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(11 Abstract: The alkenone unsaturation index, Ugl,(7/, has now proven its worth as a tool for
paleothermometry. UL, measured in most modern sediments throughout the World Ocean can be
translated using established calibrations into realistic, seemingly reliable estimates of mean annual
temperature at the sea surface (SST). However, it remains mysterious why water temperature estimates
based on this biotic index correspond to “mean annual” SST and whether such estimates apply back in
geological time. Solving these mysteries is imperative and will require thoughtful, concerted research
effort by the biological, chemical, and geological oceanographic community. This report summarizes
what is now known about alkenones, in particular, their use in estimating the growth temperature of
specific haptophyte algae that synthesize and export these compounds to the marine sediment record. It
highlights future field and laboratory research directions that should be taken to clarify and bolster
utility of alkenones as a generally valued paleoceanographic tool.
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1. Introduction

1.1. Initial Vision

2] In the mid-1980s a provocative article was
published by Brassell et al. [1986] suggesting
that the marine fossil record for long-chain
alkenones, biomarkers synthesized by a
restricted subset of haptophyte algae, provides
valuable insight to climate-forced changes in
sea surface temperature (SST). The timescale
of change discussed in that article was gla-
cial/interglacial. However, clearly, potential
exists to evaluate changes on 100-year time-
scales [Eglinton et al., 1992] and perhaps as
short as interannual, e.g., El Nifio [Kennedy
and Brassell, 1992]. Temporal resolution of
paleoceanographic reconstruction is ultimately
only limited by the stratigraphic quality of a
given sediment core record, which in turn, is
governed by a combination of factors, includ-
ing sediment accumulation rate, lateral redis-
tribution events, postdepositional mixing
processes, etc.

3] The initial vision of Brassell et al. [1986]
led to a flurry of international research into the
biogeochemistry of alkenones. The overall out-
come of this collective effort has revealed that
alkenone unsaturation patterns provide an
unprecedented, robust tool for paleoceano-

graphic assessment of changes in water tem-
perature at the sea surface.

1.2. Summary of Key Findings From
Mid-1980s to the Present

41 1. UY values display a systematic latitudi-
nal variation in surface sediments throughout
the world ocean [Brassell, 1993].

571 2. The relative abundance of long-chain
alkenones with two and three double bonds
are without question temperature dependent
(Figure 1). All findings from laboratory culture
work with alkenone-producing haptophytes
done to date endorse this statement [Conte et
al., 1998a, and references therein].

6] 3. The first culture experiment with a strain
of Ehux isolated from the subarctic Pacific
showed that alkenone unsaturation, gauged by
the index UY (=[37:2] / ([37:2] + [37:3))),
varies in a linear fashion (¥ = 0.994, n = 22)
over the range of growth temperatures T from
8° to 25°C (UK, = 0.034T + 0.039 [Prahl et al.,
1988]). The first field test of this laboratory
calibration showed that the average alkenone-
producing haptophyte growing in ocean surface
waters conforms quite remarkably, albeit not
perfectly, to this relationship [Prahl and Wake-
ham, 1987].
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Figure 1. Partial gas chromatograms of the

alkenone/alkenoate signature biosynthesized by
Emiliania huxleyi (strain 55a) grown isothermally
in batch culture at two different temperatures.
Reprinted from Prahl et al. [1988], with permission
of Elsevier Sceince.

(71 4. Various lines of investigation have shown
values of UY, once set biochemically by the
algae, are not significantly altered by degrada-
tion in sedimentary processes [e.g., Conte et
al., 1992; Freeman and Wakeham, 1992;
Madureira et al., 1995; Prahl et al., 1989,
1993; Teece et al., 1998]. What rains down to
and becomes incorporated in the seabed reflects
in some direct way the integrated seasonal

temperature record for growth of alkenone
producers in surface waters.

81 5. Consistent with this conclusion, core top
measurements made on sediments collected
between 60°N and 60°S in the world oceans
show a remarkably strong linear correlation
with mean annual surface water temperatures
from the world ocean atlas (compilation by
Muller et al. [1998]). The correlation is strong
regardless what slice of the upper ocean
between 0 and 30 m depth is chosen for
averaging and gradually breaks down as deeper
horizons of the water column are taken into
consideration (Figure 2). Surface water tem-
perature indeed appears to provide primary
control on the value of U% encoded in a marine
sediment. The phenomenon appears to be glo-
bal as reflected by the consistency of many
regional calibrations carried out to date using
core tops in the Atlantic [Rosell-Melé et al.,
1995; Muller et al., 1998], Indian [Sonzogni et
al., 1997], and Pacific Oceans [Doose et al.,
1997; Herbert et al., 1998; Ohkouchi et al.,
1999] and the South China Sea [Pelejero and
Grimalt, 1997].

91 6. Notably, strongest correlation exists
between UL and the mean annual SST at 0 m
depth (Figure 3). Curiously, the equation for the
regression line describing this correlation (UL
=0.0337 + 0.044, r* = 0.958, n = 370 [Muller
et al., 1998]) is identical within error limits to
the widely used laboratory calibration for Ehux
[Prahl and Wakeham, 1987; Prahl et al., 1988].

1.3. Conclusions and Recommendations

o] Results from core top analyses indicate that
the quantitative UL-T relationship first estab-
lished for Ehux in laboratory culture provides a
realistic estimate of mean annual SST through-
out most of the global ocean. There is, without
doubt, still much to be learned about the formal
biological oceanographic significance of this
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Figure 2. Relationship between U%; values measured in a set of surface sediments from the eastern South
Atlantic and annual mean temperatures at different depths in respective overlying water columns Reprinted
from Muller et al. [1998], with permission from Elsevier Science.

proxy for mean annual SST. However, there is  efforts to strategically use UY; measurements
also absolutely nothing that impedes use of the  for paleoceanographic problem solving.

alkenone thermometer as an insightful tool for

paleoceanographic study. The community 117 We recommend that a specific calibration
needs to embrace this fact and encourage  equation be used when absolute water tempera-



PALEOTHERMOMETER CALIBRATION

2000GC000058

Y "Geochemistry J
| \Geophysics ( >~ PRAHL ET AL.:
Geosystems

1.0
0.9F
0.81
0.7h
0.61

-

5 0.5
0.4F
031

02 .’ ,fﬁ: o o

0.1

+ Atlantic Ocean
o Indian Ocean
¢ Pacific Ocean

0.0 | |
0 5 10

15 20 25 30

Annual Mean SST (°C)

Figure 3.

Relationship between U, and annual mean sea surface temperature (SST, 0 m) for surface

sediments from the global ocean between 60°N and 60°S. The global core top calibration (solid line shows
UX;=0.033 SST + 0.044) is identical within error limits to the laboratory calibration established for Ehux by
Prahl and Wakeham [1987]. Reprinted from Muller et al. [1998], with permission from Elsevier Science.

ture is calculated and reported in the literature.
The calibration of Prahl et al. [1988] (UY, =
0.034T + 0.039), a slight revision of the origi-
nal equation published by Prahl and Wakeham
[1987], is a good benchmark to adopt. It is
identical within the error limits of the global
core top calibration; the variable T in this
equation was based on an actual measured algal
growth temperature, and this specific equation
has already been widely used in the U
paleothermometry literature. This recommen-
dation should not be strictly enforced, however,
as the calibration was only formally con-
strained over the temperature range of 8°—
25°C. Several papers have now shown, for

ocean regions with surface waters falling out-
side this range, that linearity breaks down and
applicability of the equation needs further
investigation [e.g., Sikes and Volkman, 1993;
Rosell-Melé et al., 1995; Sonzogni et al., 1997].
It is also now apparent that a few regions of the
ocean exist where absolute temperatures
derived from the recommended calibration
equation are environmentally unrealistic.
Therefore those conducting study in such
regions may elect use of an alternative calibra-
tion equation based on specific scientific criter-
ion. This option should not be elected simply to
achieve a slightly better statistical fit to a
limited set of data. Rather, it should be encour-
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aged when it can be founded and supporting
evidence is presented. Examples where this
option might be employed include regions of
the ocean where surface water temperatures are
at extremes (polar regions and tropical regions)
and values for UY approach the theoretical
lower (0) and upper (1) limit of this tempera-
ture index. Marginal seas (e.g., Baltic [Schulz et
al., 1999]), coastal areas (e.g., fjords [Conte et
al., 1994]), and lakes (e.g., Qinghai, Lake Van
[Li et al., 1996; Thiel et al., 1997]) represent
other possible aquatic settings.

(121 We urge adoption of the policy that
sufficient quantitative information be tabu-
lated in all forthcoming publications so that
reported temperature estimates based on Uk
measurements can be completely reassessed if
necessary in the future. Furthermore, we
recommend that quantitative information on
the tetraunsaturated C;- alkenone (K37:4) be
reported in all cases where this compound is
observed. Although the environmental signif-
icance of appearance of K37:4 in sedimentary
samples is not yet completely clear, this
situation will likely change as active research
by the international community continues to
refine our specific understanding of alkenone
paleothermometry. Careful, comprehensive
reporting in the literature of observations
about the Cs; alkenones will increase the
odds of future scientific windfalls in this
already proven successful area of organic
geochemical research.

2. Future Research Directions

131 Although the equation for a line captures
the lion’s share of variance between the
global core top data set for UY and mean
annual SST from the ocean atlas (i.e.,
~96%, Figure 3), significant scatter in the
relationship nonetheless exists. Results from
a recent intercomparison study (A. Rosell-
Melé et al., personal communication, 2000,

http://nrg.ncl.ac.uk:8080/climate/ic/intercali-
bration.htm) indicate this scatter is due to
more than mere analytical uncertainty in the
measurement of UL, Future alkenone research
should be directed to help advance understand-
ing of the environmental cause(s) for this
scatter. There is now good reason to believe
the scatter reflects fundamental details about
alkenone producers and their life history in the
surface ocean, and systematic laboratory and
field-based studies can illuminate these valu-
able details. The knowledge to be gained from
well-guided future research will advance our
quest to reconstruct realistic patterns of change
for haptophyte productivity, temperature, and
dissolved carbon dioxide in oceans of the past
from interrogation of stratigraphic records for
alkenone abundance and composition pre-
served in sediment cores.

2.1. Core Top Studies

41 Given the summary of key findings just
presented, it would seem unproductive to
encourage further core top analyses for the
calibration of U%X. It is unlikely that this
approach would improve the statistics of the
global core top calibration now established by
Muller et al. [1998] and significantly advance
the paleoceanographic utility of UL, measure-
ments. It would seem more valuable at this time
to assess the quality of core top measurements
included in the data set for the global calibra-
tion. For example, answers to the following
questions are clearly needed. Are all of the
samples in this data set actually modern? Could
age uncertainty account for some of the
observed scatter in the global core top calibra-
tion? Furthermore, are some of the samples
included in this core top calibration corrupt
due to sediment input via long-distance, lateral
transport phenomena [e.g., Benthien and Mul-
ler, 2000] and, consequently, not reflective of a
record of alkenone production or water tem-
perature in overlying ocean surface waters?



y "Geochemistry J
¥ Geophysics (> PRAHL ET AL.: PALEOTHERMOMETER CALIBRATION

Geosystems

2000GC000058

2.2. Culture Studies

1151 Work to date with laboratory cultures has
clearly benefited development of the alkenone
paleothermometer. This approach has con-
firmed that U%; values set by alkenone produ-
cers are, without doubt, strongly temperature
dependent. It has also shown, however, that the
temperature response of Uk may differ signifi-
cantly at the interspecies and intraspecies level
[Conte et al., 1998a]. Genetic factors probably
account for some of these differences but
certainly not all. Batch culture work by Epstein
et al. [1998] reveals that environmental factors,
such as nutrient stress, can potentially influence
significantly the UY; value recorded by an
isothermally grown, single genotype. Chemo-
stat work by Popp et al. [1998] also now
suggests that variability in growth rate, an
important concern in carbon isotopic fractiona-
tion [Laws et al., 1995], probably does not
significantly influence unsaturation patterns
set by alkenone producers.

(6] The U§(7’-T response differences noted
within and between alkenone-producing hap-
tophyte species is a definite paleoceanographic
concern. Response differences contribute to
uncertainty when the U proxy is employed
to reconstruct the paleo-SST record. Uncer-
tainty is greatest when the paleoceanographic
goal is set to reconstruct absolute temperatures
at given times in the past and least but,
nonetheless, still a serious consideration when
set to reconstruct relative temperature changes
through time.

71 Work with laboratory cultures should con-
tinue to be encouraged as the product of this
effort will hone confidence in the reliability of
the alkenone paleothermometer. However,
future effort should become increasingly
experimental and focus on gaining fundamen-
tal understanding of the environmental and
physiological factors which control the alke-

none content and composition of cells. Con-
ducting more culture experiments which
deviate from the original calibration line will
not in itself add much to the picture we have
now assembled after a decade of culture
studies. A basic question direly needs to be
answered, and laboratory culture experiments
provide the best approach to seek the answer.
Are the differences in UN-T response now
documented between strains of Ehux and its
close relative, Gephyrocapsa oceanica (Figure
4), primarily physiological and caused by
dissimilar stress response to culturing condi-
tions, or are they truly genetic?

ns) Without doubt, the variation in the U§(7/-T
response found in culture studies is clearly a
flag for paleoceanographic concern. Better
understanding of whether the variance comes
from physiological or genetic factors will
help determine how paleoceanographers can
develop “screening” techniques to ensure that
they do not apply inappropriate calibrations
or error assessments to geological applica-
tions of the UL, index. Laboratory work with
batch and/or continuous cultures done in
conjunction with well-designed field experi-
ments seems essential to gain this fundamen-
tal knowledge.

2.3. Water Column Studies

no1 Sikes and Volkman [1993] showed that a
systematic relationship exists between UL
measured in suspended particulate materials
(SPM) from surface waters in the Pacific and
the temperature from which the SPM was
collected. This relationship deviates increas-
ingly from the original U%-T calibration for
Ehux as temperature decreases (Figure 5). At
temperatures below ~5°C, there is no apparent
dependence of UL on temperature. Three
alternative causes could account for the devia-
tion of this field calibration from the original
Ehux culture calibration: (1) Alkenone produ-
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Figure 4. Comparison between UX;-T calibration for the eastern South Atlantic using annual mean SST at
0—10 m water depth (crosses and thin solid line) and published culture calibrations for Emiliania huxleyi
(thick solid lines) and Gephyrocapsa oceanica (dashed lines). Reprinted from Muller et al. [1998], with

permission from Elsevier Science.

cers represented in this set of SPM samples
are not genetically the same, and the deviation
reflects genetic variation in the U, -7 response
[e.g., Conte et al., 1998a]; (2) physiological
factors besides growth temperature, such as
nutrient availability, have influenced, to differ-
ent degrees, the U recorded by alkenone
producers at the various sampling sites [e.g.,
Conte et al., 1998a; Epstein et al., 1998]; or
(3) actual growth temperature recorded by U
measured in these SPM samples is not in all
cases equivalent to the measured water tem-
perature from which the SPM samples were
collected. Given our current limited knowl-

edge of alkenone biogeochemistry, none of
these alternative explanations can be yet dis-
counted.

r20; Careful study of the upper water column
in different oceanographic regions (tropical,
subtropical, temperate, subpolar, and polar) is
clearly warranted. Concerted effort should be
made to put all measurements of alkenone
content and composition in as complete of a
physical, biological, and chemical oceano-
graphic context as possible. Studies should
be designed to evaluate the seasonality of
alkenone production in surface waters from
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Figure 5. Plot of U%; against surface mixed layer temperature for suspended particulate materials collected
in surface waters throughout the Pacific (open and solid symbols). Dotted line shows the calibration equation
established by Prahl and Wakeham [1987] for Emiliania huxleyi in culture. Reprinted from Sikes and
Volkman [1993], with permission from Elsevier Science.

key regions of the ocean and the possibility
that alkenone production need not be restricted
to the surface mixed layer in each of these
regions.

1] The euphotic zone in many areas of the
world ocean is characterized by significant
thermal structure. A pronounced subsurface
chlorophyll maximum (SCM) is often observed
at the base of the euphotic zone within the
upper thermocline [Longhurst and Harrison,
1989]. Results from early work with water
bottles and sediment traps indicated that alke-
none export production in the open NE Pacific
originates from SCM prevalent in this region of
the world ocean (Figure 6) [Prahl et al., 1993].
Ohkouchi et al. [1999] now provide compelling
indirect evidence from sediment analyses that
subsurface alkenone production is not an
uncommon phenomenon in the Pacific Ocean
and follows a predictable regional pattern. The

latter conjecture is encouraging and needs to be
formally confirmed and qualified. Information
to be gained from systematic study of alke-
nones in surface waters will be invaluable,
helping us more accurately interpret the ocea-
nographic significance of unsaturation patterns
and carbon isotopic composition encoded by
these biomarkers in the marine sedimentary
record.

2.4. Sediment Trap Studies

1221 Published results for alkenone analyses in
year-long sediment trap time series remain few
in number. However, information now avail-
able in published and unpublished forms
reveals that the flux of alkenones to the seabed
is not uniform throughout the year anywhere in
the ocean. Rather, it is highly seasonal, as first
documented in the NE Pacific (Figure 7) and
now shown to be true quite widely elsewhere in
the ocean (e.g., Arabian Sea [Prahl et al.,
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concentration and Us;-derived growth temperature
estimates measured with depth in surface waters at a
site in the open NE Pacific (41°32.5'N, 131°57.3'W)
in September 1988. Profiles for chlorophyll fluor-
escence, actual water temperature, and dissolved
nitrate/nitrite concentration measured with depth in
the same water column are also plotted for reference
purposes. Growth temperature estimates were made
using the calibration (U, = 0.0347 + 0.039)
established by Prahl et al. [1988]. Data are from
Prahl et al. [2000b].

2000a], Mediterranean Sea [Ternois et al.,
1997], NE Norwegian Sea [Thomsen et al.,
1998], and Sargasso Sea [Conte et al., 1998D]).

(23] Comparison of alkenone content in aver-
age sediment trap particles with that in under-
lying surface sediment from the NE Pacific
[Prahl et al., 1993] also reveals that these
biomarkers are not conserved in the sedimen-
tary process; a significant fraction of the rain
into the seabed is degraded. The quantitative

trend in the NE Pacific suggests that the
percentage preserved depends upon redox
conditions at the seabed, with suboxic to
anoxic sediments showing the highest percen-
tage preservation (20—-30%) and oxic sedi-
ments showing the lowest (<1%). Desplte
major loss of total alkenone signal, U
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Figure 7. Water temperature estimates from the
analysis of UY, in samples from sediment trap
time series for three sites in the NE Pacific
(Nearshore (Fig. 7A) and Midway and Gyre (Fig.
7B)) are compared with the annual records for
SST at two National Oceanic and Atmospheric
Administration weather buoys located nearby. Fig.
7C displays the record for total alkenone flux in
each sediment trap sampling cup. Reprinted from
Prahl et al. [1993], with permission from Elsevier
Science.
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values in average sediment trap materials
weighted for flux display a first-order agree-
ment with those measured in underlying sur-
face sediments. Curiously, however, U3K7I
values recorded in the deposited sediments
are typically higher than those in the average
particle rain from above. Also, the discre-
pancy appears to increase as sediments
become more oxidized, i.e., the total alkenone
signal is less efficiently preserved. Is this
offset evidence for selective alkenone degra-
dation?

24 A staunch opponent of sediment traps
might emphatically say no! The mismatch is
due to the inherent quantitative imperfection
of these sampling devices. However, biogeo-
chemists intrigued by the mechanism of
organic carbon preservation [Hedges and Keil,
1995] might argue that yes, it is indeed such
evidence! However, the process may not be
simply selective degradation of the triunsatu-
rated relative to the diunsaturated alkenone.
Although that process would account for the
direction of offset observed in the sediment
trap-sediment comparisons, all attempts to find
evidence for significant selective compound
degradation, including controlled laboratory
experiments with microbes [Teece et al.,
1998], have come up empty. So how else
could the observations be explained in terms
of “selective degradation”?

251 In the case of the NE Pacific, U§,<7’ values
raining into the seabed are not uniform
throughout the year (Figure 7). Furthermore,
the greatest deviation is observed during the
period of peak flux. If the fraction of total flux
surviving burial were disproportionately lower
during the time period represented by peak
flux, UX values preserved in sediments would
appear higher than predicted by the flux
weighted annual average for sediment traps.
Whether or not this explanation is actually so
for the NE Pacific and extrapolates to other

regions of the ocean will require further study.
Almost certainly, the seasonality of alkenone
production varies with oceanic province: sedi-
ment traps along the Southern California mar-
gin and Gulf of California show far less
seasonal variation in coccolithophorid/alkenone
flux than the northeast Pacific does [Thunell,
1998a, 1998b]. The prospect is clearly viable
and worth investigation. In this regard, it is
noteworthy that activity in the deep-sea benthic
community can be tightly coupled to biological
processes in the surface ocean [Graf, 1989].

6] We recommend that further work with
sediment trap time series be conducted. It is
important to establish how the seasonal pat-
tern for alkenone production in surface waters
equates with alkenone export to sediments
and particularly how this pattern varies from
region to region. We know that most of the
primary production, including the contribution
from alkenone producers, is recycled within
the surface ocean. Only a fraction is trans-
mitted to the seabed via sedimentation, and
only a fraction of that transmitted is pre-
served in the sediment record. Given the
efficiency with which this filter operates and
its potential to shape the meaning of what
becomes chemically encoded in the sediment
record (our eyepiece to the past), it is of
paramount importance to place the sediment
record in clear perspective with modern ocea-
nographic processes. A concerted, systematic
laboratory and field approach is the only
obvious way to identify what we can realis-
tically expect to extract from the sediment
record for alkenones about changes in ocea-
nographic conditions and climate in the past.
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