.001 0.028 + 0.001 0.029 + 0.001
R 0.983 0.978 0.978 0.980 0.981

a 0.219 + 0.020 0.164 + 0.023 0.090 + 0.038 0.175 £ 0.021 0.159 + 0.023

30 b 0.029 + 0.001 0.031 £ 0.001 0.034 + 0.002 0.030 + 0.001 0.031 + 0.001
R 0.977 0.975 0.948 0.979 0.977

a 0.195 +0.028 0.158 +£ 0.031 0.126 + 0.048 0.155 +0.032 0.154 + 0.033

50 b 0.035 £ 0.002 0.036 + 0.002 0.037 + 0.003 0.035 + 0.002 0.036 + 0.002
R 0.961 0.957 0.911 0.956 0.952

a 0.207 + 0.020 0.153 +0.023 0.090 + 0.034 0.170 + 0.022 0.154 £ 0.023

Mean b 0.031 + 0.001 0.032 +0.001 0.034 + 0.002 0.031 £ 0.001 0.032 + 0.001
R 0.979 0.976 0.959 0.977 0.976

0.2 < U*;,<0.85 (n=63)

a 0.260 + 0.017 0.171 £ 0.025 0.218 £ 0.020

0 b 0.025 + 0.001 0.024 + 0.002 0.025 £ 0.002
R 0.975 0.965 0.971

a| 0261x0.017 0.214 £ 0.023 0.236 + 0.019

50 b1 0.025+0.001 0.024 + 0.002 0.025 + 0.002
R 0.974 0.963 0.971

0.227 £ 0.020

Mean 0.025 + 0.002
0.971

0.2<U*;,<0.7 (n=51)

a 0.273 + 0.018 0.204 £ 0.025 0.238 + 0.022

0 b | 0.022£0.002 0.021 £ 0.002 0.022 + 0.002
R 0.950 0.944 0.946

a 0.273 £ 0.018 0.239+0.022 0.253 + 0.020

50 b | 0.023+0.002 0.021 + 0.002 0.022 + 0.002
R 0.950 0.942 0.948

0.246 + 0.021

Mean 0.022 + 0.002
0.947

ually northwards. Thus, the increasing scatter at the top end
of the calibration, with increasing water depth, indicates that
the U¥, signal in the sediment is representative of water tem-
peratures at 0 m, despite the variable depths at which coccol-
ithophorids are reported to dwell (Jordan, 1988). The tem-
peratures at 0 m we have used for the calibration should not
be taken strictly belonging only to that depth, but to the mixed
layer, the depth of which varies latitudinally and seasonally,
but is evident all the time in middle latitudes (ca. 0.4 < U,
< 0.7) between the surface and 30 m depth (Pickard and
Emery, 1990). At high latitudes the depth temperature gra-
dient is small and hence, the 0 m temperatures used to derive
the U¥, calibration may be extended to all the photic zone.
Large blooms of algae have been reported in spring (Barnes
and Hughes, 1988) and hence, their productivity is thought
to be higher then than during the rest of the year, although

winter blooms in the trade wind belt and autumn blooms have
also been reported (Halldal, 1953; Barnes and Hughes,
1988). In some studies the U¥-temperature signal has been
related to euphotic zone water temperature during the spring-
time period rather than the annual average (Conte et al.,
1992;). Thus, it is not very surprising that the summer tem-
perature equation at 0 m is the most similar to those from
previous calibrations ( Table 1). Prahl et al. (1993) suggested
that alkenone fluxes in northeastern Pacific sites derived from
cold, subsurface waters within the euphotic zone. Although
they found an alkenone flux throughout the year, it showed a
consistent seasonal maximum in late spring. However, the
annual average UY, value corresponded to regional winter-
spring water SST. These authors argued that a biological
(U%, species dependence) rather than geochemical mecha-
nism could explain it. In our data, the average UY, signal in
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FiG. 3. UX, values, for the samples considered in this study, plotted against annual average at O m depth water
temperature (squares) and salinity (circles). The data is derived from Levitus (1982).

the sediment is more representative of the autumn-winter
months, apparently similar to Prahl et al. (1993) findings.
However, the poorer fit we obtain for the seasons comprising
the spring/summer months from May to October may be due
to the formation of the middle latitudes ‘‘seasonal’’ thermo-
cline in the upper photic zone, which would make more crit-
ical the depth of the temperature chosen, as the Prymnesio-
phyceae are not likely to live exactly at 0 m. Thus, it could
be that a better fit may be found using temperatures from
around five to ten meters depth, instead of zero meter, but
these temperatures are not available. Besides which it is the
time when most of the alkenones reach the seafloor, we have
four UX, = f(T) calibrations (at 0 m depth), one for each
season, which in principle are equally applicable to palaeo-
SST reconstructions. Then, for U%, 0.5 the temperature
estimates are 9.9°C (winter), 11.2°C (autumn), 12.1°C
(spring), and 13.1°C (summer), which are significantly dif-
ferent because the standard error of our analytical procedure
for U%, is 0.01 (Rosell-Melé, 1994; Rosell-Melé et al.,
1994¢), which would translate in a confidence interval of
+0.7°C (95% significance) not considering the error of the
regression. Similarly, the annual average temperature at 0 m
produces a good fit with U¥, (Table 2 and Fig. 2), and we
regard this correlation as also appropriate to use for deriving
mean sea surface palaecotemperature records from marine sed-
iment cores (U%;, = 0.5, SST = 11.8°C). In principle these
equations can be applied over a range of temperatures be-
tween 0—-28°C. However, caution is needed at the cold end of
the regression because of the larger scatter below 3-4°C,
which needs to be further investigated, and is similar to Sikes
and Volkman (1993) reported deviation from linearity below
3.5°C for the U%;- and water temperature relationship in the
Southern Ocean. Due to the close geographical location of
these samples, West of the Norwegian/Greenland/Iceland
Sea (Rosell-Melé et al., 1994b), we think that the shift of
UY; estimates toward lower values may be due to local ocean-
ographic conditions. Perhaps due to sea-ice advected material,

from colder locations east of Greenland to the north of Ice-
land, an area frequently affected by the southwardly and sea-
ice covered North Iceland Current (sample locations marked
on Fig. 1). However, this would imply below 0°C biosynthe-
sis of the alkenones, and it seems unlikely that Prymnesio-
phyte alkenone producers dwell at such low temperatures. An-
other hypothesis is that changes in salinity or water density
(the area is one of the main sources of Atlantic deep bottom-
water ) may affect the biosynthetic capabilities of the alkenone
producers and the U%, is not longer strictly temperature de-
pendent. However, in samples from low latitudes with high
salinity differences (30—37%¢) (Fig. 3) the U%;/temperature
linear relationship is preserved, whereas the low temperature
anomalities take place over a similar range of salinities, which
would suggest that salinity alone does not influence U%; (ten
Haven et al., 1987; Sikes et al., 1991). In certain coastal areas,
where E. huxleyi is also the main alkenone producer, very low
values (negative) of UY; have been found and the index often
does not correlate with water temperature (M. H. Conte et al.,
unpubl. data), with no clear explanation. At this stage, we
suggest to assign to U%; below 0.16 (when T = 0°C; equation:
annual average at 0 m depth) a value of 0°C, until the question
is resolved.

The differences between the three approaches to calibrate
U¥X (culture, water column, and sediment samples) are illus-
trated in Figs. 4, 5, and 6. The graphical comparison is done
using summer temperatures because most authors have used
temperatures corresponding to warm seasons. In general, the
water column particulate material and culture experiments
yield lower U¥, (or UY") compared to those from sediment
samples for temperatures below ca. 20°C (water column) or
15°C (cultures), converging above these temperatures (Figs.
4 and 5). Whereas, Sikes et al. (1991) sediment data and our
data plot similarly (Fig. 6). The use of U%,’ instead of U%,
would make the index in the sediments appear even higher at
colder temperatures (Rosell-Melé et al., 1994b). Hence, the
U¥ sediment data is skewed, and U%, may shift to higher
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work (summer temperatures at 0 m; circles ). Data sources are as follows: Southern Ocean: Sikes and Volkman (1993);
Pacific: Prahl and Wakeham, 1987; Atlantic: Conte and Eglinton, 1993.

values on sedimentation, thus appearing ‘‘warmer’’ in the
sedimentary record. This is in agreement with reported
“‘warmer’” sediment U, measurements (1-3.3°C) compared
to sediment trap-based estimates in three sites in the north-
eastern Pacific (Prahl et al., 1993). However, Conte et al.
(1992) found no difference between the sediment signal and
that from the water column, whereas Freeman and Wakeham
(1992) reported too cold U¥; estimates in water column sam-
ples in the Black Sea. Furthermore, laboratory experiments
showed the apparent consistency of U¥; after extensive re-
moval of alkenones under oxic, sulphate reducing and meth-
anogenic conditions (Teece et al., 1994). Nevertheless, the
differences we observe between culture and water column

1 | #®
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FIG. 5. Relationship between U¥, and temperature for E. huxleyi
cultures (Prahl and Wakeham, 1987; Prahl et al., 1988) and bottom
sediments data from this work ( summer temperatures at 0 m; circles).

versus sediment data are significative (at 10°C, AU, > 0.1)
and likely consequence of higher degradation rates for the
more unsaturated of the alkenones (37:4 > 37:3 > 37:2)
(Prahl et al., 1998, 1993). The magnitude of the U%, shift
may depend on the resident time of the alkenones in the water
column, their diagenetic pathway, and sedimentary conditions
during deposition, and not strictly dependent on oxic/anoxic
conditions as laboratory work suggests (Teece et al., 1994).
The larger the difference in relative abundance between the
tri- and tetra-unsaturated vs. the di-unsaturated alkenone (e.g.,
cold samples) the larger the shift in U%,. The differences be-
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FIG. 6. Relationship between U%; and temperature for bottom sed-
iments. Data corresponds to the study of Sikes et al. (1991) using
U%’ vs. CLIMAP sea surface temperatures for warm seasons
(squares) and this paper, with U%; vs summer temperatures at 0 m
(circles).
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tween the three calibration approaches is not probably related
to change in the alkenone producers population. U¥; data de-
rived from E. huxleyi cultures co-plot linearly with sediment
data above 15°C, which is in agreement with suggestions
(Volkman et al., 1980a; Brassell et al., 1986b ) that this algae
is a major source of alkenones to the present-day oceanic en-
vironment, despite the co-occurrence of other coccolitho-
phorids. In waters below 15°C, in the temperature and sub-
arctic biogeographic zones (Fig. 1), where E. huxleyi is the
most abundant coccolithophorid (C. Samtleben et al., unpubl.
data) the discrepancies between sediment and water column/
culture data are more pronounced. In view of these results,
the scatter at the cold-end of our calibration could be caused
by smaller degradation of the alkenones (perhaps fast sinking
of organic matter) in the location where they are produced.
The shift in U%, to ‘‘warmer’’ values on sedimentation could
also explain the best correlations with temperatures from 0 m
depth. Production of the alkenones occurs in deeper cooler
waters, but is skewed to warmer values when the sediments
are considered. The importance of a sediment-based calibra-
tion, where the water column diagenetic alteration of U¥; is
considered, is now even more relevant. The interpretation of
U¥ stratigraphic data in temperate and cold locations may
now be more complicated, if changes in the extent of degra-
dation of the alkenones have taken place through time, and
U¥%, is also diagenetically dependent.

CONCLUSIONS

Core tops from the eastern North Atlantic have yielded sea-
sonal linear correlations between UY, and SST across the
range of temperatures of coccolithophorid habitats. This cor-
respondence extends over different coccolithophorid biogeo-
graphic zones and depositional settings. The fact is significant
providing proof that U¥, effectively registers climatic infor-
mation, like a biophysical thermometer, and that is preserved
in the deep-sea sedimentary record despite reworking of or-
ganic matter prior to its burial, and irrespective of the different
populations of coccolithophorids contributing alkenones to
the environment. Hence, the equations obtained are applicable
to North Atlantic open-sea sediments for palacotemperature
reconstructions, akin to calibrations based on cultures or water
column experiments, but which may not reflect the likely
U¥, water column diagenetic transformation included in the
sedimentary calibration. Finally, the number of samples and
their widespread distribution further endorse the veracity of
the calibration.
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