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Abstract. The Miocene epoch (~23 to 5.3 million years ago) was a period when global mean temperatures were warmer than
today, with estimated atmospheric COz levels similar to those expected in coming centuries. Climate models generally
underestimate reconstructed Miocene global mean and high-latitude ocean temperatures, a persistent discrepancy that raises
questions about both the reliability of proxy reconstructions and the ability of climate models to represent warm climate states.
Resolving this discrepancy requires a critical, unified reevaluation of the existing proxy record. Here we compile and reevaluate
existing ocean temperature records reconstructed using the TEXse paleothermometer. The TEXs¢ paleothermometer, which
derives upper ocean temperatures from the distribution of the membrane lipids of marine archaea, has been widely used to
reconstruct past sea surface and shallow subsurface (0-200m) temperatures. Here, we introduce MioTEX, a global compilation
of Miocene ocean temperature records based on the TEXss proxy. This effort, developed within the MioOcean initiative,
applies uniform screening criteria and calibration methods to published records from 46 sites spanning multiple ocean basins.
We find distinct temperature variations among different latitudinal bands and ocean basins, as well as absolute temperature
differences arising from the choice of calibration. Compared with previous SST reconstructions suggesting an Early to Middle
Miocene collapse and Late Miocene establishment of the modern meridional SST gradient, our standardised, multi-site

synthesis quantifies when and where such gradient changes occurred across ocean basins, with the strongest cooling recorded
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at high-latitude sites in the South Atlantic and Southwest Pacific. The MioTEX dataset is publicly available at Zenodo
(https://doi.org/10.5281/zenodo0.22258386, Sosdian et al., 2026) and presented on an interactive Streamlit-based web platform,

allowing users to explore data, apply different calibrations, and test screening criteria.

Short summary. Climate models struggle to reproduce Miocene (23—5.3 million years ago) ocean temperatures, a period when
COz levels overlapped near-future projections. Understanding this model-data mismatch requires evaluating available
temperature records and uncertainties. We compiled MioTEX, a standardized global dataset of Miocene ocean temperatures
from 46 sites using the TEXs¢ proxy. Calibration choices influence absolute temperatures. MioTEX is freely accessible via an

interactive web platform.

1 Introduction

The Miocene epoch (23.03—5.33 million years ago, Ma) is a time interval of generally warm climates, with a global mean
surface temperature estimated to be 5-11°C warmer than the preindustrial era (Flower and Kennett, 1994; Cramer et al., 2011;
Burls et al., 2021) and with continental positions similar to the present except for a few key differences (Lagabrielle et al.,
2009; O’dea et al., 2016; Steinthorsdottir et al., 2021). Miocene climate evolution is of interest both for understanding past
and future climate evolution. In the Early to Middle Miocene (~23.0-13.8 Ma), the Antarctic ice sheet experienced large-scale
advances and retreats (Flower and Kennett, 1994; Shevenell et al., 2008; Gasson et al., 2016; Liebrand et al., 2017) but the
Northern Hemisphere lacked major ice sheets. In the late Early to Middle Miocene, the Earth went through a ~2.5 million-year
period of warmth known as the Miocene Climate Optimum (MCO; ~16.9 to 14.7 Ma), where average surface temperatures
were 7-8°C higher than modern, with pronounced polar amplification (Steinthorsdottir et al., 2021). Significant Antarctic ice
sheet expansion and global cooling occurred during the Middle Miocene Climatic Transition (MMCT; ~14 Ma) (Shevenell et
al., 2008; Miller et al., 2020). In the Late Miocene (~7-5.4 Ma), there was sustained global cooling and the establishment of
modern meridional thermal gradients (Herbert et al., 2016; Zhang et al., 2014), which was accompanied by global changes in
terrestrial vegetation (Pound et al., 2012). Sedimentary archives of a warmer-than-modern and dynamic climate of the Miocene
provide an opportunity to gain insight into processes influencing and influenced by climatic warming, thus helping us predict
the potential patterns and impacts of future warming (Steinthorsdottir et al., 2021).

Synthesizing existing data on Miocene climate, including temperatures, precipitation, atmospheric CO2 concentrations,
advances our understanding of climate feedbacks and interactions, with implications for ongoing climate change. The
MioOcean effort (Sosdian et al., this volume) compiles proxy records used to reconstruct sea surface temperatures (SST) from
marine sediment archives. These proxies/paleothermometers include Mg/Ca ratios of planktic foraminiferal tests, the alkenone
unsaturation index (U¥37), carbonate clumped isotopes (A47), and the TetraEther indeX of tetraethers consisting of 86 carbon
atoms (TEXss) based on the distribution of archaeal membrane lipids preserved in sediments. This proxy is based on the

relative abundance of cyclopentyl moieties among isoprenoid glycerol dibiphytanyl glycerol tetracthers (GDGT) lipids, which
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are produced by marine nitrifying archaea of the order Nitrososphaerales and preserved in marine sediments (Elling, Inglis et
al., 2026). In this study, we synthesize Miocene global surface and subsurface ocean temperature records derived exclusively
from TEXss. GDGTs are primarily produced in the water column near the nutricline, usually at depths between approximately
50 and 250 meters (e.g., Sinninghe Damsté et al. (2002)). The depth from which sedimentary GDGTs originate is debated
((Schouten et al., 2002; Taylor et al., 2013; Tierney and Tingley, 2014; Ho and Laepple, 2016; Hurley et al., 2018;
Rattanasriampaipong et al., 2022; Van Der Weijst et al., 2022; Zhang and Liu, 2018), leading to a range of GDGT-based
indices and calibrations for converting TEXse to temperature and different interpretations of the depth represented by the TEXs6
signal. Several studies calibrate TEXss to SST or temperatures within the mixed layer, as well as to integrated temperatures
from 0-200 meters depth (Kim et al., 2008; Kim et al., 2010; Tierney and Tingley, 2014). The global core-top TEXss tracks
the surface-shallow-subsurface (<200 m) latitudinal gradient (Zhang and Liu, 2018). However, the nutricline depth varies from
location to location and some studies suggest a deeper upper limit, proposing depths of 100-350 meters (Van Der Weijst et al.,
2022) or 100-250 meters (Fokkema et al., 2024) as potential endmember possibilities, depending on local ecological and
oceanographical evidence.

Here we compile Miocene TEXse data from multiple ocean basins using a consistent method that applies calibrations following
the most recent proxy insights and the same screening criteria to all records. We subsequently systematically investigate the
ocean temperature evolution across different regions during the Miocene. The compiled dataset will be valuable for the overall
MioOcean effort, allowing for an in-depth multi-proxy comparison and the Miocene Modelling Intercomparison Project
(MioMIP) to evaluate absolute temperatures and to evaluate models’ performance in simulating Miocene ocean temperature
patterns. We present the compiled data through a web application built with Streamlit, an open-source Python-based
framework. This application allows users to explore and visualize the data by switching among available TEXss-temperature

calibrations, selecting different latitudinal bands, and applying various screening criteria, among other features.

2 Data and methods
2.1 Data description and availability

The MioTEX compilation is released as part of the MioOcean database; a full description of the database structure, file formats,
column definitions, units, and quality flags is provided in the companion MioOcean database paper (Sosdian et al., this
volume). In brief, the TEXs6 records are distributed as a proxy-specific file (tex86 product.xlsx) containing the raw and
standardised GDGT/ TEXss measurements along with the full suite of calibration outputs and associated metadata. Each file is
organised into three worksheets: a Data sheet with all sample-level measurements and calculated temperatures; a Columns
sheet defining every column name, data type, and unit; and a Metadata sheet documenting provenance (compilation date,
input-file hash, and Git commit). Both the published and MioOcean-recommended ages are reported ("Published age (Ma)"
and "MioOcean recommended age (Ma)"). For the analyses and figures in this study, we chose the “MioOcean recommended

age (Ma)” (see Drury et al., this volume). The same records are also integrated into the reduced multi-proxy compilation

3
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(mio_ocean_product.xlsx), which retains a single recommended (or Monte Carlo—ensemble) calibration per proxy for cross-
proxy and model-data comparison. The dataset is version-controlled on GitHub

(https://github.com/audersea/mio_compilation), archived on Zenodo (https://doi.org/10.5281/zenodo.22258386, Sosdian et al.

2026) and on the MioOcean website (https://www.mioocean.com/download-data/), and can be explored interactively via the
MioTEX (https://www.mio-tex.streamlit.app/) and MioOcean (https://www.mio-ocean.streamlit.app/) Streamlit dashboards or

directly via the MioOcean website: https://www.mioocean.com/temperature-proxies/tex86/ or

https://www.mioocean.com/explore-data/.

2.2 Data collection

TEXss-based upper ocean temperature data were compiled from published papers and public data portals (e.g., Pangaea,
NOAA, or Zenodo). Our starting point for the data compilation was TEXss-based entries from the Bolin Centre Miocene

temperature portal (https:/bolin.su.se/data/miocene-temperature-portal). When publications included data extending beyond

the Miocene, we incorporated the full published dataset, although only the Miocene interval was used for interpretation. In
cases where raw data were unavailable online, they were requested from the corresponding authors. An overview of the

compiled 46 sites and other collected information can be found in Table Al and Supplementary Material.

2.3 Paleo-coordinates reconstructions

Following the MioMIP2 Phase 2 experimental design (Burls et al., 2026), paleo-coordinates for the sites included in this
compilation were calculated by rotating modern site locations to their positions at the age recommended by MioOcean
synthesis using the GPlately Python library (Mather et al., 2023) and the plate tectonic reconstruction of (Zahirovic et al.,
2022), employing the paleomagnetic reference frame of (Merdith et al., 2021) and using the African plate (plate ID 701701)

as the anchor plate.

2.4 (Re)calculated indices

All compiled TEXs¢ data were screened for non-thermal effects before being consistently converted to temperature to minimize
the effect of confounding factors on GDGT distributions, including the influence of methanotrophic and methanogenic archaea,
deep-water produced GDGTs (Taylor et al., 2013), and soil-derived GDGTs (Weijers et al., 2006). The criteria used to screen
TEXGs6 data and their associated cutoff ranges, based on the original publications, are listed in Table A2. These criteria include
the Branched versus Isoprenoid Tetraether (BIT) index (Hopmans et al., 2004), methane index (MI) (Zhang et al., 2011),
GDGT-2/crenarchaeol ratios (Weijers et al., 2011), GDGT-0/crenarchaeol ratios (Blaga et al., 2009), %GDGT-0 (Sinninghe
Damsté et al., 2012), GDGT-2/GDGT-3 ratios (Taylor et al., 2013), and ARing Index (Zhang et al., 2016). As these
confounding factors may influence the validity of TEXs¢-derived paleotemperatures, reevaluating previously published TEXs6-
derived temperature data using these criteria is appropriate. Unfortunately, some earlier publications did not report fractional

abundances for all GDGTs, which prevents assessment of potential non-thermal factors.

4
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2.5 Temperature calibrations and uncertainties

Over the years, several sea surface, as well as subsurface, temperature calibrations were proposed (Table A3) for the GDGT-
derived TEXse temperature reconstructions. There is no single calibration that is suitable for all geographic settings and all
geological time intervals, as noted in the review and synthesis by Bijl, Sliwinska et al. (2025). Therefore, we do not recommend
applying a single TEXs¢-calibration across globally distributed sites. This includes not favoring either the SST or SubT
calibration, because the dominant export depth remains difficult to constrain (Bijl, Sliwinska et al., 2025, Elling, Inglis et al.,
2026), despite the evidence that GDGT production occurs primarily in subsurface waters. For MioOcean, we will report all
calibrations in the proxy-specific output, but for the overall MioOcean temperature product, we will use a latitude-specific
Monte Carlo approach that combines several sea surface temperature calibrations to capture the full range of calibration
uncertainty. We highlight and quantify potential absolute temperature discrepancies based on the calibration of choice in Sect.

3.2.

2.5.1 Sea surface temperatures

As noted in Sect. 2.5, no single TEXs¢ calibration is universally appropriate for all Miocene sites and geographic settings.
Within this compilation, we therefore apply a range of the most widely used SST calibrations to allow users to assess
calibration-dependent differences. These include the global core top calibration of Kim et al. (2008) (Kim08), TEXzs" and the
TEXse-linear calibration of Kim et al. (2010) (Kim10H and KimIOlinear, respectively); and a Bayesian, spatially-varying
regression model (with a prior standard deviation of 6 and 1000 draws) by Tierney and Tingley (2014) (BAYSPAR-SST). We
additionally apply the SST calibration from O’Brien et al. (2017) (O'Brien17), a TEXs¢-linear calibration, and Liu et al. (2009)
(Liu09), a TEXSse-reciprocal calibration, both developed for past greenhouse climates (Cretaceous and Eocene, respectively),
as well as the machine-learning-based OPTiMAL calibration (Dunkley Jones et al., 2020; DJ20), TEXses" (Kim et al., 2010;
Kim10L) suitable for low-temperature regions, and the recent calibration of Varma et al. (2024) applying the “complete
dataset” excluding OH-GDGTs (Varma24). All calibration outputs are retained in the proxy-specific compilation file for users
requiring detailed, calibration-level information. Published SST values from original publications are also reported for
comparison.

For the MioOcean multi-proxy temperature compilation (Sosdian et al., this volume), TEXss-derived upper ocean temperatures
(UOT) were calculated using a Monte Carlo ensemble approach (N = 10,000 draws) with latitude-dependent calibration
weighting. At low to mid latitudes (—=40°S to 50°N), only TEXss'! (Kim et al., 2010; 6 = RSE = +2.5°C) and BAYSPAR SST
(Tierney and Tingley (2014); 6 = (p84 — p16) / 2) are applied, with equal weights. At mid to high latitudes (=50°N or <—40°S),
only BAYSPAR SST and OPTiMAL (Dunkley Jones et al. (2020); c = OPTiMAL standard deviation) are used, with equal
weights. The latitude regime is fixed per site from its mean paleolatitude across the full record. When a calibration is

unavailable for an individual sample, it is excluded and the remaining calibration is assigned full weight. Ensemble percentiles
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are calculated by collapsing across calibrations and Monte Carlo draws simultaneously, with the 2.5th, 16th, 50th, 84th, and
97.5th percentiles reported for each sample.

We adopt the compromise approach embedded within UOT as the primary MioOcean temperature because it is directly
comparable to the surface- and mixed-layer-referenced proxies used elsewhere in the compilation (e.g., Mg/Ca, §'30, U¥s7,

A47). SubT is retained to interrogate the vertical structure of the temperature signal, as described above.

2.5.2 Subsurface temperatures

Because the dominant export depth of GDGTs remains difficult to constrain, subsurface temperature reconstructions (SubT)
are reported alongside SST estimates for each site. We apply three depth-integrated calibrations representing different
estimates of GDGT production depth: (1) 0-200 m, including the Kim12 0-200m calibration (Kim et al., 2012) and
BAYSPAR-SubT (Tierney and Tingley (2014); a prior standard deviation = 6, 1000 draws), and (2) 100-250 m, including the
HL16 100-250m calibration (Ho and Laepple, 2016). These depth ranges reflect the range of plausible GDGT production
depths (Schouten et al., 2002; Taylor et al., 2013; Tierney and Tingley, 2014; Ho and Laepple, 2016; Hurley et al., 2018;
Rattanasriampaipong et al., 2022; Van Der Weijst et al., 2022; Zhang and Liu, 2018). For the MioOcean multi-proxy
compilation (Sosdian et al., this volume), subsurface temperatures were calculated using a Monte Carlo ensemble approach (N
= 10,000 draws) with equal weighting among all three calibrations. Ensemble percentiles are reported at the 2.5th, 16th, 50th,
84th, and 97.5th levels, consistent with the UOT ensemble approach above.

2.5.3 Antarctic temperatures

The application of TEXse to Antarctic coastal regions is subject to additional complexities. Therefore, this section discusses
these issues and describes our approach to reconstructing TEXsec-based ocean temperatures at Miocene Antarctic sites. For
temperature reconstructions proximal to the present-day glaciated Antarctic continent, several approaches and TEXss
calibrations have been used, but no consensus has been reached.

Over the Antarctic continental shelves, where most published Miocene records originate, GDGTs are currently produced
during the austral spring at water depths between 0 and 50 meters (Church et al., 2003; Murray et al., 1998; Shevenell et al.,
2011; Tolar et al., 2016). To build a regional relationship between TEXss and SST, surface sediment TEXss values, paired with
measured average surface ocean temperatures (0-50 m) from the Western Antarctic Peninsula and East Antarctic continental
shelves (Shevenell et al., 2011; Vadman, 2021; Browne et al., 2022), were added to the global calibration data set, with Arctic
Ocean and non-surface (>2 cm below sea floor) sediment samples removed (Shevenell et al., 2011). Arctic Ocean samples
were excluded because polar TEXss values can exhibit distinct relationships with temperature compared with the global
calibration, potentially reflecting regional differences in the temperature response of GDGT-producing archaea (Pearson and
Ingalls, 2013). The resulting TEXss-derived temperatures were within ~1°C of measured temperatures when using a regional
linear calibration (Shevenell et al., 2011) or the Bayesian calibration of (Tierney and Tingley, 2014). This approach has resulted

in modern to Holocene SST records that are consistent with both measured surface ocean temperatures and temperature trends

6
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and magnitudes of change similar to those observed in ice core records, providing additional confidence in the TEXss proxy in
Antarctic margin sediments (Shevenell et al., 2011; Mulvaney et al., 2012).

In the Antarctic Ross Sea region (AND-2A) and Wilkes Land (Site U1356) (e.g., Levy et al., 2016; Sangiorgi et al., 2018)
were reconstructed using TEX® (Kim et al. 2010, 2012). Although the resulting temperature estimates generally agree with
those derived from other proxies (e.g., Warny et al., 2009; Sangiorgi et al., 2018), it is clear that TEX® may not exclusively
reflect temperature, as variations in the GDGT2 to GDGTS3 ratios, which can be influenced by local environmental conditions
(Taylor et al., 2013), strongly affect the TEX" index. Recalibrated TEXss-based T using the Kim et al. (2010) and BAYSPAR
calibration for Site U1356 were later published in Hartman et al. (2018). More recently, Duncan et al. (2022) applied the
machine learning-based temperature OPTIMAL (Optimised Palacothermometry from Tetraethers via MAchine Learning)
calibration (Dunkley Jones et al., 2020) for presenting temperature trends during the Oligocene to Quaternary period obtained
in several sediment records from the Ross Sea.

The use of different calibrations demonstrates how challenging it is to reconstruct temperatures in polar (Antarctic) regions.
Absolute cold-end temperatures at these sites carry additional analytical uncertainty associated with early-HPLC data (isomer
detection near the detection limit, integration, and chromatography), and a dedicated re-evaluation of Antarctic-shelf TEXss
using re-integrated UHPLC datasets is crucial. Recently, a new temperature proxy, including isoprenoidal hydroxylated
GDGTs (OH-isoGDGTs) (TEXgs®!, Varma et al., 2024), has been explored and appears promising for providing reliable polar
temperatures, as OH-isoGDGTs are highly abundant in polar regions. However, the environmental and ecological controls on
OH-isoGDGT distributions remain incompletely understood, including the extent to which these compounds preferentially
record colder temperatures and their uncertain depth of production (Bijl, Sliwinska et al., 2025). Moreover, temperature
responses of GDGT-producing populations may vary among environments, reflecting adaptation to different thermal regimes
and warranting caution when applying a single calibration across broad temperature ranges (Bijl, Sliwinska et al., 2025). To

date, only one study has reported Miocene OH-isoGDGTs records (Wubben et al., 2026).

2.5.4 Temperature uncertainties

The uncertainties of TEXse¢-based absolute temperatures come from both calibration error and analytical error. Since the
analytical error is smaller, the uncertainties shown in our compilation reflect only the calibration error (Table A3) as reported
by the original publications. These calibration errors are represented either as the residual standard error of a regression or as
a statistical summary (5th, 50th, and 95th percentiles). For the Monte Carlo SST and SubT approaches, ensemble percentiles
are reported at the 2.5th, 16th, 50th, 84th, and 97.5th levels.

2.6 Latitudinal and regional temperature stacks

Apart from (re)calculating GDGT indices (Sect. 2.2) and applying multiple temperature calibrations (Sect. 2.3), we categorized
each core site according to its modern latitude into four bands: low latitude (0°-20°N/S), middle latitude (20°-40°N/S), northern

mid to high latitudes (>40°N), and southern mid to high latitudes (>40°S). Because we use each site's modern coordinates

7
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rather than time-evolving paleopositions, each site retains the same latitudinal classification throughout its record. We
deliberately adopt a fixed site classification because some records span more than 20 million years of plate motion and would
otherwise move between latitude categories through time. Using evolving paleolatitudes would introduce artificial
discontinuities in the latitudinal stacks, as individual sites could switch categories during their record and, in the MioOcean
framework, potentially transition between calibration regimes. This would make reconstructed temperature trends sensitive
not only to climate change but also to changes in site classification.

Within the northern mid to high latitudes, we distinguish a "transition North" subcategory (40°-50°N) from the high-latitude
sites proper (>50°N). This distinction is particularly relevant for regions such as the North Atlantic, where the Gulf Stream—
North Atlantic Current forms a sharp sea-surface temperature front with gradients of up to ~2°C per 100 km, producing total
cross-frontal temperature contrasts of up to ~10°C across the current (Tsopouridis et al., 2021). Sites poleward of 50°N and
those between 40°S and 60°S are further divided by ocean basin into Atlantic and Pacific sectors (Atlantic assigned to
longitudes 80°W to 20°E, Pacific otherwise), reflecting distinct water masses bathing each sector at a given latitude. Unlike
the northern hemisphere, the southern hemisphere has no equivalent "transition" subcategory; sites progress directly from the
20°-40°S middle-latitude band to the Atlantic/Pacific subdivision. Core sites surrounding Antarctica (>60°S) are assigned to a
separate "Antarctic" latitudinal subcategory, without further subdivisions by ocean basin, because they consistently record
lower temperatures than sites in the southern high latitudes (Figs. 4 & 5). In addition to latitude, we record each site’s ocean
basin, region within the ocean basin, modern water depth, and whether each core site is on the shelf or in the open ocean (Table

Al).

2.7 Interactive data visualisation

Data visualization is an important component for the analysis and interpretation of large data sets like the Miocene TEXss

compilation. To support this, we generated a Python-based Streamlit dashboard: https://www.mio-tex.streamlit.app/, which

can also be directly accessed via the MioOcean website: https://www.mioocean.com/temperature-proxies/tex86/. The
dashboard allows the users to explore Miocene TEXss-derived SST data interactively through adjusting parameters and
temperature calibrations, filtering data based on GDGT indices, regions, or latitudinal categories, and instantly viewing the
results of these selections, thereby facilitating a deeper understanding of this complex dataset.

This interactive function is particularly valuable for researchers working with Miocene paleotemperature data, while also
making the dataset more accessible to non-specialist users interested in past climate change.

The Streamlit dashboard is directly connected to the most recent uploaded data compilation files published on Zenodo (link to
follow) and can be continuously updated and adjusted based on the user's needs. More information on the data management

and storage can be found in the MioOcean paper (Sosdian et al., this volume).
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3 Results and data interpretation

The comprehensive compilation of all GDGT-based sea surface and subsurface temperature records from the literature and its
careful reevaluation based on different calibrations and excluding criteria allows us to increase our knowledge about the

temperature evolution in the Miocene and understand calibration differences and applications.

3.1 New Miocene data coverage

The new dataset consists of 46 core sites: 16 in the Atlantic, 14 in the Pacific, 6 in the Indian Ocean, and 10 in the Southern
Ocean (Table Al and Figure 1), comprising 21 Ocean Drilling Program (ODP), 9 International Ocean Drilling Program
(IODP), and 7 Deep Sea Drilling Program (DSDP) sites, plus 9 additional non-ODP/IODP/DSDP sites: AND-2A, CIROS-1,
and CRP-2 (Antarctic margin drill cores), McMurdo Erratics (glacial erratic clasts), Agios Myron, Govone, Potamida, and
Vicchio Fm (Mediterranean/Tethys terrestrial outcrops), and QZ6 (onshore borehole in China). Within the Miocene interval,
most data points come from the tropical oceans (n = 1,404), followed by the subtropics (n = 422). The modern water depths
range from 50 to 4,742 meters, with modern sea surface temperatures spanning from -1 to 29°C.

All the reported core sites include at least some Miocene data points. We also include TEXsc data for time intervals expanding
before the onset of the Miocene, or expanding into the younger epoch, when a publication reports data from other time intervals
from the same site outside the Miocene. Data resolution varies from ~3 to ~2000 thousand years (kyr) per sample, with an

average of ~250 kyr.

3.2 Screening for non-thermal influences

We applied screening thresholds for various indices (Table A2) to the TEXs¢ data. Individual criteria removed between ~3%
and ~39% of the data points. The most significant reduction occurs with the [2]/[3] ratio (GDGT-2/GDGT-3), which excludes
2167 data points at a threshold of 5 (~39% of the entire dataset). Values above 5 indicate a substantial contribution from a
deeper-dwelling archaeal clade rather than the shallow, surface-temperature-tracking population TEXss is intended to record
(Taylor et al., 2013). The next most restrictive criteria are the branched vs. isoprenoid index (BIT) at a threshold of 0.4, which
excludes 1439 data points (~26% of the entire dataset; ~33% of the 4390 samples with a valid BIT measurement), and the ring
index delta (A<—0.3 or >0.3; 1436 points, ~26%).

For sites near the continent and at water depths shallower than 400 m, where soil-derived isoGDGT input could influence
TEXs6-derived temperatures, we recommend a combined screening using both BIT and #ringstetra (Sinninghe Damsté, 2016).
Compared to the BIT screening alone, this combined approach removes only 66 samples out of 1594 samples with both indices
measured (~1% of the entire dataset; Figure 2). However, because relatively few studies report brGDGTs, or at least the
specific brGDGTs required for #ringstetra estimates, many samples lack the data needed for this combined screening. These
samples were retained in the compilation, but potential terrestrial influence cannot be assessed using #ringstetra. Consequently,

the number of data points affected by terrestrial influence may be higher than indicated by the combined screening.
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Applying the MI threshold (>0.5) removes ~3% of the data (171 points), %GDGT-0 (>67) removes ~8% (463 points), and
%GDGTRS (>30) removes ~4% (209 points; Figure 2). The relatively low percentage of data excluded by MI likely reflects
its widespread adoption in the TEXss community as an indicator of non-thermal influences. GDGT-0/cren (>2) removes ~9%
(505 points), and GDGT-2/cren (>0.2) removes ~17% (955 points), the fourth-largest single exclusion criterion, after [2]/[3],
BIT, and ring index delta. Applied on its own, #ringstetra (>0.7) removes ~3% (149 points; ~9% of the 1623 samples with a
valid #ringstetra measurement).

All combined, 3069 data points (~56% of the entire dataset) would be classified as "excluded" by at least one criterion.
However, rather than removing these data points from the MioTEX compilation, we flag each sample with a non-thermal-
overprint indicator recording which of the nine criteria it triggers. BIT and [2]/[3] screening in particular should be interpreted
with caution. High BIT values are no longer interpreted uniformly across the TEXss community as evidence of terrestrial input,
since branched GDGTs can also be produced in situ in the water column (Peterse et al., 2009; Xiao et al., 2016), without
necessarily biasing TEXss-derived temperatures from marine iso0GDGTs. The [2]/[3] ratio acts as a diagnostic tool to identify
the contribution of deeper versus shallow-dwelling clades, an important metric to narrow down the choice of calibration (Van
Der Weijst et al., 2022; Fokkema et al., 2024).

Finally, we recommend that users evaluate these non-thermal overprint flags critically in the context of their own research

question, rather than discarding data based on a single criterion in isolation.

3.3 Miocene temperature calibration differences
3.3.1 Quantify calibration offsets

Different TEXse-temperature calibrations may yield different absolute temperature values, and these differences can vary by
region (Figure 3). We illustrate this using three representative sites from tropical, southern mid-latitude, and Antarctic regions:
Sites U1488 (Figure 3a), 704 (Figure 3b), and U1356 (Figure 3c), respectively.

For Site U1488 (Figure 3a), SST estimates from the calibrations of Liu09, Kim10H, BAYSPAR, and O'Brien17 show little
difference at low temperatures and a moderate difference of 2-4°C at high temperatures. Varma24 closely tracks these four
calibrations at low temperatures but yields markedly warmer estimates at warmer temperatures. It exceeds BAYSPAR, the
warmest of the four, by roughly 3-6°C at peak SST, making it the calibration with the largest high-temperature spread at this
site. In contrast, SST estimates from the calibrations of Kim10L and DJ20 show unreasonably low temperature estimates
compared to the other SST calibrations, with DJ20 producing the lowest estimates overall. The MioOcean UOT product closely
tracks the Liu09/Kim10H/BAYSPAR/O'Brien17 group (differing by <1°C on average), sitting well above DJ20 and just below
Varma24. Among three SubT calibrations by Kim12 0-200m, BAYSPAR 0-200m, and HL16_100-250m, BAYSPAR 0-
200m generates the highest SubT, close to the estimates from BAYSPAR-SST. SubT estimates from Kim12_0-200m are lower
than those from BAYSPAR 0-200m by ~6°C, and the estimates from HL16_100-250m are lower than those from Kim12_0-
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200m by ~6°C. The MioOcean SubT product closely tracks Kim12 0-200m, falling roughly midway between the higher
BAYSPAR 0-200m and lower HL16 100-250m estimates.

At Site 704 (Figure 3b), SST calibrations converge after 6 Ma, except for DJ20 and Varma24, which remain toward the cooler
end of the group. Prior to 6 Ma, the lowest SST estimates are from DJ20, followed by BAYSPAR-SST. Varma24 lies between
this colder group and the warmer group formed by the remaining calibrations, which yield similar SST estimates to each other,
except for Kim10L, which provides higher SST estimates prior to 15 Ma. The MioOcean UOT product closely tracks with the
lower SST group (BAYSPAR-SST and DJ20), differing from DJ20 by <1°C on average. It therefore lies below the warmer
SST group and below Varma24. SubT estimates from the three calibrations are comparable from approximately 15 Ma to the
present. Prior to 15 Ma, HL16 100-250m yields the lowest SubT estimates, while the other two calibrations show similar
SubT estimates. The MioOcean SubT product falls between the three SubT calibrations, tracking most closely with
BAYSPAR 0-200m and HL16 100-250m while running slightly cooler than Kim12 0-200m.

At Site U1356 (Figure 3c), SST estimates obtained from Liu09 and O'Brien17 are similarly higher than those from BAYSPAR-
SST and DJ20, which show similar lower SST estimates. SST estimates from Kim10L lie between these two groups but yield
extremely higher SST values at peak temperatures. Varma24 also broadly follows Kim10L in magnitude but without the
extreme peak SST values seen in KimlOL. The MioOcean UOT product closely tracks DJ20 and the lower SST group
(BAYSPAR-SST, DJ20), running well below the higher group (Liu09, O'Brienl7) as well as below Varma24 and Kim10L.
SubT estimates from Kim12 0-200m are the highest, followed by those from HL16 100-250m. SubT estimates from
BAYSPAR 0-200m are the lowest, close to the SST estimates from BAYSPAR-SST. The MioOcean SubT product falls
between the three SubT calibrations, tracking most closely with HL16 100-250m while running warmer than BAYSPAR 0-
200m and cooler than Kim12_0-200m.

3.3.2 Influence of calibration choice on comparisons among different sites or regions

The calibration choice has an impact on both the absolute magnitude of reconstructed and the apparent variability of regional
temperature records through time. When using the BAYSPAR calibration, we observe a distinct offset between Site 982 in the
North Atlantic (57.5°N; modern SST = 11.6°C) and Sites U1318 in the North Atlantic (51.2°N; modern SST = 12.6°C) and
882 in the North Pacific (50.4°N, modern SST = 5.5°C). In addition, BAYSPAR pronounces meridional gradient across the
MMCT, with Southern Ocean sites appearing markedly colder than Northern Hemisphere high-latitude sites. In contrast, this
gradient largely disappears when using the originally published SST values, which include BAYSPAR (Site 982), TEX" (Site
882) and TEX! (Site U1318) calibrations (Figure Bla,b).

Different calibrations can also lead to contrasting temperatures between broader regions, such as the tropics and subtropics.
LOWESS-smoothed tropical and Subtropical reconstructions appear to be the same when applying the Kim10H calibration
(Figure Blc,d). This similarity arises because the calibration effectively caps reconstructed temperatures at ~30°C. Importantly,

this limitation reflects the calibration rather than the proxy itself, as the TEXss index has no intrinsic upper bound. By contrast,
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calibrations that allow warmer TEXss-based estimates, such as the BAYSPAR (Tierney and Tingley, 2014), yield higher
tropical than subtropical temperatures during the early and middle Miocene (Figure Bld,e). Even so, these tropical
reconstructions are still likely underestimated, because warm pool records are sparse. Notably, our compilation shows that
there are no published western tropical Pacific (WTP) reconstructions for the Early and Middle Miocene. This gap is likely
caused by low organic carbon concentration or poor carbon preservation (Li et al., 2023). The lack of WTP records therefore
limits our ability to constrain WTP temperatures during the Early and Middle Miocene.

In ice-proximal Antarctic regions (e.g. AND-2A, CRP-2, CIROS-1, McMurdo Erratics) the absolute temperature change
strongly depends on the choice of calibration, but the resulting long and short term temperature trends are similar (Figure
Blg,h). As such, while the calibrations continue to evolve in these regions, the results indicate that the general temperature
trends are robust across calibrations.

To summarise, calibration choice can influence reconstructed temperatures and their spatial and temporal patterns. Independent
temperature proxies can provide useful complementary constraints on these reconstructions and absolute temperatures, but
differences among proxies should be interpreted in the context of their distinct environmental sensitivities, including habitat
depth and seasonality. Where independent temperature proxy records are available (e.g., foraminiferal Mg/Ca, clumped
isotopes, UX37, Sosdian et al., this volume), they should be used to evaluate whether a given calibration yields reasonable

reconstructions.

3.4 Miocene latitudinal temperature trends

In the tropics (0-20°N/S), there are two temperature bands within the tropical SST stack (Figures 4b, B2a). Colder tropical
temperatures are recorded from core sites in the eastern equatorial Pacific (Sites 850, 846, 1241), equatorial Atlantic (Sites
925, 667, 959) and sites in the Indian Ocean/Arabian Sea (Sites 730, 722). These sites are all located in upwelling areas or at
least relatively close to such regions. In contrast, the warmer temperatures are recorded at sites from the western tropical
Pacific (WTP) (Sites 1143, 1146, U1488, 806). The temperature difference between the WTP and the upwelling-related core
sites in the Pacific, Atlantic and Indian Ocean is especially obvious in the Pliocene and Late Miocene, averaging ~3°C and
reaching up to ~5°C in individual time intervals (Figure 5a). This gradient seems to be strongly reduced during the Early to
Middle Miocene, however the data is more sparse in the Early Miocene, which may bias this conclusion.

There is high data coverage spatially and temporally for sites from the mid-latitude category (Figure 4c). Mid-latitude
temperatures remain broadly flat from the Early Miocene through the MCO, with no clear evidence for a distinct warming
trend into the MCO, followed by a modest cooling of only ca. 4°C towards the present (Figure 5b). Similar to the low-latitude
sites, colder temperatures are recorded from sites in upwelling areas like Site 467 in the California upwelling system and Site
1085 in the Benguela upwelling region (Figure B2b).

Due to differing trends, we divide the high latitude category into two hemispheric groups: "high latitude North" and "high
latitude South" (Figure 4d and 4e). Within the northern high latitudes, we further distinguish transition sites, primarily located
in the North Atlantic and influenced by the warm Gulf Stream, which makes them ~4-7°C warmer than the other high-latitude

12
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Atlantic sites. In comparison, the high-latitude Pacific site (Site 882) seems to be consistently colder than the transition sites
and high latitude North Atlantic sites (Figures 4d, 5c-g).

In the southern high latitudes, we distinguish among three groups: high-latitude Atlantic (Site 704), high-latitude Pacific (Sites
1168 and 1171), and Antarctic sites (Figure 5f-h). The high latitude Atlantic Site 704 is consistently colder than the Pacific
sites located south of Tasmania, especially following the MMCT and Late Miocene cooling, resulting in an average
temperature difference of up to 13°C. This might be explained by the tectonic northward movement of the core sites or dynamic
frontal migration in the Tasman Sea (Shevenell et al., 2004; Leutert et al., 2020; Hou et al., 2022). The separate Antarctic
category includes sites >60°S around the Antarctic continent (CRP-2, CIROS-1, AND-2A, McMurdo, U1356, 270, 274)
(Figure 4e), characterized with uniquely different temperature trends compared to the open ocean South Atlantic and Southwest
Pacific sites.

Because the depth at which GDGTs are exported remains uncertain, we examine the latitudinal structure of two TEXse-based
temperature products: the UOT and SubT. The Monte Carlo-derived UOT and SubT estimates bracket the plausible range of
temperatures recorded by TEXss. The latitudinal gradient recorded by MioOcean UOT and SubT differs substantially in
magnitude (Figure B3). The equator-to-pole gradient in UOT (low latitude minus South Atlantic) is ~20-23°C and remains
broadly consistent across the present, the MCO, and the full 0-25 Ma record. In contrast, the corresponding SubT gradient is
roughly half as large (~10-14°C) over the same intervals, consistent with subsurface waters being comparatively well-mixed
relative to the strong direct insolation control on surface temperatures at low latitudes. This compression of the gradient in
SubT is not simply a uniform offset: at low latitudes UOT exceeds SubT by several degrees, as expected for surface waters
warmer than the subsurface, but this relationship reverses at the high-latitude South Atlantic site (704), where SubT is
consistently ~1-2°C warmer than UOT across the present, MCO, and full record. This sign reversal suggests that at high
southern latitudes, sub-thermocline waters may be buffered against the strongest surface cooling recorded at the sea surface,
though we note this pattern rests on the single Site 704 and warrants further investigation as more high-latitude SubT records

become available.

3.5 Miocene temperature trends across ocean basins

In the Pacific Ocean, we observe three main temperature bands (Figure 6a): the western tropical Pacific (WTP), Eastern
Equatorial Pacific (EEP), and North Pacific (N-Pacific) and Southwest Pacific (SW-Pacific) Ocean. The warmest temperature
band is formed by records in the WTP (Sites 588, 769, 806, 811, 1143, 1146, QZ6 and U1488). The records from the EEP
(Sites 846, 850 and 1241) are up to 6°C colder than the WTP. Sites from the Tasman Sea (Sites 1168, 1171 and U1352) are up
to ~12°C colder than the WTP records, while the single North Pacific record (Site 882) is considerably colder still, up to ~20°C
colder than the WTP (Figure 6a). These two cold Pacific groups do not track each other as closely as their shared "cold"
classification might suggest. The WTP sites show comparatively little change (~1°C) between the late Miocene (5.3-11.6 Ma)
and the MCO (14.7-16.9 Ma) (Figure 7a). In contrast, the SW-Pacific sites show a more modest cooling of ~2°C between the
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MCO and late Miocene than previously estimated (Figure 7d). The EEP and N-Pacific sites lack MCO records to calculate the
MCO-late Miocene cooling (Figure 7a-d).

In contrast to the Pacific Ocean, the Atlantic Ocean does not show a clear east-west temperature gradient, but rather exhibits
distinct north-south temperature bands (Figure 6b). Equatorial Atlantic records (Sites 667, 925, 929 and 959) record the
warmest temperatures. A Subtropical Atlantic group (Sites 516, 608, U1404 and U1406) records intermediate temperatures,
these sites were reclassified out of the North Atlantic group because their paleo-warmth trend tracks the Subtropical rather
than the high-latitude North Atlantic sites, despite their modern instrumental temperatures being closer to the latter. North
Atlantic records (Sites 982 and U1318) are up to ~10°C colder than the equatorial sites, and the South Atlantic record (Site
704) is the coldest among these groups. The pronounced temperature contrast between the equatorial, North and South Atlantic
observed during the late Miocene appears to have developed after the MMCT (Figure 6b). The smallest temperature difference
between MCO and the Late Miocene occurs at equatorial Atlantic sites (~4°C) (Figure 7e). In contrast, the Subtropical, North
and South Atlantic groups show stronger cooling of ~6°C, ~2°C and ~7°C, respectively, with the South Atlantic sites
experiencing the largest cooling among all MioTEX sites (Figure 7e-h).

In the Indian Ocean, temperature records from the Arabian Sea (Sites 722, 730 and U1457), central Indian Ocean (Site 754),
western shelf of Australia (Sites U1461 and U1463), and the Mediterranean/Tethys (Agios Myron, Govone, Potamida, and
Vicchio Formation) are broadly consistent and show cooling during the MMCT and late Miocene (Figure 6¢). The largest
cooling (~6°C) is observed at the Mediterranean/Tethys sites, while the Arabian Sea and central Indian Ocean record more
moderate cooling of ~4°C and ~1°C, respectively (Figure 7i, 7j, 61), though all three of these MCO estimates rest on very few
data points (n=4-6) and should be treated as preliminary until more MCO-age coverage is available.

Antarctic sites include sites located close to the continent (south of 60°S using its paleolocation; CRP-2, CIROS-1, AND-2A,
and McMurdo Erratics) and more offshore/distal sites (U1356, 270, and 274). Offshore/distal Site U1356 is warmer than the
proximal sites prior to the MCO (~4°C on average), but converges with the proximal sites' temperatures after the MCO, and
remains close to the SSTs recorded in the South Atlantic (Site 704) throughout the record (Figure 4e). This offset is smaller
but still present when alternative temperature calibrations are applied, with BAYSPAR and OPTiMAL yielding differences of
~3-5°C. No clear long-term temperature trend is observed in the proximal sites across the Early, Middle and Late Miocene

with the currently available dataset, partly due to the lack of Late Miocene records.

4 Conclusions and outlook

This compilation provides a global view of Miocene sea-surface temperatures reconstructed from TEXss. It shows that the
choice of calibration systematically affects the regional patterns and latitudinal gradients that emerge: several earlier
calibrations were bounded by modern-ocean constraints and so unintentionally capped tropical reconstructions, whereas newer

calibrations permit extrapolation above present-day temperatures, albeit with little experimental data in this warm range.
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Encouragingly, TEXse is not saturated in the Miocene and has been applied successfully to hotter greenhouse climates such as
the Eocene, so developing calibrations validated for warm conditions remains a high-value priority.

Despite two decades of development, no community-wide consensus exists on which SST or subT calibration best recovers
absolute upper ocean temperatures. The underlying difficulty is that GDGTs are not produced exclusively at the mixed-layer
depth, so any TEXse-to-SST calibration embeds an implicit, and often incorrect, assumption about the offset between GDGT
export depth and the mixed layer. Because this offset likely varied through time, among regions, and across major climate
transitions, SST calibrations can yield systematically biased reconstructions wherever mixed-layer structure departed from that
of the modern ocean. Many SST calibrations also overestimate temperature sensitivity at the warm end of the calibration range,
amplifying high-temperature variability. TEXss!! is a partial exception, as its exponential formulation flattens at high
temperatures and may therefore be more suitable for reconstructing warm climates. For these reasons a growing number of
studies favour SubT calibrations where GDGT production is thought to lie below the mixed layer, since these avoid assuming
a fixed export-depth offset. The [2]/[3] ring ratio is a promising route to estimating production depth and could provide an
objective, site- and interval-specific criterion for choosing between SST and SubT calibrations; southern high-latitude sites in
particular may warrant a distinct strategy (Sect. 2.5.3). Complementary to such index-based approaches, mechanistic proxy
system models that forward-model GDGT distributions rather than relying on empirical regressions, such as TEXAS
(Rattanasriampaipong et al., 2026), offer a promising route to disentangling temperature from production-depth and other
environmental controls, and to placing calibration selection on a more physiological footing. Incorporating OH-GDGTs in
future work should further improve reconstructions, especially at high latitudes but also in the low and mid latitudes.
Calibration is not the only source of uncertainty, however: non-thermal physiological controls also modulate the signal, as
nutrient availability and ammonia-oxidation rates can alter archaeal GDGT distributions and elevate TEXss independently of
temperature (Rattanasriampaipong et al., 2025). Such effects are not captured by the screening indices applied here (BIT,
methane index, and the ring-index and GDGT-ratio thresholds) and remain a still-unquantified source of bias, particularly for
the warmest intervals.

Notwithstanding these calibration uncertainties, TEXse has substantially advanced understanding of Miocene climate. Key
findings from this upper ocean temperature compilation include:

e Relative to today, low latitudes were on average ~5°C warmer and mid latitudes ~8°C warmer during the MCO.
Northern high latitudes warmed by ~9-11°C (North Atlantic +9°C; the 40—50°N transition zone +11°C, no MCO-
age data exist yet for the North Pacific). Also southern high latitudes record generally warmer temperatures during
MCO compared to today, from ~4°C at the Antarctic margin, to ~4°C in the South Atlantic, to ~9°C in the South
Pacific.

e  Within the tropical Pacific, the Western Tropical Pacific was ~3°C warmer than the eastern equatorial Pacific cold
tongue through the Miocene, though it was comparable to, or slightly cooler than, low-latitude sites in the Atlantic

and Indian Ocean.
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e  Mid-latitude temperatures during the MCO were comparable to, or slightly warmer than, those of the early Miocene,
with no clear evidence for an early Miocene temperature maximum. However, data are sparse (three sites) for the
mid-latitude MCO.

e A distinct basinal asymmetry exists between the Atlantic and Pacific at high latitudes but with opposite sign in each
hemisphere: the North Atlantic was ~13°C warmer than the North Pacific (Late Miocene, the only interval with data
from both basins), while the South Pacific was ~8—13°C warmer than the South Atlantic (MCO to Late Miocene).

Closing the remaining gaps is now the main priority, both underrepresented regions (e.g. the South Atlantic, southern Indian
Ocean, Antarctica) and underrepresented intervals (notably the Early Miocene). Part of this gap is intrinsic: low organic-carbon
preservation in open-ocean MCO sediments limits data availability (Li et al., 2023). Broader spatial and temporal coverage
would reduce the biases currently present in the dataset. To that end, we advocate standardized data templates, as used in
MioTEX and the community framework of Bijl, Sliwinska et al. (2025), together with transparent reporting of null results and
barren samples, which is essential for gauging sampling limitations and dataset completeness. No single proxy is without
limitations, and clear communication of those limitations is what makes multi-proxy synthesis powerful, as demonstrated by
the MioOcean initiative, whose collaborative, multi-proxy framework strengthens the reliability of Miocene climate

reconstructions and provides a foundation for future work.
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Figure 1 Core sites included in the MioTEX compilation. (a) all MioTEX sites on a map of modern geography. (b), (c), (d) and (e)
show the sites of the early Miocene (23.03-17 Ma), Miocene Climate Optimum (17-14 Ma), Middle Miocene Climate Transition (14-10
505 Ma) and late Miocene (10-5.33 Ma) on a map of Miocene paleogeography from Burls et al. (2026), respectively. The site locations in (b)—
(e) represent reconstructed paleopositions, with paleocoordinates calculated as the mean of the oldest and youngest reconstructed positions
within each interval. Larger filled circles indicate higher data resolution (i.e., more data points per million years), whereas hollow circles

indicate sites with only a single data point available during an interval.
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Figure 2 Screening criteria for non-thermal influences on TEXss-derived temperatures. (a) All accepted and excluded
TEXGs6 data based on excluding criteria (Table A2). (b) BIT and number of data excluded. Percentage of data excluded for
data with BIT values and percentage of data excluded compared to total datapoints. (c) %GDGT-0. (d) %GDGTrs. (e)

515 methane index. (f) [2]/[3] ratio. (g) ring index delta. (h) GDGT-0/cren. (i) GDGT-2/cren. (j) #ringstetra.
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Figure 3 Calculated calibrations for core sites (a) IODP U1488, (b) ODP 704, and (c) IODP U1356. Thick lines show the

MioOcean UOT (berry) and MioOcean SubT (teal) products, with shaded bands giving the p16-p84 uncertainty range; thin

lines show the individual published calibrations they are derived from. Black stars in (a) and (b) mark each site's modern

instrumental temperature. The temperatures reported in the original publications were calculated with BAYSPAR SST
(Tierney & Tingley, 2014) for U1488 (Liu et al., 2022) and ODP 704 (Auderset et al., 2022), and with the TEXss linear
calibration (0 m; Kim et al., 2010) for U1356 (Hartman et al., 2018). Note the large calibration-driven temperature offsets,

commonly exceeding 10 °C and reaching up to ~24 °C at some intervals. Calibrations used for comparison are listed in Table

A3.

19



525

530

https://doi.org/10.5194/essd-2026-711
Preprint. Discussion started: 2 November 2026
(© Author(s) 2026. CC BY 4.0 License.

MioOcean UOT (°C)

MioOcean UOT (°C)

MioOcean UOT (°C)

w
=}
L

N
=]
L

=
o
L

w
=}
s

N
=]
L

=
o
s

e low latitude (0-20°N/S
middle | id (

transition North (40-50°N)

e high latitude North Atlantic (>50°N)

e high latitude South Atlantic (40-60°S)

® Antarctic (>60°S)

(a) Latitude categories

.
-

Pleistoc. | Pliocene Miocene [ oligoc.
5 10 15 20 25
Age (Ma)
(b) Low latitude sites ) Middle latitu
40
T 304
e
o
2
= 204
o
[
o
o
[=]
S 104
T T 0 T T
5 10 15 20 25 0 5 10 15 20 25
Age (Ma) Age (Ma)
(d) Northern high latitude sites (e) Southern high latitude sites
40
= Transition (40-50°N) = High lat. Atlantic (40-60°S)
= High lat. Atlantic (>50°N)
— Antarctic (>60°S)
T 304
=
o
2
c
o
[
o
Q
2
=

w4
=
5}
=
o

Age (Ma)

T
20

20

Open Access

Earth System
Science

Data

suoIssnosIq

Figure 4 (a) Categorised MioTEX compilation based on latitude, using MioOcean upper ocean temperature (UOT). (a)
All sites, colored by latitude category. Solid curves in (b)-(e) show LOWESS-smoothed trends (0.5 Myr age bins, local-linear
span = 0.4 of the bins). (b) Low latitude sites (0-20°N/S). (c) Middle latitude sites (20-40°N/S). (d) High latitude North Pacific
(light blue) and North Atlantic (dark blue) sites (>50°N), and transition sites between middle and high northern latitudes (40-
50°N, grey). (e) High latitude South Pacific (light purple) and South Atlantic (dark purple) sites (40-60°S), and sites close to
Antarctica (>60°S).
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lacks MCO data because its only contributing site (882) has no Miocene-age coverage.

Figure 5 MioOcean UOT (upper ocean temperature) distributions by latitude band, comparing Modern instrumental
temperatures against two Miocene time slices: the Late Miocene (5.3-11.6 Ma) and the Miocene Climatic Optimum
(MCO, 14.7-16.9 Ma). Sites are grouped by modern latitude following the same classification as Figure 4: (a) low latitude
(0-20°N/S), (b) middle latitude (20—40°N/S), (c) transition North (40-50°N), (d) high-latitude North Pacific (>50°N), (e) high-
latitude North Atlantic (>50°N), (f) high-latitude South Pacific (40-60°S), (g) high-latitude South Atlantic (40-60°S), and (h)
Antarctic (>60°S). Boxes show the interquartile range, the horizontal line the median, whiskers the full data range, and the

black star the mean. AT values give the change in median UOT relative to the modern median for each time slice. Panel (d)
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Figure 6 MioOcean upper ocean
temperature (UOT) for the categorised
MioTEX compilation, grouped by
ocean basin and region and plotted
against MioOcean-derived age. (a)
Pacific Ocean is divided into the West
Pacific Warm Pool (WPWP), Eastern
Equatorial Pacific (EEP), North Pacific
(N-Pacific), and Southwest Pacific (SW-
Pacific; Tasman Sea and New Zealand).
(b) Atlantic Ocean is divided into
Equatorial Atlantic, Benguela Upwelling,
Subtropical Atlantic, North Atlantic (N-
Atlantic), and South Atlantic (S-Atlantic).
(c) Indian Ocean is divided into Arabian
Sea, Central Indian Ocean, Western
Australian shelf (W-Australia), and the
Mediterranean/Tethys region
(Med/Tethys). (d) Southern Ocean sites
are divided into Antarctic Shelf and
Antarctic Open Ocean sites. A list of all
sites within each ocean basin and region

can be found in Table Al.
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570 Figure 7 Temperature difference between MCO (14.7-16.9 Ma) and Late Miocene (5.3—-11.6 Ma) based on MioOcean
upper ocean temperature (UOT) and MioOcean-derived age. (a) Western Tropical Pacific (WTP) Sites 588, 769, 806,
811, 1143, 1146, U1488, QZ6, (b) Eastern Equatorial Pacific Sites 846, 850, 1241, (c) North Pacific Site 882, (d) Southwest
Pacific Sites 1168, 1171, U1352, (e) Equatorial Atlantic Sites 667, 925, 959, (f) Benguela Upwelling Site 1085, (g)
Subtropical Atlantic Sites 516, 608, (h) North Atlantic Sites 982, U1318, (i) South Atlantic Site 704, (j) Arabian Sea Sites
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Appendix A - Tables
Table A1 - List of temperature records used for MioTEX compilation.
. . Shelf vs. . Modern | Modern Age | Age Re.s %" | 4sam Published Monte
Site Basin Open Region Lon Lat Start| Stop | lution le Reference calibration Carlo
ocean & © |ova)|(Ma)| &kyr) | P choice
TEXss linear
Southern | Open Distal/ calibration Hich
269 P Offshore 140.10 -61.68 [22.98|24.18| 80 15 |Evangelinos et al. (2020)| model Om 18
Ocean ocean . . latitude
Antarctic (Kim et al.,
2010)
. OPTIMAL
South 0 Distal/ SST (Dunkley| High
270 outhern |- pen Offshore | -178.50 | -77.44 |19.98|25.44| 156 | 35 | Duncanetal. (2022) unxicy) e
Ocean ocean . Jones et al., | latitude
Antarctic
2020)
. OPTIMAL
Southern | Open Distal/ SST (Dunkle High
274 P Offshore | 173.43 | -69.00 |17.11]18.50| 126 | 12 | Duncan etal. (2022) e
Ocean ocean . Jones et al., | latitude
Antarctic
2020)
Pacific Open TEXH SST Low
467 Ocean oclz:an North Pacific 0.29 |10.87| 460 23 | Witkowski et al. (2024) | (Kim et al., latitude
33.8495 | -120.758 2010)
BAYSPAR
Atlantic Open Subtropical (Auderset et al., 2022; | SST (Tierney | Low
>16 Ocean ocean Atlantic -33.29 -30.28 [ 6.05 [73.40( 315 f 290 O’brien et al., 2020) and Tingley, | latitude
2014)
BAYSPAR
Pacific Open Western SST (Tierney | Low
588 Tropical 161.23 -26.11 [ 0.00 |23.00f 451 51 Auderset et al. (2022) . ;
Ocean ocean . and Tingley, | latitude
Pacific
2014)
BAYSPAR
Atlantic Open Subtropical (Super et al., 2020; Super| SST (Tierney | Low
608 Ocean ocean Atlantic -23.09 42.84 1000 126.95 108 | 207 etal., 2018) and Tingley, | latitude
2014)
BAYSPAR
Atlantic Open Equatorial SST (Tierney | Low
667 Ocean ocean ‘Atlantic -21.91 4.57 10.00 [22.42] 628 37 | Auderset et al. (2022) and Tingley, | latitude
2014)
BAYSPAR
704 Atlantic | Open g aantic| 742 | -46.88 [0.41 [27.51] 182 | 156 | Audersetetal (2022) |SST (Tiemey| High
Ocean ocean and Tingley, | latitude
2014)
BAYSPAR
722 Indian |- Open |\ 1 ianSea | 5980 | 1662 |7.06[13.50 250 | 32 | Zhuangetal 2017 |[SST(Tiemey| Low
Ocean ocean and Tingley, | latitude
2014)
BAYSPAR
Indian Open . (Auderset et al., 2022; | SST (Tierney | Low
730 Ocean ocean Arabian Sea | 57.69 17.73 [ 0.01114.76f 260 80 Zhuang et al., 2017) and Tingley, | latitude
2014)
Indian Open |Central Indian BAYSPAR Low
754 Ocean ocean Ocean 93.60 -30.90 |0.25|28.35] 551 56 | Auderset et al. (2022) SST (Tierney | latitude
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and Tingley,
2014)
Global core-
Pacifi Open Western top calibration Low
769 crhie pe Tropical 12129 | 879 |2.80|11.25| 1207 | 7 Zhang etal. (2014) | model (Om) | , >
Ocean ocean . . latitude
Pacific (Kim et al.,
2008)
Global core-
Pacifi 0 Western top calibration L
806 acthe pen Tropical | 159.36 | 032 [0.07[12.72] 132 | 90 | Zhangetal. 2014) [ modet O m) |, -2V
Ocean ocean . . latitude
Pacific (Kim et al.,
2008)
Pacific Open Western TEXH SST Low
811 p Tropical 148.16 | -16.52 |1.93 [11.05] 85 107 Petrick et al. (2023) (Kim et al., .
Ocean ocean . latitude
Pacific 2010)
Global core-
Pacifi 0 Eastern top calibration L
846 gt | “PM 1 Equatorial | -90.82 | -3.10 [5.02]625| 3 | 334 | Lawrenceetal. (2020) | model (0m) [,
Ocean ocean . . latitude
Pacific (Kim et al.,
2008)
Global core-
Pacific Eastern top calibration Low
850 Unknown| Equatorial | -110.52 1.30 0.00 |11.76] 149 80 Zhang et al. (2014) model (0 m) .
Ocean . . latitude
Pacific (Kim et al.,
2008)
. TEXL SST .
882 Pacific | Open |\, pacific | 167.60 | 5036 |0.04[587| 62 | 04 Yamamoto and (Kim etal,, | High
Ocean ocean Kobayashi (2016) 2010) latitude
Reciprocal
Atlantic Open Equatorial calibration Low
925 Ocean ocean Atlantic -43.49 420 10.01/39.35] 449 86 Zhang et al. (2013) (Liuetal., | latitude
2009)
BAYSPAR
Atlantic Open Equatorial e SST (Tierney | Low
929 Ocean ocean Atlantic -43.74 5.98 ]21.94]29.78 102 81 O’brien et al. (2020) and Tingley, | latitude
2014)
. . (Wubben et al., 2024; TEXH SST
959 %i‘:r‘f OOC'ZZ‘; Eg‘t‘litr‘l’trllcal 274 | 363 [000[1825| 6 |787 | VanDerWeijstetal, | (Kimetal, [ =%
2022) 2010)
BAYSPAR
982 Allantic | - Open I\ i) Adtantic| -15.87 | 57.52 [0.82|18.50] 176 [ 100 | Superetal (2020) |SST (Tiemey | High
Ocean ocean and Tingley, | latitude
2014)
. . . TEXH SST
1085 Atlantic Open Upwelh_ng 13.99 2937 |0.02 l13.63] 207 66 Rommerskirchen et al. (Kim et al., pr
Ocean ocean Atlantic (2011) 2010) latitude
Global core-
Pacific Open Western top calibration Low
1143 P Tropical 113.29 9.36 |2.86|10.84] 164 49 Zhang et al. (2014) model (0 m) -
Ocean ocean . . latitude
Pacific (Kim et al.,
2008)
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BAYSPAR
Pacific Open Western SST (Tierney | Low
1146 Tropical 116.27 19.46 10.00 |20.67| 255 76 Auderset et al. (2022) R R
Ocean ocean . and Tingley, | latitude
Pacific
2014)
BAYSPAR
SST (Tierney
and Tingley,
. 2014); Whole-| .
Southern | Open |Tasmania and (Hoem et al., 2022; Hou : High
1168 Ocean ocean | New Zealand 14441 -42.61 10.02 135.00f 52 381 etal.,, 2023) column latitude
temperature
calibration
(He et al.,
2021)
. TEXH SST .
1171 Southern | - Open | Tasmaniaand | o 1y | 4e50 f1176|1548] 32 [ 115| Leutertetal 2020) | (Kimetat, | Figh
Ocean ocean | New Zealand 2010) latitude
Pacific Open Eastern TEXH SST Low
1241 p Equatorial -86.44 5.84 0.09 |10.12| 197 48 Seki et al. (2012) (Kim et al., .
Ocean ocean . latitude
Pacific 2010)
. TEXH SST
Agios Myron | 21804 | nownl - Tethys/ 15550 | 3530 |6s54]7.17| 13 | 47 | Kontakiotis et al. 2022) | (Kim etal, | O
Ocean Mediterranean 2010) latitude
Southern Proximal TEXL subT 0- High
AND-2A Shelf . 165.28 -77.76 |11.65]20.20f 132 70 Levy et al. (2016) 200m (Kim et 18
Ocean Antarctic latitude
al., 2012)
OPTiMAL
Crros-1 | Southern gy e | Proximal o0 5o | 277.08 [22.8636.00] 268 | 53 | Duncanetal 2022y |SST (Dunkley| High
Ocean Antarctic Jones et al., | latitude
2020)
OPTiMAL
crp-y | Southern| gy e | Proximal oy oa o0 [ 7701 [21.44|2426] 217 | 14 | Duncanetal (2022) [SST (Dunkley| High
Ocean Antarctic Jones et al., | latitude
2020)
Govone | Atantic fy i own . Tethys/ 813 | 4480 [592]6.09| 12 | 21 | Ssabinoetal 2021 N/A Low
Ocean Mediterranean latitude
OPTiMAL
McMurdo | Southern Proximal SST (Dunkley| High
Erratics Ocean Unknown Antarctic 166.66 -77.85 |9.36 143.90| 3454 14 Duncan et al. (2022) Jones etal.. | latitude
2020)
. TEXH SST
Potamida | AU fiyiinown|  TEYS' | o390 | 3547 [721|751] 7 | 72 | Besiouetal 2024) | (Kimetal, |, %
Ocean Mediterranean 2010) latitude
Pacific Western TEXH SST Low
QZ6 Shelf Tropical 109.80 20.20 ]3.02]6.42 17 212 Wang et al. (2021) (Kim et al., .
Ocean . latitude
Pacific 2010)
Atlantic Open TEXH SST Low
U1318 p North Atlantic| -11.55 51.44 |12.54|16.57] 16 243 | Sangiorgi et al. (2021) | (Kimetal., R
Ocean ocean 2010) latitude
. . TEXH SST .
Uizsy | Pacific | g [Tasmaniaand)on o0 f 4404 |13.07|16.83] 27 | 138 | Herbertetal 2022) | (Kimetar, | High
Ocean New Zealand 2010) latitude
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U1356 outhe pe Offshore | 136.00 | -6331 [10.77|34.82] 155 | 145 | Hartman etal (2018) | model (Om) | , &
Ocean ocean . . latitude
Antarctic (Kim et al.,
2010)
Atlantic Open Subtropical Low
U1404 ocean | ocean Atlamic -51.81 | 40.01 [18.43|42.87] 69 |[358| Wangetal (2023) N/A latitade
BAYSPAR
Atlantic Open Subtropical . SST (Tierney | Low
U1406 ocean | ocean Atlantic 5165 | 4035 [18.00129.53) 385 | 28 | Guitidnetal 2019) |0y e e
2014)
BAYSPAR
U1457 Indian ) Open |\ 1 iansea | 6793 | 17.17 | 571 [10.12] 90 | 49 | Feakins ctal. 2020y [SuPT (Tierney| Low
Ocean ocean and Tingley, | latitude
2014)
Whole-
column
U1461 Indian g, ¢ [BasternIndiant 500 1 051 |01 |608| 28 | 233 He et al. (2021) temperature | Low
Ocean Ocean calibration | latitude
(He et al.,
2021)
BAYSPAR
U1463 Indian | g ¢ [BasternIndian] 0 60 11897 | 045 |6.25| 341 | 17 | Christensen et al. (2017) | SST (Tiermey | Low
Ocean Ocean and Tingley, | latitude
2014)
Western BAYSPAR
U1488 Pacific - Open Tropical | 141.75 | 2.04 [0.01]9.75| 104 | 95 Liu et al. (2022) SST (Tierney | Low
Ocean ocean . and Tingley, | latitude
Pacific
2014)
‘ TEXH SST
Vicchio Fm | AU804e | own | Tethys/ 1150 | 4393 [13.80]19.00] 331 | 16 | salocchietal 2021) | (Kimetat, | OV
Ocean Mediterranean 2010) latitude
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Table A2 - Screening criteria to minimize the effect of non-thermal factors on GDGT distributions and TEXse-based

temperature estimates

o . Exclusion Application in
Index Description Equation threshold Reference MioTEX
Branched vs.
Isoprenoid
Tetraether Index BIT = (brGDGT-I+brGDGT- Hobmans et al if applied, 26.2%
BIT terrestrial input/ [I+brGDGT-II)/(brGDGT-1+brGDGT- | BIT > 0.4 (2‘(’)% o setal of samples
proportion of [I+brGDGT-III+cren) removed
brGDGTs versus
1s0GDGTs (cren)
#rinostetra if applied, 2.7% of
sour%es of #ringstetra = (brGDGT-Ib + 2 * #rinostetra | Sinninehe Damsté samples removed;
#ringstetra terrestrial brGDGT-Ic) / (brGDGT-Ia + brGDGT- ~0 § 01 6)g if combined with
Ib + brGDGT-Ic) ' BIT, 1.2% of
brGDGTs
samples removed
MI = (isoGDGT1I + isoGDGT-2 + . .
MI zﬁztel;?)rlfi:chtfgflane is0GDGT-3) / (isoGDGT-1 + MI=03- 1 7 ang et al (2011) 13f ?5131;? csia(;l()i?s’
aero is0GDGT-2 + isoGDGT-3 + cren + 0.5 getat o P
oxidation \ removed
cren')

%GDGT-0 %GDGT-0 %GDGT-0 = (isoGDGT-0 / (isoGDGT- | %GDGT-0 [ Sinninghe Damsté |if applied, 8.4% of
0 methanogenesis 0 + cren)) * 100 >67% etal. (2012) samples removed
GDGT- GDGT-0/Cren . GDGT- if applied, 9.2% of
0/Cren methanogenesis GDGT-0/Cren = isoGDGT-0/ cren 0/Cren>2 Blaga et al. (2009) samples removed

if applied, 17.4%
GDGT- . GDGT- . ’
2/Cren ANME isoGDGT-2 / cren 2/Cren >0.2 Weijers et al. (2011) |of samples
removed
[2/3] ratio [2/3] ratio Ilgllq(:nztealsgn(lﬁ) if applicd, 39.4%
[2/3] ratio | water depth of [2/3] = isoGDGT-2 / isoGDGT-3 >s etal. (20 lil-) 2 lof samples
production Hurley et al. (2018) removed
RI = (0x[GDGT-0] + 1x[GDGT-1] +
2x[GDGT-2] + 3x[GDGT-3] +
4x[GDGT-4] + 4%[cren] + 4x[cren']) /
. ([GDGT-0] + [GDGT-1] + [GDGT-2] + ) ) .
Rlng Index [GDGT-3] + [GDGT-4] + [Cren] + .03 > DRI if apphed, 26.1%
RI anomalous GDGT [cren']) Zhang et al. (2016) |of samples
S >0.3
distribution removed
ARI =RI observed - RI predicted
RI predicted = -2.008 x (TEX86): +
3.555 x TEX86 + 0.263
Red Sea type %GDGTgs = (cren’ / (is0GDGT-0+ | %GDGTRS if applied, 3.8% of
%GDGTRrs | GDGTs anomalous Ny Inglis et al. (2015) >
o cren’)) * 100 >30 samples removed
GDGT distribution
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Table A3 - Sea surface and subsurface temperature calibrations compared for the MioTEX compilation
Index/name SST/SubT Equation Uncertainty Reference
TEXH SST SST =68.4 * TEXH + RSE £2.5°C Kim et al. (2010)
38.6
TEX SST SST =67.5 * TEXL + RSE +4.0°C Kim et al. (2010)
46.9
TEX linear SST SST =50.2 * TEXH + RSE £3.4°C Kim et al. (2010)
42.0
global core top (Om) SST SST=156.2 * TEX — RSE £1.7°C Kim et al. (2008)
10.78
BAYSPAR-SST SST Matlab code 90th percent confidence Tierney and Tingley
intervals (2014)
OPTIMAL SST Matlab code RMSE +3.6°C Dunkley Jones et al.
(2020)
Liu reciprocal SST SST =-16.332 * 68.2% confidence interval, RSE | Liu et al. (2009)
(1/TEX) + 50.475 not reported
O’Brien linear SST SST=47.7* TEX-5 RSE £2.0°C O’Brien et al. (2017)
Varma SST SST = (TEX86 — 0.33) / | not reported Varma et al. (2024)
0.012
SubT 0-200m SubT SubT =547 * TEXH+ | RSE+2.2°C Kim et al. (2012)
30.7
BAYSPAR-SubT SubT Matlab code 90th percent confidence Tierney and Tingley
intervals (2014)
Ho&Laepple SubT SubT SubT =40.8 * TEXH + RSE £1.4°C Ho and Laepple
100-250m 223 (2016)

whole column temperature
calibration

whole water
column

T=58.44 * TEX — 17.04

not reported

He et al. (2021)
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Figure B1 Calibration choice alters both site-level temperature offsets and regional temperature contrasts. (a—b) SST

at high-latitude Sites 882 (North Pacific), 982, and U1318 (North Atlantic) using (a) published calibrations (BAYSPAR, TEX",

or TEXY, as originally reported per site) versus (b) BAYSPAR recalculated uniformly for all three sites; (¢) map of site

locations. (d—e) LOWESS-smoothed SST for low- and mid-latitude sites using (d) the published Kim10H calibration versus

(e) BAYSPAR recalculated uniformly; (f) map of site locations. (g—h) SST at the ice-proximal Antarctic (Ross Sea shelf) sites
AND-2A, CIROS-1, CRP-2, and McMurdo Erratics using (g) published calibrations (OPTiMAL SST and TEX" subsurface

temperature of Kim et al. (2012), as originally reported per site) versus (h) three alternative calibrations applied uniformly

(Kim et al. (2010) linear calibration, Varma et al. (2024), and the MioOcean upper-ocean temperature (high-latitude Monte

600 Carlo); (i) map of site locations.
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Figure B2 (a) Low latitude (0-20°N/S) stack with two distinct temperature bands. Cooler temperatures occur at sites

influenced by equatorial or coastal upwelling, including the eastern equatorial Pacific (Sites 850, 846, 1241), equatorial
Atlantic (Sites 925, 667, 959), and the Indian Ocean/Arabian Sea (Sites 722, 730, U1457) (dark red). In contrast, warmer
conditions are consistently recorded at western tropical Pacific sites (WTP; Sites 1143, 1146, U1488, 806) (pink). (b)

Mid-latitude stack with highlighted colder temperatures recorded at upwelling-influenced sites, including Site 467 (California

Upwelling System)(dark brown triangle) and Site 1085 (Benguela Upwelling Region) (dark brown circle).
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Figure B3 LOWESS-smoothed Miocene temperature trends by latitude band, comparing (a) MioOcean UOT (upper

ocean temperature) and (b) MioOcean SubT. Colored lines show tricube-weighted local-linear trends fit to 0.5-Myr binned

medians for five latitude bands: low latitude (0—20°N/S), mid latitude (20—40°N/S), the 40-50°N transition zone, South Pacific

(40-60°S), and South Atlantic (40-60°S). The North Atlantic, North Pacific, and Antarctic bands are omitted because too few

sites contribute to produce a reliable trend line. Both panels share the same y-axis scale to allow direct comparison of UOT

and SubT magnitudes across latitude bands.
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Code and data availability

The MioTEX data compilation is available as part of the MioOcean database (Sosdian et al., this volume) and is openly
accessible and can be downloaded directly from the MioOcean website (https:/www.mioocean.com/download-data/) or

through Zenodo (https://doi.org/10.5281/zenodo.22258386, Sosdian et al., 2026). This includes newly compiled datasets for

TEXss-derived temperatures and updated ages for TEXss datasets for key sites. The Zenodo record is currently restricted;
editors and reviewers have access via a private link provided to the journal. Upon acceptance, the record will be made public
under the same DOI. We encourage users to also cite original data when using this data product, to provide credit to the data
generators.

All  code wused for the MioTEX temperature compilation is publicly available on GitHub at

https://github.com/audersea/mio_compilation. This includes code used for (1) calibration calculations and (2) application of

screening criteria. The code for the Streamlit dashboard for MioTEX is also on GitHub at https://github.com/audersea/mio_tex.

The code to generate the figures in this manuscript is at https://github.com/audersea/mio_tex figures.

Supplement link

The link to the supplement will be included by Copernicus, if applicable.
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