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Abstract. Reconstructions of sea surface temperature (SST)
in the geologic record are fundamental to our understand-
ing of Earth’s climate history and the evaluation of Earth’s
climate sensitivity to greenhouse gas forcing. SSTs are re-
constructed with a variety of methods, including alkenone
biomarker lipids produced by certain coccolithophore al-
gae. One such alkenone SST reconstruction from the sub-
polar northwest Pacific Ocean Drilling Program (ODP) Site
882 (50.21°N, 167.35°E, 3244 m water depth) has played a
large role in shaping the paleoclimate science community’s
view of global climate warmth during the Late Pliocene
(3.6-2.6 million years ago) and the subsequent cooling that
characterized the intensification of Northern Hemisphere
Glaciation (Haug, 1995; Haug et al., 2005; Martinez-Garcia
et al., 2010). First, we have found that the values reported
in the PANGAEA archive for this ODP Site 882 alkenone
dataset were inaccurately reported as U3K7/ values when they
are instead U3K7 (https://doi.org/10.1594/PANGAEA.315092,
Haug and Sarnthein, 2005). This error in the archived data ta-
ble resulted in the incorporation of inaccurate absolute SST
estimates by several studies that applied U3K7/ calibrations to
this ODP Site 882 dataset (e.g., Brennan et al., 2022; Clark
et al., 2024, 2025; Tierney et al., 2019, 2025b). Second, us-
ing other published data from ODP Site 882 (Studer et al.,
2012) and nearby Site 883 (51.11°N, 167.46°E, 2384 m
water depth; Herbert et al., 2016; Novak et al., 2024), we
show that the original Haug (1995) alkenone SST record
at ODP Site 882 systematically reports an amplified range
of absolute SST values compared to the more recently gen-

erated data. This observation is consistent with the known
concentration-dependent biases of the gas chromatography
chemical ionization mass spectrometry (GC-CI-MS) analyt-
ical method used by the original ODP Site 882 study (Chaler
et al., 2000, 2003; Haug, 1995; Hefter, 2008; Rosell-Mele
et al.,, 1995). These concentration-dependent analytical bi-
ases complicate applying a uniform correction to the entire
Haug (1995) dataset. However, we are able to leverage the
published datasets to propose a correction and quantifica-
tion of uncertainty for a subset of the Haug (1995) dataset
measured at similar on-column analyte abundance. For these
samples, we find an average analytical uncertainty equivalent
to £2.05 °C, which is greater than and in addition to the typi-
cal £1.4 °C 1o prediction uncertainty of the U3K7/ sea surface
temperature proxy. We then discuss the implications of the
corrected dataset for our understanding of late Neogene and
Quaternary climate in the Kuroshio Extension region.

1 Introduction

Paleoclimate data are the only means of evaluating the abil-
ity of Earth System Models to simulate warm climates under
boundary conditions drastically different than those captured
by the recent historical record (Tierney et al., 2020). Typi-
cally, this evaluation comes in the form of direct comparisons
between model-simulated fields of sea surface temperature
(SST) and geological proxy observations of SST (Haywood
et al., 2016, 2020). These studies have identified shortcom-
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ings in climate model simulations, particularly the tendency
of climate models to emulate a steeper latitudinal tempera-
ture gradient than is indicated by the geological data across
several intervals of past warm climate (Burls et al., 2021;
Haywood et al., 2016; Huber and Caballero, 2011).

Fundamentally, these data-model comparison efforts rely
upon accurate geologic proxy SST estimates. One such
proxy is alkenones — algal biomarkers made by certain coc-
colithophore algae that are sensitive to seawater tempera-
ture (Brassell et al., 1986; Marlowe et al., 1984, 1990).
The alkenone paleothermometer is based upon the relative
abundance of tri-unsaturated 37-carbon methyl alkenones
(C37.3Me) and di-unsaturated 37-carbon methyl alkenones
(C37.,Me), which form the U3K7, ratio (Brassell et al., 1986;
Prahl and Wakeham, 1987).

K _ C37.0Me
377 C370Me + C373Me
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The relationship between the U_%%/ ratio and SST has been
calibrated by longstanding efforts to analyse alkenones in
marine surface sediments (Conte et al., 2006; Miiller et al.,
1998; Novak et al., 2022; Prahl et al., 2010; Rosell-Melé
et al., 1995; Sikes et al., 1991; Tierney and Tingley, 2018).
Alkenones are commonly measured by gas chromatograph
flame ionization detector (GC-FID) (Longo et al., 2013; Vil-
lanueva et al., 1997; Villanueva and Grimalt, 1997; Zheng
et al., 2017). A more sensitive gas chromatograph positive
chemical ionization mass spectrometry technique has been
used to determine the U3K7/ ratio in sediments with very
low alkenone concentrations (Bendle and Rosell-Melé, 2004;
Durham et al., 2001; Madureira et al., 1997; Martinez-Garcia
etal., 2010; McClymont et al., 2008; McClymont and Rosell-
Melé, 2005; Roberts et al., 2017; Rosell-Mele et al., 1995;
Sanchez-Montes et al., 2020; Weaver et al., 1999). How-
ever, subsequent studies showed that this method and others
based upon mass spectrometry can be hindered by complex
concentration-dependent nonlinear effects on the ionization
of alkenones that impact the C37.3Me and C3z7.,Me ketones
differently (Chaler et al., 2000, 2003; Hefter, 2008), lead-
ing to systematic offsets in U3K7,, and therefore reconstructed
SSTs, from the two techniques. Resolving these method-
dependent nonlinear differences between the GC-FID and
GC-CI-MS methods requires instrument-specific calibration
of GC-CI-MS U3K7/ values to those determined on GC-FID
(Chaler et al., 2000, 2003; Hefter, 2008).

Intercomparison of paleo SST reconstructions can be fur-
ther complicated by the history of the alkenone sea surface
temperature proxy’s development. While determinations of
the U3K7/ index by GC-FID have long been the predominant
method of alkenone-based SST reconstructions (van Dom-
melen et al., 2026; Harada et al., 2014; Herbert, 2003; Rostek
et al., 1993), some have argued that the U3K7 index, which in-
corporates the abundance of the tetra-unsaturated 37-carbon
methyl alkenone (C37.4Me; Brassell et al., 1986), is more ap-
propriate for estimating sea surface temperatures in high lat-
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itude regions (Ho et al., 2012; Rosell-Melé, 1998).
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More recently, it has been shown that the C37.4Me alkenone
can also be derived from haptophyte algae with a life
habit dependent upon the presence of sea ice (Liao and
Huang, 2022; Wang et al., 2021, 2024). These sea-ice-
dependent algae, called the Group 2i Isochrysidales, are part
of the sea-ice algal bloom that occurs during the cold sea-
son and have a markedly different and weaker relationship
between alkenone unsaturation and algal growth tempera-
ture than the other Isochrysidales that bloom in open wa-
ters during warm seasons (Liao and Huang, 2022; Wang
et al., 2021). The multiple potentiual sources of the C37.4Me
alkenone complicate its interpretation in sedimentary records
(Liao et al., 2023). Consequently, subsequent paleoclimate
syntheses have elected to exclude alkenone SST records
where the C37.4Me alkenone has been reported altogether
to mitigate biases in inferred regional SST patterns due to
the potential of multiple algal communities with different
U3K7/ —temperature relationships contributing to sedimentary
alkenone content (Judd et al., 2022; Osman et al., 2021).

Here, we revisit the 5.7-million-year (Ma) alkenone SST
record from the subpolar northwest Pacific Ocean Drilling
Program (ODP) Site 882 (Figs. 1 and 2), which was deter-
mined by the GC-CI-MS method (Haug, 1995). We demon-
strate two interlinked and previously unquantified sources of
error in the ODP Site 882 GC-CI-MS sea surface tempera-
ture record that have resulted in both inaccurate sea surface
temperature estimates and a systematic underrepresentation
of the uncertainties associated with the reported alkenone un-
saturation index values in this record.

First, we document that the underlying proxy val-
ues reported in the electronically archived ODP
Site 882 GC-CI-MS dataset were inaccurately re-
ported as U3K7/ values when they are instead U3K7
(https://doi.org/10.1594/PANGAEA.315092, Haug and
Sarnthein, 2005; Fig. 2). Here, we report the accurate
original dataset measured by Haug (1995) and published by
Haug et al. (2005) and Martinez-Garcia et al. (2010).

Second, we show that, as expected, the inferred ODP Site
882 U3K7/ GC-CI-MS record is systematically offset from U3K7/
values in samples of the same age from ODP Site 882 and
nearby ODP Site 883 determined by GC-FID (Herbert et al.,
2016; Novak et al., 2024; Studer et al., 2012; Yamamoto and
Kobayashi, 2016). This systematic offset is consistent with
the concentration-dependent effects on the chemical ioniza-
tion of alkenones for the range of trace alkenone concentra-
tions reported at ODP Site 882 (Chaler et al., 2000, 2003;
Haug et al., 2005; Hefter, 2008; Studer et al., 2012).

Finally, we propose a corrected version of the original
ODP Site 882 alkenone record that accounts for the addi-
tional uncertainties in reconstructed SSTs based on propa-
gating the errors in the relationship between the ODP Site
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Sea Surface Temperature (°C)

Figure 1. Locations of subpolar North Pacific drill sites. Contours show mean annual sea surface temperature from the National Oceanic
and Atmospheric Administration (NOAA) Optimum Interpolation Sea Surface Temperature (OISST) 0.25° gridded product (Banzon et al.,

2016).

882 GC-CI-MS and GC-FID alkenone data. The resulting
SST record has larger uncertainties than a typical alkenone
dataset within the range of U§<7/ values observed in ODP Site
882 sediments (2.5 vs. 1.4 °C, 10). We then discuss the
implications of the corrected ODP Site 882 alkenone record
for our understanding of late Neogene cooling and zonal pat-
terns of warmth in the mid-Piacenzian warm period.

2 Methods

2.1 Study Sites and Published Alkenone SSTs

Here we analyzed published alkenone SST datasets from
ODP Site 882 and ODP Site 883, located 49 nautical miles
to the north of Site 882 (Rea et al., 1993a, b; Fig. 1). Mod-
ern sea surface temperatures at the two sites are essen-
tially identical (5.82°C at ODP Site 882, 5.75°C at ODP
Site 883, Fig. 1).The original ODP Site 882 alkenone SST
record was determined by GC-CI-MS (Haug, 1995; Rosell-
Mele et al., 1995), and was subsequently published by Haug
et al. (2005) and Martinez-Garcia et al. (2010). The poten-
tial concentration-dependent nonlinear differences between
GC-FID and GC-CI-MS U3K7, determinations identified by
Chaler et al. (2000, 2003) and their impacts on absolute SST
values were not discussed in these publications, which fo-
cused mainly on the analysis of reconstructed SST trends.
More recently, alkenone records from Site 882 itself and the
nearby Site 883 were determined by GC-FID (Herbert et al.,
2016; Novak et al., 2024; Studer et al., 2012; Yamamoto and
Kobayashi, 2016), allowing the assessment of potential bi-
ases in the original dataset from ODP Site 882 (Haug, 1995).
From here on, we base all of our calculations on U3K7 and
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U3K7/ values calculated from the original dataset measured by
Haug (1995).

2.2 Concentration—d/ependent differences in GC-CI-MS
and GC-FID U§7 Determinations

Chaler et al. (2003) derived a mathematical expression of
U3K7 as measured on GC-FID as a function of GC-CI-MS
measurements of alkenone concentration:

K _
Uy =

(camC372% +ban C37:2 + aam) 3)
(camC37:20% +banr C37:0 + @z + 31 C37:3 + b3 Caz:3 + asp)

here, axpy, asy, baym, bay, com, and c3p are curve fitted
constants reported by Chaler et al. (2003). These constants
are instrument-specific (Chaler et al., 2003). We utilized the
constanst from GC-CI-MS “Instrument A” of Chaler et al.
(2003) to calculate theoretical GC-FID-equivalent U3K7/ val-
ues to facilitate comparison between the GC-FID and GC-
CI-MS alkenone SST datasets from ODP Sites 882 and 883
(Table 1). These theoretical GC-FID-equivalent U3K7, values
were calculated over the range of U3K7/ values in the alkenone
SST records from ODP Sites 882 and 883 to understand the
expected sign and magnitude of any potential analytical bias
in the GC-CI-MS method (Novak et al., 2024; Studer et al.,
2012; Yamamoto and Kobayashi, 2016). We varied the mass
of each theoretical alkenone analyte between 5 and 30 ng on
column to mimic the “trace” quantities of alkenones reported
by Haug et al. (2005) because no specific alkenone concen-
trations were reported alongside their SST determinations;
the raw data files generously shared with us from their work
report molecule abundances as peak areas rather than con-
centration. For example, a low U3K7/ value was represented
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Figure 2. Differences in alkenone indices at ODP Site 882 due to
the misreporting of the original data. (a) Timeseries of U §<7 and U §<7/
values. (b) %C37.4 alkenone abundances. (¢) Sum of the C37.0Me,
C37.3Me, and C37.4Me peak areas measured for each sample by
GC-CI-MS by Haug (1995). These values are the output from each
measurement; note that the dataset lacks information necessary to
quantitfy alkenone concentration from these values.

as 5ng of the C37..Me alkenone and 30ng of the C37.3Me
alkenone. These analyte masses are slightly below to slightly
above the lower bound of the range of acceptable analyte
mass for U3K7/ determinations by GC-FID as documented by
Villanueva and Grimalt (1996).

2.3 Reassessing uncertainties in the GC-CI-MS ODP
Site 882 Alkenone Record

Because we lack instrument-specific information about the
mass-dependent ionization efficiency of the C37.3Me and
C37.2Me alkenones on the GC-CI-MS used by Haug (1995)
to generate their U§<7/ data from ODP Site 882, we cannot
use the equations of Chaler et al. (2003) or Hefter (2008) to
correct their record. Instead, we propose to quantify the un-
certainties in the Site 882 alkenone SST record introduced
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Table 1. Constants used to calculate GC-FID-equivalent U§(7/ values
from theoretical GC-CI-MS alkenone measurements (Chaler et al.,
2003).

Constant Value
arym 1.9468
azy 1.0065
by 1.2836
biy 7.388
oM 0.0165
c3M 0.0236

by the GC-CI-MS method based on the correlation between
U3K7/ values of adjacent samples at ODP Site 882 generated
by GC-CI-MS and GC-FID (Haug, 1995; Studer et al., 2012;
Yamamoto and Kobayashi, 2016). GC-FID and inferred GC-
CI-MS U3K7/ values were paired by interpolating the more
densely sampled GC-CI-MS record onto the more sparesly
sampled GC-FID records.

We explored both linear and quadratic fits of the ODP 882
GC-CI-MS and GC-FID values in addition to multiple linear
regression models that incorporated the absolute peak areas
measured by Haug (1995) with GC-CI-MS (Figs. S1 and S2
in the Supplement). Ultimately, a linear model was selected
to transform the inferred GC-CI-MS U3K7/ values to GC-FID
equivalents as it provided the optimal fit while ensuring the
model terms remained statistically significant (p < 0.001,
adj. r> = 0.56, df = 68, Eq. 4). This equation was derived
after screening samples based on the absolute peak areas
measured by GC-CI-MS (see Sect. 3.2; note that we lack the
necessary information about the laboratory standards used by
Haug (1995) to calculate concentrations from peak area).

GC-FID U = GC-CI-MS U, - 061(£0.07)
+0.07(£0.03) )

The substantial standard error of this relationship, +0.07
U37 units, is equivalent to an analytical uncertainty of
2.05°C SST in addition to the calibration uncertainties
inherent to estimating SSTs from U3K7/ values. We note
that this estimate of the analytical uncertainty of the
ODP Site 882 GC-CI-MS dataset is inherently imper-
fect because we lack the instrument-and-analysis-specific
information required to more precisely quantify drift in
the concentration-dependent ionization efficiencies of the
C37.,Me and C37.3Me alkenones. Therefore, our quantifica-
tion of the analytical uncertainty serves as an estimate of the
mean analytical uncertainty for the portion of the ODP Site
882 GC-CI-MS alkenone dataset with measured peak areas
< 2 x 107 and may underestimate or overestimate the uncer-
tainties associated with specific samples (see Sect. 3.1).

The SST equivalent of the analytical uncertainty of the Site
882 inferred GC-CI-MS U 37 values was calculated from the

slope of the widely-applied BAYSPLINE U3K7 SST core top
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calibration (Tierney and Tingley, 2018).

. . . +0.07
Analytical uncertainty SST equivalent = ——
0.034

= +2.05°C 5)

This additional analytical uncertainty is greater than the pre-
diction uncertainty of the U3K7/ proxy when estimating SST
(Conte et al., 2006; Miiller et al., 1998; Prahl and Wake-
ham, 1987; Tierney and Tingley, 2018). We applied Eq. (7) to
generate GC-FID equivalent U3K7, values from the U3K7/ values
measured by GC-CI-MS (Haug, 1995). We then propagated
the additional uncertainty to calculate a 95 % confidence in-
terval for the resulting median SST estimates by adding in
quadrature the analytical uncertainty sea surface tempera-
ture equivalent (2.05 °C) multiplied by 1.96 to the upper and
lower range of the 95 % SST confidence interval returned by
BAYSPLINE.

95 % CI lower bound = BAYSPLINE median SST

(BAYSPLINE median SST
— BAYSPLINE SST 95 % CI lower bound)2

- +(1.96 - 2.05)* (6)
95 % CI upper bound = BAYSPLINE median SST

(BAYSPLINE SST 95 % CI upper bound
— BAYSPLINE median SST)?
+y +(1.96- 2.05) ™)

Because BAYSPLINE generates a unique 95 % confidence
interval for each sample, this calculation was applied to the
BAYSPLINE output for each sample individually.

We compared the various alkenone datasets from ODP
Sites 882 and 883 with two-sided #-tests to assess the differ-
ences in mean values between the records. Because there are
substantial differences in the timescale and sampling resolu-
tion, the datasets were first resampled to avoid the consider-
ation of data from intervals where one record may have data
while another does not. In all cases, the more highly resolved
record was resampled onto the less resolved record.

2.4 Calculations of seawater density and salinity

We examined the implications of the corrected ODP Site 882
temperature in part by calculating the implied changes in the
density of surface water from the thermodynamical equation
of seawater (TEOS-10) as implemented in the Givvs SeaWa-
ter Oceanographic Toolbox (Feistel, 2018; McDougall and
Barker, 2011).

https://doi.org/10.5194/cp-22-1277-2026

3 Results and Discussion

3.1 Analytical Uncertainties in the GC-CI-MS ODP Site
882 Alkenone Record

The differences between U3K7/ values measured by GC-CI-MS
and GC-FID are both nonlinear and concentration dependent
(Chaler et al., 2000, 2003; Hefter, 2008). While we do not
have the necessary information to calculate alkenone concen-
trations from the Haug (1995) alkenone measurements, the
relative intensity of the instrument response (i.e., the peak ar-
eas of the molecular ion ammonium adducts) provides qual-
itative information about the amount of analyte introduced
into the detector (Fig. 2c). Peak areas of the alkenones quan-
tifed in ODP Site 882 sediments by Haug (1995) varied by
several orders of magnitude (10° — 10%; Fig. 2c), implying
substantial sample-to-sample differences in the concentra-
tion of analyte measured, which is consistent with absolute
alkenone concentrations reported by others (Novak et al.,
2024; Studer et al., 2012; Yamamoto and Kobayashi, 2016)
and the differences we observe between the GC-CI-MS and
GC-FID U3K7/ values at ODP Site 882 (Fig. 3a).

The GC-CI-MS U3K7/ values from ODP Site 882 are sys-
tematically larger (warmer) than the U3K7/ values determined
by GC-FID (Fig. 3a). The mean difference between the in-
ferred GC-CI-MS and GC-FID U values is 0.113 UX units
(p <0.001, two-sided ¢-test, GC-CI-MS values are larger),
which is equivalent to 3.32°C SST (Eq. 5). This finding is
consistent when comparing the inferred GC-CI-MS U3K7/ val-

ues with U3K7/ measurements from the nearby ODP Site 883

(Fig. 3b), which have a mean difference of 0.09 U3K7/ units
equivalent to 2.65 °C from the ODP Site 882 inferred GC-
CI-MS U3K7/ values (p < 0.001, two-sided ¢-test, GC-CI-MS
values are larger). This is greater than the typical interlab-
oratory differences in alkenone measurements (+1.3-2.6 °C;
Rosell-Melé et al., 2001). By comparison, the U3K7, values de-
termined by GC-FID at ODP Sites 882 and 883 are not sys-
tematically offset as a function of increasing U3K7/ (Fig. 3c);
the mean difference in ODP Site 882 and ODP Site 883 U3K7/
is 0.023 U3K7, units or 0.68 °C SST (p = 0.06, two-sided 2-
test, ODP 882 values are larger).

The systematically larger (warmer) inferred GC-CI-MS
U3K7/ values compared to those determined by GC-FID at
ODP Site 882 are consistent with the known concentration-
dependent nonlinear differences in the chemical ionization
of C37,Me and Ciz7.3Me alkenones (Chaler et al., 2000,
2003). We explored whether the GC-CI-MS peak area data
might improve predictions of GC-FID equivalent U3K7/ val-
ues from the GC-CI-MS U3K7/ values (Fig. S2). We found
that 80.6 % of the variance in the ODP Site 882 GC-CI-MS
alkenone dataset can be described by two principal compo-
nents (Fig. S2a). The GC-FID U3K7/ values are more strongly
correlated with PC1 (Fig. S2b), while the GC-CI-MS U3K7/
values are more strongly correlated with PC2 (Fig. S2b). The

Clim. Past, 22, 1277-1290, 2026
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Figure 3. U§(7/ values from ODP Sites 882 and 883 interpolated to show differences in samples of similar age (Haug et al., 2005; Novak et
al., 2024; Studer et al., 2012; Yamamoto and Kobayashi, 2016). (a) ODP Site 882 inferred GC-CI-MS U§<7/ vs. GC-FID U3K7,. (b) ODP Site
882 inferred GC-CI-MS UL, vs. ODP Site 883 GC-FID UK. (¢) ODP Site 882 GC-FID UL, vs. ODP Site 883 GC-FID UK. The black lines

were calculated from U§<7/ values derived from the equations reported for GC-CI-MS “instrument A” in Chaler et al. (2003; see Sect. 2.2). In
all cases, the more highly time resolved record was interpolated onto the lower resolution record to facilitate intercomparison of the datasets.

GC-CI-MS peak areas, whether the sum of peak areas for
all molecules or the peak areas of individual molecules, are
negatively correlated with PC1 and the GC-FID U3K7/ values
but positively correlated with PC2 and the GC-CI-MS U3K7/
values (Fig. S2b). These statistical relationships lead us to
experiment with multiple linear regression models, one of
which moderately improved the accuracy of GC-FID equiva-
lent U3K7/ values predicted from the GC-CI-MS data (Fig. S2c
vs. d). However, application of this model to the GC-CI-MS
U3K7, dataset in an effort to produce GC-FID equivalent U3K7/
values resulted in nonsensical (negative) estimates. There-
fore, we do not think it is possible to use a single model to
correct for the complex offsets between the GC-CI-MS and
GC-FID alkenone datasets at ODP Site 882, at least with the
information available to us.

We then experimented with cutoffs based on the GC-CI-
MS instrument response (peak area) in an effort to distin-
guish between different populations of samples that might
have different relationships between GC-CI-MS and GC-FID
U3K7/ values (Fig. 4). We found that the strength of the re-

gression between GC-CI-MS and GC-FID U3K7/ values is re-
lated to the magnitude of the GC-CI-MS instrument response
(peak area) for a given sample (Fig. 4b). The differences be-
tween the ODP Site 882 GC-CI-MS and GC-FID U3K7/ values
become larger in samples with larger GC-CI-MS peak areas
versus those with smaller peak areas (Fig. 4a). While these
differences should be systematic (Chaler et al., 2000, 2003),
the lack of GC-FID data from intervals with higher alke-
neone abundances does not permit us to robustly characterize
the correlation between GC-CI-MS and GC-FID U3K7/ values
in samples with GC-CI-MS-measured peak areas > 2 x 10’
(Fig. 4a). These observations lead us to propose a correction
to the ODP Site 882 alkenone dataset based upon a linear re-
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Figure 4. Change in relationship between GC-CI-MS and GC-FID
Uzlg values at ODP Site 882 with peak area. (a) Change in regres-
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lationship between GC-CI-MS and GC-FID U3K7/ values in
samples with measured peak aras <2 x 107 (Fig. 4a blue
line, Eq. (7), p < 0.001, adj. r2=0.56, df = 68). All sam-
ples with measured peak area > 2 x 107 were excluded from
further consideration since we lack the necessary information
to propose a correction to those data.

3.2 A Corrected ODP Site 882 Alkenone SST Record

The proposed corrections to the ODP Site 882 GC-CI-MS
alkenone record result in sea surface temperature estimates
that are consistent with the nearby alkenone SST record from
ODP Site 883 (Fig. 5). The mean of the SST calculated from
the corrected GC-CI-MS dataset is significantly smaller than
the original GC-CI-MS ODP Site 882 record (p < 0.001,
df = 806.5, two-sided z-test). The magnitude of the cor-
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Figure 5. Comparison of the proposed correction to the GC-CI-
MS ODP Site 882 alkenone SST record to the GC-FID alkenone
record from ODP Site 883. (a) Corrected sea surface temperatures
from the GC-CI-MS ODP Site 882 alkenone record vs. the original
record. Both are SSTs generated by BAYSPLINE (Tierney and Tin-
gley, 2018). (b) ODP Site 883 alkenone SST record (Herbert et al.,
2016; Novak et al., 2024). Shading in (a) and (b) signfy the 95 %
confidence interval of the SST estimates. (¢) corrected vs. original
GC-CI-MS SSTs at ODP Site 882. (d) ODP Site 883 vs. corrected
ODP Site 882 alkenone SSTs. Both (¢) and (d) show the median of
the SST estimates.

rection is larger at higher U3K7/ values (i.e., warmer SSTs;
Fig. 5¢). The mean difference between the corrected ODP
Site 882 GC-CI-MS dataset and the GC-FID record from
ODP Site 88315 0.59 °C (p < 0.001, df = 903.5, two-sided z-
test), which is consistent with the difference between the GC-
FID records from Sites 882 and 883 (0.68 °C, Fig. 5d, see
also Sect. 3.1). These observations suggest that our proposed
correction successfully removes the systematic “warm” ana-
lytical bias in the original ODP 882 GC-CI-MS dataset while
maintaining the potentially real differences in SST indicated
by the GC-FID data (i.e., the slightly more northward Site
883 is somewhat cooler; Fig. 1).

3.3 GC-CI-MS vs. GC-FID alkenone data from the
subpolar northeast Pacific

The same methodological differences (GC-FID vs. GC-
CI-MS) exist between the late Neogene and Quaternary
alkenone SST datasets from ODP Site 887 and IODP Site
U1417 in the subpolar northeast Pacific, but we are unable
to determine whether these methodological differences lead
to the same systematic biases between the datasets because
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Figure 6. GC-CI-MS vs. GC-FID alkenone unsaturation rations
from the subpolar northeast Pacific (Dowsett et al., 2017; Herbert
et al., 2016; Sanchez-Montes et al., 2020).

there are very few proximal samples measured by both meth-
ods. The alkenone record from IODP Site U1417 was an-
alyzed by GC-CI-MS (Sanchez-Montes et al., 2020), while
the record from the nearby ODP Site 887 was analyzed by
GC-FID (Dowsett et al., 2017; Herbert et al., 2016). The
selectivity of the GC-CI-MS method permits quantification
of alkenones in complex mixtures that cannot be resolved
by sample preparation (Rosell-Mele et al., 1995). At IODP
Site U1417, the GC-CI-MS method enabled the isolation of
alkenones from a complex mixture that resulted from the in-
troduction of petrogenic carbon from the nearby St. Elias
mountains (Sanchez-Montes et al., 2020), which was not an
issue at the more pelagic ODP Site 887 (Dowsett et al., 2017;
Herbert et al., 2016). There are only 11 samples from these
two records that overlap in time (Fig. 6a). Although the mean
U 3K7/ values from mid-Piacenzian subsets of these data are sta-
tistically indistinguishable (Fig. 6b, 0.008 U3K7/ or 0.24 °C,
p = 0.66), the systematic differences between the GC-CI-
MS and GC-FID U3K7/ values from ODP Site 882 and the
well-documented systematic offset between the GC-CI-MS
and GC-FID methods give us reason to suspect that the [ODP
Site U1417 and ODP Site 887 alkenone datasets may not
be strictly intercomparable. For this reason, we exclude the
IODP Site U1417 alkenone dataset from our discussion of
the implications of the proposed correction to the ODP Site
882 GC-CI-MS alkenone record for the paleoceanographic
history and paleoclimate data-model evaluation in the sub-
arctic North Pacific.

3.4 Implications for reconstructing regional
paleoceanographic history

Correction of the ODP Site 882 alkenone SST record has
notable implications for our understanding of long-term pat-
terns of climate change in the subarctic North Pacific and
for inferences of regional patterns of warming in the late
Pliocene. To date, the GC-CI-MS alkenone dataset from
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Figure 8. Alkenone-derived SSTs around the 2.7 Ma interval at
ODP Sites 882 and 883. (a) SSTs at ODP Site 882. (b) SSTs at
ODP Site 883.
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ODP Site 882 is the only continuous subarctic North Pacific
SST record that spans the entirety of the Quaternary. Con-
sequently, this dataset is crucial for calculating SST anoma-
lies — that is, the difference between ancient SST estimates
and the SST estimate of the core top sample, which is as-
sumed to represent the preindustrial SST — that are often used
for testing the ability of Earth System Models to simulate
warmth in this oceanographic region (see Sect. 3.5).

The reporting error in the Pangaea data table and the an-
alytical artifacts we address with our proposed correction
are of the opposite sign: (1) U3]'<7 values are systematically
lower than U3K7/ and (2) GC-CI-MS U3K7/ values are larger
than GC-FID U3K7/ values (Figs. 2a and 3). Here, we discuss
the implications of these corrections for reconstructing re-
gional SST patterns in the subarctic North Pacific during the
mid-Piacenzian Warm Period since several studies have un-
knowingly used mislabelled U3K7 values to characterise re-

gional SSTs with a U§<7/ SST calibration (e.g., Brennan et al.,
2022; Tierney et al., 2019, 2025b).

The proposed correction results in a median alkenone
core top SST value of 6.44+2.5°C (£10) from ODP Site
882. This is cooler than both the core top SST estimate
when BAYSPLINE is applied to the mislabelled U3K7 values

(7.24£1.4°C) or to the original U3K7/ dataset (8.1 4+1.4°C).
The mid-Piacenzian Warm Period SST anomaly of the cor-
rected dataset is 2.5+ 3.5 °C compared to 1.8 2.0 °C when
BAYSPLINE is applied to the mislabelled U3K7 values or
2.842.0 °C in the case of the original U 3K7/ dataset. The differ-
ences in median SST values are small, but the uncertainties
associated with the corrected dataset are substantially larger

than previously recognized and are important for the rela-
tive weighting of the ODP Site 882 GC-CI-MS dataset in
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Figure 9. Comparison between mid-Piacenzian subpolar North Pacific alkenone SST anomalies and mean annual SST anomalies from
the PlioMIP2 multi-model ensemble (Haywood et al., 2020). (a) Data-model comparison (cf., Brennan et al., 2022; Tierney et al., 2019).
(b) Data-model comparison with the corrected record. (¢) Mean and uncertainty of the SST anomalies along 160°E in the North Pacific.
(d) Mean and uncertainty of the SST anomalies along 160° E in the North Pacific, accounting for the additional analytical uncertainties in
the ODP Site 882 record. Note the increase in ODP Site 883 uncertainty also due to using the Site 882 core top in the anomaly calculation.
In both (c) and (d), the black line is the multi-model ensemble mean along the transect line in (a) and (b).

paleoclimate data-model comparisons and data assimilation
exercises (Haywood et al., 2016; Tierney et al., 2025a). It
should be noted that the mid-Piacenzian Warm Period SST
estimates in the corrected dataset are sparse (n = 2), so these
mean temperature values will likely change as new data are
generated.

The proposed correction also impacts calculated SST
anomalies from the nearby ODP Site 883 since the core top
value from ODP Site 882 can reasonably be used for this
calculation. The ODP Site 883 mid-Piacenzian Warm Pe-
riod SST anomaly shifts to 1.4 +2.7°C from 0.6 £2.0°C
(BAYSPLINE to ODP 882 U3K7 core top value) or —0.3

2.0°C (BAYSPLINE to original ODP 882 U3K7/ core top
value). The proposed correction to the ODP Site 882 dataset
therefore contributes towards resolving uncertainties regard-
ing the zonal pattern of SST change in the subarctic North
Pacific during the mid-Piacenzian Warm Period (Fig. 7a).
The mean SST anomalies at ODP Sites 883 and 887 were
not significantly different prior to the correction (0.6 or —0.3
vs. 0.05°C, p =0.08 or p =0.3, two-sided ¢-test), but are
significantly different after the correction (1.4 vs. 0.05 °C,
p =0.0014, Fig. 7a). The temperature difference between
the east and west subarctic North Pacific is tightly linked to

https://doi.org/10.5194/cp-22-1277-2026

the strength and position of the Aleutian Low and its inter-
action with regional ocean currents (Zhou, 2019), a pattern
which is reflected by the distribution of core top U3K7/ val-
ues in the subarctic North Pacific (Max et al., 2020). The
reduced mid-Piacenzian zonal subarctic North Pacific SST
gradient suggests a northwards shift of the Aleutian Low and
a concomitant northwards shift of the Kuroshio Extension
(Sugimoto and Hanawa, 2010; Wang and Wu, 2019). Con-
sequently, the subpolar gyre was possibly contracted during
the mid-Piacenzian relative to the preindustrial period (Park
et al., 2012). These inferences are consistent with a grow-
ing body of marine and terrestrial paleoclimate data sugges-
tive of a northwards-shifted midlatitude westerly jet during
the mid-Piacenzian warm period relative to the preindustrial
(Abell et al., 2021; Li et al., 2015; Novak et al., 2026).

The pattern of deep ocean circulation in the mid-
Piacenzian warm period is disputed, with controversy sur-
rounding the existence, or lack thereof, of deep water for-
mation in the subarctic northwest Pacific (Burls et al., 2017;
Ford et al., 2022; Novak et al., 2024; Tierney et al., 2025b).
The corrected ODP Site 882 alkenone SST record clarifies
that the source waters of North Pacific Intermediate Wa-
ter and any potential North Pacific Deep Water were likely

Clim. Past, 22, 1277-1290, 2026
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warmer in the mid-Piacenzian than during the preindustrial
era (cf., Talley, 1993), which informs the sea surface salinity
dynamics required for any intermediate, or potentially deep,
waters to form in this region (Burls et al., 2017). Warmer
SSTs on the order of ~ 1.4 °C correspond to a decerase in
the density of surface waters by 0.31 kgm™3 (see Sect. 2.5).
An increase in sea surface salinity of 0.24 gkg™! would be
required to compensate for the temperature-driven decrease
in surface water density (Fig. 7b), which exceeds the current
seasonal variability of sea surface salinity in the Kuroshio
Extension region (Wakita et al., 2010). The warmth recon-
structed in the subarctic northwest Pacific by the corrected
ODP Site 882 alkenone record therefore indicates that any
density-driven overturning in this region, either intermedi-
ate or deep, would have required even greater changes to
regional patterns of sea surface salinity to counterbalance
weakened temperature-driven buoyancy forcing than previ-
ously recognized (cf., Burls et al., 2017).

A major feature of the ODP Site 882 GC-CI-MS alkenone
SST record is the warming signal across the 2.7 Ma interval
(Fig. 8), which has been interpreted as a signal of the onset of
regional surface ocean stratification and enhanced seasonal
SST contrast (Haug et al., 2005). This signal persists in the
corrected ODP Site 882 GC-CI-MS dataset and is further cor-
roborated by the GC-FID datasets (Fig. 8). While the differ-
ent datasets disagree on the amplitude of SST change across
this interval (Fig. 8), all three alkenone records indicate sta-
tistically significant warming of SSTs across the 2.7 Ma in-
terval (ODP Site 883 GC-FID: 1.9+ 1.4°C, p =0.01; ODP
Site 882 GC-FID: 3.0+ 1.4°C, p < 0.001; corrected ODP
Site 882 GC-CI-MS: 2.7 £2.3°C, p < 0.001). This unusual
alkenone-based SST observation has also been corroborated
by TEXge measurements (Studer et al., 2012). The agree-
ment on the sign of SST change and the overlapping 95 %
confidence intervals of these four independent estimates con-
firms that the SSTs recorded by alkenones warmed across the
2.7 Ma interval.

3.5 Implications for regional paleoclimate data-model
comparisons

The zonally asymmetric warming that we observe in subarc-
tic North Pacific alkenone SST records is reproduced by the
PlioMIP2 mutli-model mean (Haywood et al., 2020; Fig. 9).
Notably, the warming pattern observed in the PlioMIP2
multi-model mean is consistent with a northwards expansion
of the Kurishiro Extension (Sugimoto and Hanawa, 2010;
Wang and Wu, 2019). This contrasts with the removal of this
zonally asymmetric warming feature from some, but not all,
data assimilation and reduced space reconstructions of late
Pliocene SST patterns (cf., Annan et al., 2024; Tierney et al.,
2019, 2025b). We suspect that this difference is due to the
previously unrecognized reporting errors and uncertainties
in the ODP Site 882 GC-CI-MS alkenone dataset and hy-
pothesize that zonally asymmetric warming in the subarctic
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North Pacific will be a feature of future mid-Piacenzian data
assimilation products that incorporate the corrected dataset
proposed here (uncertainties shown in Fig. 9c vs. d).

4 Conclusion

Here, we identified two previously unrecognized sources
of uncertainty in the alkenone SST record measured by
GC-CI-MS from ODP Site 882 (Haug, 1995): (1) the mis-
reporting of U3K7 values in the electronic data archive as

U3K7/ (https://doi.org/10.1594/PANGAEA.315092, Haug and
Sarnthein, 2005) and (2) analytical uncertainties inherent
to the different relationships between analyte concentration
and instrument response on GC-CI-MS vs. GC-FID (Chaler
et al., 2000, 2003; Hefter, 2008). As an alternative to the
original data, we offer a corrected dataset that accounts for
the additional uncertainties in the GC-CI-MS ODP Site 882
SST estimates. The corrected ODP Site 882 alkenone SST
record has qualitatively similar trends to the data reported in
the original studies (Haug, 1995; Haug et al., 2005; Martinez-
Garcia et al., 2010). Therefore, the correction does not affect
the main conclusions of those studies. However, the absolute
SSTs and their uncertainties show a substantial offset. The
corrected record clarifies both the magnitude and, particu-
larly for the mid-Piacenzian Warm Period, the zonal pattern
of warming in the subarctic North Pacific in the late Neogene.
The data suggest greater warming in the western subarctic
North Pacific compared to the east, which is consistent with
a northwards shifted Aleutian Low and Kuroshio Extension.
Importantly, these geologic observations are consistent with
SSTs simulated by PlioMIP2, which underscores the need
for the careful evaluation of paleo SST estimates when as-
sessing climate model simulations with geologic data. We
recommend that future studies aiming to assess the accuracy
of Earth System Model simulations of Pliocene climate be
cognizant of the complex offset and uncertainties in the ab-
solute SST estimates and magnitude of SST change reported
at ODP Site 882.

Our findings underscore the need for careful evaluation of
the datasets incorporated into paleoclimate data-model com-
parison exercises (Fig. 9). The advantages of the GC-CI-MS
technique in both sensitivity and selectivity can be particu-
larly useful in samples with trace alkenone abundances or
complex chromatographic backgrounds. In these cases, we
emphasize the need for instrument-specific calibrations to
calculate GC-FID-equivalent U3K7/ values from GC-CI-MS
measurements so that the data produced in these instances
can be used in future paleoclimate data-model comparisons.
Limiting data-model comparisons to alkenone datasets pro-
duced by GC-FID, or with GC-FID-equivalent U3K7/ values,
will ensure that the proxy data under consideration are inter-
comparable.
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