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Abstract. The early Miocene (23—17 Ma) is emerging as a potentially transformative time in marine ecosys-
tems. A lack of sampling in the early Miocene, relative stability in the genus-level richness of traditionally stud-
ied marine fossils (e.g. shallow-water hard-shelled invertebrates), and no record of perturbation(s) in traditional
climate proxies such as benthic foraminifera-derived carbon and oxygen isotope ratios have led to an assump-
tion that the early Miocene was relatively uneventful climatically. Growing evidence suggests otherwise; recently
published high-resolution marine microfossil, phylogenetic, and geochemical records have revealed that the early
Miocene was a time of significant ecological upheaval that led to permanent changes in marine ecosystem struc-
ture and function at a scale not observed since the Cretaceous—Paleogene Mass Extinction. Reconstructed early
Miocene biotic changes spanned trophic levels from primary producers to top predators, impacting diatoms,
foraminifera, reef fish, and whales, alongside other marine taxa. Specifically, open-ocean sharks were heavily
impacted, suffering the largest extinction event known in their 400-million-year history, corresponding with a
global disruptive event in planktonic foraminifera community composition. Though a clear environmental driver
for these ecological changes is not yet known, the upheaval observed in marine biota coincides with an abrupt
shift in foraminifera-bound nitrogen isotopes, signifying a change in ocean oxygenation or nutrient cycling. To-
gether, these records suggest that the potentially rapid changes in biodiversity and marine community structure
during the early Miocene were profound and may have laid the foundation for the ocean ecosystem structure
observed from the later Miocene to present day. In this SPARC, we will explore the biotic and environmental
changes that occurred during this critical and understudied interval in Earth’s history. Spanning the breadth of
the Atlantic Ocean and the Caribbean Sea, we will employ a multi- and inter-disciplinary approach to refine age
models, collect new geochemical proxy data, and perform Earth system model simulations to assess the basin-
wide response across preserved trophic levels to early Miocene ecosystem perturbation. ENIGMA aims for a
spatiotemporally complete documentation of the ecological and environmental response of an entire ocean basin
to disentangle this enigmatic Earth system change.

(AISs) and overall global cooling and marks the establish-

The Miocene Epoch, 23.03—5.33 million years ago (Ma),
was a period of extensive climate change as Earth transi-
tioned from the relative warmth of the Paleogene Greenhouse
World to the Icehouse World of the Pliocene—Pleistocene.
The Miocene is typified by changes in Antarctic ice sheets

ment of near-modern flora and fauna, both on land and in the
oceans (Steinthorsdottir et al., 2021). Miocene researchers
have traditionally focused on (1) the Miocene Climate Opti-
mum (MCO, ~ 17-14.7 Ma) because it may serve as a pos-
sible analogue for our future, warmer world (e.g. Steinthors-
dottir et al., 2021) or (2) its aftermath, the Middle Miocene
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Climate Transition (~ 14.7-13.8 Ma) and the Late Miocene
cooling events (7-5.5 Ma), which led to the evolution of our
current bipolar glaciated climate (e.g. Boscolo-Galazzo et
al., 2021; Herbert et al., 2016; Woodhouse and Swain et
al., 2023). As a result, there are relatively few global cli-
mate and biotic records documenting the portion of the early
Miocene that precedes the MCO. Our understanding of the
earlier Miocene world is therefore rather weak, with mainly
low-resolution geochemical records compared to other in-
tervals of climatic perturbation (Miller et al., 1985, 1991;
Miller and Katz, 1987; Westerhold et al., 2020; Woodruff and
Savin, 1989; Zachos et al., 2001), though higher-resolution
records do exist (e.g. Liebrand et al., 2016, 2017). Recent
work shows that this largely overlooked interval may con-
tain at least one abrupt ecological turnover (Sibert and Rubin,
2021). But the causal mechanism and accompanying changes
in the Earth system that impacted the biosphere during the
early Miocene currently remain unquantified.

Few paleontologists have scrutinized the early Miocene in-
terval from 23 to 17 Ma as traditional genus-richness-based
metrics do not indicate major biotic change during this in-
terval (e.g. Sepkoski, 2002). However, in recent years, mul-
tiple works by ENIGMA co-proponents have shown critical
biodiversity and ecological changes in at least two different
taxonomic groups with extremely different ecological roles:
sharks (Sibert and Rubin, 2021) and planktonic foraminifera
(Swain and Woodhouse et al., 2024). These investigations
highlight the interval around 19 Ma as a major biotic tran-
sition in the ocean, unique in magnitude for the entire Ceno-
zoic (66-0Ma), with changes spanning trophic levels from
phytoplankton to apex predators (Fig. 1). Namely, Sibert and
Rubin (2021) identified a major extinction in sharks, with
> 70 % reduction in the morphological diversity of dermal
denticles in pelagic sediments and > 90 % reduction in ac-
cumulation, concomitant with a permanent transition in ma-
rine vertebrate community structure (Sibert et al., 2016), as
well as global radiations and adaptations in cetaceans (Do-
minici et al., 2020; Marx et al., 2019; Rule et al., 2023)
and reef fishes (Brownstein et al., 2025). Furthermore, co-
eval substantial shifts have been reconstructed in the commu-
nity structure and diversity of planktonic foraminifera (Fen-
ton and Woodhouse et al., 2021; Swain and Woodhouse et
al., 2024), diatoms (Lowery et al., 2020; Spencer-Cervato,
1999), ostracods (e.g. in the Indo-Australian Archipelago;
Tian et al., 2024), bryozoa (e.g. in the Caribbean; Di Martino
et al., 2018), radiolaria (Kamikuri et al., 2005), and deep-sea
mussels (Miyazaki et al., 2010).

Environmental changes including changes in nutrient cy-
cling, oxygenation perturbations, and changes in AIS volume
and deep-ocean circulation (Li et al., 2023; Smart and Mur-
ray, 1994; Smart and Thomas, 2006, 2007) accompany these
biological shifts around 19 Ma. The ~ 19 Ma interval also co-
incides with a 0.5 %o increase in benthic foraminiferal §'30
in Southern Ocean records (Atlantic and Indian Ocean sec-
tors), which could indicate deep-water cooling and/or AIS
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Figure 1. (a) Benthic s180 composite by Westerhold et al. (2020)
in grey and atmospheric CO; concentration based on multiple CO,
proxies compiled by the Cenozoic CO; Proxy Integration Project
(Honisch et al., 2023) in blue. (b) Shark and fish accumulation rates
(ARs) from Sibert and Rubin (2021). (¢) Foraminifera-bound nitro-
gen isotopes (FB—(SISN) from ODP Site 872 (Auderset et al., 2022,
green), modelled global organic carbon (OC) burial rates in gigatons
carbon per year (GtC afl) (Li et al., 2023, brown). MCO: Miocene
Climate Optimum; MMCT: Middle Miocene Climate Transition.
The vertical grey bar indicates major biological and environmen-
tal shifts around the early Miocene (~ 19 Ma) interval.

growth (Cramer et al., 2009). Outside of the signal noted in
the Southern Ocean, there is a general lack of stable isotopic
evidence of a global climate perturbation at this time (West-
erhold et al., 2020).

Important tectonic events such as the first restriction of
the Indonesian Seaway between southeastern Asia and Aus-
tralia (~ 22 Ma, Hall, 2009), the final closure of the Tethys
Seaway (~ 19 Ma; Harzhauser et al., 2007; Yasuhara et al.,
2020; Zammit et al., 2022), and opening and deepening of
the Fram Strait throughout the Miocene in the North Atlantic
(~ 17 Ma; Ehlers and Jokat, 2013; Wright et al., 1992) could
have altered global ocean circulation and triggered some of
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the observed environmental and biotic changes. Addition-
ally, changes in the Drake Passage in the early Miocene may
have affected conditions in the Atlantic basin (Lagabrielle
et al., 2009; van de Lagemaat et al., 2021). However, the
ultimate driver of these changes remains elusive. The mod-
elling community has not yet extensively targeted the early
Miocene, focusing instead on well-documented periods like
the MCO or the late Miocene (see Burls et al., 2021, for
a review). There are notable early attempts to understand
the Oligocene—Miocene transition (von der Heydt and Di-
jkstra, 2006), as well as more recent attempts to understand
broad changes in the global meridional overturning circula-
tion through the early-middle Miocene (Naik et al., 2025).
This lack of modelling effort is compounded by the paucity
of environmental records, contributing to the poor under-
standing of climate system behaviour and associated forcing
during this time period.

We suggest that the early Miocene interval from 23 to
17 Ma represents an ideal case study within which to in-
vestigate the basin-scale environmental and ecological re-
sponse of components preserved within marine sediment
cores. Microfossil records including material representing
multiple trophic levels spanning primary producers (e.g. di-
atoms, coccolithophores) to apex predators (e.g. fish and
sharks or ichthyoliths) are abundantly preserved in these
cores. In particular, the enigmatic nature of these clustered
biotic, oceanographic, and tectonic changes will require the
compilation and acquisition of paleoceanographic and bio-
logic proxy data preserved in scientific ocean-drilling ma-
terial. Integrating these data with Earth system models will
establish an ongoing data—model comparison protocol (e.g.
Zhang et al. 2025) to better understand how trophic interac-
tions could have been altered (e.g. Woodhouse et al., 2024),
thereby setting the stage for the evolution of the modern ma-
rine biosphere.

2 Background

ENIGMA seeks to develop, correlate, and investigate rela-
tively complete records of life and environmental conditions
in the deep sea during the early Miocene (23-17 Ma) us-
ing sediment cores collected through past scientific ocean
drilling. Lower Miocene sedimentary records have long been
noted as incomplete, with more than one hiatus confirmed
or proposed to occur between 20 and 18 Ma (Barron and
Keller, 1982; Keller and Barron, 1983; Kennett, 1977; Miller
et al., 1985, 1991; Dutkiewicz and Miiller, 2022). An exten-
sive preliminary investigation by ENIGMA team members
found that, of the 1264 scientific ocean-drilling sites sam-
pled by the International Ocean Discovery Program (IODP)
and its predecessors (1968-2024), only 683 extended deeper
than the early Miocene, and 140 of those sites were sam-
pled with coring too patchy to determine the completeness of
early Miocene sediments. Of the remaining 543 sites, 85 %
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have a likely or confirmed early Miocene hiatus, with only
15 % containing likely complete sections (Sibert and Rubin,
2021; Figs. 2A and 3). Notably, the hiatuses we have identi-
fied may be true gaps in sedimentation; artefacts of drilling
such as spot-coring, more typical of earlier drilling legs; or
incomplete recovery due to lithological changes (e.g. Evans,
2020). Dutkiewicz and Miiller et al. (2022) also highlight the
prevalence of hiatuses in Lower Miocene sediments, partic-
ularly in the Atlantic, which they suggest is connected to
the complete opening of the deep Drake Passage, the grad-
ual closure of the Tethys Seaway, and therefore the initia-
tion of a proto-Atlantic Meridional Overturning Circulation.
With these changes, along with the fact that the Atlantic sec-
tor offers numerous sites with complete packages of Lower
Miocene sediments, it is the region most likely to capture a
basin-wide ecosystem response (Fig. 2).

Targeted legacy materials (detailed in Sect. 4.1 and Table
S1 in the Supplement) allow us to examine changes across
both hemispheres, spanning tropical to high-latitude temper-
ate zones, oceanographic regimes including coastal margins
and subtropical gyres (Fig. 3), and sites influenced by deep-
water formation in the North Atlantic and along the Antarc-
tic continental margin. Moreover, many legacy sites, such as
those on Ceara Rise (ODP Leg 154), have undergone ex-
tensive X-ray fluorescence (XRF) scanning (Fig. 3) and are
perhaps the most well-constrained continuous sedimentolog-
ical records that have been chronologically tuned to orbital
cyclicity (e.g. Shackleton et al., 1999). The robust age mod-
els for and decades of prior research into many of our chosen
legacy sites (see Supplement) lay a strong foundation for new
records of sedimentological and biological dynamics. Future
work prompted by this SPARC project could expand to high-
latitude locations and other ocean basins, such as sites within
the Pacific and Indian oceans (Fig. 2), to further refine our
understanding of the early Miocene interval around 19 Ma.

3 Scientific objectives

ENIGMA will quantify environmental and ecosystem
changes of the early Miocene (focusing on the interval from
~ 23 to 17 Ma) and the role such changes played in the evolu-
tion of the modern biosphere. We seek to test the hypothesis
that tectonically driven palaeoceanographic changes during
the early Miocene altered primary productivity and nutrient
export, the geochemical and micropaleontological signals of
which will have been preserved in marine sediments.

The project will take a holistic approach, using multiple
proxies on selected legacy deep-sea sediment cores to ap-
ply a novel framework for reconstructing ancient ecosystem
change designed for maximum scientific utilization of ma-
rine sediment samples (Woodhouse et al., 2024). The data
generated through ENIGMA will explore existing Earth sys-
tem and geodynamic modelling scenarios and feed into the
generation of new models throughout the lifespan of the
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Figure 2. (A) Global distribution of scientific ocean-drilling sites covering the early Miocene interval (23—17 Ma). Colour coding marked
on the figure denotes the stratigraphic completeness of each section. Dark-blue stars indicate ENIGMA target sites with complete or near-
complete early Miocene (23—17 Ma) sections. Light-blue stars indicate potential future targeted sites with probably complete early Miocene
sections. Figure modified after Sibert and Rubin (2021). (B) Map of hiatuses at 20 Ma and localities of contourite drifts from Dutkiewicz and

Miiller (2022).

project. We will address our hypothesis by investigating the
following scientific objectives (SOs):

SOI1. We will refine chrono-stratigraphic age mod-
els of all studied records to assess synchroneity of
oceanographic and biotic changes during the early
Miocene. Assessing whether early Miocene environ-
mental changes occurred synchronously or not depends
on the generation of accurate and precise age mod-
els for all sites, anchored by numerical ages (Wester-
hold et al., 2024). We will take a uniform approach
to refine age models for each of our target sites by
refining shipboard chrono-stratigraphic protocols at a
higher resolution and utilizing high-precision radioiso-
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topic geochronology wherever possible. We therefore
seek applicants with expertise in age model develop-
ment and/or reconciliation using stratigraphic correla-
tion through bio-, chemo-, and magneto-stratigraphy, as
well as geochronology and astrochronology.

SO2. We will generate and synthesize records of early
Miocene environmental change across the Atlantic
Ocean. We will use a suite of qualitative and quantita-
tive geochemical and sedimentological proxies to assess
climatic and environmental changes during the early
Miocene (Table 1). We therefore seek applicants with
expertise in XRF data collection, processing, and inter-
pretation and in a wide suite of geochemical analyses
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covering temperature, CO», productivity, oxygenation,
and surface to deep-water mass properties. XRF data
will be integrated into other non-destructive techniques
such as high-resolution core imaging and gamma-ray at-
tenuation porosity evaluator (GRAPE) measurements to
allow for better appraisal of environmental change and
core splicing of composite sections.

SO3. We will generate records of early Miocene bi-
otic change. Existing legacy publications and database
compilations of fossil assemblage data will be supple-
mented by new data collected from ENIGMA from
all present microfossil groups throughout the Atlantic
Ocean target sections. We therefore seek applicants with
experience and expertise in the collection of scien-
tific ocean-drilling micropaleontological data (includ-
ing planktonic foraminifera, calcareous nannoplankton,
radiolaria, ichthyoliths, ostracods, and palynology). For
all SOs, shared sample splits will maximize the scien-
tific outputs of sediment sampling.

SO4. We will assess the collective response of marine
organisms to environmental changes using ecologically
motivated statistical and mechanistic models. With the
collected environmental and ecosystem data, we will in-
tegrate ecological and evolutionary modelling alongside
climate records (e.g. implement the Micropaleoecology
Framework as described in Woodhouse et al., 2024) to
determine how the holistic marine ecosystem of the At-
lantic Ocean responded to early Miocene paleoenviron-
mental shifts. ENIGMA will benefit substantially from
Science Team members with experience in ecosystem
modelling and integrated microfossil analyses.

SO5. We will develop model simulations to investigate
ocean evolution during the early Miocene and assess
forcing factors. We welcome applicants who can collab-
orate to implement a marine biogeochemistry-enabled
Earth system model to simulate the response of climate—
ocean dynamics, as well as productivity and dissolved
oxygen, to a variety of orbital and climate system forc-
ings that could have influenced the biotic and abiotic
changes documented around 19 Ma. We will refine or
adapt the modelling framework during the course of
the ENIGMA project as more data become available.
Our simulations will help clarify our mechanistic un-
derstanding of early Miocene global ocean and biotic
evolution.

As we pursue each of these scientific objectives, we will
provide training to the next generation of scientific ocean-
drilling scientists while paying special attention to the inclu-
sion of scientists with identities historically excluded from
STEM and shipboard activities.

ENIGMA is designed to addresses key Strategic Objec-
tives, Flagship Initiatives, and Enabling Elements laid out in
the 2050 Science Framework:

https://doi.org/10.5194/piodp-505S-1-2026

Strategic Objective 1 — Habitability and Life on Earth.
ENIGMA will quantify environmental changes and biotic re-
sponses across a previously understudied but evolutionarily
important interval in geologic time that may have driven ma-
jor changes in the habitability of marine ecosystems. Science
objectives (SOs) 2—4 seek to analyse how marine trophic
webs responded to abiotic changes by quantitatively assess-
ing links between paleoenvironmental and paleobiological
records using advanced statistical techniques.

Strategic Objective 3 — Earth’s Climate System. We will
take a multi-proxy approach to reconstruct past climate con-
ditions during this interval to better constrain Earth’s climate
system and explore the interactions between climate and bi-
ological response. This approach will include stable carbon
and oxygen isotopic records from benthic foraminifera to as-
sess bottom water temperature and ice volume and will help
with orbital tuning at the sites through our study interval.
For SOs 1-2, we will use existing and collect new sedimen-
tary XRF data (Fig. 3) to develop age models for our sites
and to track redox and productivity changes across this inter-
val. These efforts will support direct comparisons of trans-
Atlantic environmental and biotic signals, which will inform
model outputs in SOS.

Strategic Objective 4 — Feedbacks in the Earth System. The
data generated for SOs 2 and 5 will address the role of tecton-
ically driven feedbacks (e.g. closure of the Indonesian Sea-
way between southeastern Asia and Australia (~ 22 Ma), the
Tethys Seaway (~ 19 Ma), and the Fram Strait (~ 17 Ma))
alongside possible nuanced cryosphere-driven feedbacks by
testing the strength of the biological pump throughout the At-
lantic Ocean. Changes in organic carbon burial will also pro-
vide critical information on the possible role of biologically
driven feedback. The broad spatial distribution and variable
proximity to coastlines of our sample sites will help deter-
mine the possible role of terrestrial vs. marine system feed-
backs (Fig. 3).

Strategic Objective 5 — Tipping Points in Earth’s History.
Early Miocene biotic turnover suggests that a tipping point
was reached in the biological system and possibly the Earth
system as a whole. The apparent lack of climatic tipping
points suggested by traditional geochemical data (e.g. sta-
ble carbon and oxygen isotope excursions or shifts) in early
Miocene global climate records presents a conundrum, al-
though changes in nitrogen isotopes at this interval (Auder-
set et al., 2022) hint at the fact that more recently developed
techniques may tell a different story. Collectively, SOs 1-5
signify a unique opportunity to investigate the drivers, scales,
and rates of the ~ 19 Ma global abiotic and biotic disruption
and quantify the biotic and abiotic resilience and recovery on
an ocean basin scale.

Flagship Initiative 1 — Ground-Truthing Future Climate
Change. Today’s climate and biotic crises are restructuring
global marine trophic systems (Bach et al., 2016; Baum et
al., 2023; Spisla et al., 2021). The ENIGMA study interval
is unique in its observable characteristics in comparison with
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intervals that have been targeted as analogue climate states
(e.g. Mid-Piacenzian Warm Period, Miocene Climatic Opti-
mum, Early Eocene Climatic Optimum, Paleocene—Eocene
Thermal Maximum; Tierney et al., 2020) and therefore may
contain potential consequences of anthropogenic climate
forcing that are yet to be ground-truthed and/or identified. Of
particular interest is the staggering detriment to marine verte-
brates quantified by Sibert et al. (2016) and Sibert and Rubin
(2021). Today, marine vertebrates and, especially, sharks are
dealing with the impacts of a changing climate (increased
temperature, ocean acidification, marine anoxia) in addition
to factors that are uniquely caused by humans (harvesting,
overfishing; Dillon and Pimiento, 2025; Dulvy et al., 2021;
Pimiento et al., 2023; Yasuhara et al., 2024; Yasuhara and
Deutsch, 2022). SOs 2—4 are specifically designed to recon-
struct environmental variables and investigate how the ma-
rine ecosystem responded to such changes, thereby poten-
tially providing important insights into marine plankton com-
munity response to abiotic perturbations.

Flagship Initiative 4 — Diagnosing Ocean Health. Recent
work has shed light on mechanisms of ocean oxygenation
through geological time and the potential implications of
anthropogenic climate forcing on ocean health in the near-
future (Auderset et al., 2022; Doney et al., 2020; Moretti et
al., 2024). These studies focussed on geological intervals that
are example test beds for climate change scenarios (Early
Eocene, Middle Miocene, Paleocene—Eocene Thermal Max-
imum; Auderset et al., 2022; Hess et al., 2023; Moretti et al.,
2024). SOs 1-2 will expand on these prior studies by explor-
ing the early Miocene interval, where substantial changes in
foraminifera-bound nitrogen isotopes suggest a contraction
of the largest contemporary oxygen-minimum zone along-
side a large-scale reduction in primary productivity and car-
bon burial (Fig. 1). SO, will also address this Flagship Ini-
tiative by providing data on the spatial dynamics of bottom
water ventilation, redox conditions, and nutrient availabil-
ity in the ocean. In particular, our site coverage and sam-
pling strategy will capture productivity in coastal to deep-
marine regions, in tropical to high-temperate latitudes, and
across gyres (Fig. 3), culminating in an ocean-wide dynam-
ics dataset for marine primary productivity and bottom water
mass behaviour.

Enabling Element 1 — Broader Impacts and Outreach.
ENIGMA seeks to train the next generation of scientific
ocean-drilling scientists to be skilled in data generation and
interpretation, wrangling, management, and harmonization
through working closely with other scientists who are well-
versed in such skills. In addition, the entire Expedition Sci-
ence Team will be trained in community engagement and sci-
ence communication.

The impact of scientific ocean drilling — Improving cli-
mate models, assessing future ocean health. Scientific ocean-
drilling data provide crucial information for understanding
Earth’s past climate and ecological conditions. This knowl-
edge is essential for building accurate climate models and
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predicting future ocean health by allowing for enhanced pre-
dictive models that simulate the complex interactions be-
tween species and their environment. By studying how ma-
rine ecosystems responded to past environmental shifts, like
those in the early Miocene, we can better anticipate how they
might react to current and future changes.

Inspiring educators and the public through discovery. We
will communicate the research undertaken by ENIGMA to
the public and local communities. UK-based proponents will
use university open days and National Fossil and Nature
festivals to broadcast research findings to the public and
prospective students utilizing scientific ocean-drilling sam-
ples and outreach resources (e.g. 3D-prints of microfossils).
We will upload the data generated by ENIGMA to online,
open-access databases, which will benefit both researchers
in the field and educators. As data generated from such stud-
ies are not always friendly for K-12 (US), primary and sec-
ondary (UK), and elementary to high school (Japan) educa-
tors to incorporate into their classrooms, the research team
will develop educational activities using our data. These ed-
ucational modules will be developed in a way that learners
can discover the patterns of species’ diversification and the
abiotic drivers that led to such patterns. Social media (e.g. In-
stagram, TikTok, BlueSky; Facebook promotions keep peo-
ple in the social media ecosystem but do not encourage out-
side engagement; Lundgren et al., 2024) will be leveraged
to disseminate research in a digestible format for the general
public. ENIGMA co-proponents have substantial collective
experience in outreach and research dissemination; however,
we plan to include a science communicator as a key compo-
nent of the Science Team to lead this aspect of the project
through the SPARC’s duration.

Training the next generation of scientists. With the non-
renewal of the R/V JOIDES Resolution and the subsequent
reduction in opportunities to sail on scientific ocean-drilling
expeditions, it is critical that we continue to train the next
generation of scientific ocean-drilling scientists (Harper et
al., 2024). SPARCs such as ENIGMA represents an oppor-
tunity to do just that by having graduate students, postdocs,
and pre-tenure faculty mentored by the co-proponents in sci-
entific ocean-drilling research. The proponent team and col-
laborators in the Early Miocene Working Group (see the Ac-
knowledgements) have separately studied paleoceanography,
paleoclimatology, geochronology, paleobiology, evolution-
ary biology, sedimentology, and Miocene climate and ocean
dynamics; as such, we are collectively well-versed to en-
sure a holistic research experience for the Science Team. The
co-proponents will also introduce members of the SPARC
Expedition Science Team to their respective international
networks including MioOcean, the Early Miocene Working
Group, and the Time Integrated Matrix for Earth Sciences
(TIMES; Westerhold et al., 2024).

International collaboration and advancing diversity and
inclusion. Our primary goal is to create a diverse, interna-
tional Expedition Science Team composed of scientists with
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Figure 3. Scientific ocean-drilling sites with complete or near-complete early Miocene sections that will be targeted by the ENIGMA Science
Team. Core descriptions include the leg, site, hole, and target cores for all assessed material. Colours indicate general lithology (see key) of
study sections, and coloured bars indicate the sections of the core which have already been analysed via XRF (red) and those that we plan to

analyse for ENIGMA (green).

complementary skills and an interest in long-term collabora-
tions. The fact that our research will not be conducted at sea
will empower scientists with disabilities who were excluded
from sailing to participate in land-based expeditions. Some
Science Team members may not be native English speak-
ers, and this strength will be leveraged to disseminate our re-
search in multilingual formats where possible. Furthermore,
we will encourage ENIGMA’s Science Team during and af-
ter the sampling party to engage in exchange programmes
offered by team members, with a focus on students and early-
career researchers (ECRs). This exchange will strengthen our
network and encourage knowledge-sharing across diverse
fields, future-proofing scientific ocean drilling for the next
generation of scientists.

Knowledge sharing. ENIGMA seeks to promote open-
access efforts and mitigate the legacy of scientific colonial-
ism (Smith et al., 2024). All further data and methods from
ENIGMA will be published on open-access data servers
(PANGAEA or Zenodo) and journals that have no citation
limit or limit on the number of authors. This is specifically
important for projects like ENIGMA that will ultimately ex-
tract data from hundreds of articles and researchers, all of
which should be cited for their efforts.

https://doi.org/10.5194/piodp-505S-1-2026

Engaging with other fields. As a truly interdisciplinary
project, ENIGMA will depend on the sharing of knowl-
edge and skills through the active collaboration of individ-
uals from diverse academic backgrounds. We will prioritize
the selection of participants who have skillsets different from
those of the co-proponents so that we can continue to learn
from one another.

Enabling Element 4 — Technology Development and Big
Data Analytics. ENIGMA involves the development of a
comprehensive biological and environmental database of
early Miocene records, similar to earlier works by ENIGMA
co-proponents (Fenton and Woodhouse et al., 2021; Sibert
and Rubin, 2021; Swain and Woodhouse et al., 2024). The
SPARC Expedition Science Team will also lead the devel-
opment and adaptation of quantitative tools for analysing the
database. These tools encompass network analysis, statistical
learning, causal inference, and spatial occurrence modelling
(e.g. Antell et al., 2024; Fagan et al., 2022; Smith et al., 2023;
Staples et al., 2025; Swain and Woodhouse et al., 2024). Our
codes and analytical tools will be made publicly available
through open-access repositories. Furthermore, the project
will use the quantitative data-based results to build mecha-
nistic models, particularly environmentally coupled dynamic
food web and Earth system models. We will thereby cre-
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ate the first harmonized and comprehensive assessment of
Miocene records, fostering community engagement and em-
powering researchers by providing open-access data and an-
alytical tools to use in their own research.

4 Sampling and analysis strategy

4.1 Targeted legacy resources

ENIGMA will tentatively target 15 sites in the Atlantic
Ocean basin that contain complete or nearly complete early
Miocene sections (Fig. 3) and that are distributed such that
they will capture a range in sea surface temperatures and pri-
mary productivity. We plan to XRF scan ~ 1095.33 m in to-
tal, across the 15 sites, and, depending on the conditions of
older legacy cores, we will perform new high-resolution core
imaging. The following is a description of existing informa-
tion from each site and opportunities for ENIGMA work. Ex-
isting analyses are detailed in Table S1.

4.1.1 DSDP Leg 3 Site 15

Deep Sea Drilling Program (DSDP) Site 15, located in
the subtropical South Atlantic, contains a condensed (18 m)
early Miocene interval through Cores 7-9, obtained through
rotary drilling. However, slumping and/or drilling issues
caused a repeated section to be drilled in Core 9 (Maxwell
et al., 1970). Recovery in Cores 7 and 8 was good (94.4 %),
and shipboard and post-cruise bio-stratigraphy documented
well-preserved planktonic foraminiferal and calcareous nan-
nofossil assemblages (Blow, 1970; Bukry and Bramlette,
1970; Maxwell et al., 1970). Leg 3 was the first op-
portunity for the DSDP to assess paleomagnetic stratig-
raphy for parts of the Lower Miocene, Upper Oligocene,
and Cretaceous—Palacogene boundary (Henry and Opdyke,
1970), and ENIGMA may be able to better refine this stratig-
raphy.

4.1.2 DSDP Leg 72 Site 516

The southwestern Atlantic DSDP Site 516 contains a mod-
erately expanded (172.9 m) early Miocene composite section
within Holes 516 (obtained through hydraulic piston coring)
and 516F (obtained through rotary drilling), with moderate
recovery (Hole 516 =87.8 %, Hole 516F =74.2 %). Previ-
ous bio-stratigraphic and assemblage work has assessed os-
tracods (Benson and Peypouquet, 1983), calcareous nanno-
fossils (Berggren et al., 1983b; Gennari et al., 2018; Per-
sico and Villa, 2013; Plancq et al., 2012), diatoms (Gombos,
1983), radiolaria (Johnson, 1983), planktonic foraminifera
(Berggren et al., 1983b; Gennari et al., 2018; Pujol, 1983;
Spezzaferri and Pearson, 2009), and benthic foraminifera
(Tjalsma, 1983). Newer magneto-stratigraphic data have
constrained prior biochronology between 23 and 22 Ma in
Hole 516F (Berggren et al., 1983b, a; Florindo et al., 2015;
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Gennari et al., 2018); ENIGMA should further update this
analysis. Low-resolution 87Sr/86Sr (Hess et al., 1989) and
oxygen and carbon isotope (Pagani et al., 2000a; Woodruff
and Savin, 1989) stratigraphy has also been explored, with
both benthic and planktonic species analysed in the latter
to assess water column gradients (Pagani et al., 2000a). Co-
proponent Auderset analysed foraminifera-bound (FB)-8'9N
at a low resolution (200 kyr) during the study interval (Aud-
erset et al., 2022), which will be bolstered by the ENIGMA
Science Team. Multiple studies have also assessed organic
chemical components including organic matter provenance
(Dequadros et al., 1983), total organic carbon, n-alkanes, and
alkenones (Pagani et al., 2000b, a; Plancq et al., 2012).

4.1.3 DSDP Leg 74 Site 526

DSDP Site 526, obtained by hydraulic piston coring in the
southeastern Atlantic Ocean, exhibits the highest core re-
covery for the early Miocene interval in the prospective
ENIGMA sites, with 109 % recovery owing to core expan-
sion within the 44 m interval (Moore et al., 1984). Shipboard
and post-cruise microfossil studies produced diverse cal-
careous assemblages of benthic and planktonic foraminifera
(Boersma, 1984b, a), calcareous nannofossils (Jiang and
Gartner, 1984), and calcareous dinoflagellates (Futterer,
1984). Sedimentation rates appear to be relatively low dur-
ing the study interval despite the consistently high CaCO3 %
in sediments (Shackleton, 1984), and a low-resolution oxy-
gen and carbon isotope analysis confirms the presence of
benthic taxa, allowing for a high-resolution stable isotope
record through ENIGMA (Shackleton et al., 1984; Woodruff
and Savin, 1989). No Miocene sea surface temperature (SST)
records currently exist for DSDP Site 526, highlighting an-
other gap in Atlantic climate reconstructions that ENIGMA
aims to address.

4.1.4 DSDP Leg 82 Site 563

Located in the subtropical-temperate North Atlantic, DSDP
Site 563 yielded a well-recovered (90.3 %) 57 m long early
Miocene sedimentary section, obtained by rotary drilling.
Numerous microfossil studies focused on calcareous nanno-
plankton (Albasrawi, 2016; Bukry, 1985; Maiorano and
Monechi, 1997, 1998; Miller et al., 1985; Parker et al.,
1985; Peleo-Alampay and Wei, 1995), ostracods (Coles
and Whatley, 1989; Whatley and Coles, 1991), planktonic
foraminifera (Echols, 1985; Miller et al., 1985; Smart and
Murray, 1994; Smart and Thomas, 2006, 2007), and benthic
foraminifera (Katz et al., 2003; Miller and Katz, 1987). In-
tegrated bio-stratigraphic, magneto-stratigraphic, and stable
isotopic (8130, 813C, 87Sr/80Sr) studies suggest the entirety
of the nannofossil zone NN3 (18.28-17.95 Ma) of Martini
(1971) to be missing due to an unconformity (Abreu and
Haddad, 1999; Hess et al., 1989; Khan et al., 1985; Miller et
al., 1985, 1987; Miller and Fairbanks, 1983; Peleo-Alampay
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and Wei, 1995; Wright et al., 1992). The confirmation of a
minor < 1 Myr hiatus permits us to use Site 563 as a con-
trol site to test whether other sites exhibit unconformities at
similar horizons not identified in previous work.

4.1.5 DSDP Leg 94 Site 608

DSDP Site 608 is located in the temperate North Atlantic;
cores span the early Miocene through to the modern (26 Ma—
present) with moderate recovery (85.5 %) of a 106 m cored
interval obtained through variable-length hydraulic piston
coring with an extended core barrel. Microfossil assemblage
studies showcase lower-diversity calcareous taxa (diatoms,
calcareous nannoplankton, planktonic foraminifera, benthic
foraminifera) more typical of mid- to high-latitude regions
(Baldauf et al., 1987; Gartner, 1992; Hayward et al., 2010;
Jenkins, 1987; Knappertsbusch, 2000; Miller et al., 1991;
Plancq et al., 2012; Smart and Murray, 1994; Smart and
Thomas, 2006, 2007; Spiegler and Muller, 1992; Takayama
and Sato, 1987; Thomas, 1986a, b, 1987), including enig-
matic groups such as bolboformids (Spiegler and Muller,
1992), with multiple records correlated to the geomagnetic
polarity timescale (Baldauf et al., 1987). Researchers have
developed a low-resolution integrated 8180, 813C, 87 Sr/ 863,
bio- and magneto-stratigraphic age model to establish Site
608 as a Miocene isotope reference section (Miller et al.,
1991; Takahashi, 2004; Wright et al., 1992). This age model
suggests that the entirety of Chron C6A is missing (21.083—
20.040Ma) due to an unconformity. ENIGMA will build
upon the firm foundation provided by these studies as the
Science Team will update previous records and apply novel
methodologies at a higher resolution. Alongside a well-
constrained chronology, Site 608 has been the subject of sig-
nificant biomarker work (Pagani et al., 2000a), where recent
studies suggest possible large-scale swings in CO;, and/or
changing nutrient availability between 19.5-17Ma (Super
et al., 2018, 2020). These changes co-occur with a possi-
bly Atlantic-wide bloom in opportunistic biserial planktonic
foraminifera from ~ 18.9 to 17.2 Ma, possibly linked to a
basin-wide nutrient regime change (Smart and Murray, 1994;
Smart and Thomas, 2006, 2007) that we plan to examine in
more detail through ENIGMA.

4.1.6 ODP Leg 104 Hole 642D

Hole 642D yields a well-recovered (91 %) high-latitude
106.3 m section primarily composed of mud and radiolar-
ian ooze obtained with an extended core barrel. It is one
of the two selected high-latitude sites. Microfossil stud-
ies have characterized assemblages of agglutinated benthic
foraminifera (Goll, 1989; Osterman and Qvale, 1989); di-
noflagellates (Goll, 1989; Manum et al., 1989); and multi-
ple siliceous groups including radiolaria (Goll and Bjgrk-
lund, 1989), silicoflagellates, ebridians, and actiniscidians
(Ciesielski et al., 1989; Goll, 1989; Locker and Martini,
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1989). Paleomagnetic studies produced a well-preserved
magneto-stratigraphic sequence through the early Miocene
interval (Bleil, 1989), in agreement with sporadic 87Sr/3Sr
dates (Smalley et al., 1989), and the presence of tephras
through the study interval (Bitschene et al., 1989; Despraires
et al., 1989; Taylor and Morton, 1989) hold potential for
further constraining our ENIGMA age model with high-
precision U-Pb zircon geochronology (e.g. Kasbohm et al.,
2024).

4.1.7 ODP Leg 104 Hole 643A

Hole 643A, located proximally to Hole 642D, contains a
more expanded (281.2 m) section with comparatively poorer
recovery (65.9 %) of similar lithological makeup, obtained
through hydraulic piston coring with an extended core barrel.
Similar microfossil groups to Hole 642D are present at Hole
643A (Ciesielski et al., 1989; Eldholm et al., 1987; Goll,
1989; Goll and Bjgrklund, 1989; Manum et al., 1989; Oster-
man and Qvale, 1989; Sliwinska et al., 2014). The oldest pa-
leomagnetic reversal identified is the C5Dr.2r/C5En bound-
ary (18.056 Ma) at ~255.7mb.s.f. (Bleil, 1989), and there
may be potential to extend this further with the ENIGMA
Science Team and integrate with zircon geochronology from
ash layers (Bitschene et al., 1989). Sedimentological (Froget
et al., 1989; Hempel et al., 1989; Henrich et al., 1989; Kris-
sek, 1989) and organic geochemical (McDonald et al., 1989)
studies have been performed on cores from both selected
ODP Leg 104 sites and will help disentangle our planned
XRF and organic biomarker data generation to factor in the
influences of sedimentological, volcanogenic, and biological
inputs through the study sections from both sites.

4.1.8 ODP Leg 154 Hole 925A

Studying three sites within close proximity on Ceara Rise
(Sites 925, 926, and 928) will allow us to assess the con-
sistency of any paleoecological and paleoceanographic pat-
terns that may be detected on a local scale alongside the
basinal scale of the Atlantic Ocean. Tropical Atlantic ODP
Site 925 rotary cored an expanded (221.5 m) early Miocene
section with moderate recovery (74.6 %). Shipboard and
post-cruise calcareous nannofossil and planktonic and ben-
thic foraminiferal bio-stratigraphic work reveals typical low-
latitude assemblages across Ceara Rise (Curry et al., 1995;
Guitian et al., 2020; Pearson and Chaisson, 1997; Winter
and Pearson, 2001), where reticulofenestrid coccolith sizes
exhibit increases after ~ 21 Ma (Guitian et al., 2020). Mag-
netic susceptibility (Weedon, 1997) and sedimentological
(Diester-Haass et al., 2009; Dobson et al., 2001) studies,
alongside inorganic §**Ca (Sime et al., 2007), §°Mg (Hig-
gins and Schrag, 2010), Nd (van Soelen et al., 2017; Zhang,
2020), and organic (Ohkouchi and Wada, 1997; van Soelen
et al., 2017; Zhang et al., 2013) geochemical data, yield sub-
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stantial environmental data on Site 925 and across Ceara Rise
sites.

4.1.9 ODP Leg 154 Hole 926B

The early Miocene interval at Hole 926B had higher recovery
(91.8 %) than the Site 925 section through a 173.4 m section
drilled with an extended core barrel. Post-cruise microfossil
surveys have studied calcareous nannofossils (Bergen et al.,
2017; Boesiger et al., 2017; Curry et al., 1995; De Kaenel et
al., 2017; Raffi et al., 2016), planktonic foraminifera (Curry
et al., 1995; Fraass et al., 2019), and benthic foraminifera
(Diester-Haass et al., 2011) in a more detailed manner. Mul-
tiple geochemical system studies have focussed on Site 926,
including Sr/Ca (Billups et al., 2004), §'!B (Greenop et al.,
2019; Sosdian et al., 2018), planktonic foraminifera § 180 and
s13¢ (Paul et al., 2000; Pearson et al., 1997), and Nd (Stew-
art et al., 2016). There are many investigations of a range of
inorganic trace element ratios and concentrations (Mawbey
and Lear, 2013; Stewart et al., 2017; Weedon and Shackle-
ton, 1997; Zhang, 2020).

4.1.10 ODP Leg 154 Hole 928B

At Hole 928B, coring with an extended barrel recovered
82.1 % of the 144.2 m Lower Miocene sediments on Ceara
Rise. Low-resolution (~1.5m) planktonic foraminiferal
(Curry et al., 1995; Pearson and Chaisson, 1997) and cal-
careous nannofossil (3—7 m) bio-stratigraphy has been un-
dertaken, alongside some inorganic chemical work (Zhang,
2020). All of the selected Leg 154 holes for ENIGMA (925A,
926B, 928B) were immediately recognized for their impor-
tance in cyclo-stratigraphy and paleoceanography when ini-
tially cored and have subsequently been heavily sampled for
8180 and §'3C stable isotope stratigraphy (Cramer et al.,
2009; Diester-Haass et al., 2009; Pilike et al., 2006; Paul
et al., 2000; Zachos et al., 2001), 87Sr/868r stratigraphy
(Flower et al., 1997; Martin et al., 1999), and 87Li stratigra-
phy (Misra and Froelich, 2012). Furthermore, cores from all
selected sites have been fully XRF-scanned, allowing them to
be readily integrated and studied for the context of ENIGMA.

4.1.11 ODP Leg 165 Hole 998A

Located in the Caribbean, Hole 998 A exhibited poor recov-
ery (~ 62 %) of the 125 m thick Lower Miocene sedimentary
interval obtained with an extended core barrel. There have
been numerous studies of calcareous microfossil groups (cal-
careous nannofossils, planktonic and benthic foraminifera;
Clark and Totten, 2024; Kameo and Bralower, 2000; Sig-
urdsson et al., 1997), and magneto-stratigraphy shows good
agreement with bio-stratigraphic datums (Louvel and Gal-
brun, 2000). Calcareous nannofossils suggest a shift from
eutrophic to oligotrophic systems from ~ 19.2 to 17.65Ma
(Clark and Totten, 2024). In addition to a low-resolution
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8180 and 8'3C stable isotope stratigraphy (Clark and Tot-
ten, 2024), some Nd data also exist for Site 998 (Newkirk
and Martin, 2009). Abundant tephra is present throughout
the core (Carey and Sigurdsson, 2000; Peters et al., 2000;
Scudder et al., 2016), providing ENIGMA an opportunity to
better constrain the age model through high-precision U-Pb
zircon geochronology (e.g. Kasbohm et al., 2024).

4.1.12 ODP Leg 165 Holes 999A and 999B composite

The other Caribbean ENIGMA target site is the compos-
ite section of Site 999 Holes A and B, obtained through
coring with an extended barrel and rotary drilling, respec-
tively. Recovery was moderate to good, with Hole 999A re-
covery (78.3 %) being poorer than 999B (91.1 %) over the
163.6 and 38.5m of the cored study interval, respectively.
Micropaleontology work at Site 999 targeted calcareous nan-
nofossils (Kameo and Bralower, 2000; Mejia-Molina et al.,
2010; Sigurdsson et al., 1997), as well as planktonic (Chais-
son and D’Hondt, 2000; Sigurdsson et al., 1997) and ben-
thic foraminifera (Sigurdsson et al., 1997). A low-resolution
bulk 8'80 and §'3C stable isotope stratigraphy was devel-
oped at Site 999 (Mutti, 2000; Mutti et al., 2005), and tephras
will allow ENIGMA to develop an age model derived from
high-precision U-Pb zircon geochronology that bolsters re-
gional correlation with Site 998 and Site 1000 (Kasbohm et
al., 2024).

4.1.13 ODP Leg 166 Hole 1007C

The western North Atlantic margin Site 1007 yielded
a highly expanded (308.2m) core with poor recovery
(64.5 %) due to rotary drilling, made up of shallow-water
wacke and/or packstone. In addition to shipboard nanno-
fossil, planktonic, and benthic foraminiferal bio-stratigraphy
(Eberli et al., 1997), post-cruise work has refined the plank-
tonic foraminiferal chronology (Wright and Kroon, 2000)
and characterized palynological assemblages present within
the region (Paez-Reyes and Head, 2013; Verhoeven et al.,
2014). Bulk and foraminiferal §'30 and 8!3C stable isotope
studies were performed at a low resolution (Frank, 2000;
Swart and Eberli, 2005) alongside geochemical studies on
Li (Dellinger et al., 2020), other trace elements (De Carlo
and Kramer, 2000; Frank, 2000), and chemistry of intersti-
tial waters (Kramer et al., 2000). No Miocene SST data exist
for Site 1007 sediments.

4.1.14 10DP Expeditions 390 and 393 Hole U1556C

At South Atlantic Hole U1556C, the 28.5 m early Miocene
sequence exhibited complete recovery (104.4 %) using a
half-length advanced piston corer and an extended core
barrel. Calcareous nannofossil and planktonic and benthic
foraminiferal assemblages are present within carbonate-rich
intervals (Coggon et al., 2024), which post-cruise XRF work
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revealed to be the primary lithology within the ENIGMA
sampling interval (Wang et al., 2024).

4.1.15 10DP Expeditions 390 and 393 Hole U1558A

The other South Atlantic Hole U1558A also yielded com-
plete recovery (101.9 %) of a 19 m early Miocene section us-
ing the half-length advanced piston corer. Calcareous micro-
fossils were present consistently throughout the study inter-
val (Teagle et al., 2024), and high-resolution XRF work has
been performed post-cruise (Villa et al., 2024).

4.2 Sampling and data sharing strategy

All applicants applying for membership of the SPARC
Expedition Science Team should refer to the Sample,
Data, and Obligations Policy (https://iodp3.org/documents/
sample-data-obligations-policy/, last access: 7 March 2026).
This document outlines the policy for distributing scientific
ocean-drilling samples and data to research scientists, cura-
tors, and educators. The document also defines the obliga-
tions that recipients of samples and data incur. The SPARC
co-chief scientists, in discussion with the curators of the core
repositories, will work with the entire SPARC Expedition
Science Team to develop a formal implementation plan once
the team is assembled following the open call for participa-
tion. The implementation plan will include the following:

— detailed plans for collaboration between SPARC Ex-
pedition Science Team members and how this will be
facilitated and managed to promote focused research
and progress (e.g. plans for in-person sampling at the
core repositories, frequency of dedicated virtual and in-
person meetings of the Science Team), as well as how
results will be disseminated;

— outline discussions held with the curators of the core
repositories regarding the availability of core materials
and plans for accessing and using repository facilities;

— plans for obtaining additional funding to complete
the research if this cannot be achieved using the
EUR 300000 SPARC award;

— a Gantt chart showing the timelines for the research, as
well as key milestones and deliverables.

Every member of the SPARC Expedition Science Team will
be obligated to carry out scientific research for the expedi-
tion and publish the results by contributing to the produc-
tion of the SPARC Expedition summary and results in the
Proceedings of the International Ocean Drilling Programme
and by publishing in other scientific journals. All SPARC
Expedition Science Team members are required to submit
their own detailed research plans and associated sample/data
requests via the Sample, Data, and Research Request Man-
ager (SDRM) system (https://web.iodp.tamu.edu/SDRM/#/,
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last access: 7 March 2026) in order to receive samples to
work on. However, sample requests must be provided to the
SPARC Expedition co-chief scientists prior to submission to
allow them to coordinate sampling efforts, avoid duplications
and resolve sampling conflicts between Science Team mem-
bers. However, subsequent sharing of allocated samples be-
tween SPARC Expedition Science Team members to facili-
tate integrated analyses will be encouraged.

We plan to implement a systematic research strategy to
document the ecosystem and environmental changes associ-
ated with the early Miocene study interval, ultimately leading
to application of the Micropaleoecology Framework (Wood-
house et al., 2024). This framework is a novel approach high-
lighting the incomparable utility of marine sediments col-
lected through scientific ocean drilling to study how entire
ecosystems respond to environmental change. Marine sedi-
ments record abiotic (elemental, geochemical, lithological)
and biotic (biomarkers; molecular, body, or trace fossils)
ecosystem components, which represent the interactions of
organisms from across the entire trophic continuum (from
primary producers (e.g. coccolithophores) to apex preda-
tors (e.g. ichthyoliths)) and can thus be leveraged through
mechanistic models and system-level statistical analyses to
assess how trophic conditions have changed through time
(Fig. 4). The application of such a framework is perfectly
suited for the large, interdisciplinary, and international team
of a SPARC as each component of the framework relies
on an expert who is able to develop a high-quality and
high-resolution dataset of a specific paleoproxy, microfos-
sil group, geochronological methodology, or data-processing
technique (Fig. 4). Thus, a coordinated sampling effort will
allow for dozens of independent proxy-, fossil-, or site-
specific projects that will then come together in a coordinated
whole to explore the early Miocene of the Atlantic Ocean.

To maximize the scientific results of the expedition, we
have formulated a methodology that promotes sample shar-
ing whilst avoiding depletion of the archive material stored
in the scientific ocean-drilling repositories (Fig. 4), allowing
for further analysis by future generations of scientific ocean-
drilling researchers. For ENIGMA, we plan to perform a full
suite of microfossil analyses (analysis of all possible mi-
cropaleontological components present within a sample) at
~ 150 kyr resolution (~40 samples per site) across all se-
lected sites, where 56 cc of material will be required; 25 cc
is ample material for calcareous microfossil (planktonic
and benthic foraminiferal, ostracod) analysis, which can be
shared for ichthyolith sampling, whilst palynological anal-
yses require a minimum of 20cc (Riding, 2021). Calcare-
ous nannofossil analysis will require 1 cc. Finally, silicofossil
analysis requires 10 cc of total sediment. At selected sites, a
~ 50 kyr resolution (~ 120 samples per selected site) analy-
sis of 35 cc of sediment will be performed with a focus on or-
ganic biomarker analysis (15 cc) and foraminiferal geochem-
ical analyses (20cc). The focus of the latter foraminiferal
data is to (1) generate a planktonic foraminiferal FB-§'N
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Figure 4. ENIGMA sampling strategy to maximize scientific results from legacy scientific ocean-drilling samples. A: dinoflagellates; B:
diatoms; C: nannofossils; D: planktonic foraminifera; E: ichthyoliths; F: pollen; G: ostracods; H: radiolaria; I: benthic foraminifera; J:
Archeae; K: GDGTs; L: FB-615N; M: denitrifying bacteria; N: 8180; O: 813C; P: Mg/Ca; Q: zircons; R: U-Pb geochronology; 1: in situ
early Miocene Earth system with abiotic and biotic components that are transported to the seafloor; 2:subseafloor stratigraphy preserving
ecosystem sampled by scientific ocean drilling; 3: Earth system model generated through integrated abiotic and biotic data preserved in early

Miocene marine sediments.

record through the Atlantic Basin and (2) generate paired
planktonic and benthic foraminiferal $13C and 8130 records,
where §'3C will allow for an assessment of Atlantic basin-
wide vertical water column carbon isotope gradients and
biological pump efficiency and 880 will permit tracking
of oceanographic fronts. We will perform these analyses
on well-preserved specimens within the Trilobatus trilobus
plexus, Paragloborotalia spp., and Cibicidoides mundulus,
representing the surface mixed-layer, thermocline, and bot-
tom waters, respectively. At other selected sites (see Table
1), we will perform high-resolution (~ 5 kyr, ~ 1200 sample
per selected site) benthic foraminiferal stable 8'3C and §'30
isotope analyses to allow us to tune certain ENIGMA sites to
the same chronology across the Atlantic Ocean. This will be
paired with benthic foraminiferal trace element analysis for
select sites (see Table 1), allowing for the disentanglement
of the bottom water temperature signal from the ice volume
component of the §'80 signal. For this analysis, we will re-
quest 20 cc per sample, and where all higher-resolution anal-
yses intersect with lower-resolution sampling methodolo-
gies, samples will be shared. The final analyses that require
sediment core sampling are discrete intervals of volcanic
tephra that are present in ODP Leg 104 and 165 sites. Here,
we require 30—100 cc of material to perform geochronologi-
cal analyses to improve age constraints across the Caribbean
and Nordic Sea regions. Finally, ENIGMA seeks to perform
XRF analyses on all unscanned core material selected for
sampling at ~ 10 cm resolution at 10, 30, and 50kV excita-
tion frequencies (Fig. 4). Non-destructive legacy records will
be collated alongside data generated by ENIGMA, allowing
for a concerted effort to splice together high-resolution im-
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agery, gamma-ray attenuation porosity evaluator (GRAPE),
and XRF count data to better constrain our environmen-
tal interpretations and produce a resource for future work-
ers. Depending on SPARC Expedition Science Team post-
expedition objectives, this sampling strategy will be adjusted.

Our coordination strategy is as follows: when selecting
members of the SPARC Expedition Science Team, we will
bring together researchers who possess various geochemical,
paleobiological, sedimentological, and chronological skills
(Table 1). The final sampling plan will ultimately be deter-
mined by the SPARC Expedition Science Team, where dif-
ferent researchers will collaborate to coordinate sampling
and sample processing, thereby maximizing the utility of
each sample taken. This model of coordination in sampling
and coordinated projects will allow individuals to publish
their own records and results independently while also con-
tributing to the bigger questions of environmental change and
ecosystem response during this critical early Miocene inter-
val. We will pursue our scientific objectives using the anal-
yses detailed below and anticipate adapting these to include
additional research questions and proxies depending on in-
terests.

The success of ENIGMA will be measured via a series
of project milestones and regular meetings of the SPARC
Expedition Science Team. We anticipate that members of
the Science Team will take part in regular meetings once or
twice a month to discuss project development, relevant pa-
pers, and proposal status. Immediately following the assem-
bly of the Science Team, the co-proponents will act as men-
tors to PhD students and ECRs to coordinate and co-design
complementary sampling projects that help to address the
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Table 1. Preliminary ENIGMA sampling and analysis plan.

Discrete 50kyr 50kyr Skyr Skyr 10cm
tephra 150kyr  biomarker FB-s°N+ BFsi3C BF  resolution

Site sampling  microfossils SST PFs13C  +880 Mg/Ca XRF
DSDP 3-15 40 Yes
DSDP 72-516 + 516F 40 1200 Yes
DSDP 74-526A 40 120 120 1200 1200 Yes
DSDP 82-563 40 1200
DSDP 94-608 40 120 120 1200* 1200*  Yes
ODP 104-642D 8 40 Yes
ODP 104-643A 7 40 120 Yes
ODP 154-925A 40
ODP 154-926B 40 120 120
ODP 154-928B 40
ODP 165-998A 7 40 Yes
ODP 165-999A + 999B 19 40 120 Yes
ODP 166-1007C 40 1200 Yes
IODP 390/393-U1556C 40
IODP 390/393-U1558A 40

* Asterisks indicate intervals that may be too depleted for the sampling proposed.

Scientific Objectives. The co-proponent team has significant
experience and success in the acquisition of research funding
to study scientific ocean-drilling material, and they will work
closely with SPARC Expedition Science Team members to
acquire supplemental research funding for independent re-
search projects. We will create an email list serv and a cloud-
based project file architecture to facilitate efficient commu-
nication and collaboration among team members and institu-
tions, including mechanisms for documenting decisions and
enabling version control on shared documents. We plan to
host hybrid full-team meetings adjacent to professional con-
ferences through and beyond the SPARC timeline to take ad-
vantage of the opportunity for many team members to meet
in person to review collective progress, assess milestones,
and develop potential future research programmes.

4.3 Analytical techniques and methodologies

We will attain our Scientific Objectives through the applica-
tion of the methodologies described below. However, we also
welcome applications from researchers proposing comple-
mentary research projects that go beyond the stated research
objectives or wishing to apply additional or novel techniques
not listed here that may contribute to implementation of the
overall ENIGMA Science Plan.

https://doi.org/10.5194/piodp-505S-1-2026

4.3.1 SO1 — Refine chrono-stratigraphic age models of
all studied records to assess synchroneity of
oceanographic and biotic changes during the

early Miocene

Bio-stratigraphy. Bio-stratigraphy is the first-order means
for age model creation, and, in this study, we will use mul-
tiple fossil groups (planktonic and/or benthic foraminifera,
calcareous nannofossils, radiolaria, diatoms, ostracods, bol-
boformids, silicofossils, palynomorphs). Bio-stratigraphic
zonations and datum events will be used to more precisely
infer chrons, subchrons, and stable isotope records.

Magneto-stratigraphy. For sites that lack magneto-
stratigraphy and/or have identified chron and subchron
boundaries with large depth and age errors, we will measure
inclination and declination to identify key reversal bound-
aries. Identification of reversal boundaries will rely heavily
on bio-stratigraphy, according to the groups available (see
the Supplement).

Benthic foraminiferal 8'0. Stable oxygen isotope time
series from benthic foraminifera will be created at a resolu-
tion to infer long and short eccentricity cycles for tuning to
the benthic foraminiferal stable isotopic stack of Westerhold
et al. (2020).

Radioisotopic geochronology. Following the novel appli-
cation of high-precision U-Pb zircon geochronology to de-
velop a radiometric age model for ODP Site 1000 by Kas-
bohm et al. (2024), we aim to produce a similar calibration
for Sites 998 and 999, which contain ashes highly likely to
include zircon, as well as ODP Leg 104 Sites 642 and 643,
which contain ashes that may include zircon. Any other ashes
or cryptic tephra we encounter via XRF or by core sampling
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and/or observation will be collected for high-precision U-Pb
zircon geochronology, performed in the lab of co-chief Kas-
bohm.

Orbital tuning and geologic timescale. Orbital tuning will
be conducted across the early Miocene for all our target sites.
We will use XRF ratios (see below; Table 1) for regional tun-
ing, as well as benthic foraminiferal 8180 data to astronom-
ically tune the study sites to the global oxygen isotope com-
posite of Westerhold et al. (2020). For all efforts described
in this proposal, we will use GTS 2020 (Raffi et al., 2020)
for numerical age calibration of stratigraphic stages, bio- and
magneto-stratigraphy, and astrochronozones.

4.3.2 SO2 — Generate and synthesize records of early
Miocene environmental change in the Atlantic
Ocean

For biomarker analyses (n-alkanes, alkenones, glycerol di-
alkyl glycerol tetraether lipids (GDGTs)), all necessary in-
strumentation is available at the University of Southamp-
ton (UK), and co-proponent Auderset will either conduct the
measurements or train the assigned researcher. Our investi-
gations of redox indicators (e.g. XRF-derived Fe/Al, Mn/Fe,
and Mn/Ti) and water mass changes (benthic §'>C and §'30
analyses) can all be performed using analytical equipment
at Cardiff University (UK) under the supervision of co-chief
Woodhouse.

Temperature and CO,. We will analyse lipid biomarkers in
a targeted set of samples, including alkenones (UK37’) and
GDGTs (e.g. TEXge) for sea surface temperature reconstruc-
tions. The proposed lipid biomarkers can be extracted from
the same sediment sample followed by separation via column
chromatography. We seek to recruit a member of the Expe-
dition Science Team with expertise in benthic foraminiferal
trace element ratios (Mg/Ca) and planktonic foraminiferal
boron isotopes, which serve as proxies for deep-ocean tem-
perature and surface ocean pH and/or atmospheric CO», re-
spectively.

Productivity. We will generate alkenone accumulation rate
data to assess primary productivity alongside planktonic—
benthic foraminiferal §'3C isotope gradients and XRF ratios
(Ba, Cd; Table 1). This multi-proxy approach will provide in-
sights into local to basin-wide productivity changes that may
have occurred through the early Miocene.

Terrigenous input. We will investigate the role of terres-
trial input at the sites using XRF data to document changes
in the relative amounts of terrigenous vs. marine elements
(Table 1). We will scan sediment cores using the XRF core
scanners present at the Bremen Core Repository (BCR) and
Gulf Coast Repository (GCR), using 10, 30, and 50kV exci-
tation levels at a 10 cm resolution (1095.33 m total; ~ 304.9h
scanning time) to capture environmental variability at local
to basinal scales. A low-resolution approach is sufficient for
these analyses as the goal is to capture the compounded and
potentially asynchronous nature of environmental perturba-
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tions that may have led to the ecological event at ~ 19 Ma. In
addition, in a subset of samples we will measure n-alkanes
— land-plant-derived components — to help constrain terrige-
nous input into sites via wind or rivers.

Ocean oxygenation. We will measure foraminifera-bound
nitrogen isotopes (FB-§'°N) in a subset of samples to in-
vestigate ocean oxygenation and nitrogen cycle processes
like N fixation, denitrification, or nutrient consumption. Co-
proponent Auderset will perform this work at the Univer-
sity of Southampton, UK, and in collaboration with the Max
Planck Institute for Chemistry, Germany. To assess bottom
water oxygenation, we will use redox-sensitive XRF ratios
(Table 1).

Water mass changes and Antarctic ice sheet volume:
We will infer bottom water mass changes with benthic
foraminiferal stable isotopes (8180 and §'3C). Further, paired
analyses of benthic foraminiferal §'80 and Mg/Ca will help
identify the role of AIS growth and decay on bottom water
production and circulation changes in the Atlantic Ocean.

4.3.3 SO3 - Collate and create records of early
Miocene biotic change

With refined chrono-stratigraphic and environmental data,
we will collect fossil assemblage data from all present mi-
crofossil groups throughout the Atlantic Ocean target sec-
tions (one sample for each core section, 1021 repetitions;
see Sect. 4.2) and create an open-access early Miocene fossil
occurrence dataset, which will be supplemented by the Tri-
ton (Fenton and Woodhouse et al., 2021) and BioDeepTime
(Smith et al., 2023) databases. Furthermore, we will perform
an extensive literature review to collate and assess all as-
semblage and geochemical data from expedition reports and
post-cruise research, focusing on the techniques described
in SO1 and SO2. The SPARC co-proponents are experts in
the collection of scientific ocean-drilling micropaleontologi-
cal data and in updating these to current chrono-stratigraphic
frameworks and taxonomic concepts. The ENIGMA Science
Team will assess each of these legacy records and will re-
quest sample splits from available archived material if they
need to reanalyse assemblages to be consistent with their
methodology. We will select Science Team members to ex-
pand the microfossil expertise to include other groups such
as calcareous nannoplankton, ostracods, diatoms, and ben-
thic foraminifera.

4.3.4 S04 — Assess the collective response of
organisms to associated environmental changes
using statistical and mechanistic models

With the collective environmental and ecosystem data, we
will implement the Micropaleoecology Framework (Wood-
house et al., 2024) to determine how the holistic marine
ecosystem of the Atlantic Ocean responded to the early
Miocene paleoenvironment. To investigate relationships and
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causality between and among biotic and environmental fac-
tors, we plan to develop and adapt cutting-edge techniques
in causal inference, complex systems, and statistical learning
(prior work from the team includes Antell et al., 2024; Fagan
etal., 2022; Smith et al., 2023; Staples et al., 2025; Swain and
Woodhouse et al., 2024; Woodhouse et al., 2023b). These
tools range from network-based tools and statistical learning
methods (Swain and Woodhouse et al., 2024) to lag-time-
explicit causal inference techniques (Fagan et al., 2022) and
spatially explicit occurrence models (Antell et al., 2024).

Based on the results from the quantitative analyses of the
database, we will build mechanistic models to test our ob-
served patterns from first principles. The nature of these
models will vary based on the upstream results in this SO;
however, they will coarsely be an environmentally coupled
dynamic species interaction model (including trophic rela-
tionships and niche-based associations). Our approach will
yield the most spatially complete analysis of the fossilizing
components of the marine trophic system ever conducted,
and it will involve adapting and developing new statistical
and mathematical frameworks to quantify the responses of
various species and niche groups during this critical interval
of biosphere evolution. All methods, data, and user guides
will be made available in public repositories and will be
made completely open access in accordance with the Euro-
pean Data Act.

4.3.5 SO5 — Develop climate model simulations to
investigate ocean evolution during the early
Miocene and assess forcing factors

In the absence of a dedicated modelling effort targeting the
early Miocene, we plan to develop our own climate model
simulation dataset to integrate with the ENIGMA recon-
structions. To do so, we plan to generate new Earth sys-
tem model simulations to evaluate the response of climate—
ocean dynamics, as well as nutrient, productivity, and dis-
solved oxygen, to a variety of forcing mechanisms at play
during the early Miocene (e.g. tectonic gateways, pCO,, or-
bital configuration, cryosphere changes including sea ice and
deep-water formation). We plan to leverage an existing early
Miocene modelling setup (e.g. Sarr et al., 2022; Valdes et al.,
2021) that implemented boundary conditions for ~ 20 Ma.
Using this existing setup will provide a solid base to quickly
develop the first modelling dataset targeting the ~ 19 Ma
oceanic and biotic event. Our first focus will be to evaluate
the role of early Miocene high-latitude and tropical seaways
(see Sect. 1) in modifying the global ocean circulation and
setting up environmental patterns. We will refine or reorient
the modelling framework (and design appropriate additional
simulations) during the ENIGMA project as more data be-
come available. In complement, we also plan to rely on the
MIOMIP1 opportunistic ensemble (Burls et al., 2021) to pro-
vide preliminary results for how various states of ocean cir-
culation affect the ocean; indeed, though it focuses on MCO
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simulation, this ensemble shows a wide variety of global
circulation patterns and thus can provide useful information
(Naik et al., 2025).

The analysis of already available simulations will help us
immediately orient the development of our new records as
it may point toward sites or data types that would provide
key information. Once benchmarked against the detailed At-
lantic records from ENIGMA, simulations will help us re-
fine our mechanistic understanding of early Miocene global
ocean and biotic evolution; they will also be used to design
future targets, including in other oceanic basins, in work fol-
lowing ENIGMA. In addition, the modelling framework de-
rived here might push for the development of a more ex-
tended paleo-modelling effort including other types of cli-
mate models.

Throughout the lifespan of ENIGMA and beyond, we plan
to incorporate Earth system models alongside geodynamic
models to simulate the complex interactions between the at-
mosphere, ocean, land surface, and cryosphere under early
Miocene boundary conditions. Specifically, models will be
applied to reconstruct paleoclimate using early Miocene con-
tinental positions, terrestrial and marine topography, vegeta-
tion patterns, estimated CO; concentrations, global temper-
ature distributions, precipitation patterns, atmospheric and
ocean circulation, and ice sheet dynamics (Fig. 5; Ramsay et
al., 1998; von der Heydt and Dijkstra, 2006; Liebrand et al.,
2016, 2017; Field et al., 2018; Naik et al., 2025). Earth sys-
tem and geodynamic models can be applied synchronously to
focus on underlying geological processes that influence long-
term climate and will allow for a direct comparison with the
proxy data generated from ENIGMA, informing future proxy
and/or sample targets.

With regard to risk mitigation, ENIGMA will incorporate
a number of mitigation strategies to improve the likelihood
of the project’s success. Key components that require contin-
gencies include the following:

1. Fossil preservation potential. To mitigate the possibility
of preservation changes being interpreted as assemblage
and/or community dynamics, ENIGMA will combine
cruise and post-cruise research observations and XRF
elemental data with detailed records of the preservation
of each microfossil study group to monitor any signifi-
cant fluctuations in preservation that may lead to inter-
pretation biases. Further, prior to geochemical analyses,
external and internal specimen preservation will be as-
sessed through scanning electron microscopy.

2. Incompatible age models. The synchronization of data
from different regions during the Miocene is only
possible when deep-sea sites are placed on the same
timescale with updated age models (Westerhold et al.,
2024). Due to the spatial distance and environmen-
tal heterogeneity of the study sites, there is a possi-
bility that we may be unable to directly compare bi-
otic responses on a synchronized timescale. However,
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Figure 5. Modelled paleogeography and paleoceanography at ~20 Ma. (a, b) Paleogeography and paleobathymetry; (¢, d) annual average
mixed-layer depth; (e, f) global meridional overturning circulation; (g, h) meridional overturning circulation in the North Atlantic. (a, c, e,
g) IPSLCMS scenario, Tethys closed; (b, d, f, h) IPSLCMS5_T scenario, Tethys open. Modified from Naik et al. (2025).

through the generation of XREF, bio-stratigraphic, sta-
ble isotopic, geochronologic, cyclo-stratigraphic, and
magneto-stratigraphic data, the likelihood of such an oc-
currence is significantly reduced.

3. XRF scanning incomplete. ENIGMA aims to conduct

~305h of total XRF scanning (10 cm resolution, three
excitation levels), requiring ~5d at the GCR for Leg
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165 Sites and constant scanning for the duration of the
scientific party meeting at the BCR for the remainder
(~ 2 weeks). Here, there may be potential time losses
due to core preparation for the scanning process and/or
rescanning of critical sampling intervals. To address this
possibility, ENIGMA includes multiple sites from the
same drilling expedition. Therefore, if time constraints
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warrant the need for fewer XRF scans, select cores will
be deprioritized.

4. Proxy challenges. We will mitigate the possibility of
low biomarker concentrations in some intervals by in-
creasing the sample size and concentrating the ex-
tract prior to HPLC-MS analysis for GDGTs. For FB-
8N and 8'!B, the primary limitation is the availabil-
ity of sufficient planktonic foraminifera, as each anal-
ysis requires ~400 individuals. Where necessary we
will adopt a genus-level rather than species-specific ap-
proach and consider combining adjacent samples or in-
creasing sample volume to ensure sufficient material for
isotopic analysis. Co-proponents collectively have the
expertise to justify coarser selection based on their com-
plementary taxonomic and palaeoecological skillsets.

5 Staffing

Staffing of the SPARC Expedition Science Team involves
a competitive process following an open call for participa-
tion published on the IODP? website (https://iodp3.org, last
access: 7 March 2026). Applications are evaluated by the
scientific ocean-drilling Programme Member Offices, with
staffing nominations taking into account both the scientific
background of applicants; the scientific needs of the SPARC;
and programmatic national, gender, and career stage bal-
ances.
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