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Abstract. Paleoclimate records from the Miocene epoch (~5.3 to ~23.0 Million years ago) present an
opportunity to assess the Earth’s climate system under a warmer-than-modern mean state, when
atmospheric COz levels were within the range of those projected for the next century under
intermediate climate change scenarios. Ocean temperature is a key climate system parameter
because latitudinal temperature gradients provide critical information on the climate system and
potential carbon cycle feedbacks in the geological past. Over the last several decades, magnesium-
to-calcium (Mg/Ca) ratios in both planktic and benthic foraminiferal shells have been applied as a
temperature proxy providing insight into spatial and temporal change in upper ocean and bottom
water temperature across the Miocene. However, Miocene climate models struggle to reconstruct the
reduced latitudinal temperature gradient inferred from available proxy records, including those based
on Mg/Ca. Further, recent advances in planktic and benthic foraminiferal Mg/Ca-temperature
paleothermometry show that non-thermal factors and seawater chemistry need to be considered
when converting Mg/Ca to temperature. Here, we present the MioMG temperature compilation, led by
the Mg/Ca working group within the international MioOcean community effort. Fifty-two Miocene
foraminiferal Mg/Ca records from both planktic and benthic foraminifera were reevaluated and
temperatures were recalculated to provide robust, consistent temperature estimates including
uncertainties. Conversion of planktic and benthic Mg/Ca to temperature requires consideration of
carbonate chemistry sensitivity for individual species, sensitivity of foraminiferal Mg/Ca to the Mg/Ca
seawater composition (Mg/Casw), and appropriate calibration. We compiled records of the seawater
Mg/Ca composition (Mg/Casw), based on a diverse set of proxies, and present this record for use in
future application of Mg/Ca-derived Miocene temperature reconstructions. Miocene Mg/Ca records
are derived from extant and extinct foraminiferal species. Further, preservation information is essential
to determine the quality of reconstructions. Our recalculated upper ocean temperature (UOT)
estimates showcase warm Middle Miocene temperatures and a cooling trend towards the Late
Miocene. Revised bottom water temperature (BWT) estimates also depict warm Middle Miocene
values followed by a cooling trend, which is consistent among sites located at different paleodepths.
Overall, absolute temperature estimates are higher than previously published estimates due to
application of corrections based on the updated MioOcean Mg/Casw curve. The MioMG compilation is
presented on an interactive Streamlit-based web platform allowing for exploration of the data for
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specialists and non-specialists to aid in application of dataset for Miocene researchers. The dataset is
publicly available at Zenodo (https://doi.org/10.5281/zenodo.22258386, Sosdian et al. 2026).

1 Introduction

The dynamic climate of the Miocene provides a unique opportunity to understand climate
processes and feedbacks in a warmer-than-modern mean climate state with persistent polar
glaciation. Indeed, the Miocene Climatic Optimum (MCO; 16.9-14.7 Ma) represents an analog for
intermediate future climate change scenario (RCP 4.5 or 6.0) (Steinthorsdottir et al. 2021). Despite its
high potential to serve as an analogue for future climate, discrepancies between temperature proxy
data and climate model simulations, and between different proxy systems, limit our understanding of
Earth’s climate dynamics during the Miocene. For example, Miocene climate models are unable to
reproduce the reduced latitudinal temperature gradient derived from ocean temperature records (Burls
et al. 2021), and discrepancies between temperature estimates derived from different proxy systems
can further complicate the interpretation of Miocene climate records. In addition, individual studies
based on the same paleotemperature proxy may use different equations and correction frameworks.
These inconsistencies highlight the need to incorporate recent advances into proxy systematics to
produce higher confidence ocean temperature estimates, providing clearer insights into the Miocene
climate, and helping to constrain climate models and processes. MioOcean (see Sosdian et al., this
volume) is an international coordinated ocean-temperature compilation effort, which aims to review
proxy systematics and refine temperature estimates for five proxy archives, namely TEXss, UX37,
foraminiferal '80, foraminiferal A4z, and foraminiferal Mg/Ca, while facilitating intercomparison
through the use of a revised and consistent age framework. Here, we propose a consistent workflow
for robustly applying the Mg/Ca-paleothermometer measured on foraminiferal tests to reconstruct
upper and deep ocean temperatures across the Miocene.

The Mg/Ca paleothermometer is based on thermodynamic experiments that showed that the
degree of Mg?* substitution for Ca?* in the crystal lattice of calcium carbonate (calcite) increases with
fluid temperature (Clarke et al.,1922; Chave et al.,1954; Chilingar et al.,1962). Further work
demonstrated that this relationship also holds in biogenic carbonates, such as the tests precipitated
by foraminifera (unicellular oceanic protists), though the Mg/Ca-temperature (Mg/Ca-T) sensitivities
differ between species. Calibrations relating changes in foraminiferal Mg/Ca values with changes in
water temperature are based on measurements from modern benthic and planktic foraminifera that
live at different water depths and latitudes in the ocean and obtained from core-tops, sediment traps,
and plankton nets, as well as those grown in culture (e.g., Nurnberg et al., 1996; Lear et al., 2002;
Anand et al., 2003). These species-specific relationships, which are usually expressed as exponential
functions, have been used to reconstruct temperature variations on a range of timescales (seasonal to
million years (Myr)), time intervals (Holocene to Late Cretaceous), and water column depths (e.g.,
Lear et al., 2010; Cramer et al., 2009). When coupled with oxygen isotope (5'®0) data, the Mg/Ca
paleothermometer can be used to estimate changes in the 580 of seawater in the upper and deep
ocean, which are driven by salinity, local hydroclimate, water mass mixing, and ice volume variations
in the open ocean (e.g., Elderfield & Ganssen, 2000; Lear et al., 2000).

The Mg/Ca proxy was first applied to Miocene records in the early 2000s; however, several
challenges have arisen when extending the proxy deeper in geologic time, particularly for timescales
that exceed the residence time of Mg in the ocean (~13 Myrs). Importantly, both planktic and benthic
foraminiferal Mg/Ca are sensitive to changes in the Mg/Ca composition of seawater (Mg/Casw) as well
as species-specific sensitivity to environmental conditions (e.g., pH, salinity, carbonate ion saturation).
On millions-of-years timescales, both proxy and modelling reconstructions indicate a long-term
increase in Mg/Casw from the early Cenozoic to a present day value of 5.2 mol/mol (Hardie, 1996;
Higgins & Schrag 2012; Higgins & Schrag 2015; Fantle & DePaolo 2006; Horita et al. 2002; Dickson,
2002, 2004; Brennan et al. 2013; Coggon et al. 2010; Rausch et al. 2013; Gothmann et al. 2015;
Evans et al. 2018; Evans et al. 2026). Previous work has shown that the relationship between
Mg/Casw and Mg/Ca in foraminiferal calcite is described by a power function as outlined in eq. 1,
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where F is a function that includes the sensitivity to temperature and H is a constant, each determined
for each species:

Mg/Cacarcite=F x Mg/Cast Eq. (1)

The H-value has been shown to be species-specific, with a variety of approaches resulting in
H-value estimates ranging from 0.41 (Delaney et al. 1985) to 1.00 (Tierney et al. 2019) in planktic
foraminifera and from 0.27 to 1.00 in benthic foraminifera (Lear et al. 2000; Billups & Schrag, 2003;
Segev and Erez, 2006; Lear et al., 2015). In addition to changing Mg/Casw, non-thermal factors can
influence Mg/Ca (Lea et al., 1999; Elderfield et al. 2006; Kisakurek et al. 2008; Duefias-Bohorquez et
al., 2009; Honisch et al., 2013). Reconstructing Miocene ocean temperatures derived from extinct
foraminiferal taxa leads to additional challenges such as lack of modern species analog and limited
constraints on species-specific offsets and vital effects. For planktic Mg/Ca recent work has shown
that multi-variable calibrations are needed to account for sensitivity to pH for some species (e.g.,
Globigerina bulloides) and salinity (Gray & Evans, 2019; Tierney et al. 2019; Holland et al. 2020).
Applying these calibrations to reconstruct paleotemperatures is challenging due to the absence of
site-specific records of past pH and salinity. For instance, there are no direct proxies for salinity,
especially during the Miocene, while boron isotope-derived proxies indicate changes in ocean pH
across this time interval (Sosdian et al., 2018; Whiteford et al. 2024).

For benthic Mg/Ca, bottom water temperature (BWT) reconstructions based on Mg/Ca are
sensitive to changes in deep ocean carbonate chemistry. Carbonate saturation state is the main factor
that can bias temperature estimates, impacting the Mg partitioning in the benthic foraminiferal CaCOs3
shell, systematically lowering Mg/Ca ratios with decreasing carbonate saturation (e.g., Martin et al.,
2002; Rosenthal et al., 2006; Elderfield et al., 2006; Healey et al., 2008; Raitzsch et al., 2008; Yu and
Elderfield, 2008; Regenberg et al., 2014). However, recent work has demonstrated that infaunal
benthic foraminifera exhibit lowered sensitivity to carbonate saturation state changes than epifaunal
species due to a buffering effect of pore waters (Elderfield et al. 2010; Lear et al. 2015), implying that
they can be used to reconstruct high confidence BWTs.

Reconstructing temperatures from Mg/Ca records also requires a thorough assessment of
diagenesis. The main processes impacting preservation of the primary biogenic signal include
dissolution, overgrowth with inorganic calcite or oxide coatings, recrystallisation, and infilling. These
processes are driven by site-specific conditions, including sedimentology, burial depth, sedimentation
rates, and pore fluid geochemistry that impact the interaction between the biogenic calcite and the
surrounding pore fluids (Sexton et al., 2006, Sexton and Wilson, 2009; Edgar et al., 2013, Edgar et
al., 2015). Foraminifera in clay-rich sediments generally preserve better than those in sediments with
a higher carbonate content, as a higher clay content will reduce permeability and minimise the impact
of contact with post depositional fluids with a different composition (Pearson et al., 2001, Wilson and
Norris, 2001). The degree to which pore waters are buffered with respect to carbonate saturation state
can also impact benthic foraminiferal Mg/Ca (Lear et al., 2015). Greater burial depth will expose
material to greater geothermal warmth, making it more likely that the original temperature signature
may be overprinted by that of any new calcite precipitation or recrystallization. The location of an
individual study site and the local pore fluids’ chemistry also impact the effects of post-depositional
processes on the preservation of the primary foraminiferal Mg/Ca signal. Monitoring post-depositional
impacts on primary Mg/Ca can be complicated by the fact that, for instance in some areas of the
Pacific Ocean, pore water Mn concentrations are higher compared to other ocean basins. This could
lead to Mn/Ca values that would ordinarily be above the cut-off threshold for consideration, even
though the Mg/Ca values remain unaffected (Sosdian et al., 2020).

Considering all of the factors outlined above, revisiting best approaches to reconstructing
Miocene upper and deep ocean temperatures is necessary. Here, we present a new Miocene
foraminiferal Mg/Ca compilation that includes 52 globally distributed published records spanning some
or all of the Miocene (Figures 1, 2). As part of the MioOcean effort, we provide a refined framework to
convert foraminiferal Mg/Ca to ocean temperature in these records, including calibration, Mg/Casw
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correction, and accounting for changes in carbonate chemistry, salinity, and preservation. Our Mg/Ca-
temperature data compilation product includes methodological recommendations for using Miocene
foraminiferal Mg/Ca to produce robust Miocene ocean temperature estimates. The compiled data and
reconstructed temperatures are available through a Streamlit web application, enabling users to
explore and visualize the data product across Mg/Ca-temperature calibrations and key input
parameters.
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Figure 1. Spatial distribution and temporal duration and resolution of (a) planktic and (b) benthic
Mg/Ca records. Coloured by confidence and species in the Mg/Ca-derived temperature estimates,
where light green is the most confident, dark green is moderately confident, and gray is uncertain.
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Figure 2. Paleolocations of Mg/Ca proxy sites from the MioOcean compilation across the Miocene.
(a) All sites spanning 23.03—-5.33 Ma shown on the modern geography; (b—e) sites shown on MioMIP2
phase 2 paleogeography for four intervals: (b) Early Miocene (23.03-17 Ma), (c) Miocene Climatic
Optimum (17—14 Ma), (d) Middle Miocene Climate Transition (14—10 Ma), and (e) Late Miocene (10—
5.33 Ma). Blue filled circles denote upper ocean temperature (UOT) records and blue open rings
denote bottom water temperature (BWT) records. Marker size is proportional to data resolution
(number of data points per million years); small, filled dots mark single-data-point sites for which
resolution cannot be computed. Paleocoordinates are the mean of the oldest and youngest
reconstructed positions within each interval.

2 Methods
2.1 Data sources

Planktic and benthic foraminiferal Mg/Ca data were compiled from published studies (Year
2000 to present) (Supplementary Table S1-S2) available in online data repositories or as
supplementary data files from Deep Sea Drilling Project (DSDP), Ocean Drilling Program (ODP),
Integrated Ocean Drilling Program (Integrated ODP; 2003-2013), International Ocean Discovery
Program (International ODP; 2013-2024), and onshore drilling sites. Initially, we reviewed records on
the Bolin Temperature Portal, an online platform that houses available Miocene ocean temperatures,
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as a starting point to compile a list of all records (Lawrence et al. 2020; Sosdian et al. 2024). We
compiled proxy values, published temperature estimates, and proxy-specific metadata, including
taxon name, size fraction, instrument type, trace metal cleaning method, and contamination
information where available, typically used to assess whether Mg/Ca values retain a primary and/or
been influenced by diagenetic processes. Note that some datasets did not report temperature
estimates and/or associated uncertainties in the original publication. To assess site-specific
environmental and climate conditions, we reviewed modern temperature, salinity, and carbonate
chemistry parameters, including calcite saturation, derived from the gridded Global Ocean Data
Analysis Project (GLODAP) data product (Version 2; Lauvset et al., 2016). These data were used to
compare modern temperatures with calculated values, characterize modern salinity, and assess the
saturation state of sites used for both planktic and benthic data. Parameters for sites located on land
were extracted from oceanographic data from the nearest ocean grid cell.

For this contribution, preservation summaries were extracted from previous work where
available (38 out of 52 sites) and used as a guide at each site for consideration of the temperature
output (see Supplementary Tables S1-S2). Preservation information was collated at a site level, but
each publication was kept separate, as studies frequently cover different time periods and
preservation state can vary downcore. The preservation state and/or assessment reported by the
authors was summarised based on the main manuscript and supplementary information including
method or approach used. Additionally, a literature review was completed for each site to identify any
available SEM images, as well as any other studies reporting on foraminiferal preservation of the site.
For SEM images, we collated information about image availability following the recommended
approach outlined in literature (Appendix A: Fig. A1; Sexton et al., 2006; Rosenthal et al., 2018) such
as whether images were available for the whole test, wall structure and/or for multiple time intervals.
This approach provides a systematic way of identifying dissolution, calcite overgrowths,
recrystallisation and infilling, and can be used to identify downcore variations in preservation.
However, it remains difficult to identify secondary coatings and to quantify the actual impact of the
preservation state on the test geochemistry.

2.2 Data Coverage

Published Miocene planktic foraminiferal Mg/Ca temperature data are available from 18
DSDP/ODP/Integrated ODP/International ODP drilling sites, an additional Indian NGHP deep-ocean
site, and two onshore locations in the Tethys/Paratethys (Supplementary Table S1-S2. Figure 1, 2).
Six sites are located in the Pacific Ocean (DSDP Site 292, ODP Sites 806, 845, 871, 872, and
Integrated ODP Site U1338; Sato et al. 2008, Nathan and Leckie, 2009, Sosdian and Lear, 2020,
Hess et al. 2023, Boscolo-Galazzo et al. 2021, Sosdian et al. 2018, Greenop et al. 2019, Fox 2014
[Data provided by author], Fox et al. 2021, Drury et al. 2018, Guillermic et al. 2022; Liu et al. 2022),
two sites in the South China Sea (ODP Site 1146 and International ODP site U1501; Steinke et al.
2010, Holbourn et al. 2010, 2018; Yang et al. 2021, Yang et al. 2026), four sites in the Atlantic Ocean
(ODP Sites 926, 1000, 1092 and 1264; Foster et al. 2012, Sosdian et al. 2018, Greenop et al. 2019,
Kuhnert et al. 2009, Anderson et al. 2024), five sites in the Indian Ocean (DSDP Site 242, ODP sites
761, Integrated ODP Sites U1443 and U1448, NGHP-01-01; Boscolo-Galazzo et al. 2021, Sosdian et
al. 2018, Sosdian et al. 2020, Foster et al. 2012, Martinot et al. 2022, J6hnck et al. 2020, Yang et al.
2020, Zou et al. 2022), three sites in the Southern Ocean (ODP Sites 747, 1170 and 1171; Verducci
et al. 2007, Shevenell et al. 2004), and three onshore sites (LOM-1 in Czechia, Ras il-Pellegrin (RIP)
in Malta and Sunbird-1 in Tanzania; Scheiner et al. 2018, Badger et al. 2013, Nairn et al. 2021).
Modern water depths range between ~720 m and 4200 m. Note for ODP Site 747 dataset (Verducci
et al. 2007; Verducci et al 2009), Mg/Ca data are not available from a repository, so we compiled only
the available metadata for comparison with other records.

The age resolution varies from 3.0 kiloyear (kyr) to nearly 1.0 Myr, and the Early Miocene is
less well represented (201 data points) in the data than the Middle (2035 data points) and Late
Miocene (2015 data points). To reconstruct Mg/Casw we compiled planktic foraminiferal Na/Ca records
from published work (Zhou et al. 2021; Rosenthal et al. 2022). The Miocene Na/Ca record is derived
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from ten sites including: DSDP 608 and 667; ODP 758, 806, 807, 925, 926, 1237, 1264; Integrated
ODP U1337.

Published Miocene benthic Mg/Ca temperature data are available from 13
DSDP/ODP/Integrated ODP drilling sites and two onshore locations (Table A1-A2). Six sites are
located in the Pacific Ocean (DSDP Site 573, ODP Sites 806, 1218, Integrated ODP Sites U1337 and
U1338; Lear et al. 2000, 2003, 2004, 2015, Kochhann et al. 2017), including one on-shore location in
New Zealand (Mount Harris; Fukuda et al., 2012), and three sites are located in Atlantic Ocean (ODP
Sites 926, 929, 1088; Lear et al. 2003, Mawbey & Lear 2013, Billups & Scheiderich 2009), two in the
Indian Ocean (ODP Sites 757 and 761, Billups & Schrag 2003, Lear et al. 2010) and Southern Ocean
(ODP Sites 747 and 1171; Billups & Schrag 2002, Shevenell et al. 2008), and one (ODP Site 1146;
Kochhann et al. 2017) in the South China Sea, a Pacific marginal sea that was part of the subtropical
NW Pacific during most of the Miocene. The other onshore location, LOM-1, is located in Paratethys.
The majority of these locations record deep-water temperatures in bathyal to abyssal water depths,
with the exception of ODP Sites 747 and 757 in the Southern and Indian Ocean, respectively, that
were bathed in upper deep to intermediate water in the Miocene. The Mount Harris Site is the only
location bathed by shallow water (outer shelf, 100-200 m paleo-water depth). The age resolution
varies from ~4.9 kyr to ~883.0 kyr, and the Late Miocene is less well represented (309 data points) in
the data than the Early (413 data points) and Middle Miocene (510 data points).

We assessed the spatial and temporal distribution of the compiled Mg/Ca records to
characterize the geographic and temporal coverage of available upper and deep ocean temperature
estimates. Records were considered in the context of their oceanographic setting, water depth,
latitude, and temporal resolution, allowing us to identify regions and intervals that are relatively well
represented as well as those for which fewer records are available.

2.3 Age model framework

A consistent MioOcean Age Framework was developed by a separate working group of the
MioOcean effort (MioAGE: Drury et al., this volume). Briefly, following a critical age model survey
classifying all MioOcean sites and UOT/BWT records (including Mg/Ca), the age models for 38 key
sites were revised, verified and standardised within the MioOcean Age Framework anchored to the
GTS2012 timescale (Hilgen et al., 2012) or astrochronology. All Mg/Ca records published at key sites
fall within the MioOcean Age Framework, with the age models available in the age model database
(key sites with Mg/Ca data: ODP Sites 747, 761, 806, 872, 925, 926, 1088, 1092, 1146, 1170, 1171,
1264 and Integrated ODP Sites U1337, U1338, U1443 and International ODP Site U1501; Drury et
al., this volume). For non-key sites, we use the Mg/Ca data on their original published age models.
Thus, throughout this contribution, all figures and data analyses use the “MioOcean recommended
age (Ma)”, which corresponds to the revised MioOcean Age Framework for key sites and the original
published age model for non-key sites. The “Published age (Ma)” and “MioOcean recommended age
(Ma)” are provided in the accompanying database (see Drury et al., this volume). Note for the land
section LOM-1, we compiled Mg/Ca data from both planktic and benthic species, however we did not
calculate temperature due to a lack of age model constraints (Scheiner et al. 2018). Sites
characterized by modern carbonate undersaturation or intervals affected by carbonate dissolution
may warrant particular caution when interpreting BWT estimates such as MCO thermal maximum
interval from Integrated IODP site U1338 (Kochhann et al., 2017).

2.4 Data description and availability

The MioMG 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 Mg/Ca records are
distributed as a proxy-specific file (mgca_product.xlsx) containing the raw Mg/Ca 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
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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)").
The same records are also integrated into the reduced multi-proxy compilation
(mio_ocean_product.xlsx), which retains a single recommended (or Monte Carlo—ensemble)
calibration per proxy for cross-proxy and model-data comparison (See Section 3.4). 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 can be downloaded from the
MioOcean website (https://www.mioocean.com/download-data/). Further the MioMG compilation can
be explored interactively via the MioMG (https://mio-mg.streamlit.app/).

2.5 Foraminiferal taxonomy & ecology
2.5.1 Planktic foraminifera

Miocene planktic Mg/Ca records encompass a range of modern, extant morphotypes, and
extinct species (Table A1; Figure 1). When assigning calibration relationships, we considered
taxonomic and phylogenetic relationships among planktic foraminiferal species, following published
frameworks (e.g., Aze et al., 2011; Wade et al. 2011; Spezzaferri et al., 2018a, b; Boscolo-Galazzo et
al. 2025; Lamyman et al., 2026). Planktic foraminifera used to reconstruct UOT include the modern
species (Trilobatus sacculifer, Globigerina bulloides), extant morphotypes (Trilobatus quadrilobatus,
Trilobatus trilobus), and other extinct species (Globoturborotalita pseudopraebulloides,
Dentoglobigerina altispira, Globigerinoides obliquus, Globigerinoides subquadratus).

Trilobatus sacculifer is a spinose surface-dwelling species, with a mixed-layer depth habitat
(0-50 m depending on region; Chaabane et al. 2026) that bears photosynthetic symbiotic algae and
appeared in the Early Miocene (Kennett and Srinivasan, 1983). The Trilobatus sacculifer-group,
reassigned from Globeriginoides after Spezzaferri et al. (2015), initiated in the early Miocene (22.5
Myrs), including extant morphotypes T. trilobus and T. quadrilobatus. T. trilobus is abundant
throughout the Middle and Late Miocene and has been used routinely to reconstruct UOT (Sosdian et
al. 2020; Martinot et al. 2022; Holbourn et al. 2018; Johnck et al. 2020). G. bulloides, a non-symbiont
bearing foraminifera that appeared in the Late Oligocene (Spezzaferri et al. 2018a), generally inhabits
the upper 50 m of the water column but has been shown to dwell at deeper depths (~0-75m;
Chaabane et al. 2026). We apply the modern T. sacculifer Mg/Ca—temperature calibration to T.
trilobus and T. quadrilobatus, and the modern G. bulloides calibration to Miocene records (See
Section 2.6.2)

The extinct species Dentoglobigerina altispira is thought to have been a near-surface dweller
(lower mixed-layer and/or upper thermocline) that probably hosted symbionts and is present in the
fossil record from the Late Oligocene to the Late Pliocene (Pearson & Shackleton, 1995; Sosdian &
Lear, 2020; Zou et al. 2022). Globoturborotalita pseudopraebulloides is an extinct species ranging
from the early Oligocene to middle Miocene (Spezzaferri et al., 2015, 2018b). It has been inferred to
host photosynthetic symbionts (Pearson & Wade, 2009; Andersen et al., 2024) and to exhibit
relatively low sensitivity to pH (Andersen et al., 2024). Although previously referred to as Globigerina
sp. cf. G. bulloides by Pearson and Wade (2009), G. pseudopraebulloides is now recognised as a
distinct species rather than a morphospecies of G. bulloides (Spezzaferri et al., 2018b). Lesser-known
extinct species used for Mg/Ca records and thought to be a surface dweller are Globigerinoides
obliquus (Early Miocene-Pleistocene) and G. subquadratus (Early—Late Miocene; Spezzaferri et al.,
2018b; Shevenell et al. 2004; Holbourn et al. 2021). G. subquadratus (Early—Late Miocene) is closely
related to G. ruber and considered part of an ancestor—descendant pair, with recent Mg/Ca evidence
supporting a consistent temperature response between them (Boscolo-Galazzo et al., 2025). For
extinct species without a modern equivalent, we apply multispecies or pooled calibrations where
appropriate, as outlined below; for G. subquadratus, however, we also consider G. ruber as a close
modern analogue (See Section 2.6.2). ODP Site 1264 Mg/Ca data derive from both Miocene and
Oligocene data. For completeness, we compiled all Mg/Ca data including extinct species Ciperoella
angulisuturalis covering the Oligocene time interval.
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We did not apply any size fraction corrections to the data when converting planktic Mg/Ca to
temperature. Most Mg/Ca records utilized size fractions within the 250-355 ym range, with the
exception of three studies that used a smaller or larger range (ODP Site 1092, 1146, and in; Kuhnert
et al. 2009; Steinke et al. 2010; Drury et al. 2018). At ODP Site 1146 (Steinke et al., 2010), the Mg/Ca
dataset is based on combined species (T. sacculifer and T. quadrilobatus) and there is no size
fraction study that has examined T. quadrilobatus. For ODP Site 1092 (Kuhnert et al. 2009), we apply
no size fraction correction as previous studies show an offset with size fraction, but the magnitude of
Mg/Ca difference is variable (Elderfield et al. 2002; Friedrich et al. 2012). For Integrated ODP Site
U1338 (Drury et al. 2018), T. sacculifer data derives from a range of size fractions. Previous work has
found that T. sacculifer Mg/Ca increases with size fraction (Recent: Elderfield et al. 2002; Late
Miocene: Drury et al. 2018), and size correction factors were calculated for this species (1.13: 355-
425 pm and 1.25: 425-500 pm; Drury et al. 2018). On the other hand, T. trilobus was shown to have
no consistent Mg/Ca trend with test size in Late Miocene samples (Martinot et al 2022). We
recommend using 250-300um Mg/Ca data from Drury et al. (2018) as it falls within the overall range
of other studies and covers the Late Miocene time interval.

2.5.2 Benthic foraminifera

Miocene benthic foraminiferal Mg/Ca records have been published for the species Oridorsalis
umbonatus, Cibicidoides wuellerstorfi, Cibicidoides mundulus, Cibicides spp., Cibicidoides spp.,
Nuttallides umbonifera, Notorotalia spinosa, and Melonis pompilioides (Table A2). For this effort, we
only calculated new BWTs for O. umbonatus, C. wuellerstorfi, and mixed-species derived from
combined C. wuellerstorfi and C. mundulus Mg/Ca measurements.

Oridorsalis umbonatus is a shallow infaunal cosmopolitan species, inhabiting lower neritic to
abyssal water depths (Tjalsma and Lohman, 1983; Thomas, 1990; Jones, 1994; Holbourn et al.,
2013). It is an extant species that first appeared during the Paleocene (Tjalsma and Lohman, 1983)
and became relatively common in deep sea sediments after the middle Eocene (Thomas, 1990). Due
to its infaunal microhabitat, O. umbonatus Mg/Ca values are less affected by carbonate saturation
state, but only at sites where carbonate-rich sediments provide a buffering effect to pore waters (e.g.,
Lear et al., 2015; Nauter-Alves et al. 2025).

Cibicidoides wuellerstorfi, recently assigned to Lobatula wuellerstorfi (Burkett et al., 2025;
Nauter-Alves, 2025) and formerly also known as Planulina wuellerstorfi (Holbourn et al., 2013), is an
extant epifaunal species that inhabits bathyal water depths (Holbourn et al., 2013). It has a
cosmopolitan distribution, and first appeared at ~16.0 Ma, in the Middle Miocene (Holbourn et al.,
2013). Some studies, such as the record from ODP Site 747 (Billups and Schrag, 2002) report C.
wuellerstorfi data from before their accepted first appearance, suggesting that the species attribution
may be incorrect. We therefore opted to only recalibrate C. wuellerstorfi Mg/Ca data younger than
16.0 Ma, though data points older than 16.0 Ma remain in the database and their originally published
paleotemperatures are available. For sites with mixed-species Mg/Ca measurements on C.
wuellerstorfi and C. mundulus, we have provided BWTs calculated with our revised C. wuellerstorfi
calibration in the proxy-specific compilation, but we do not consider them to be high confidence
temperature estimates.

We did not include C. mundulus Mg/Ca records in the MioOcean compilation, since this
species’s sensitivity to temperature is low (Yu and Elderfield, 2008; Nauter-Alves et al. 2025), with a
likely higher sensitivity to carbonate ion concentration changes. Similarly, there are no BWTs
calculated for Cibicides spp. since the temperature sensitivity of the mixed sample cannot be
determined. N. umbonifera, N. spinosa and M. pompilioides Mg/Ca records were not converted to
BWT within the MioOcean initiative due to the paucity of calibration studies. Nevertheless,
Cibicidoides mundulus, Cibicides spp., Cibicidoides spp., N. umbonifera, N. spinosa and M.
pompilioides Mg/Ca records are reported in the MioOcean database as the originally published proxy
values and BWT estimates for documentation.

Benthic foraminiferal Mg/Ca records were usually measured on specimens collected from
250-355 pm grain size fraction residues, with the exception of those from Sites 747 (>63 ym), 757
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(250-425 pm), and 926 (150-355 pm). We did not apply any size correction to benthic foraminiferal
Mg/Ca records, since, unlike their planktic counterparts, benthic foraminifera do not migrate in the
water column during their life cycle. Therefore, they do not present significant Mg/Ca variability
throughout their ontogeny (i.e., among different specimen sizes).

2.6 Converting Mg/Ca to temperature
2.6.1 Mg/Casw reconstruction

To generate an updated record of temporal changes in Mg/Casw through the Miocene, we
compiled and reviewed existing proxy-derived Mg/Casw estimates from the Oligocene through Modern
(Appendix B: Fig. B1). The compilation, which includes estimates of Mg/Casw, ages and uncertainties
derived from halite fluid inclusions (Brennan et al. 2013; Horita et al. 2002; Lowenstein et al. 2001),
calcium carbonate veins (CCVs; Coggon et al. 2010; Rausch et al. 2013), large benthic foraminifera
(LBF; Evans et al. 2018), and echinoderm ossicles (Dickson, 2002; 2004), is largely based on the
compilation of Tierney et al. (2019). We opted to omit the coral data (Gothmann et al. 2015), since
they exhibit a high degree of scatter and their signal is unlikely to solely reflect changes to global
Mg/Casw (Lebrato et al. 2020). We expanded the compilation to include foraminiferal Na/Ca values,
which were used to estimate past seawater [Ca?*] (Zhou et al., 2021) and combined with [Mg?*]
measurements from halite fluid inclusions to estimate Mg/Casw at a high resolution over the last 16
Myrs. Eight of the ten sites used in the Na/Ca record were key sites with updated MioOcean age
models (DSDP 608 and 667; ODP 806, 925, 926, 1237, 1264; Integrated ODP U1337. The two
remaining sites (ODP 758 and 807), which make up only 12 data points spanning the middle Miocene
to Pleistocene, were not part of the MioOcean age model update, and published ages were used. Due
to the high temporal resolution of the age models, the Na/Ca records do not have reported age
uncertainties. We use the reported ages and uncertainties for all other Mg/Casw proxy records listed
above. The Modern Mg/Casw was constrained using both observed (Broecker & Peng, 1982) and
calculated (Lebrato et al. 2020) values.

We utilized a Monte Carlo approach to reconstruct Mg/Casw from 34 Ma to present,
resampling for uncertainties in age and propagating uncertainties in proxy values. We first generated
50,000 realizations of the input compilation, since many of the Mg/Casw estimates have large age
uncertainties. For each iteration, ages were randomly drawn from a uniform distribution bounded by
the reported minimum and maximum ages for each respective data point. We also incorporated
Mg/Casw estimated from Na/Ca-derived Ca?* values and independent Mg?* concentration data. Mg?*
concentrations were randomly sampled from a uniform distribution of their reported age uncertainties
and then interpolated to the ages of the Na/Ca-derived Ca?* estimates. These paired Mg?* and Ca®*
concentrations were used to determine Mg/Casw, with uncertainty propagated from the Na/Ca-derived
Ca?* values. This process generated an ensemble of 50,000 possible input dataset that accounts for
age uncertainty.

Each realization of the compilation was then converted into a 1.0-Myr binned reconstruction.
Mg/Casw values within each time bin were combined using inverse-variance weighting, and a
representative value was randomly sampled from the resulting distribution. Finally, we generated a
continuous Mg/Casw curve from the binned ensemble by iteratively (N = 1,000) fitting a LOESS
regression to the binned ensemble using a 13-Myr smoothing window (i.e., the residence time of Mg
in seawater).

This procedure generated an ensemble of 1,000 smoothed Mg/Casw reconstructions at 1.0-
Myr intervals, from which the median and various percentiles were calculated (Appendix B: Table B1).
The MATLAB script to generate the Mg/Casw curve and the full Mg/Casw ensemble curve are available
in the project GitHub repository.

2.6.2 Planktic calibrations

Because planktic foraminiferal Mg/Ca records include data from species that calcify across a
range of depths within the upper several hundred metres of the water column, and as these depths
are often uncertain or variable through space and time (Chaabane et al. 2026), we classify Mg/Ca
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records as indicators of upper ocean temperature (UOT), rather than sea surface temperature (SST).
This approach is consistent with the wider MioOcean effort (Sosdian et al. this volume).

To convert Mg/Ca to temperature, we applied two mutli-variable calibrations: the culture-
derived calibration from Gray and Evans (2019; referred to hereafter as GE19) and the core-
top/culture calibration from Tierney et al. (2019; referred to hereafter as BAYMAG). Both studies
provide calibration frameworks that account for temperature, salinity, and seawater pH, with species-
specific and pooled calibrations. The planktic Mg/Ca records in our Miocene compilation are derived
from modern, extant morphotypes, and extinct species. Among these, some species are pH-
insensitive, meaning their test Mg/Ca ratios are not significantly affected by seawater pH (e.g., T.
sacculifer), whereas pH-sensitive species exhibit changes in test Mg/Ca as seawater pH varies (e.g.,
G. bulloides, G. ruber). For some extinct species, pH sensitivity remains poorly constrained (e.g., D.
altispira, G. obliquus), whereas others have evidence for pH sensitivity or a close modern analogue
based on comparisons with other species (e.g., G. pseudopraebulloides: Andersen et al., 2024; G.
subquadratus: Boscolo-Galazzo et al., 2025).

Our high-confidence UOT estimates come from the pH-insensitive T. sacculifer group,
including T. sacculifer, T. trilobus, and T. quadrilobatus. We treat T. trilobus and T. quadrilobatus as
pH-insensitive based on their inclusion within the T. sacculifer plexus (Spezzaferri et al., 2015). We
also calculate medium confidence UOT estimates from the pH-sensitive species: G. bulloides. Our
lowest confidence UOT estimates come from the extinct species where pH sensitivity is unknown or
poorly constrained: G. praebulloides, D. altispira, G. obliquus, G. subquadratus. Although available
studies provide some constraints on pH sensitivity for G. pseudopraebulloides and G. subquadratus,
these estimates remain low confidence. Note for G. subquadratus, we provide both taxon-specific and
pooled calibration estimates, with taxon-specific estimates based on the G. ruber analogue; these
results are reported in the Supplementary Table S3-S5.

The GE19 calibration equations follow the generalised equation:
Mg/Casoram = exp(@aX (§—=35)+bXT+cx(pH—-8)+d Eq. (2)

, where S is salinity, T is temperature, pH is the seawater pH, a, b, and c are constants that reflect the
sensitivity to each of those parameters, respectively, and d is the intercept term. Table 1 shows the
corresponding a, b, and ¢, and values for each calibration used. For GE19, we use the ‘generic’
species equation for extant species and the multi-species equation for extinct species, except for G.
subquadratus, for which we additionally apply the G. ruber species-specific calibration. It should be
noted that Gray and Evans (2019) caution that the multi-species equation should only be used to
reconstruct relative temperature changes. For pH-insensitive taxa, c is equal to zero, effectively
removing the pH term. We rearrange this equation to solve for T and add a Mg/Casw term to permit
application of the calibration in deep time:

T=[ln(w)—d—ax(s—%)—cx(pH—8)]><b‘1 Eq. (3)

AMg/Casw
, where AMg/Casw is the change in Mg/Casw relative to modern [(Mg/Casw)modern], and also accounting

for the relationship between Mg/Casw and Mg/Ca in foraminiferal calcite (H), such that the AMg/Casw at
any particular time in the past [(Mg/Casw)paieo] can be calculated as follows:

H
AMg/Cag,, = [M] Eq. (4).

(Mg/Casw)modern
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495  Table 1 Input parameters for UOT and BWT calculations, including calibration type, equation
variables, and H-value. Uncertainty values are reported as 1 sigma. *Note GE19 follow the equation
format as follows: Mg/Ca = exp(ax(S-35) + bxT + cx(pH-8) + d). “*Note benthic calibration equation
follows the format: Mg/Ca = a x exp®™
Planktic | Species Calibration Equation variables*
a 10 b 10 c 10 H 1o
T. trilobus; T. ‘Generic’
pH sacculifer; T. species
insens quadrilobatus GE19 0.036 | 0.006 | 0.061 | 0.005 | 0.000 | 0.084 | 0.636 | 0.013
Species-
specific
BAYMAG Bayesian Mg/Ca calibration model 0.636 | 0.013
‘Generic’
species -
pH sens G. bulloides GE19 0.036 | 0.006 | 0.061 0.005 0.877 | 0.121 | 0.636 | 0.013
Species-
specific
BAYMAG Bayesian Mg/Ca calibration model 0.636 | 0.013
D. altispira; G.
obliquus; G.
subquadratus;
G. Multi'-
psuedopraebu species
extinct lloides GE19 0.036 | 0.006 | 0.061 | 0.005 | 0.000 | 0.072 | 0.636 | 0.013
Multi'-
species
GE19 (pH
corr) 0.036 | 0.006 | 0.061 0.005 -0.73 | 0.072 | 0.636 | 0.013
Pooled
annual
BAYMAG Bayesian Mg/Ca calibration model 0.636 | 0.013
Benthic Species Calibration Equation variables**
MioOcean
Infaunal | O. umbonatus (1) 0.480 | 0.118 | 0.090 | 0.003 0.609 | 0.152
MioOcean
(2) 0.329 | 0.149 | 0.114 | 0.020 0.838 | 0.204
Lear et al.
2015 0.660 | 0.080 | 0.114 | 0.020 0.270 | 0.060
Epifaun C.
al wuellerstorfi MioOcean 0.33 | 0.009 | 0.158 0.008 0.636 | 0.013
500 For each Mg/Ca observation, we calculated a 1,000 member ensemble of UOT values by
simultaneously propagating uncertainties in Mg/Casw, pH, H, and terms a, b, ¢, and d. While salinity
almost certainly varied across the Miocene, there is not currently a reliable record of its temporal
variability. Previous sensitivity analysis showed that temperatures calculated using salinity scenarios
such as + 1 psu modern salinity fall within the uncertainty envelope of the temperature calibration
505  (Sosdian & Lear, 2020), indicating that minor changes in salinity will have a negligible impact on the
UOT calculations. As there is currently no reliable and widespread proxy for paleosalinity, we use the
modern sea surface salinity values for each site, extracted from the World Ocean Atlas 2013 version 2
(Boyer et al. 2013; Tierney et al. 2019), and do not account for uncertainties in this parameter. For
each Mg/Ca value, we generated an ensemble of 1,000 Mg/Casw values by linearly interpolating our
510  smoothed Mg/Casw ensemble to the age of the data. Likewise, to account for changes in pH across
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the Miocene, we used the percentiles reported in the recently compiled boron isotope-derived pH
record from Whiteford et al. (2024) to develop a 1,000 member ensemble of possible pH values
through time, which were then linearly interpolated to the age of each data point. We generated a
1,000 member ensemble of possible H-values from the normal distribution: H ~ N(0.636, 0.013)
(Boscolo-Galazzo et al. 2025), and 1,000 member ensembles of each of the a, b, ¢ terms by creating
normal distributions using the mean and 10 values reported in Table 1. The estimate of H is based on
a compilation of calibration data spanning three planktic foraminiferal species and inorganic calcite
(Mucci and Morse, 1983; Evans et al., 2015, 2016b; Holland et al., 2020; Boscolo-Galazzo et al.
2025) and represents a synthesis across multiple species. It is worth noting that Gray & Evans (2019)
present two sets of species-specific calibrations: one where all four terms (a, b, ¢, and d) were solved
for the regression, and a ‘generic’ calibration where the salinity (a) and temperature (b) constants
were assumed/prescribed and only the pH (c¢) and intercept (d) terms were solved.

Here, we have opted to use the ‘generic’ temperature and salinity calibration equations for
each species, as this significantly reduces the uncertainties of the temperature calculation (Gray &
Evans, 2019). Additionally, the planktic Mg/Ca records utilised here were generated using different
cleaning protocols (i.e., oxidative with or without reductive; Table A1). Reductive cleaning has been
shown to lower Mg/Ca by ~10% (Barker et al. 2003; Rosenthal et al. 2004; Johnstone et al. 2016),
although a study of a small subset of T. trilobus samples in the Late Miocene shows no clear offset in
Mg/Ca when samples were subjected to oxidative-only vs oxidative-reductive cleaning (Martinot et al.,
2022). Because the GE19 calibration is based solely on oxidatively cleaned culture data, we applied a
cleaning correction to reductively cleaned samples by dividing their proxy values by 0.9. For samples
in which the cleaning method was not specified, we assumed a cleaning effect halfway between
oxidative-only and oxidative-reductive methods by dividing proxy values by 0.95. BAYMAG uses a set
of Bayesian inverse models to predict UOT. A full explanation of the approach can be found in Tierney
et al. (2019). Specifically for BAYMAG, we use the ‘species’ specific equation for extant species and
‘pooled annual’ equation for extinct species, except for G. subquadratus, for which we additionally
apply the G. ruber species-specific calibration. Briefly, similar to GE19, the BAYMAG calibration
includes species-specific models (Table 1) that account for temperature, salinity, and seawater pH;
however, BAYMAG also includes a built-in cleaning correction (clean) and a carbonate dissolution
correction, with the forward models following the generalised equation:

_ (Mg/Casw) H
In(Mg/Casoram) =a+T-fr+S-Ps+pH-fp+10 2-ﬁo+(1—clean-ﬁc)+e+[m]

Eq. (5)
Where 1, Bs, Br, fo, and Bc are constants that reflect the sensitivity to temperature, salinity, pH, Q,
and cleaning method, respectively. « is the intercept term, and € is the vector of residual errors. The
dissolution correction utilises site-specific bottom water carbonate saturation state values (Q). While
evidence exists for episodes of widespread carbonate dissolution during the Miocene (e.g., the
Carbonate Crash, Middle Miocene hyperthermals, MCO onset; Kochhann et al., 2016; Liibbers et al.,
2019), site-specific dissolution histories remain poorly constrained, therefore, we consider two
scenarios: one where we use the modern Q value, extracted from GLODAPV2 (Lauvset et al. 2016;
Tierney et al., 2019), and a second where we assume an Q of 5, which implicitly assumes that there
has been no dissolution (Tierney et al. 2019), rendering the correction negligible in the calculation of
UOT. While the original version of BAYMAG assumed a linear relationship between Mg/Casw and
Mg/Ca in foraminiferal calcite (i.e., H = 1), the model has subsequently been updated to allow users to
input their own H-values, which we further modified to accept a vector rather than a scalar H input. By
its nature, BAYMAG also uses an ensemble approach, sampling from uncertainties in the Mg/Casw
values and calibration terms. As with the GE19 calculation, we used the modern site-specific salinity
values; however, in an effort to minimise computational expense, we opted to use the median paleo-
pH value for each data point, rather than the full ensemble. The UOT ensembles were calculated
using a prior standard deviation of 7.5°C, and we modified the MATLAB function to use our new
Mg/Casw curve, rather than the built-in reconstructions.
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In total we have produced three UOT calibration scenarios: (1) GE19, (2) BAYMAG,
assuming the modern Q value, and (3) BAYMAG, assuming an Q value of 5. We compare these
scenarios in Section 3.4. Note that BAYMAG temperature estimates are only calculated when at least
two Mg/Ca measurements are available for a site. Separate files containing 2.5, 16™, 50, 84", and
97.5" percentiles of the UOT values can be found in the MioOcean database (Sosdian et al. this
volume) and is openly accessible and can be downloaded directly through the MioOcean website at
https://www.mioocean.com/download-data/ or through Zenodo
(https://doi.org/10.5281/zenodo.22258386, Sosdian et al. 2026). _The code to reproduce the UOT
calculations can be found in the Mg/Ca MioOcean GitHub repository.

2.6.3 Benthic calibrations

As with data from planktic foraminifera, we use species-specific calibrations to calculate BWT
from the benthic foraminifera Mg/Ca compilation. Here, we focus on generating high-confidence
temperature estimates from records from shallow infaunal O. umbonatus and medium-confidence
from the epifaunal C. wuellerstorfi. Both species are extant and cosmopolitan. The benthic Mg/Ca
calibrations applied here follow the generalized equation:

Mg/Casoram = A X Mg/Cas," x exp(B X T) Eq. (6)

, where A and B are constants, reflecting the sensitivities to Mg/Casw and temperature, respectively.
Recent multivariate global core top calibrations including BWT and Q from Nauter-Alves et al. (2025)
demonstrated a significant temperature sensitivity for O. umbonatus Mg/Ca, whereas they note a
limited sensitivity for C. wuellerstorfi Mg/Ca, with a significant component related to saturation state
for this species. These calibrations include input parameters to convert Mg/Ca to temperature
including saturation states histories derived from Sr or B or Mg/Li records from companion species or
archives. We do not adopt the calibrations presented in Nauter-Alves et al. (2025) as there are limited
records of carbonate chemistry histories in the past to accurately reconstruct this variability. However,
we do modify the core-top data that underpin the C. wuellerstorfi calibration used here to minimize the
impact of saturation state (see below). Ultimately, we compare our infaunal and epifaunal Mg/Ca-
derived temperature results (see section 3.3.2) from ODP Site 806 with Nauter-Alves et al. (2025)
calibration estimates, providing support for our medium and high-confidence BWT records.

We calculated BWTs from Mg/Ca ratios of O. umbonatus by following the calibration
framework of Lear et al. (2015) which uses estimate of seawater Mg/Ca and BWT for the modern and
ice-free Paleocene to constrain calibration parameters A and H. The Lear et al. (2015) calibration
uses the temperature sensitivity (B in equation 3) of 0.114 from the core top calibration of Lear et al.
(2002). The Paleocene bottom water temperature used in that calculation was derived from benthic
foraminiferal 5'80 assuming ice free conditions. However, recent work using clumped isotopes has
raised the possibility of variable 8'8Osw in the ice free world of the early Paleogene (Meckler et al.,
2022). Therefore, we recalculated the values of A and H using clumped isotope temperatures for the
Paleocene, following the general approach of Lear et al. (2015) while propagating uncertainty in all
terms, assuming two scenarios referred as: MioOcean calibration (1) a Mg/Ca-temperature sensitivity
of 0.09 from Anand et al. (2003) and MioOcean calibration (2) using temperature sensitivity of 0.114
from Lear et al. et al. (2002) (Table 1).

For the ice-free Paleocene, we used clumped-derived BWT (Agterhuis et al., 2022; Meckler et
al., 2022), O. umbonatus Mg/Ca measured at 54.1 Ma at ODP Site 690 (Lear et al., 2015), and
Mg/Casw estimates from Evans et al. (2018). For the modern ocean, we extracted BWT from GLODAP
for the location of ODP Site 806, which was paired with the oxidatively cleaned core-top C.
wuellerstorfi at ODP Site 806 (Billups and Schrag, 2003). We multiplied the value by 0.9 to account for
the cleaning method and by 1.19 to account for the observed interspecific offset between C.
wuellerstorfi and O. umbonatus at ODP Site 806 (Lear et al., 2003), and assigned a 1% relative
uncertainty, effectively deriving a synthetic modern O. umbonatus dataset. We created 1,000-member
ensembles for each input parameter used in the calibration, drawing from a normal distribution
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defined by the specified mean and 1o of each value, and used the smoothed ensemble curve values
at 0.0 Myr for modern Mg/Casw. We then propagated these ensembles through the calibration to
produce 1,000-member ensembles of A, B, and H.

For MioOcean calibration 1 we note that this new calibration assumes a generic temperature
sensitivity (i.e., B=0.09; Anand et al. 2003) which produces a value of H (0.603), similar to the planktic
Mg/Ca-temperature calibrations described above. For MioOcean calibration 2, we use B=0.114 (Lear
et al. 2002), producing a H value of 0.838. Core-top calibrations for O. umbonatus used reductive
cleaning and, as all downcore data was generated using a similar approach, no cleaning correction
was applied to our compiled downcore records (Table A2). We compare and evaluate these O.
umbonatus calibrations in section 3.3.2

For each Mg/Ca observation, we calculated a 1,000-member ensemble of BWT by
simultaneously propagating uncertainties in the calibration parameters and Mg/Casw. For these
calculations, each ensemble value used paired A, B, and H values from the calibration ensemble,
preserving their interdependence and Mg/Casw was linearly interpolated from the smoothed ensemble
curve to the age of each observation. We note that some uncertainties are impossible to quantify,
e.g., unknown evolutionary changes in vital effects through time.

We developed a new calibration for the epifaunal C. wuellerstorfi using the coretop
compilation of Lo Giudice Capelli et al. (2015). We excluded (1) data from cold, undersaturated
waters, due to carbonate ion saturation state effects at the low- and high-temperature ends of
calibrations (Lear et al. 2002; Elderfield et al. 2006; Yu & Elderfield, 2008; Lo Giudice Capelli et al.
2015), and (2) data from supersaturated (i.e., >80 pmol/kg) waters in the northwestern Pacific, since
they have been shown to cause Mg depletion in foraminiferal shells (Kubota et al., 2015). We fit the
remaining data with an exponential curve relating temperature to foraminiferal Mg/Ca, and generated
a 1,000-member ensemble of B values sampled from a normal distribution defined by the fitted
coefficient value and its uncertainty. Likewise, we generated an ensemble of 1,000 possible H-values
using the values reported by Boscolo-Galazzo et al. (2025; 0.636 + 0.013). For each paired B and H
value, we calculated A from each core-top Mg/Ca and temperature observation using the calibration
equation and took the median across the core-top observations to obtain the corresponding A value.
The mean and 10 values of A, B, and H for the C. wuellerstorfi calibration can be found in Table 1,
and the full ensemble files and code to reproduce the calibration can be found in the Mg/Ca
MioOcean GitHub repository.

All of the core-top data used in the calibration were reductively cleaned. Some studies
suggest that, similar to planktic foraminifera, this method reduces the measured Mg/Ca values in
benthic foraminifera by 10% (Yu et al. 2007). Other studies have shown no significant offset between
Mg/Ca values from samples with and without reducing cleaning in O. umbonatus and C. wuellerstorfi
(Lear et al. 2003; Nauter-Alves et al., 2025). This builds on the work of Martin & Lea (2002) which
shows the offset might be species and site specific. In line with the planktics and previous work, we
corrected the data cleaned only with oxidative methods by multiplying their values by 0.90 to bring
them in-line with the calibration, and we adjusted samples for which the cleaning method was not
specified by multiplying their values by 0.95. We provide both the corrected and uncorrected BWT
datasets as part of the MioMG output.

To calculate BWT from C. wuellerstorfi Mg/Ca values, we rearranged Eq.6 to solve for
temperature:

T = Bt xln(w) Eq. (7).

A X Mg/Cagy

For each Mg/Ca observation, we calculated a 1,000 member ensemble of BWT values by
simultaneously propagating uncertainties in A, B, H, and Mg/Casw. Each ensemble member used a
matched set of A, B, and H values, preserving the dependence of A on B and H that was established
during the calibration. Mg/Casw was linearly interpolated from the smoothed ensemble to the age of
the data.
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For the C. wuellerstorfi calibration, as noted above and outlined in Nauter-Alves et al. (2025),
there is additional uncertainty related to carbonate saturation state. Cibicidoides wuellerstorfi Mg/Ca
has been estimated to have a Mg/Ca-COs?* sensitivity of 0.0086 mmol/mol per pmol/kg, but only up to
a threshold of 25 pmol/kg, above which the carbonate saturation state effect is negligible (Elderfield et
al. 2006; Nauter-Alves et al. 2025). Because Miocene bottom-water carbonate saturation state is not
well constrained at individual sites, we do not include this potential effect in our reported uncertainties;
therefore, Mg/Ca-based BWT estimates from deeper sites, such as ODP Site 926 (3598 m), should
be interpreted with caution as they may carry additional uncertainty associated with carbonate
undersaturation.

Files containing 2.5%, 16'", 50t", 84™, and 97.5™ percentiles of the BWT values can be found in
the MioOcean database (Sosdian et al. submitted) and can be downloaded directly through the
through the MioOcean website at https://www.mioocean.com/download-data/ or through Zenodo
(https://doi.org/10.5281/zenodo.22258386, Sosdian et al. 2026). The code to reproduce the BWT
calculations can be accessed through the Mg/Ca MioOcean GitHub repository.

2.7 Interactive data visualisation

To allow specialists and non-specialists to explore the MioOcean Mg/Ca compilation easily and
provide a portal for data examination and visualization, we generated a Python-based Streamlit
dashboard: https://mio-mg.streamlit.app, which can also be accessed directly through the MioOcean
website https://mioocean.com/temperature-proxies/mg-ca/. The dashboard allows the users to explore
Miocene Mg/Ca-derived UOT and BWT data interactively including site inspection of location, data
density, paleo-coordinates, and underpinning published or MioOcean age model. Further, users can
apply proxy-specific filters to explore the data in categories such as ocean region or latitudinal, species,
size fraction, and foraminiferal cleaning method. Interactive calibration function allows researchers to
interrogate a range of approaches used to convert Mg/Ca to temperature and facilitate meaningful
interpretations. The Streamlit dashboard is directly connected to the most recent uploaded data
compilation files published on Zenodo (https://doi.org/10.5281/zenodo0.22258386, Sosdian et al. 2026)
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 database paper (Sosdian et al.
submitted).

3. Results & Discussion
3.1 Compilation of Mg/Casw

The compiled MioOcean Mg/Casw curve (Figure 3), presented here, derives from halite fluid
inclusions, CCVs, LBF, echinoderm ossicles, and Na/Ca records, including updated ages for key
Na/Ca site records. MioOcean Mg/Casw increases from values of ~2 mol/mol during the MCO to a
modern value of 5.2 mol/mol (Broecker & Peng, 1982; Ries, 2001). Although the average modern
Mg/Caswis 5.2 mol/mol, recent studies (Lebrato et al. 2020) have shown variations in Mg/Casw across
ocean regions of similar magnitude to changes in the Neogene. The uncertainty envelope for the
MioOcean Mg/Casw compilation is relatively large in the Oligocene, due to sparse data coverage and
proxy-specific uncertainties but narrows through the Miocene toward the present. We therefore
designate the Miocene portion of the record as high confidence where data coverage and agreement
among records provide greater confidence in the reconstructed Mg/Casw evolution.

Previous studies have compiled Mg/Casw records (Tierney et al. 2019; Sosdian & Lear, 2020;
Rosenthal et al. 2022; Evans et al. 2026) using a varying set of proxy archives. The BAYMAG
compilation (Tierney et al. 2019) is largely similar to the one presented here; however, it includes
coral data and excludes the Na/Ca data. The smoothed curves are within error of one another during
the Early Miocene. However, they diverge in the Middle Miocene (~16 Ma), coinciding with the start of
the NaCa-derived data, with the MioOcean Mg/Casw record indicating lower values (by ~1 mol/mol)
and different trajectory than those shown in the BAYMAG curve (Fig. C1; Tierney et al., 2019).
Sosdian & Lear. (2020) used the BAYMAG approach however omitted coral data due to scatter and
non-thermal controls as highlighted above (Fig. C1). Recently, Rosenthal et al. (2022) combined
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foraminiferal derived Neogene Na/Ca data along with halite fluid inclusion data to reconstruct Mg/Casw
variations, and Evans et al. (2026) expanded this compilation by incorporating additional foraminiferal
Na/Ca records along with inclusion data from the Plio-Pleistocene and Paleogene as well (Fig. C1).
The MioOcean Mg/Casw curve is broadly consistent with Sosdian & Lear (2020), Rosenthal et al.
(2022), and Evans et al. (2026). Recent online updates from BAYMAG (2026) provide 2 Mg/Casw
options as follows: (1) echinoderm ossicles, LBF, CCV, halite fluid inclusions, and coral and (2)
echinoderm ossicles, LBF, CCV, halite fluid inclusions, and Na/Ca.

Our new Mg/Casw curve also matches well in terms of absolute values and trends with the
MgCasw reconstruction Higgins & Schrag (2015), based on records of the Mg isotopic composition of
pelagic carbonates and associated pore fluids and box modelling (Fig. C1). Within model scenarios,
the Higgins & Schrag (2015) curve is intermediate in terms of relative change since the Miocene
(Hardie, 1996; Higgins & Schrag 2012, Fante & DePaolo 2006) (Fig. C1). Overall, we suggest that,
moving forward, the MioOcean Mg/Casw compilation, which uses a suite of independent Mg/Casw
estimates from a range of proxies should be used in Mg/Ca paleothermometry across the Miocene. In
the future, higher resolution robust archives of seawater chemistry should reduce the uncertainty
associated with temperature estimates on geological timescales.

— Na/Ca

— MioMG (This Study)
C O Halite

70 @ ccv

@ Echinoderm

® LBF
Coral (excluded from MioMG)

a "
)4

Mg/Cagy, (mmol mol'1)

15\\‘\‘\‘\‘\‘\
0 2 4 6 8 10 12

| L | L | L 1 ' 1 L 1 ' | L 1 L | L | L
14 16 18 20 22 24 26 28 30 32 34
Age (Ma)
Figure 3. MioOcean Mg/Casw reconstruction for the Miocene (MioMG). Mg/Casw proxy reconstructions
derive from a range of approaches including halite fluid inclusions, calcium carbonate veins (CCV),
corals, echinoderm ossicles, large benthic foraminifera (LBF), and foraminiferal Na/Ca values
combined with [Mg?*] measurements from halite fluid inclusions (Lowenstein et al. 2001; Horita et al.
2002; Dickson, 2002, 2004; Brennan et al. 2013; Coggon et al. 2010; Rausch et al. 2013; Gothmann
et al. 2015; Evans et al. 2018; Zhou et al., 2021). Note the Mg/Casw data derived from corals
(Gothmann et al. 2015) exhibit a high degree of scatter and were therefore omitted from the
compilation. Uncertainties in age and proxy value are included for each record.

3.2 Preservation assessment

To document foraminiferal preservation, we considered the range of approaches used across
the legacy of the Ocean Drilling Program. Traditional approaches to assessing preservation include
use of scanning electron microscopy (SEM) images and light microscopy (LM). In earlier studies,
images from a single foraminiferal test were used to represent the study interval. This contrasts with
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recent approaches using multiple images from the test to wall scale across multiple depth intervals to
identify excellent to poor preservation through time (Sexton et al., 2006; Pearson and Burgess, 2008;
Sexton and Wilson, 2009; Edgar et al., 2013; Edgar et al., 2015; Rosenthal et al., 2018). Regardless
of approach, estimating the quantitative effect that diagenetic alteration, identified by these visual
approaches, has on Mg/Ca values adds another layer of complexity.

Dissolution can be identified by binocular microscopy and SEM, but quantifying its impact on
Mg/Ca is not possible with these standard imaging techniques. It has been shown to reduce planktic
Mg/Ca, though evidence is less clear for benthic Mg/Ca (Dekens et al., 2002, Lear et al., 2010;
Rongstad et al., 2017; Mawbey and Lear, 2013).

Authigenic coatings usually have higher Mg/Ca values than the foraminiferal test, but the
magnitude of the effect on measured Mg/Ca is strongly dependent on the [Mg?*] of the coating.
Authigenic coatings made of calcite cements are evident from SEM, but oxides are more difficult to
identify using standard SEM of whole test-images (Pena et al., 2005; Detlef et al., 2020). Identifying
the exact coating requires the specimen to be cracked open and looked at with more advanced
techniques such as backscatter electron microscopy, energy dispersive x-ray spectroscopy (EDS) or
electron microprobe (EMPA) analysis (Pena et al., 2005; Detlef et al., 2020; Staudigel et al., 2022;
John et al. 2023). Complementary trace metal records, such as Fe, Al, Ti, and Mn can aid in
assessing the impact of authigenic overgrowths and diagenetic environment.

Recrystallization can be readily identified by SEM, but there is no clear relationship between
recrystallization and geochemical alteration of Mg/Ca because it usually happens in closed-system
conditions (Edgar et al., 2013, Staudigel et al., 2022). The geochemical impact is clearer for 5'80 in
planktic foraminifera (Sexton et al., 2006), although research indicates that benthic 880 is not
significantly affected, as any recrystallisation happens shortly after deposition in pore waters with an
oxygen isotopic composition similar to deep water masses (Edgar et al., 2013). Interestingly, recent
work has shown that despite some textural recrystallisation, planktic foraminifera maintain their intra-
test Mg/Ca banding, supporting use for paleotemperature reconstructions (John et al. 2023).

For the MioOcean Mg/Ca compilation, we combined author and literature recommendation to
adopt a publication-level preservation state, though we acknowledge that, frequently, these
assessments are subjective. The overwhelming majority of compiled studies (90%; 35/39) report
some information concerning specimen preservation state, with 64% (25/39) of the studies providing
or referencing publications with images that document the preservation state (Supplementary Table
S6; references cited herein). Of the studies where SEM or other images, such as LM or computed
tomography (CT), are reported/referenced, 52% (13/25) use a single sample to represent the full
study interval. Just over half the studies (56%; 22/39) list the specific criteria they used to determine
the preservation state, and under a third of studies (31%; 12/39) utilise other evidence that can
indicate preservation levels (such as Sr/Ca ratios or other non-Mg contaminant indicators). No
mention of preservation state at all was rare (10%; 4/39). The typical approaches to identifying
preservation include the visual assessment of preservation state using LM (sometimes mentioning
specific criteria), referencing the site report, and/or providing (SEM) images to document species
concept and specimen state. Recent Mg/Ca studies made more regular use of additional approaches
to assess preservation state, for instance using advanced imaging (SEM, CT), documenting multiple
samples and/or utilising additional proxies (e.g., Sr/Ca ratios etc). Use of advanced geochemical
characterisation approaches, such as EMPA, to identify and quantify the impact of preservation, was
not found within the MioOcean Mg/Ca datasets.

Overall, we see a range of preservation states reported, spanning moderately good
preservation to excellent/enhanced foraminiferal preservation. Only one study reported moderate to
poor preservation. Frequently, the authors reported that they intentionally selected well-preserved
specimens with glassy tests, and often provided additional qualitative information describing the
preservation state (e.g., no signs of dissolution, preservation of original features, presence of
microrecrystallisation). We have collated multi-scale SEM images from several Miocene Mg/Ca
studies including the compilation (ODP site 1146, Integrated ODP sites U1338 and U1443), which
demonstrate how preservation can vary over space and time (Miocene to Pleistocene), including at
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the same location (Figure 4). This variation is not always straightforward to predict based on our
understanding of the main drivers of preservation. While this overview is not an in-depth assessment,
we highlight that preservation and the processes that control it at any individual study location are
complex and variable.

Site Age Whole test Whole test - cracked Wall Internal wall structure

1146 | Middle Miocene
G. subquadratus

1146A-56X-5-W
138-142cm
527.80 mbsf
558.84 rmed

— 200 =—

U1338 | Middle Miocene
G. subquadratus

U1338B-42H-2-W
40-42 cm

37981 mbsf ¢

423.85rmed — 200um—

Late Miocene
T. sacculifer

U1338B-11H-6-W
100-102 cm
101.61 mbsf
111.73 rmed

U1338B-12H-3-W
72-74cm
10633 mbsf

117.92rmed — 200UM =—

Middle Miocene
0. umbonatus

U1338B-42H-3-W
85-87 cm

381.76 mbsf
425.80 rmed

Figure 4. Multi-scale SEM images from several Mg/Ca studies incorporated into the MioOcean
database, including ODP Site 1146 planktic records and IODP Site U1338 planktic and benthic

foraminiferal records (Fox and Wade, 2013; Drury et al. 2014; Fox et al. 2021, Kochhann et al. 2017).
Images show the variability in preservation across the foraminiferal test and throughout the Miocene.

Generally, the preservation shown in the SEM images aligns with the preservation state
reported by the authors. Even though visual assessments are subjective and do not quantify the
impact of the preservation state on Mg/Ca, it appears that the community selects specimens that
generally fall in the fair-to-good (occasionally excellent) range (benchmarked against Appendix A; Fig.
A1). None of the documented specimens (including those reported as “frosty” with
microrecrystallisation) showed preservation as poor as the "poor” example(s) from International ODP
Expedition 363 (Fig. B1). Overall, the scientific community endeavours to use well preserved material
to limit the diagenetic impact on test Mg/Ca. Regarding the MioOcean Mg/Ca data, we conducted a
thorough review of the available quantitative and qualitative preservation information. We found that in
nearly all cases, our diagenetic assessment aligned well with screening protocols implemented by the
original authors. We therefore treat the data as suitable for inclusion unless the original authors
flagged the preservation state as problematic and indicated that it likely negatively impacted reported
Mg/Ca values.
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Going forward, we recommend a more in-depth temporal, multi-proxy view of preservation
generating SEM images of multiple angles and scales (e.g., whole test, cracked test, outer wall zoom,
inner wall zoom) at discrete time slices in the Miocene (Figure B1). Key examples of this approach are
given in Sexton et al. (2006), Edgar et al. (2013) and Rosenthal et al. (2018) and provided in Fig. B1
(adapted from Rosenthal et al., 2018). We also suggest that preservation analysis via SEM or light
microscopy should be paired with additional techniques that identify impacts on the Mg/Ca signal,
whenever possible. This includes EMPA analysis of individual foraminifera across depth intervals to
determine if primary Mg/Ca banding is maintained (Staudigel et al. 2022) and use of contamination
indicators (Al, Fe, Mn) to denote different types of overgrowth.

3.3 Ocean temperature records

This section evaluates the Miocene UOT and BWT estimates generated using the MioMG
framework and examines how different calibration choices and assumptions influence reconstructed
temperatures.

3.3.1 Implications of UOT calibration scenarios

We compare MioMG-derived UOTs with previously published temperature estimates (Figure
5) focusing on a set of representative case studies spanning pH-insensitive, pH-sensitive, and extinct
planktic foraminiferal species. These examples highlight the sensitivity of reconstructed temperatures
to calibration choices and allow us to examine Miocene climate features. We also examine effects of
incorporating updated Mg/Casw composition, pH effects, and carbonate dissolution. Future evaluation
of Mg/Ca-derived temperatures across the entirety of the Miocene is ongoing as part of the second
phase of the MioOcean effort. Accordingly, in this section we focus on the MCO, representing
warmer-than-modern conditions, and the subsequent cooling across the MMCT. We also highlight
remaining uncertainties and priorities for future proxy development.

Previous approaches use either site-specific calibrations, generic planktic equations, or those
with depth correction and variable approaches to accounting for changes in Mg/Casw changes or H-
value. The MioMG effort focused on equations that include multi-variable aspects due to recent
knowledge of non-thermal controls deriving from core-top and sediment-trap data and culturing
compilations. Using the GE19 and BAYMAG equations, we estimated temperature for a range of
planktic species as outlined in 2.5.1. For all BAYMAG UOT estimates, we present two scenarios in the
output, namely one with no dissolution correction (assuming an Q of 5) and one with a dissolution
correction (assuming a modern, site-specific Q value). Due to the general lack of site-specific
dissolution histories, we compare UOT estimates derived only from the BAYMAG scenario with no
dissolution correction. This correction impacts UOT values significantly; for instance, dissolution-
corrected BAYMAG UQOT estimates from the MCO are significantly warmer (34°C) than uncorrected
UOTs (32°C). Future work to constrain site-specific carbonate dissolution histories would allow for
better constraint on the upper limit of MCO UOTs.

The tropical Atlantic ODP Site 926 Mg/Ca record (Sosdian et al. 2018, 2020) derives from the
pH-insensitive species T. trilobus and spans the entirety of the Miocene (Figure 5a). Both MioOcean
calibrations indicate that UOTs reached maximum values during the MCO (14.7-16.9 Ma) followed by
long-term cooling through the remainder of the Miocene. Sosdian et al. (2018) calculated UOTs for
Site 926 Mg/Ca using the T. sacculifer sediment trap calibration from Anand et al. (2003; 9%
temperature sensitivity) with H-value of 0.41 (Delaney et al. 1985; Hasiuk & Lohmann, 2010) and
Mg/Casw value of 3.43 mol/mol based on fluid inclusion data (Horita et al. 2002; Brennan et al. 2013).
Their MCO UQT estimates were 28°C, cooler than the MioOcean estimates derived here. This
difference is primarily driven by lower MioOcean Mg/Casw estimates used here for the MCO and the
higher H value (Boscolo-Galazzo et al. 2025).

Southern Ocean ODP Site 1092 Mg/Ca record (Kuhnert et al. 2009) derives from the pH-
sensitive species G. bulloides and covers the Middle Miocene climate transition (14.7 to 13.2 Ma)
(Figure 5b). Both MioOcean calibrations indicate warmer UOTs prior to the MMCT followed by
pronounced cooling across the MMCT. In comparison, the original calibration applied in Kuhnert et al.
(2009) using a species-specific culture data (Mashiotta et al., 1999), with no Mg/Casw correction,
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indicates a similar overall pattern but cooler pre-MMCT temperatures and a smaller magnitude MMCT
cooling. These differences primarily reflect differences in the treatment of Mg/Casw, H-value, and pH.
In addition, as G. bulloides has been identified as a pH sensitive species, corrections for changes in
pH across the MMCT have increased the magnitude of temperature change.
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BAYMAG 2 =5 |
GE19 pH-insensitive |

—
L (a) oDP 926
[ Published UOT
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Figure 5. UOT scenarios derived from GE19 and BAYMAG calibrations for three planktic foraminifera
from key sites. (a) ODP Site 926 Mg/Ca-UOT estimates from pH-insensitive T. trilobus, (b) ODP Site
1092 Mg/Ca-UOT estimates from pH-sensitive G. bulloides, and (c) extinct D. altispira Mg/Ca-UOT
estimates from ODP Site 806. 68% confidence level envelopes are shown. Published UOT estimates
from Sosdian et al (2018) and Kuhnert et al. (2009) are shown in (a) and (b) for comparison. ODP site
806 published UOT estimates were reported as relative changes in UOT (Sosdian & Lear, 2020) and
not included here for comparison. Note x-axis modified in each panel to showcase the full length of
available records.
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Oceanic pH estimates are derived from a boron isotope derived compilation (Whitford et al. 2024) and
show a MMCT change of 0.3 pH units. Moving forward, site-specific pH records are ideally needed to
distinguish regional changes in pH associated with frontal changes and surface CO2 variability from
the global ocean pH evolution used here, as likely in ODP site 1092.

Western Pacific Warm Pool ODP Site 806 Mg/Ca record (Sosdian et al. 2020) derives from
extinct species D. altispira and covers the interval 16.5 to 11.5 Ma (Figure 5c). As the pH sensitivity is
unknown for D. altispira, we evaluate UOT estimates derived from both pH-corrected and uncorrected
GE19 and pooled annual BAYMAG calibrations. Both calibrations indicate warmer UOTs during the
MCO and cooling across the MMCT, although the magnitude of both the absolute temperatures and
the cooling depends on the treatment of pH. Sosdian et al. (2020) applied the Anand et al. (2003)
multi-species equation and compiled a Mg/Casw polynomial equation with 3.8 mmol/mol value in MCO
and H value of 0.41 and showed a 1.5°C cooling across MMCT, in line with pH-uncorrected scenarios
above. This pattern is reproduced when reviewing the calculated UOTs from the ODP Site 845 D.
altispira Mg/Ca record as well (Hess et al. 2023). However, because the MMCT coincides with
substantial changes in oceanic pH (Sosdian et al. 2018), determining the magnitude of cooling from
the MCO to the post-MMCT requires a better understanding of the pH sensitivity of D. altispira. Future
work could include examining contemporaneous records of UOT and pH from the same site to
pinpoint the role of non-thermal drivers of Mg/Ca variability in extinct Miocene species.

When considering the MioMG UOT product for the remaining sites, some sites stand out with
higher mean Mg/Ca values relative to the Miocene Mg/Ca compilation. Sites RIP and ODP 872 have
mean T. trilobus Mg/Ca of 4.70 mmol/mol, with UOT estimates suggesting significantly warmer-than-
present conditions in the early Miocene and middle Miocene (Badger et al. 2013; Greenop et al. 2019;
Sosdian et al. 2020; Boscolo-Galazzo et al. 2021). Additional multi-proxy reconstructions are needed
from these sites to provide context on these warm UOT values.

Overall, Mg/Ca-derived UOTs showcase key features of the Miocene climate system,
including warming during the MCO and cooling across the MMCT. Absolute UOT estimates have
corresponding uncertainties such as 2.0-3.0°C at 68% confidence interval and 4.0-5.0°C at 95% CI.
These are associated with uncertainty in input parameters including calibration, H-value, Mg/Casw,
and pH correction (if applied). Smaller uncertainties are associated with examining relative changes in
UOT during periods when there are smaller changes in Mg/Casw and pH (Late Miocene). An important
advantage of this reconstruction is that these uncertainties are explicitly quantified, allowing UOT
estimates from different sites, studies, and calibrations to be directly compared to one another.
Reducing uncertainty in Middle Miocene UOT estimates requires additional work using multi-proxy
reconstructions to delineate non-thermal factors and new proxies or additional records to determine
absolute Miocene Mg/Casw values with higher confidence and resolution.

3.3.2 Implications of BWT calibrations scenarios
We illustrate the results of the four BWT calibrations described in section 2.6.3 and compare

the benthic foraminiferal Mg/Ca records from ODP Sites 806 and 926 (Figure 6). These Mg/Ca
records were measured on both O. umbonatus and C. wuellerstorfi (Lear et al., 2003, 2015) and
encompass markedly different water depths, and, therefore, different carbonate saturation states
(2,521 m at Site 806; 3,598 m at Site 926).
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Figure 6. Comparison of BWT estimates from epifaunal (revised Lo Giudice Cappelli et al., 2015
calibration; dark green) and infaunal (MioOcean calibration 2; light green) species of benthic
foraminifera at (a) ODP Site 806 and (b) ODP Site 926 with published BWT estimates. 68%
confidence level envelopes are shown.

At Site 806, O. umbonatus-derived BWT were calculated using MioOcean calibration 2 (Table
1; H=0.838) and corrected for changes in Mg/Casw using the new MioOcean compilation (Figure 6a).
Average BWT was 9.6°C during the MCO (16.9-14.7 Ma), which is warmer than the average BWT of
7.4°C originally reported by Lear et al. (2015) for the same interval. The new MioOcean calibration 1
yields comparable average BWT for the MCO of 9.9°C (Table 1; H=0.609), and the Lear et al. (2015)
calibration (Table 1; H =0.27) yields a colder average BWT of 7.9°C (Appendix C: Fig. C1). MioOcean
BWT estimates decrease during the MMCT (14.7-13.8 Ma) and continue to decline until the end of the
Miocene, reaching average values of 8.0°C using MioOcean calibration 1, 8.3°C using MioOcean
calibration 2, and 6.9°C using the Lear et al., (2015). The latter is identical to the average BWT of
6.8°C originally reported by Lear et al. (2015) for the same interval. These differences in estimated
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BWT are due to the higher sensitivity (higher H-values) of our new equations to Mg/Casw, which was
reduced (<~3.0 mol/mol) during the MCO.

For the time interval 12.6 to 5.3 Ma at Site 806, our revised C. wuellerstorfi calibration yields
average BWT of 5.9°C (Figure 6a), comparable to the mean BWT of 5.5°C originally reported by Lear
et al. (2003), but colder than all our O. umbonatus BWT calibrations considering 68% confidence
intervals (Figure 6a). Using the 68% confidence intervals, we identify a BWT cooling trend at this site
between the MCO and the Late Miocene across all calibrations for O. umbonatus and C. wuellerstorfi
calibrations. For O. umbonatus, MioOcean calibrations 1 and 2 yield narrower mean 68% confidence
intervals (1.9°C-2.1°C) than that of Lear et al. (2015; 3.7°C), whereas for revised C. wuellerstorfi
calibration presents a ~0.5°C mean 68% confidence interval (Figure 6a; Appendix C: Fig. C1).
Therefore, we put forth MioOcean calibration 2 for O. umbonatus and the revised C. wuellerstorfi
calibration as our preferred choices due to their narrow uncertainty envelopes and species-specific
calibration datasets. Further, MioOcean calibration 2 retains the temperature sensitivity from Lear et
al. (2002) based on core-top Mg/Ca data.

At Site 926, O. umbonatus and C. wuellerstorfi Mg/Ca records continuously span the interval
11.8 to 5.3 Ma, in addition to an Early Miocene segment spanning 23.6 to 22.8 Ma for O. umbonatus
measurements (Figure 6b). The O. umbonatus MioOcean calibration 2 yields average BWT of 7.4°C
(21.5°C) between 11.8 and 8.0 Ma (warmer than the BWT of 5.7°C originally published by Lear et al.
(2003)), followed by a cooling step to average BWT of 6.0°C (+1.7°C) between 8.0 and 5.3 Ma. A
comparable trend, but with colder BWTs, results from our revised C. wuellerstorfi calibration, with
average BWT of 5.8°C (x0.5°C) from 11.8 to 8.0 Ma (originally estimated as 5.1°C by Lear et al.
(2003)), cooling to 4.3°C (+0.4°C) between 8.0 and 5.3 Ma (estimated as 3.5°C by Lear et al. (2003)).
BWT estimates for O. umbonatus using the Lear et al. (2015) calibration are ~0.5°C colder than those
estimated with MioOcean calibrations 1 and 2, with their 68% confidence envelopes overlap
substantially (Fig. D1).

In addition to comparing our MioOcean temperature estimates with previously published
values, we also compare MioOcean preferred benthic calibrations for both epifaunal and infaunal
Mg/Ca records to revised benthic Mg/Ca calibrations from Nauter-Alves et al. (2025). These
multivariate global core top calibrations explicitly account for thermal and non-thermal controls (e.g.,
saturation state). Application of O. umbonatus calibration with MioOcean input parameters (H-value,
MioOcean Mg/Casw; Table 1) results in similar BWT values, with overlapping 68% confidence intervals
(Fig. D2). This suggests both calibration scenarios are applicable for Miocene temperature
reconstructions. However, application of Nauter-Alves et al. (2025) calibration for epifaunal Mg/Ca
values results in unrealistic temperature values (Fig. D2). This is attributed to the limited Mg/Ca-
temperature sensitivity and significant Mg/Ca-carbonate saturation based on the global C.
wuellerstorfi core top calibration. Given that seven out of the 22 Miocene benthic Mg/Ca records
compiled in this effort derive from C. wuellerstorfi records and/or combined species C. wuellerstorfi
and C. mundulus, we report medium confidence BWTs with the MioOcean epifaunal calibration.
These estimates are coherent with O. umbonatus-derived BWTs, and provide the basis for further
work, including comparison with forthcoming records of saturation state (B, Sr, Li) and/or records from
carbon cycle models.

3.3.3 Global BWT trends according to water depth

The compiled infaunal and epifaunal BWT records depict a long-term cooling trend between
the MCO and Late Miocene, with relative BWT changes that are consistent with their water depths
(Figure 7). As expected, median BWTs are 2.0-3.0°C colder at sites located at water depths greater
than 3000 m (Site 926 and U1338) throughout the Miocene. Exceptions are relatively cold BWTs
between 17.0 and 12.0 Ma derived from epifaunal C. wuellerstorfi measurements at the shallower
(~1600-1700 m water depth) Sites 747 and 757. These estimates may be biased by its high sensitivity
of C. wuellerstorfi to changes in carbonate saturation (section 3.3.2).

Regardless of ocean basin, all compiled sites record an Early Miocene average BWT of 6.4°C
between 23.0 and 17.0 Ma, warming during the Middle Miocene to an average of 9.4°C between 17.0
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and 12.0 Ma, and subsequent cooling to an average BWT of 7.2°C between 12.0 and 5.3 Ma (Figure
7). Warm Middle Miocene BWTs could be biased by the fact that most estimates derive from
shallower sites, which were not affected by widespread carbonate dissolution (e.g., Palike et al.,
2012). Substantive (2.0-3.0°C) Late Miocene BWT cooling, between 9.0 and 7.0 Ma, was detected
across shallow and deep sites in our compilation.
Water
depth (m)

15

O infaunal
A epifaunal —
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Figure 7. BWT estimates based on O. umbonatus (infaunal MioOcean calibration 2) and C.
wuellerstorfi (epifaunal; updated Lo Giudice Cappelli et al. (2015) calibration). Contains all sites with
benthic foraminifera compiled in the MioOcean initiative. Circles indicate infaunal and triangles
indicate epifaunal benthics. Colour indicates modern water depth. Grey envelopes represent 68%
confidence levels; dark-grey for epifaunal and light grey for infaunal BWTs.

3.4 Mg/Ca MioOcean temperature compilation

The MioOcean effort provides an ensemble-based UOT and BWT compilation for proxy and
climate model users to easily use in future synthesis and proxy application efforts (Sosdian et al. this
volume). We provide temperature estimates for multiple calibrations for both planktic and benthic Mg/Ca
records, with robust uncertainty estimates that account for a variety of non-thermal variables that impact
Mg/Ca observations. For Mg/Ca MioOcean UOT, we calculated temperatures using a Monte Carlo
ensemble approach (N = 10,000 draws) using UOT scenarios from (1) both variants (pH-sensitive and
pH-insensitive) of Gray & Evans, (2019) and (2) BAYMAG (Tierney et al 2019), assuming an Q value
of 5 (no dissolution correction). For the Mg/Ca MioOcean BWT we utilized "MioOcean 2" for infaunal
scenarios (only O. umbonatus), based on narrower uncertainty envelopes and temperature sensitivity
derived from Lear et al. (2002), and "bwt epifaunal cleancorr" for epifaunal scenarios (only C.
wuellerstorfi).

4. Data availability

The MioMG 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). The record is currently restricted;
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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. This includes newly compiled datasets for Mg/Ca-
derived temperature and updated ages for Mg/Ca and Na/Ca datasets for key sites. We encourage
users to also cite original data when using this data product, to provide credit to the data generators.

5. Code availability

All code used for the MioMG temperature compilation is publicly available on GitHub at
https://github.com/audersea/mio_compilation. The 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. This includes code used for (1) compilation and extraction of MioMG
Mg/Casw curve for use in estimating temperature and (2) calculate temperatures from planktic and
benthic Mg/Ca using various calibrations. The code for the Streamlit dashboard for MioMG is also on
GitHub at https://github.com/audersea/mio_mag.

6. Conclusions and outlook

The MioOcean temperature compilation effort has provided the opportunity to review the
existing framework for application of Mg/Ca paleothermometry in reconstructing temperatures across
the Miocene. As part of this effort, the MioMG working group reviewed both planktic and benthic
Mg/Ca calibrations and corresponding input parameters, Mg/Casw constraints, present-day
hydrographic conditions, and site-specific preservation. The result is a robust temperature compilation
and Mg/Ca-paleothermometry framework that considers key uncertainties for estimating upper and
deep ocean temperatures. Overall, the data coverage of UOT and BWT records across all ocean
basins provides new insight into Miocene temperature trends and absolute temperatures during
periods of sustained warmth. This synthesis will facilitate comparisons among multiple temperature
proxies, analyses of spatial and temporal temperature trends, assessments of data-model mismatch,
climate model validation, and ultimately a better understanding of the mechanisms driving Miocene
climate change.

Most UOT Mg/Ca records are derived from the tropics, subtropics and some records from the
Southern Ocean. Further, there is a fundamental lack of shallow water benthic Mg/Ca records from
tropical and high latitude locations in the Northern Hemisphere that may be promising targets for
future research. Orbitally resolved records are limited, and development of high-resolution
cyclostratigraphy at selected sites would be useful as a springboard for evaluating the interplay
between UOT and BWT and orbital-scale environmental variability.

For all foraminiferal Mg/Ca records, we used modern hydrographic conditions to help
constrain the selection of available multivariable calibration scenarios when applying this
paleothermometer to the Miocene, while considering likely site-specific changes in temperature,
salinity, and pH. Additionally, best examples of preservation assessments used to document potential
diagenetic alteration highlight that SEM and light microscopy images are useful to constrain key
processes, but information is needed across stratigraphic layers to establish any changes with time,
and a non-subjective reference for ‘well-preserved’ specimens is needed. Ideally, high resolution
analysis of Miocene foraminifera would be used to examine retention of within-shell Mg/Ca banding
akin to that observed in modern specimens. Further, we recommend that all future Mg/Ca publications
provide, where available, a compilation of contamination data along with Mg/Ca to aid downcore
assessment of diagenetic processes on a broader scale. We encourage authors to transparently and
consistently report contamination data alongside of Mg/Ca measurements, together with the criteria
used to exclude data. These criteria and approaches might be site-specific and include threshold
values of multiple element-to-Ca ratios or elements (e.g., Fe, Al, Ti), correlation analysis between
variables across time and within snapshot time intervals, identification of statistical outliers, and
consideration of values that are outside of range for studied species.

Conversion of foraminiferal Mg/Ca to temperature requires archives of seawater Mg and Ca
chemistry, and here we present a compilation that includes multiple proxy archives with corresponding
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uncertainty. Uncertainty in the Middle Miocene ocean temperatures are significant and divergent
trends in proxy reconstructions limit the ability to reduce the uncertainty in temperature estimates
during the MCO. Further work developing archives of shifts in [Mg]sw and [Calsw in the past are
needed to reduce uncertainty in middle Miocene temperature estimates, critical for examining periods
of global warmth.

Here we present Mg/Ca-derived UOT from a range of extant and extinct species from
locations across the global oceans. To convert Mg/Ca to UOT we used multi-variable calibrations that
include non-thermal factors (salinity, pH) and their Mg/Ca-sensitivity. One hurdle to reconstructing
high confidence UOT is the effect of pH on Mg/Ca in some species, as we lack site-specific pH
records. Across the Miocene, there are significant shifts in the oceanic carbonate system, with the
lowest pH values during the MCO (Sosdian et al. 2018; Honisch et al. 2023). When employing pH-
sensitive species, measuring corresponding pH records would be needed to best constrain UOT
estimates. Further, more studies are needed to accurately determine the pH sensitivity of Mg/Ca for a
range of different species under variable conditions of temperature, salinity, and growth rate, as these
studies are rare due to the complexities of culturing planktic foraminifera. Additionally, lack of

Open Access

knowledge of pH sensitivity in extinct species increases uncertainty for corresponding UOT estimates.

Future work is needed to assess the role of non-thermal factors on Miocene Mg/Ca variations in
extinct species.

Our Mg/Ca proxy review also includes benthic Mg/Ca paleothermometry, and we refined
existing calibrations for both infaunal and epifaunal foraminifera. In addition to Mg/Casw uncertainty,
less work has been done on the sensitivity of Mg/Carforam to Mg/Casw, with a range of H values
proposed for benthic foraminifera. We assess a range of scenarios and show that epifaunal and
infaunal temperature reconstructions align across a range of H values and temperature sensitivity. To
better quantify the uncertainty of Miocene BWT estimates, further constraints on the sensitivity of
Mg/Caroram to Mg/Casw is needed, as well as site-specific carbonate chemistry histories.
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7.0 Appendix
Appendix A: Foraminiferal Preservation Assessment

Figure A1 provides visual examples and supporting information for the assessment of foraminiferal
preservation used in this study including planktic and benthic specimens spanning excellent to poor

preservation.
2 |2l M SEM SEM SEM SEM
E £ |3 | Fullview Whole test Outer wall Wall cross section Inner wall
= 3|2 500um 500um 30um 30um 30pm

] ". -
'n":n
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~0.1 Ma (Pleistocene)
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for Miocene one
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10.47-1065 (L
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Figure A1: Examples of the multi-sample, multi-scale approach to visually assessing downcore
foraminiferal preservation state developed during International ODP Expedition 363. Examples are
shown of excellent, (very) good, moderate, and poor preservation for both planktic and benthic
specimens. This figure is adapted from several figures in Rosenthal et al. (2018).

28

Open Access

Earth System
Science

Data

suoIssnasig



https://doi.org/10.5194/essd-2026-697

Preprint. Discussion started: 18 September 2026
(© Author(s) 2026. CC BY 4.0 License.

Appendix B: MioOcean Mg/Casw compilation

Table B1 summarises the uncertainty range of the Mg/Casw curve generated in MioOcean, reporting
the 2.5th, 16th, 50th, 84th, and 97.5th percentiles from a compilation of multiple proxy records. Figure
B1 compares the resulting reconstruction from this study with previous proxy-derived and modelling-
based Mg/Casw reconstructions, providing context for the compilation and its relationship to the

reconstruction presented in Figure 3.

Table B1: 2.5, 16™, 501, 84", and 97.5" percentiles of the Mg/Casw curve generated in MioOcean

Open Access

from compilation of range of proxies including halite fluid inclusions, CCVs, LBF, echinoderm ossicles,

and Na/Ca records

MioOcean Mg/Casw (mmol/mol)
Age (Ma) |PO5 |P16 |P50 |P84  |P95
0| 4.98| 5.08 5.21| 5.37 5.47
1| 4.82(4.95 5.14| 534 5.48
2| 461|473 496 5.17 5.30
3| 4.31| 444 4.65| 4.84 5.00
4| 3.99( 4.11 429 447 4.58
5 3.67|3.79 3.95| 412 4.21
6| 3.41| 3.51 3.70| 3.86 3.98
7| 3.20| 3.33 3.52| 3.70 3.83
8| 3.06| 3.20 3.40| 3.60 3.74
9| 2.98| 3.11 3.31| 3.52 3.67
10| 2.92| 3.07 3.27| 3.46 3.60
11| 2.92| 3.05 3.23| 3.40 3.53
12| 2.88| 2.98 3.15] 3.31 3.41
13| 2.76| 2.87 3.03] 3.19 3.27
14| 2.60| 2.74 291 3.09 3.21
15| 2.37| 2.56 2.82| 3.06 3.24
16| 2.17| 2.37 2.75| 3.09 3.34
17| 2.05| 2.32 278 3.18 3.49
18| 2.08| 2.34 284 3.31 3.62
19| 2.15| 2.41 290 34 3.68
20| 2.16| 2.50 3.00| 345 3.77
21| 2.19| 2.52 3.01] 3.50 3.79
22| 2.29| 2.57 3.02| 3.46 3.77
23| 2.37|2.62 3.01| 344 3.67
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Figure B1: Mg/Casw reconstructions from this study (MioMG) and previous proxy-derived efforts
(BAYMAG: Tierney et al 2019; Sosdian & Lear 2020; Rosenthal et al. 2022; Evans et al. 2026) and
modelling approaches (Hardie, 1996; Fantle & DePaolo, 2006; Higgins & Schrag, 2012; Higgins &
Schrag, 2015). For MioMG compilation refer to Figure 3 and Table B1.
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Appendix C: BWT calibration scenarios

Figure C1 compares BWT estimates from O. umbonatus using the MioOcean calibration 1 and the
calibration of Lear et al. (2015) at Sites 806 and 926, with envelopes representing 68% confidence
intervals. Figure C2 compares BWT estimates from O. umbonatus and C. wuellerstorfi using the
MioOcean preferred calibrations and those of Nauter-Alves et al. (2025) at Site 806, highlighting the
influence of calibration choice on reconstructed BWT.

12} (a) Site 806 .

BWT (°C)

N

[ T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T ]
12} (b) Site 926 ]
10F .

BWT (°C)

2>‘I‘“I...I."\‘y.l...l“‘l‘..l...\“‘—
6 8 10 12 14 16 18 20 22 24

Age (Ma)

—— MioOcean calibration 1

— Learetal. (2015)

Figure C1: BWT estimates based on O. umbonatus Mg/Ca data using the MioOcean calibration 1
and that of Lear et al. (2015) for (a) Site 806 and (b) Site 926. Envelopes represent 68% confidence
intervals.
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Figure C2: BWT estimates based on (a) O. umbonatus and (b) C. wuellerstorfi using MioOcean
preferred calibration and those of Nauter-Alves et al. (2025) for Site 806. Envelopes represent 68%
confidence intervals.
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