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during the Flood. Thus reconstructed temperatures 
from post-Flood sediment cores should, subject to 
proper calibration and allowance for complicating 
factors, fairly represent sequences of temperature 
changes. During the Flood whole ecosystems were 
probably transported, rapidly and often violently, 
from their pre-Flood environments and may have 
become mixed and buried with others. Consequently 
fossil shells or tests within Flood sediments would 
probably give relatively messy, perhaps confusing, 
palaeotemperature signals. Thus where there 
are both Flood and post-Flood sediments on the 
ocean floor, temperature-related data from cores 
penetrating the Flood/post-Flood boundary might 
show a change in character from inconsistent and 
confusing below the boundary to more consistent 
above it. This in turn could serve to enable mapping 
of the Flood/post-Flood boundary on the ocean floor. 
However none of the literature considered in this 
paper has presented results obviously following such 
a pattern; the idea remains conjectural.

The temporal coverage of the proxy data of interest 
is not sufficiently dense to construct plots of (say)  
Mg/Ca-derived temperatures through the Cenozoic to 
rival the δ18O plot presented by Veizer and Prokoph 
(2015). A plot of Mg/Ca and δ18O-based deep-sea 
temperatures since the early Eocene is presented 
by Lear, Elderfield, and Wilson (2000), who used 
data from six species of benthic foraminifera from 
four well-separated sites to deduce an overall 
cooling of 12°C since the early Eocene; see fig. 11. 

A more sophisticated study, again based on benthic 
foraminiferal Mg/Ca and δ18O together with sea-level 
records (Cramer et al. 2011), produced similar results. 
Although this study extended further back into the 
Cretaceous, there was no Mg/Ca data from earlier 
than the Palaeocene (~62 Ma BP in conventional 
terms); see figs. 12 and 13. A puzzling feature of the 
work reported by Cramer et al. (2011) is that cooling 
episodes do not necessarily correlate with ice volume 
growth, expressed thus in their Abstract:

Our reconstructions indicate differences between 
deep ocean cooling and continental ice growth in 
the late Cenozoic: cooling occurred gradually in the 
middle-late Eocene and late Miocene-Pliocene while 
ice growth occurred rapidly in the earliest Oligocene, 
middle Miocene and Plio-Pleistocene.
However, Cramer et al. (2011) acknowledge their 

ignorance of the mechanisms underlying these 
episodes of rapid ice sheet growth. This apparent 
timing mismatch should perhaps be investigated from 
a Flood geology perspective. In terms of temperature 
the results obtained by Lear, Elderfield, and Wilson 
(2000) and by Cramer et al. (2011), although subject 
to significant uncertainties, tie in closely with the 
corresponding δ18O data and support the conclusion of 
Worraker (2018) that deep ocean temperatures never 
rose above 13°C during the Cenozoic. Post-Flood Ice 
Age models which assume significantly higher bulk 
ocean temperatures and in which Cenozoic deposits 
represent the post-Flood period conflict with these 
findings.
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Fig. 11. Curve (C) represents a smoothed, averaged temperature record based on a Mg/Ca calibration applied to 
the suite of benthic foraminiferal samples studied by Lear, Elderfield, and Wilson (2000). The broken line indicates 
temperatures calculated from the δ18O record assuming an ice-free world. Blue areas indicate periods of substantial 
ice sheet growth determined from the δ18O record combined with the Mg/Ca record; (D) represents the Cenozoic 
composite benthic foraminiferal δ18O record based on Atlantic cores and normalized to Cibicidoides spp. (from Miller, 
Fairbanks, and Mountain 1987). The vertical dashed line indicates probable existence of ice sheets (δw is seawater 
δ18O); (E) shows estimated variation in seawater δ18O, a measure of global ice volume. The “full Pleistocene ice 
volume” scale is from Dwyer et al. (1995). From Lear, Elderfield, and Wilson (2000), fig. 1.
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Fig. 12. Primary reconstructed proxy records used by Cramer et al. (2011), viz. (A) δ18Obf, (B) NJSL, and (C)  
Mg/Cabf. From Cramer et al. (2011), fig. 1. Records used in the study are shown in black; prior and alternate versions 
of these records are shown in colour for comparison. Shaded areas are uncertainty envelopes; in the case of curves 
(A) and (C) these delineate the 90% confidence interval. Cramer et al. (2011) note that there is better correspondence
of δ18Obf trends, as reconstructed in separate studies spanning four decades, than with Mg/Cabf in studies spanning
only one decade, which reflects the greater difficulty in reconciling Mg/Cabf compared with δ18Obf in different species
and from different locations.
Key: δ18Obf (‰)—benthic foraminiferal δ18O relative to the VPDB (Vienna PeeDee Belemnite) standard; Mg/Cabf
(mmol/mol)—benthic foraminiferal Mg/Ca ratio; NJSL (m)—sea level as measured in cores from the New Jersey
coastal plain. See Grossman (2012) for definitions of δ18O standards.
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Fig. 13. Summary of temperature (upper curve) and ice volume (lower curve) reconstructions since the early 
Cretaceous, smoothed to only show variations on conventional time scales longer than 5 Ma. From Cramer et al. 
(2011), fig. 9. 
Key: NJSL (m)—sea level as measured in cores from the New Jersey coastal plain; SLice (m)—change in sea level due 
to growth and decay of continental ice sheets; TMg/Ca (ºC)—ocean temperature calculated from Mg/Cabf, the benthic 
foraminiferal Mg/Ca ratio (mmol/mol); δ18Obf (‰)—benthic foraminiferal δ18O relative to the VPDB (Vienna PeeDee 
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(ºC)—ocean temperature calculated from δ18Obf using SLice to constrain δ18Osw. The heavy black curves are based 
on NJSL and δ18Obf data, while the lighter blue and orange curves are based on Mg/Cabf and δ18Obf, the two colours 
representing different Mg/Ca-temperature calibrations. Shaded coloured areas illustrate the uncertainty margins. 
EAIS, WAIS, GIS and NHIS are the East Antarctic, West Antarctic, Greenland and Northern Hemisphere ice sheets 
respectively. The vertical blue bars on the left indicate the approximate cumulative range of sea level variations due 
to ice sheets. See Grossman (2012) for definitions of δ18O standards.



235Heat Problems Associated With Genesis Flood Models—Part 2. Secondary Temperature Indicators

Other results from the use of the temperature 
indicators discussed here relate to specific water 
depths, specific regions and specific points in geological 
history and do not add a great deal to the overall 
picture of ocean temperatures through time. However, 
there is considerable Mg/Ca coverage available of the 
Quaternary, including for example SSTs in equatorial, 
tropical and polar regions (Barker et al. 2005; Irvali 
et al. 2012, 2016; Levi et al. 2007; Nürnberg, Müller, 
and Schneider 2000), thermocline temperatures in 
the South Atlantic (Groeneveld and Chiessi 2011), 
Antarctic Intermediate Water temperatures (Elmore 
et al. 2015) and bottom water temperatures in the 
eastern equatorial Pacific (Sadekov et al. 2014). For 
temperature-time plots from a selection of these 
sources see figs. 14–19; in all cases the original 
references should be consulted for more detailed 
background information. Since the Quaternary is the 
geological interval of special interest for modelling a 
post-Flood Ice Age, these Mg/Ca-based results serve as 
useful ocean temperature data points against which to 
check model predictions. Other coverage from Mg/Ca 
results cited here includes Caribbean SSTs through 
the Miocene-Pliocene transition (Groeneveld et al. 
2008; see fig. 20), thermocline and intermediate deep 
water temperatures in the Southern Ocean through 
the Eocene-Oligocene cooling (Bohaty, Zachos and 
Delaney 2012; see fig. 21) and mid-Cretaceous tropical 
Atlantic upper ocean temperatures (Bice et al. 2006; 
see figs. 22 and 23). Results from Bice et al. (2006) 
may be problematic, e.g. because of conflicting trends 
in δ18O and Mg/Ca data and the very high reported 

SSTs, but the others should again be treated as 
providing useful data points when modelling Flood or 
post-Flood environmental conditions. The literature 
cited here, of course, is by no means exhaustive.

We have noted certain questions and inconsistencies 
in the conventional literature which raise issues worth 
investigating from a creation science perspective. 
For example, we have cited a comment by Prahl 
and Wakeham (1987) questioning the longevity 
and integrity of alkenones, which have been used as 
palaeotemperature indicators as far back as the early 
Eocene, 51 Ma BP in the conventional chronology. 
Investigation of the degradation of these and other 
biogenic molecules (GDGTs and long-chain diols) in 
ocean sediments over time seems a worthwhile creation 
science exercise. The huge mismatch of 7 orders of 
magnitude between (supposedly measured) rates of 
carbonate precipitation in deep-sea sediments (Fantle 
and DePaolo 2007) and theoretical estimates (Watkins 
et al. 2013, 2014; Watkins and Hunt 2015) clearly 
deserves reexamination from a biblical viewpoint. 
The question of solid-state C-O bond reordering cited 
by Henkes et al. (2014) as the cause of unrealistically 
high Palaeozoic temperatures obtained by Δ47 
palaeothermometry, supposedly occurring over multi-
million year timescales, should also be reexamined.

Conclusions
General summaries of the use and applicability of 

the various palaeotemperature indicators are given 
at the end of the appropriate sections above and will 
not be repeated here.

Fig. 14. Down-core Mg/Ca records for two sites in the South Equatorial Atlantic, spanning the last 270 ka in the 
conventional chronology, from figs. 2 and 3 respectively in Nürnberg, Müller, and Schneider (2000). Left-hand 
panels show the proxy data, while right-hand panels show the reconstructed temperature plots. (A) shows data from 
Globigerinoides sacculifer tests and compares Mg/Ca- and δ18O-derived temperatures, while (B) shows data from 
Globigerinoides ruber and compares Mg/Ca- and alkenone-derived (U37) temperatures. The thick black lines in these 
plots indicate smoothed data
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1. All the ocean palaeotemperature indicators
reviewed here, specifically the Mg/Ca ratio in 
calcite fossil shells, the Sr/Ca and Li/Mg ratios in 
scleractinian corals, the biomolecular indicators 
(the alkenone unsaturation index, the iGDGT index 
or TEX86, and the LDI or long-diol index) and the 
clumped carbonate index, suffer from significant 
complications and uncertainties. However all are 
subject to active current research and development, 

especially the very widely-applicable clumped 
carbonate index, and improvements in accuracy and 
reliability can be expected in the coming decades, 
regardless of timescale assumptions. In many studies 
two or more of these indicators are combined, which 
can provide additional information (e.g. salinity and 
continental ice volume from simultaneous δ18O and 
Mg/Ca measurements) and facilitate assessment of 
complicating factors. In Mg/Ca palaeothermometry, 
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Fig. 15. Estimated SSTs at the Last Glacial Maximum (21 ka BP in the
conventional chronology) based on planktonic foraminiferal Mg/Ca data.
Taken from fig. 5 in Barker et al. (2005). The site numbering identifies
the data sources and is as noted in the original figure caption; location 3
refers to the work reported by Barker et al. (2005). The source of all the
data used in constructing this map is the MARGO (‘Multiproxy Approach
for the Reconstruction of the Glacial Ocean surface’) database (http://www.
pangaea.de/Projects/MARGO/).
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the most mature and widely-used of these methods, 
claims of an uncertainty of order ±2.5°C are 
reasonable provided that complicating factors have 
been assessed and accounted for.

2. Our most important conclusion, based on
extensive combined benthic foraminiferal δ18O-Mg/

Ca data and sea level data, is that deep 
ocean water has cooled by about 12°C 
since the early Eocene. This reinforces 
the conclusion in Worraker (2018) that 
deep ocean temperatures never exceeded 
13°C through the Cenozoic, an important 
constraint on Flood and post-Flood 
environmental models.

3. The temperatures derived from proxy
studies restricted to particular intervals in 
the geological record, particular areas and 
particular water depths (surface, thermocline, 
bottom water etc.) can, subject to scrutiny 
from a creation science perspective, be used 
as reference data points against which 
the predictions of Flood and post-Flood 
environmental models may be checked; 
examples are the extensive δ18O-Mg/Ca 
coverage of the Quaternary, and the cooling 

of thermocline and intermediate deep water in the 
Southern Ocean across the Eocene-Oligocene transition 
(Bohaty, Zachos, and Delaney 2012). The exact use of 
such data points will depend on how a particular model 
is chosen to relate to the geological record.
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4. We have found some puzzling questions and
inconsistencies in the conventional literature 
which merit investigation from a creation science 
perspective. Most of these are related to time scales, 
viz. the longevity and integrity of biomolecules in 
ocean floor sediments over multi-million year time 
scales, the rates of carbonate precipitation in deep-
sea sediment, and solid state carbon-oxygen bond 
reordering over multi-million year time scales. 
The puzzling apparent non-relationship between 

temperature and ice volume through the Cenozoic 
noted by Cramer et al. (2011) also merits a creation 
science investigation; this may prove of particular 
interest for models of the post-Flood period.
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Fig. 20. Globigerinoides sacculifer Mg/Ca record 
for ODP Site 1000 (16º33´N, 79º52´W, 916 m water 
depth; see Steph et al. 2006) adjusted to account for 
the influence of salinity through the time interval  
4.5–3.9 Ma BP in the conventional chronology. Taken 
from fig. 8 in Groeneveld et al. (2008). Arrows indicate 
trends resulting from the restriction of upper ocean 
water masses between the Pacific and the Caribbean 
since 4.5 Ma. Plots: (A) Original G. sacculifer δ18O record 
for Site 1000 (Steph et al. 2006); (B) Salinity change 
calculated using the rule Δ1‰ δ18O = Δ2 salinity units 
(Broecker 1989); (C) SSTMg/Ca record adjusted for salinity 
using the equivalence Δ1 salinity unit = Δ7% Mg/Ca 
(Nürnberg, Bijma, and Hemleben 1996); dotted line 
shows the original, uncorrected SSTMg/Ca record.
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Fig. 21. Compilation of filtered Mg/Ca records for 
Southern Ocean sites through the EOT (Eocene-
Oligocene Transition), 35-32.5 Ma BP in the conventional 
chronology. Taken from fig. 4 in Bohaty, Zachos, and 
Delaney (2012). Plots: (A) Mg/Ca records for planktonic 
foraminifer Subbotina angiporoides from ODP Sites 
689 (orange line), 748 (light blue line), and 738 and 
744 (purple line); (B) Temperature anomaly, defined 
as the relative temperature change with respect to 
the baseline average for 34.5–34.2 Ma and determined 
from S. angiporoides Mg/Ca data using a temperature 
sensitivity (exponential constant, cf. equation 1) 
between 0.08 and 0.1; (C) Mg/Ca records for benthic 
foraminifer Cibicidoides praemundulus from Sites 689 
(pink line) and 748 (dark blue line); (D) Temperature 
anomaly, the relative temperature change with respect 
to the baseline average for 34.5–34.2 Ma and determined 
from Cibicidoides Mg/Ca data using a temperature 
sensitivity between 0.109 and 0.12. Site coordinates 
and water depths are: 689 (64.5ºS, 3.1ºE, 2080 m), 748 
(58.4ºS, 79.0ºE, 1291 m), 738 (62.7ºS, 82.8ºE, 2253 m) 
and 744 (61.6ºS, 80.6ºE, 2307 m).
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2–

Nomenclature
Bayesian: Bayesian statistics is based on the Bayesian

interpretation of probability, in which probability expresses 
a measure of belief or expectation of an event, which can 
change in response to new information, in contrast to 
the traditional frequentist interpretation which views 
probability as the limit of the relative frequency of an event 
after a large number of trials. It uses Bayes’ theorem to 
compute and update probabilities after obtaining new data. 
Bayes’ theorem describes the conditional probability of an 
event based on data plus prior information or beliefs about 
the event or conditions related to the event (e.g. MathPages 
2019). For example, in Bayesian inference, Bayes’ theorem 
can be used to estimate the parameters of a probability 
distribution or statistical model.

Benthic: Benthic organisms (collectively benthos) live at the 
bottom of an ocean or lake. Species living on the bottom 
are described as epifaunal, while those living within the 
surface layer or just below are termed infaunal.

Bølling/Allerød: A warm climate interval starting abruptly 
following the Heinrich 1 event at the end of the Pleistocene 
and ending with the start of the Younger Dryas, i.e. 
occupying the interval ~14.5–12.9 ka BP in the conventional 
chronology (Carlson et al. 2007; Liu et al. 2009b).

Coccoliths: Plates of calcite formed by single-celled algae 
known as coccolithophores; coccoliths are the main 
constituent of chalk deposits.

Diol: These are alcohols, hydrocarbon molecules characterized 
by two hydroxyl groups attached to a central chain of 
saturated carbon atoms. In the IUPAC naming convention 
they are formally denoted alkane-n,n-diol, where alkane 
corresponds to the number of carbon atoms in the chain, and 
n,n give the numbers of the carbons in the sequence where 
the hydroxyls are attached. The sequence is numbered so 
as to give one of the hydroxyl groups the lowest possible 
number. Thus, for example, propane-1,2-diol has 3 carbon 
atoms in its chain, with hydroxyl groups attached to atoms 
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1 and 2 in the sequence. The diols of interest in temperature 
reconstructions are based on considerably longer alkanes 
than this.

Eustigmatophyte: Single-celled eukaryotic algae found in 
marine and freshwater environments and soils. They are 
photosynthetic autotrophs, i.e. their main energy source is 
sunlight. 

Gametogenesis: The production of gametes, the cells 
involved in sexual reproduction to produce a new individual 
organism. At this point in the life cycle of a calcifying 
foraminifer it may deposit a significant amount of calcite in 
its test (Köhler-Rink and Kühl 2005).

Heinrich 1 (or H1): The last of a series of events (H1-H6) 
generally viewed as the production of large numbers of 
icebergs in the Hudson Strait region of Canada. H1 is dated 
in the conventional chronology at about 18 ka BP. The 
defining diagnostic feature of Heinrich events in sediment 
cores is the presence of detrital carbonate (limestone 
and dolomite) from lower Palaeozoic basins of Northern 
Canada. Heinrich events are also marked by high lithic 
to foraminifer ratio and increased relative abundance of 
the cold-water planktonic foraminifer Neogloboquadrina
pachyderma (Hodell et al. 2008). 

Isomer: Molecules with the same chemical formula but 
different chemical structures. Isomers do not necessarily 
share similar chemical properties unless they also have the 
same functional groups.

Mixed layer: When referring to the oceans, this is the near-surface 
region which has been homogenized in temperature, density 
and salinity by turbulence generated by (1) wind and wave 
action, often generating or interacting with ocean currents, 
and (2) Rayleigh-Taylor instability, a vertical instability due 
to cooling at the surface or to injection of brine produced by sea 
ice formation. Typically the mixed layer extends downwards 
by 20–90 m, being deeper in winter than in summer. However 
it may extend down much further (as in the Labrador Sea) if 
a Rayleigh-Taylor instability occurs. Beneath the mixed layer 
are the barrier layer and the thermocline, where temperature 
falls rapidly with increasing depth.

Oil window: The geological environment in which petroleum 
products are thought to form from kerogen (solid organic 
material) as a result of thermal degradation and cracking 
during burial. The typical range of depths is 760–4,880 m 
and the range of temperatures 65–150°C.

3DUWLWLRQ�FRHIÀFLHQW� The ratio of equilibrium concentrations 
of a particular compound (atomic or molecular) between two 
immiscible solvents, at least one of which is aqueous: the 
second phase, although usually liquid, may be gas, liquid 
or solid. In the case of magnesium in the context of Mg/Ca 
thermometry, it is denoted DMg and refers to the ratio of 
magnesium (Mg2+) concentrations in the shell calcite and 
seawater respectively.

Pelagic: The pelagic zone of the oceans refers to the water 
column of the open ocean. Thus the benthic zone and the 
demersal zone immediately above it are excluded, as are 
coastal and continental shelf regions.

Planktonic (or planktic): Planktonic/planktic organisms live 
in open water, generally in the near-surface region, and are 
unable to swim against a current. Hence in the oceans they 
are carried along by the prevailing near-surface currents. 
Most are microscopic in size, though larger organisms (e.g. 
jellyfish) are included in the definition.

Porcelaneous: Benthic foraminifera can be agglutinated or 
calcareous. Calcareous species are divided into those whose 
shells have a clear or translucent appearance (hyaline) with 
tiny perforations (pores) and those whose shells are white 
and opaque and have no perforations (porcelaneous).

Primary Organic Membrane (POM): Most extant 
planktonic foraminifera produce their tests by the sequential 
addition of chambers. The walls of each chamber are initially 
formed of two calcite layers (a bilamellar wall) secreted on 
either side of an organic template or sheet known as the 
Primary Organic Membrane or POM. Additional layers are 
deposited on the outer surface of existing chambers as each 
successive chamber is added to the test during ontogenetic 
growth. Just prior to gametogenesis a final, often thick, 
layer is deposited on the outside of each chamber exposed in 
the last whorl of the test (Erez 2003; Sadekov, Eggins and 
De Dekker 2005). Erez (2003) suggests that a better term 
would be Primary Organic Sheet (acronym POS) as POM 
can also be used to mean “particulate organic matter”, but 
POM will be used in this article.

Rayleigh fractionation: This describes the chemical 
evolution of a system with multiple phases in which one 
phase is continuously removed from the system. Consider, 
for example, the case of coral skeleton aragonite formation 
in which the Sr/Ca ratio of the precipitate is the key variable 
of interest. Gaetani et al. (2011) explain the Rayleigh 
fractionation process in terms of the average concentrations 
of Sr and Ca in aragonite precipitated from a single “batch” 
of fluid, respectively CSr and CCa; the concentrations of 
Sr and Ca in the calcifying fluid as precipitation begins, 
respectively CSr and CCa; the remaining mass fraction of the 
calcifying fluid FL; and the temperature-dependent Nernst 
partition coefficients between aragonite and seawater,  
DSrAragonite Seawa and DCaAragnite-Seawater; these partition coefficients 
express the equilibrium ratios CiagonitSea/CiagonitSea for phase i. 
Given previously determined values of the Nernst partition 
coefficients for Ca, Mg, Sr and Ba between aragonite and 
seawater as functions of temperature, Gaetani et al. (2011) 
measured Mg/Ca, Sr/Ca and Ba/Ca ratios on the coral 
skeletons of interest and were then then able to estimate 
formation temperatures analytically from their Rayleigh 
fractionation equations.

Regioisomer: A type of constitutional isomer. In constitutional 
isomers molecules with the same molecular formula are 
bonded together in different orders. In a regioisomer, a 
functional group or other molecular component changes 
position on a parent structure. In long organic molecules 
the parent structure is a basic “carbon skeleton” to which 
various molecular groups can be attached.

Salinity: Ocean water salinity is the mass fraction of 
dissolved salts (mostly but not exclusively sodium chloride), 
typically about 3.5% or 35‰ in modern-day oceans. It is 
relatively low in the Baltic Sea and can be very high in 
enclosed inland seas subject to high evaporation (e.g. the 
Dead Sea). Although conceptually simple salinity is not 
straightforward to measure: the water has to be filtered 
down to a pore size of 0.2 μm and pressure, temperature 
and electrical conductivity all need to be measured. 
Practical salinity units, or psu, give approximately the same 
numbers as salinity defined in terms of mass fraction, but 
are conceptually different; their use is formally incorrect 
and officially discouraged  (Pawlowicz 2013; see also fig. 1), 
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standard error” of the estimate is 1.2°C. Two exceptions were 
found in sediments from the western Argentine Basin, which 
appeared to have been affected by lateral advection (transport), 
and, in contrast with previous measurements, from the 
upwelling region near Cape Verde. In both cases measured 
temperatures fell several degrees below values predicted 
by (A4). These exceptions highlight advection as a source of 
uncertainty. Thus ocean currents may have transported and 
deposited the measured alkenones an unknown, possibly long 
distance from the region where they were synthesized such 
that inferred temperatures are not representative of where 
they are found.

Conte et al. (2006) also derive a calibration for U37 in surface 
(core-top) sediments against annual mean SST (denoted 
AnnO) in terms of a linear model (temperature in °C):

Here r2 = 0.97, n = 592 and the mean standard error of the 
estimate is quoted as 1.1°C. Conte et al. (2006) note that U37 
in surface sediments is consistently higher than that predicted 
from AnnO and the surface water temperature calibration. 
The magnitude of this offset increases as the surface water 
AnnO decreases; Conte et al. (2006) suggest that it may be due 
to (1) seasonality in production and/or thermocline production, 
(2) differential degradation of 37:3 and 37:2 alkenones, or some
combination of these effects.

TEX86
This index, originally defined by Schouten et al. (2002), is 

written more conveniently in the form

following Tierney (2014). The terms [GDGT–1], [GDGT–2], and 
[GDGT–3] refer to the proportions of core isoGDGT structures 
containing 1, 2, and 3 cyclopentane rings respectively, and 
[cren′] to the proportion of Crenarchaeol regioisomer, which 
contains 4 cyclopentane rings and 1 cyclohexane ring. The 
linear SST correlation deduced by Schouten et al. (2002) for 
temperatures in the range 1–30°C is

with r2 = 0.92; T is the annual mean SST in °C. On the basis 
of extended data sets Liu et al. (2009a) and Kim et al. (2010) 

Alkenone unsaturation index
Brassell et al. (1986) introduce the alkenone unsaturation 

index U37, as

where C37:2 is the relative abundance of the molecule (C37H72O) 
with two carbon–carbon double bonds, C37:3 the abundance 
of the molecule (C37H70O) with three double bonds, and so on 
(Eglinton and Eglinton 2008). In many cases there are very 
few C37 molecules with four double bonds, so that to a good 
approximation C37:4 = 0 and equation (A1) reduces to

where U37 is the index most often used in subsequent literature. 
The SST calibration given by Prahl and Wakeham (1987) for 
the index defined in equation (A2) is

over the temperature range 11–28°C. This correlation 
refers specifically to the surface mixed layer. It is based on 
measurements on samples from a range of geographical 
locations. The correlation coefficient is close to unity, r = 0.997. 
Brassell et al (1986) refer to sediments reaching down to 
550 ka BP in the uniformitarian timescale, while Prahl and 
Wakeham’s (1987) analysis is only cited for sediments down to 
18 ka BP. In a later calibration study covering the range 0–29°C, 
Müller et al. (1998) found a closely similar correlation, viz. 
U37 = 0.033 * T + 0.044 (r2 = 0.958) for samples from a total of 370 
sites between 60°S and 60°N in both Atlantic and Pacific oceans.

More sophisticated calibrations for present-day conditions 
are given by Conte et al. (2006). Using ocean surface C37 
alkenone unsaturation measurements from a wide range 
of locations (n = 629 original data points reduced to 567, 
temperature range –1 to 30°C), they derive a single polynomial 
‘‘global’’ surface water calibration of U37 which predicts alkenone 
production temperatures over the diversity of modern-day ocean 
environments and alkenone synthesizing populations:

Here the coefficient of determination r2 = 0.97, and the “mean 
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but is still widespread in the literature.
Sapropel: A dark, organically-rich sediment formed when 

oxygen levels in bottom waters are very low, e.g. as in ocean 
anoxic events. For a review see Rohling, Marino, and Grant 
(2015).

Scleractinian corals: These are also known as stony or 
hard corals, in which the individual animals or polyps 
(phylum Cnidaria) build calcium carbonate skeletons by 
active precipitation of calcium and carbonate ions from 
the water. Individual skeletons are called corallites. Many 
scleractinian corals live colonially and build reefs; these 
are the hermatypic corals, which are of greatest interest to 
climate scientists. All modern scleractinian coral skeletons 
consist of aragonite, which is harder but chemically less 
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stable than calcite. Scleractinian corals first appear in the 
fossil record in the Middle Triassic.

Test: The exterior shell produced by a spherical or nearly-
spherical marine organism. The organisms which produce 
tests include sea urchins and many microorganisms 
including foraminifera and radiolarians.

Younger Dryas: A cold interval in the Northern Hemisphere 
during deglaciation after the LGM (Last Glacial Maximum); 
in conventional terms the Younger Dryas is dated as 
taking place between ~12.9 and 11.5 ka BP (Carlson et al. 
2007), while the LGM is dated at ~21 ka BP (Mix, Bard, 
and Schneider 2001). The Younger Dryas is thought to 
have resulted from a change in the North Atlantic ocean 
circulation (Carlson et al. 2007).

(A6)86

[GDGT 2] [GDGT 3 [cren ]TEX
[GDGT 1] [GDGT 2] [GDGT 3] [cren ]

c� � � �
 

c� � � � � �

(A7)
86TEX 0.015 T 0.28* �

K′

K



254 William J. Worraker

Zhang, Pagani, and Wang (2016) point out that although 
GDGT–0 has a weight of 0 here, it does contribute to a 
sample’s Ring Index (RI) value via its impact on the relative 
abundance of the cyclized GDGTs since by definition the sum 
of all GDGTs, including GDGT–0, is unity. The global RI-
TEX86 correlation cited by Zhang, Pagani, and Wang (2016) is

with r2 = 0.87, n = 531 and a 2σ uncertainty margin of ±0.30. 
This correlation includes data from Red Sea samples even 
though the TEX86-SST relationship in these samples deviates 
significantly from the acknowledged global SST calibration.

LDI
The LDI (long diol index) as defined by Rampen et al. (2012) 

may be written in the form

(Rodrigo-Gámiz et al. 2014) where the expressions in brackets 
denote the fractional abundances of the temperature-sensitive 
diols in the sediment samples (see Nomenclature for definition 
of the diol naming convention). The SST calibration derived by 
Rampen et al. (2012) is

for which r2 = 0.969 and the number of points n = 162. They 
report a residual error of <5.4°C and a mean standard error 
of 2.0°C with respect to WOA (World Ocean Database) 
temperatures. Rodrigo-Gámiz et al. (2014) report a mean 
standard deviation of 0.02 in LDI for their samples, equivalent 
to a 1σ uncertainty in T of ±0.5°C.

have developed SST calibrations in terms of variants of TEX86. 
Liu et al. (2009a) represent the SST calibration for five high-
latitude sites in reciprocal form, viz.

(range –3 to 30°C, r2 = 0.82, n = 287) while Kim et al. (2010) 
define two distinct alternatives, viz. TEX86 for annual mean 
SST in the range –3 to 30°C in subpolar oceans,

and TEX86 for warmer oceans where SST>15°C,

where TEX86 is as defined in equation (A6). The calibrations 
given by Kim et al. (2010) are:

(range –3 to 30°C, r2 = 0.86, n = 396) and

(range 5 to 30°C, r2 = 0.87, n = 255). Since TEX86 and its variants 
are treated as independent variables in these calibrations, it 
is possible to estimate the root mean square (RMS) predictive 
uncertainty associated with each, which Tierney (2014) gives 
as ±3.7°C in equation (A8), ±4°C in (A11) and ±2.5°C in (A12). 
There are other versions of TEX86 SST calibrations in the 
literature, some of them relating to lacustrine rather than 
marine environments.

The Ring Index (RI) introduced by Zhang, Pagani, and 
Wang (2016) is defined by

LDI 0.033 T 0.095* � (A16)
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