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Abstract. Calcareous nannofossils are abundant and globally distributed fossils that are widely used in the study
of stratigraphy and palaeoclimate. A large number of nannofossil data have been generated over the past several
decades, but the information is distributed across the published scientific literature in a wide variety of formats,
and data compilation has focussed on the Cenozoic. In Cretaceous marine sediments, nannofossils are a key
group of microfossils, and they have been extensively studied for both biostratigraphy and palaecoceanography.
However, only a fraction of these data have been compiled. In order to exploit this archive of palaeontological
information, we have (1) extended the capabilities of the Mikrotax database system to allow compilation of
occurrence data, (2) tested this by compiling a large set of Cretaceous nannofossil occurrence records (Uneptune
database), and (3) developed a suite of tools for displaying these data on the Nannotax database system, including
biogeographic maps, time—latitude plots, and occurrence frequency range charts. For the Uneptune database, we
selected a range of published high-quality Cretaceous nannofossil datasets, screening the data to standardise the
taxonomy and revise the age models where appropriate. The resulting database includes around 7000 samples,
500 species, and 175 000 occurrence records, which is 3 times the size of the previous largest Neptune Cretaceous

database.

1 Introduction

Micropalaeontological studies typically generate huge
amounts of information relating to taxonomy (what fos-
sils are), stratigraphy (when fossils occurred), biogeography
(where fossils occurred), and abundance (how many fossils
there were). It is quite normal for thousands of specimens
to be identified from hundreds of samples during a single re-
search project. Such projects are typically conducted in order
to address immediate questions such as determining the age
or palaeoenvironments of a section, but the data accumulated
have the potential to be used in other contexts. Large-scale
compilation and exploitation of such data have become in-
creasingly attractive in recent years in both academic and in-
dustrial contexts for various reasons: the volume of available

data has become very large; there is interest in addressing
large-scale questions such as how climate has evolved; and
the information systems for gathering, storing, and querying
large data have rapidly evolved, driving a shift toward data-
driven scientific discovery projects (Reichstein et al., 2019;
Bergen et al., 2019; Young, 2022).

Within the field of plankton micropalaeontology, the Nep-
tune database (Lazarus, 1994; Spencer-Cervato, 1999; Re-
naudie et al., 2020) has been conspicuously successful. The
database was initially produced in the 1990s by a team from
ETH-Zurich with the aim of synthesising occurrence records
of planktonic microfossils from ocean drilling. The team
compiled records from 500 holes and 60000 samples, in-
cluding records of 7000 species ranging in age from Cre-
taceous to the present day. This freely accessible database
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was in turn used by many workers to investigate patterns of
microfossil evolution and response to environmental change
(e.g. Spencer-Cervato, 1999; Finkel et al., 2005; Kucera and
Schonfeld, 2007; Rabosky and Sorhannus, 2009).

Whilst the Neptune database has most often been used
for the study of large-scale patterns, its value for docu-
menting patterns at species level has also been demon-
strated through the Nannotax and pforams@mikrotax web
taxonomy databases (Young et al., 2019). These databases
aim to provide users of microfossil data with a convenient
reference source of taxonomic data, including original de-
scriptions, modern taxonomic concepts, images, references,
and stratigraphic range data. To complement expert-opinion-
based data on the stratigraphic range of species, Nannotax
and pforams@mikrotax use the Neptune database to pro-
vide plots of occurrence records for each species. Obvious
problems in doing this were that (1) the Neptune database
has very uneven sampling, with heavy weighting toward the
modern, and that (2) the database does not have a system for
consistently recording abundance, so in essence it only has
presence—absence data. To compensate for this, the metric
plotted in Nannotax is occurrence frequency — the proportion
of samples in a time bin in which the taxon occurs. This is
a simple metric, but it has proven very useful — occurrence
frequency plots provide in effect a proxy record of relative
abundance, which closely corresponds to the experience of
expert biostratigraphers, and these plots are provided on all
species pages of Nannotax and pforams@mikotax (Fig. 1).
The Neptune data are not perfect, since poorly dated sam-
ples, reworked specimens, and dubious identifications can be
included, but these plots still provide valuable guides to the
distribution of the species in a way which would be very hard
to produce through text descriptions (Young et al., 2019).

The success of Neptune has been followed by various
other projects, most notably Triton (Fenton et al., 2021;
Dunhill et al., 2021), which aimed to expand the Neptune
approach by incorporating data from both recent deep-sea
drilling and a range of other sources to produce a much
larger compilation of Cenozoic planktonic foraminifer oc-
currence records. Again, this has proven a very productive
effort, with the database being used to support a range of
high-profile studies (e.g. Fenton et al., 2023; Woodhouse
et al., 2023). The Triton database project, like the Neptune
project, produced the database without user-friendly visual-
isation tools. As with the Neptune project, we have taken a
copy of the Triton database, reconfigured it into a more re-
lational model, and used it on pforams@mikrotax to provide
data on species occurrence. In particular, this system allows
plotting of species occurrences on palacogeographic maps
and back-tracking of the data point to the original source
data (Pearson et al., 2023; https://www.mikrotax.org/system/
ranges-tritonbiogeog.php, last access: 31 January 2026).

The Triton project has demonstrated the potential for
large-scale development of the Neptune approach, and here
we document a new project to apply this to Cretaceous nan-
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nofossils. The project was developed as a collaboration be-
tween researchers at the China University of Geosciences,
Beijing, and at University College London, with the dual
aims of producing a Neptune-type database with greatly en-
hanced coverage of Cretaceous nannofossils and of devel-
oping a system integrated within Mikrotax for efficiently
compiling and maintaining this type of database via web-
forms and online storage. The database has been developed
to a stage where it represents a major improvement on the
original Neptune coverage, and exploration of the dataset
is in progress. This publication is intended to introduce the
database and the tools available to use it and to document the
database creation system.

2 Database content and structure

The Uneptune database is composed of a set of mySQL ta-
bles within the Nannotax database system. The structure of
the database is shown in Fig. 2a. There are three main ta-
bles: datasets, samples, and occurrences. A dataset is a set of
records from a single deep-sea drilling site, or outcrop sec-
tion, from a single publication or report. Typically, this infor-
mation is presented as a single table in the publication. The
dataset table contains metadata relating to the dataset, includ-
ing the geographical location, the type of data recorded (e.g.
percentage abundance, qualitative abundance, presence/ab-
sence), data source and other literature references, and notes
on the study. Each sample in the dataset is recorded as one
entry in the samples table, with a link back to the dataset
it comes from. For samples, the essential primary data are
the sample label and depth; additional data may include data
on preservation, on total abundance, and on stratigraphic as-
signments made in the source paper (e.g. that the assem-
blage found was interpreted as belonging to a particular bio-
zone). For each sample there are normally multiple occur-
rence records, and these are stored separately in the occur-
rences table; i.e. they are recording that a given taxon was
observed, at a given abundance, in a given sample. The taxon
identification is recorded as both the taxon label used in the
original study and the interpreted identification as an “id”
link to the Nannotax taxonomy (i.e. each taxon has a unique
code in the database).

The relational structure adopted allows metadata to be effi-
ciently maintained and updated. Since the database is embed-
ded within the larger Nannotax system, the bibliography, age
lookup tables, and taxonomy are provided by the Nannotax
system rather than being separately created for this database.
Secondary data are compiled within the system rather than
coming from the primary sources, and they include the map-
ping of original species identifications onto Nannotax taxa,
Ma age assignments, palaeolatitudes and palaeolongitudes
for each sample, the line of correlation from the age model,
and sample depths, if these are not explicitly given in the
original publication.
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Figure 1. Example of Nannotax plotting of occurrence frequency data from the Neptune database. The Nannotax and pforams@mikrotax
show the Neptune data as bar charts, with each bar representing the occurrence frequency of a species within a 1 Ma bin. For comparison,
the total species range based on expert opinion is shown as a horizontal bar. Although Neptune data provide only a rough model for precise
ranges, they offer a rich dataset for tracking changes in frequency distribution through time. Abbreviations: Q, Quaternary; P, Piacenzian; Z,
Zanclean; Me, Messinian; Se, Serravallian; La, Langhian; Aq, Aquitanian; Pr, Priabonian; Ba, Bartonian; Th, Thanetian; Se, Selandian; Ma,

Maastrichtian.

3 Data compilation workflow

The Uneptune database has a very similar data-structure to
that used in Nannotax, and a large body of data was converted
directly from Neptune into our database. A primary objec-
tive of the project, however, was to develop a system which
would allow efficient and systematic compilation and up-
loading of data through the use of webforms and scripts. This
process and the scripts developed are outlined here. The rele-
vant webpages are only accessible to logged-in user-editors,
but the approach would be applicable to other systems and
the php scripts are available on request.

The first step of data acquisition is to find the data
source. We used only published data, with data tables com-
ing from tables included in the publication, as supplemen-
tary data or deposited separately in data repositories such as
PANGAEA (Diepenbroek et al., 1999, 2002). For the cur-
rent stage of database development, we focussed on PAN-
GAEA and carried out an extensive search on the database
for Cretaceous nannofossil occurrence datasets. This in-
volved using targeted keyword combinations (e.g. “Creta-
ceous 4 nannofossil”’) followed by a stage-by-stage verifica-
tion (e.g. “Cenomanian + nannofossil”) to maximise cover-
age and minimise omissions. As a result, we identified rel-
evant data from 50 publications, many with more than one
data table. We also included data from Street and Bown
(2000), as this was a major study of Early Cretaceous nanno-
fossils, sourcing the original distribution charts from Street
(1999).

Tables from the data sources need to be converted into con-
sistent spreadsheet format. We used a basic format of one row
per sample with the first set of columns providing sample
metadata, followed by the columns of taxon occurrence data.
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Standard labels need to be applied to metadata columns. For
each taxon, the first row represents the original label from
the data source, and the second row corresponds to the stan-
dardised Nannotax name (Fig. 2b). The Nannotax names are
checked through an automated process upon upload, where
the system verifies the initially copied original names against
the taxonomic database to reconcile synonyms and abbrevia-
tions and highlights any ambiguous names for manual check-
ing.

Once the table has been prepared, the dataset metadata
are entered via a webform and the table is uploaded. After
upload, the sample metadata headings are checked, includ-
ing the Nannotax names; at this stage, the system will map
synonyms onto modern names and highlight any ambiguous
or problematic identities which can then be corrected. Once
data verification is completed, a further script parses the data
into the sample and occurrence tables.

3.1 Data checking and depth

After data have been uploaded, various routines are available
to check and clean up the data. In particular, it is essential to
have sample depths, but in many publications dealing with
deep-sea drilling sites, the sample reference is often given in
site-core-section-depth format (e.g. 242-3-4 123 cm) instead
of in metres below sea floor. In these cases, it is necessary
to convert the sample reference into a depth. Conversely, for
reference purposes, it is useful to have both the site-core-
section reference and the depth. The IODP LIMs database
(https://web.iodp.tamu.edu/LORE/, last access: 31 January
2026) has documentation of all deep-sea drilling cores, and it
was possible to download from there a table of core depths;
i.e. it records for each core the depth below sea floor of the
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a datasets samples occurrences
—1 id bigint id bigint id bigint
dataset_name varchar —I— dataset_id bigint _L sample_id bigint
site_name varchar sample varchar orig_taxon varchar
leg varchar leg bigint — ntax_id bigint
source_refno bigint hole varchar taxon_abundance varchar
palaeontologist varchar site bigint
data_type varchar core bigint
location varchar section_number varchar
latitude float sect_interval_top bigint
longitude float sample_depth float
notes text sample_age_ma float
LoC text abundance varchar
LoCinfo text preservation varchar
— stage varchar
ref_links — zone varchar
id bigint lithostrat varchar
dataset_id bigint  f— paleo_longitude float
—1  refno bigint paleo_latitude float
platlong_source varchar
species_count bigint
uploaded varchar
ntax_bibliography ntax_age_lookup ntax_taxonomy
L— refno bigint L_| age term bigint L1 id bigint
b A B @ D E F G H
Sample label Stage  Nannos zone Depth sed [m] Nannos preserv Nannos abund TAXA B. constans (Abundance estimate)
sample stage zone sample_depth preservation abundance TAXA Biscutum constans
198-1207B-20R-CC Turonian UC8 335,51 M A C

Figure 2. Simplified database schema and data input example for the Uneptune system. (a) Primary data are stored in the occurrences table,
with associated metadata in the samples and datasets tables. Reference data are drawn from other components of the Nannotax system,
including taxonomy, age lookup (e.g. age range of zones or chronostratigraphic units), and bibliography. The diagram indicates the relevant
Nannotax tables but does not show their field structure (see Young et al., 2019, for the details of these auxiliary tables). (b) Example of a
reformatted input spreadsheet (data sourced from Bown, 2005). The first row retains original column headings; the second row provides the

standardised headings used for database ingestion.

top of the core, and from this it is possible to calculate sample
depths. The Nannotax site includes a script to convert site-
core-section-depth labels to metre depths or vice versa. The
final database entry contains both sample depths and site-
hole-core-section-interval data in consistent format.

3.2 Age models

The single most complex and time-consuming part of
databasing fossil occurrence data is age model creation, i.e.
converting sample depths into Ma ages (Fig. 3). To facili-
tate this, the Uneptune system includes an age—depth model
program. This allows the plotting of calibration points from
the site and the drawing of a line of correlation. The line
of correlation is then both saved to the dataset table and
used to calculate Ma ages for each sample in the dataset.
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Ages are calculated from GTS 2020 (Gradstein et al., 2020).
Since the age—depth program is integrated into the system,
the age model can be reviewed and edited at any stage.
The program is written in javascript, and a publicly ac-
cessible version of it is available on Nannotax from the
“Tools” dropdown menu (https://www.mikrotax.org/system/
age-depth-plot.php, last access: 31 January 2026). This can
be used to generate age models from user data or for teaching
exercises.

3.3 Palaeolatitude and palaeolongitude calculation

The final step of data compilation for a site is to calculate the
palaeolatitude and palaeolongitude, based on the current ge-
ographic position and the geological age of the site. This step
is not yet integrated into our system, but instead, sample lists
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Figure 3. Example of a Nannotax age—depth plot (DSDP Site 261; data from Bown, 1992). The blue arrows are nannofossil first (base) and
last (top) occurrences, and the green boxes are biozonal assignments from the original paper. Horizontal lines represent samples. The line of
correlation is set using movable controls, with sample ages (grey circles) projected onto it. Both age assignments and the line of correlation
can be saved from this interface in the database. Ki.: Kimmeridgian. Ages are from GTS 2020 (Gradstein et al., 2020).

are exported from the database and palaeolatitude—longitude
pairs are calculated using routines in GPlates (https://portal.
gplates.org, last access: 31 January 2026). It should be noted
that, even for the Cretaceous, there are significant error mar-
gins (often £10°), with different plate models providing dif-
ferent solutions, and for some locations, especially in tecton-
ically complex areas, the models cannot provide solutions.
We used the plate tectonic model by Matthews et al. (2016).
This model is an updated version of the model by Seton et al.
(2012) used in Neptune and is most suitable for deep-sea en-
vironments, where most samples were collected (Fenton et
al., 2021). In addition, for some sites where solutions were
not available from GPlates, we used the palaeolatitude web-
site (https://paleolatitude.org, last access: 31 January 2026)
or extrapolated the location downward from the last avail-
able solution. All these complications mean that palaeoloca-
tion data need to be interpreted with caution, but imperfect
estimates are still much more useful than no data.

https://doi.org/10.5194/jm-45-147-2026

4 Data querying and display

The complete dataset we have compiled is available for
download and could be used for a range of palaeobiologi-
cal and climatic research, as has been done with the Nep-
tune (Lazarus, 1994; Spencer-Cervato, 1999; Renaudie et al.,
2020) and Triton datasets (Fenton et al., 2021). However, we
were more immediately interested in providing tools which
would enable micropalaeontologists to use the data, as we
have previously done with the other databases via Nannotax
and Mikrotax. As noted above, with the Neptune database,
we found that a useful metric to plot was the occurrence fre-
quency of a species, i.e. the proportion of samples in which
the species occurs within a particular bin defined by time
and/or palaeolatitude. This occurrence frequency metric pro-
vides a proxy for relative abundance.

Most of the plotting tools have been adapted from routines
developed previously for displaying the Neptune and Triton
databases on the Mikrotax website. In each case, a php script
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runs mySQL queries on the server and the data returned are
then plotted using javascript routines based on the Raphael
library (https://github.com/DmitryBaranovskiy/raphael, last
access: 31 January 2026). The principal tools are outlined
below. Taken together, they provide a flexible system for ex-
ploring the distribution of species in space and time. Nanno-
tax now uses the Uneptune database instead of just the Nep-
tune database to generate the occurrence frequency plots for
Cretaceous species, and this database can be queried using a
range of other data plotting tools.

4.1 Dataset viewer

The dataset viewer displays the reconstructed species oc-
currence table, the table of age events, and the age—depth
plot. It is implemented on the same system page (https:
/Iwww.mikrotax.org/system/unep/unep-displaydata.php, last
access: 31 January 2026) that hosts the age model creation
function. From the perspective of an end-user, this viewer
simply provides a read-only display of the data for verifica-
tion and browsing; data editing and model creation are re-
stricted to authorised users.

4.2 Range charts

A range chart program, adapted from one used for Neptune
data, allows users to plot the occurrence data through time of
any set of species (Fig. 4a). With the rather large sample set
in the Uneptune database, it also proved possible to subdivide
the samples by palaeolatitude, and so the plotting program
can provide separate plots for different palaeolatitude bands.

4.3 Time—space plots

These plots (Fig. 4b) display the occurrence frequency of a
single taxon across a grid of palaeolatitude and time. They al-
low exploration of the distribution of single species through
their geological record. There is also the related facility to se-
lect a palaeolatitude- and time-defined subset of the samples
in the database and produce a table of occurrence data from
that interval.

4.4 Biogeographic maps

A page allows the user to select a time interval and taxon.
The page then displays a palacogeographic map for that inter-
val with the sites in the database having samples of that age
shown and coloured according to the occurrence frequency
of the taxon (Fig. 4c). The global biogeographic basemaps
were generated using GPlates, at 2 Ma intervals, and are
stored as static png images. The maps use the Mollweide
projection to avoid the distortions of the Mercator projection
whilst keeping lines of latitude horizontal. They are centred
on 100° E to minimise the splitting of oceans.
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5 Database size and completeness

The final Uneptune dataset includes about 7000 samples,
500 species, and 175000 occurrence records distributed
throughout the entire Cretaceous. By comparison, the Nep-
tune dataset, which was previously the most comprehen-
sive dataset for Cretaceous calcareous nannofossils, con-
tained records for about 2000 samples, 400 species, and
55000 records. Uneptune coverage is therefore nearly 3
times greater than the equivalent Neptune coverage. More-
over, the Neptune database coverage was heavily skewed to-
ward low latitudes and the Upper Cretaceous. We actively
sought datasets from higher latitudes and from the Lower
Cretaceous, and Uneptune significantly improves data den-
sity in these areas (Fig. 5). One noteworthy advantage of this
is that the increased latitudinal coverage allows testing of
hypotheses of palaeotemperature preferences of Cretaceous
calcareous nannofossils and so can contribute to the devel-
opment of improved temperature indices.

As a preliminary test of the dataset, we examined records
of taxa that have previously been reported to exhibit dis-
tinct latitudinal distribution patterns in the Cretaceous (e.g.
Herrle et al., 2003; Lees, 2002; Lees et al., 2005; Bottini
et al., 2015). To assess whether these biogeographic trends
are captured in the compiled data, we investigated the dis-
tribution of representative cosmopolitan, high-latitude, and
low-latitude species (Fig. 6). The cosmopolitan taxa, such
as Watznaueria barnesiae and Lithraphidites carniolensis,
show relatively uniform occurrence across all palaeolatitude
bins, with slightly higher frequencies in mid- to low-latitude
regions, consistent with their ecological tolerance to a wide
range of sea surface conditions.

In contrast, the high-latitude taxon Repagulum parviden-
tatum displays a pronounced preference for cooler, higher-
latitude settings (Fig. 6). Conversely, Nannoconus is largely
confined to tropical and subtropical regions but with high-
latitude occurrences during the mid-Cretaceous (Fig. 6),
reflecting the appearance of short-ranging boreal species
(Bown, 2005). In each of these cases, there is good support
from the Uneptune database for these previously reported
biogeographic distributions. Visual assessment of the Unep-
tune Nannotax charts also shows distinct distribution patterns
for other taxa, with examples such as Seribiscutum prim-
itivum and Nephrolithus frequens displaying strong high-
latitudinal partitioning. Taxa displaying low-latitude/tropical
preferences include Rhagodiscus asper, Diazomatolithus
lehmanii, and Hayesites irregularis. (Fig. 6).

We have also identified biogeographies that shift and
broaden through time, which require further investigation
(Fig. 6). Biscutum constans and Eprolithus floralis ap-
pear to withdraw from the tropics during peak Creta-
ceous warmth (ca. 81-90 Ma; Huber et al., 2018), whereas
Cribrosphaerella ehrenbergii expands its latitudinal range
during the same interval. Cyclagelosphaera margerelii shows
a more complex trend, characterised by a marked reduction
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Figure 4. Sample data visualisation from the Uneptune database using the tools available from the Nannotax website. (a) Range chart for
the three common Watznaueria species, binned into 1 Ma intervals and subdivided by latitude (high, mid, and low). Latitude and age bins can
be customised. Coloured histograms plot the frequency of occurrence of the taxon (and synonyms) in the Uneptune database. Solid colours
(purple — high latitude; pink — mid-latitude; and red — low latitude) indicate bins with > 50 samples per latitude category, with increasing
transparency for bins with fewer samples. Range boxes (grey) display the species ranges as recorded on the Nannotax website: green shading
marks the interval containing the first occurrence (base), and pink shading marks the interval containing the last occurrence (top). Triangles
indicate bioevents for which a precise stratigraphic placement has been suggested (e.g. the green triangle for Watznaueria barnesiae marks
the base of biozone NJT11). (b) Time—space plot of a single species, enabling more detailed analysis than the range chart; data can also be
aggregated at higher taxonomic levels (e.g. genus). Box size represents the number of samples per bin. For bins with < 40 samples, area
scales proportionally with sample count. For bins with > 40 samples, a fixed maximum area is used for visual consistency. (¢) Biogeographic
distribution plotted on a palacogeographic map. All sites with samples in the time interval are plotted as circles, and the opacity of the red
fill is coloured according to the occurrence frequency of the taxon.
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Figure 5. The latitudinal spread of data through time showing the current data in Neptune and Uneptune. (a) Sample count in Neptune;
(b) taxon count in Neptune; (c) occurrence count in Neptune; (d) sample count in Uneptune; (e) taxon count in Uneptune; (f) occurrence

count in Uneptune.

in frequency and contraction of range from the Aptian on-
wards. Micrantholithus (e.g. Micrantholithus hoschulzii) dis-
plays a similar decline and range contraction. While the dis-
tribution patterns presented here provide new insights, their
interpretation requires consideration of several potential bi-
ases. For example, variations in fossil preservation across dif-
ferent environments, historical taxonomic practices, lumping
versus splitting of taxa, and spatial-temporal sampling den-
sity may influence the detection of some biogeographic sig-
nals. Nevertheless, the coherent large-scale trends observed
in this study support the utility of the Uneptune database
for refining Cretaceous biogeographic reconstructions and
for identifying taxa that may serve as sensitive indicators of
palaeoenvironmental change.

6 Future plans

The database is currently at a useful state of development,
but there is much potential for developing it further, ideally
on a collaborative basis. In particular, we hope to achieve the
following:

1. Deepen coverage by including more datasets, especially
from land sections. This may require extraction of data

J. Micropalaeontology, 45, 147—157, 2026

from printed tables as opposed to digital copy, but there
is a very substantial body of data potentially available to
expand the coverage and fill temporal and geographical

gaps.

2. Extend coverage back into the Jurassic. There are only
a handful of ocean drilling sites with pre-Cretaceous
records, but with the addition of land sections, a good
level of coverage is potentially available.

3. Develop plots using abundance data, as has been
achieved with the Triton database where diverse abun-
dance data have been transformed into relative abun-
dance codes on a 1-10 scale, which in turn allows more
sophisticated data plotting.

These developments are expected to substantially enhance
the completeness, consistency, and analytical capacity of
the Uneptune database, establishing it as a standardised
and integrative framework for calcareous nannofossil re-
search, enabling high-resolution quantitative, biogeographic,
and palaecoenvironment analyses across the entire Mesozoic
interval.
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