
The Billion $$$ 
Samples
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Managing Data from Astromaterials Returned from Space



I acknowledge and celebrate the First Australians on whose traditional lands 

we meet, the lands of the Wurundjeri people of the Kulin Nation, and pay my 

respect to the Elders past, present and future.

2Artwork from: https://www.wurundjeri.com.au/services/cultural-practices-for-events/artwork/#



This is the Story of the Astromaterials Data System
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Billions of $$$ 
have been spent to return samples from space to Earth. 

Millions of $$$ 

have been spent to curate, disseminate, and analyze these samples.

Zero $$$ 

were spent to curate and preserve the data of these analyses.
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The archive for these data was finally established in 2023!
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Space Exploration: From Fiction …
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… to Reality: One Giant Step for Mankind!

July 20, 1969: Apollo 11 lands in the Sea of Tranquility 
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Visiting moons, asteroids and planets 

is great, but taking a piece of them 

home is even better, according to 

traditional space wisdom. 

OSIRIS-REx rendezvousing with the Asteroid Bennu: https://ares.jsc.nasa.gov/missions/osiris-rex/

“See Every Bit of Outer Space We’ve Brought Back to Earth” by C. Moskowitz & J. Knight
Scientific American Magazine Vol. 330 No. 4 (April 2024), p. 82



Apollo Mission:

Returned
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• 382 kilograms of 

lunar material, 

• 2200 individual 
specimens
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Sample-Return 
Missions as of 2024 Cosmic Dust from Comet

Solar Wind

From: “See Every Bit of Outer Space We’ve Brought 
Back to Earth” by C. Moskowitz & J. Knight. Scientific 
American Magazine Vol. 330 No. 4 (April 2024)

Asteroid Bennu



The Billion $$$ Samples!

• Apollo: $25.8 billion

• approximately $257 billion when adjusted for inflation to 2020 $$$ 

• OSIRIS-REx: $1.16 billion

• Mars Sample Return (MSR): ~$4 billion (original estimate)

• could end up costing between $8 billion to $11 billion if moving 

forward.
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Why Invest in Sample Return Missions?

• Humankind’s curiosity about the origin of Life, Earth, our Solar 

System & the universe

• What are the geological and chemical histories of varied celestial bodies, 

including Earth, Moon, Sun, planets, asteroids, and comets?

• How may life on Earth have originated and why did Earth evolve to be the 

only apparent life-supporting body in our solar system?

• Are there other habitable planetary bodies?
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Commercial Interest

Harvard International Reviews https://www.space.gov.au/exploring-space-australian-resources-ingenuity

Pt elements, water, 3He



How Society Benefits from Returned Samples

• Capture public imagination & inspire 

younger generations to pursue STEAM 

(science, technology, engineering, arts, 

and mathematics) careers.
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• Predict and mitigate potential threats from cosmic bodies. 

• Advance technologies useful for applications outside space exploration. 
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Davidson, J., & J. Barnes 
(2024), Eos, 105, 17 July 2024.
https://doi.org/10.1029/2024E
O240291.

“Samples returned from space 
and kept in their original state 
are gifts that keep on giving.” 

The Mars 2020 Perseverance rover and one of its 
sample containers. January 2023 selfie assembled 
from several images taken by the rover’s robotic arm. 
Credit: NASA/JPL-Caltech/MSSS
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Sample Curation Enables Long-lasting Reuse & Impact

➢ Curates 250,000 astromaterials samples
➢ Disseminates astromaterials samples to the global community
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Dissemination of NASA’s Astromaterials Samples

Source:

Zeigler, Ryan, et al. 
"Curating NASA’s 
Past, Present, and 
Future Astromaterial 
Sample Collections." 
Horizon 2020 EURO-
CARES Work Package 
3 meeting. No. JSC-CN-
36137. 2016.
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Erik Hauri and Alberto Saal with an ion microprobe at the Carnegie 
Institution for Science used to detect water in lunar samples.
Credit: Steven Jacobsen/Northwestern University

These studies generated vast amounts 
of laboratory data. 
 chemical, mineralogical, geochronological, experimental...

Thousands of studies have been 
conducted on the astromaterials 
curated at JSC-ARES.
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The Impact of 
Sample Curation

A lunar sample renaissance (T.C. Prissel & K. 
B. Prissel
Nature Communications volume 12, 
Article number: 7053 (2021)

https://www.nature.com/articles/s41467-021-27296-3#auth-Tabb_C_-Prissel-Aff1
https://www.nature.com/articles/s41467-021-27296-3#auth-Kelsey_B_-Prissel-Aff1
https://www.nature.com/articles/s41467-021-27296-3#auth-Kelsey_B_-Prissel-Aff1
https://www.nature.com/ncomms


Lesson #1

The Value of Sample Curation

There are many samples on Earth that are unique and irreplacable.

We need to ensure their preservation and access for reuse.
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Where are the Data from Astromaterials Samples?



At the ARES Curation Office? 
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Source:

Zeigler, Ryan, et al. "Curating 
NASA’s Past, Present, and Future 
Astromaterial Sample 
Collections." Horizon 2020 EURO-
CARES Work Package 3 meeting. 
No. JSC-CN-36137. 2016.

➢ Each collection has its own database
• Internal database for sample tracking

• Public sample catalog with images 

➢ Each collection has different metadata

➢ Each collection has a different naming protocol 

for the samples.

ARES focuses on Curation Data
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“This Compendium allows easy access to the scientific
literature by briefly summarizing the significant
findings of each rock along with the documentation of
where the detailed scientific data are to be found.” 

Downloadable PDF
Current version from 2010
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Data in Publications?

Data are dispersed across decades of scientific publications and conference abstracts. 
Only a fraction of the lab analytical data are included in older publications.
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A lot of data have already been lost forever.

➢ Stored in notebooks, on printouts, or outdated digital media.

➢ Researchers are retiring, some have already passed.



Why Astromaterials Samples Data Were Not Archived
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Laboratory analytical data were 
considered to be  ‘post-mission’, 
did not fall under data archiving 
mandates for missions.

A ‘long-tail’, small data 
community.

The standard for planetary data (PDS4) was not 
designed with sample-based data in mind and is 
difficult to apply to laboratory analytical data.



Lesson #2

The Need for Expert Data Curation

Data will get lost and become unusable if it is not properly curated. 

Sample curators are not necessarily the best data curators.
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This is where the 
story of the 
Astromaterials Data 
System starts …



Astromat Birth 
& Infancy
2014 - 2018

28Hubble’s legendary “Pillars of Creation”



2013: Coincidence? Serendipity? Destiny?

• President Obama releases memo “Expanding Public Access to the Results of 

Federally Funded Research” → JSC needs a home for lab analytical data.

• A group of senior cosmochemists receives an IEDA Data Rescue mini-award 

to digitize lunar geochemical data. → The community starts to see the 

necessity and benefits of data management and publication. 

• ARES sample curators visit Kerstin’s poster about geochemical databases at 

the AGU Fall Meeting 2013.  → ARES curators see an opportunity.
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Opportunity:
A Group with Expertise in Sample & Laboratory Data 

• Birthplace of the PetDB database (1996)

• Birthplace of the System for Earth Sample Registration SESAR (2004)

• Birthplace of the IGSN (2004)

• Birthplace of EarthChem (2006)

• All systems thriving in 2024
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EarthChem Portal: Mine >49 million analytical measurements 
from thousands of published datasets.



Progress
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• 2014: Invitation to visit Johnson Space Center

• 2014: “MoonDB” data restoration project starts

• 2018: JSC visits the Lamont

• 2018: JSC requests proposal to extend data 

services to all JSC astromaterials collections

• 2019: Proposal funded & development of Astromat 

starts

2014

2018

2024
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The Astromaterials Data System is Here! (2019)

www.astromat.org
info@astromat.org

• Preserve past, present, & 

future astromaterials data

• Provide easy access

• Support innovative reuse & 

advanced data mining

http://www.astromat.org/
mailto:info@astromt.org


Astromat  Data Systems & Services
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Data Acquisition

Data Curation

Data Integration
Data dissemination 

to humans & machines
Data Synthesis

Repository Services

Credit: https://vibhor-gupta.medium.com/what-are-the-main-building-blocks-of-a-data-pipeline-9c0b79a0dcf9

FAIR

FAIR-AIR



Implementation 2020

• Repository Database 

Reuse of EarthChem Library metadata catalog

• Synthesis Database

• Evolved from ODM2 (Observation Data Model* - aligned with O&M)

• Sync’ing data into various indexes to meet the needs of different apps

* HORSBURGH, J. S., et al. (2016), “Observations Data Model 2: A community information model for spatially 
discrete Earth observations”, Environmental Modelling & Software, volume 79, 55–74. 34



Astromat Data Access for Humans & Machines
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Catalog Search

schema.org

APIs

Synthesis Search



Astromat Evolves
2019 - 2023
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Detailed pictures of one of the first galaxies show growth in the 
early Universe was much faster than first thought

By Dr Kit Boyett, University of Melbourne
https://pursuit.unimelb.edu.au/



The US Government’s Push for Open Science

➢ Provide free, immediate (without embargo), and equitable access to research 

that is federally funded.

➢ Applies to all federal agencies.

➢ Applies to both peer reviewed publications and underlying scientific data.
37

The Nelson Memo 2022
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NASA’s Commitment to Open Science

https://science.nasa.gov/open-science/



NASA’s Response: SPD-41A
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NASA SPD-41A Policy Embraces FAIR

• Publicly available without fee or restriction of use.

• Machine-readable data formats.

• Robust, standards-compliant metadata that clearly and explicitly describe the data.

• Clear, open, and accessible data license so data are reusable.
40

“Data should not only be archived but also be curated – 

that is, the data are assured to have continued 
accessibility and usability for multiple decades.”



Lesson #3

The Value of Meaningful Policy

NASA’s SPD-41A and its implementation strategy have been critical to 

advancing FAIR data practices across all of NASA’s science divisions.
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2020: Review of the Planetary Data Ecosystem

Planetary Data Ecosystem Independent Review Board (PDE-IRB)

Report released in 2021 recommends the preservation of data produced 

by laboratory analysis of returned samples in an approved archive.
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Then Came OSIRIS-Rex …

Sample collection

Sample container



Data Dilemma of OSIRIS-REx

• Data Management Plan required archiving of all data 

generated by the Sample Analysis Team (SAT)  in a publicly 

accessible approved archive.

• Sample Analysis MicroInformation System (SAMIS) was 

built to manage data internally during the mission.

• The SAT (and NASA’s PSD) needed a data archive! 
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O-REx Chief Scientist Dante Lauretta

Photo: Andres Kudacki for The New York Times Source: https://brianmay.com/brian-news/



Astromat’s Rapid Growth to Adulthood

• 2021: Lots of discussions with NASA & Lauretta 

• Early 2022: NASA requests Special Study “Requirements for Archiving 

Astromaterials Samples Data” – delivered September 2022 (R. Downs)

• September 2022: NASA requests an Implementation Plan for an archive that 

can manage & store the OSIRIS-REx Sample Analysis data

• October 2022: Development of the ADA and pipeline for OSIRIS-REx Sample 

Analysis data from SAMIS to ADA starts

• January 2023: First test datasets are ingested into the archive.
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The New Astromaterials Data System

“… AstroMat has been identified 
as the primary NASA-sponsored 
archive for laboratory analyses of 
returned samples.” 

Planetary Science Division 
Information & Data Management Policy
Supplement to SPD-41A
February 2, 2024



The New Astromat
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✓ New architecture with vastly extended storage 

capacity (NASA Mission Cloud Platform)

✓ Enriched metadata catalog

✓ Automated pipeline for data submission from 

laboratory software

✓ Implementation of draft DOI



Now to the Headaches …

• How do we properly curate the diversity of data types acquired by 

the OSIRIS-Rex Sample Analysis Team?

• How do we fulfill NASA’s requirement for external peer review of 

submitted data?
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Variety of Data Types & Analytical Methods

65 analytical methods are used to study the OSIRIS-
Rex returned samples



Peer Review Challenges

• Lack of lab analyses data standards: What criteria to use?

• Diversity of data types: How can we scale the process?

• Small size of reviewer community: Where will we find reviewers?

• Volume of data submissions: How can we streamline the process?

• Community culture: How do we incentivize submitters & reviewers?

• Integration with publication workflows of journals: How do we avoid 

delays for researchers to publish? 
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Working on Solutions

https://worldfair-project.eu

Participate in the 

OneGeochemistry initiative 

to develop, promote, and 

govern data standards for 

laboratory analytical data

https://www.lpi.usra.edu/exmag/

Engage with the astromaterials samples community to 

gather input on best practices & advance adoption.

Implement tools that 

streamline the curation 

workflow

Promote publication of protocols

?



Lesson #4

Don’t ever think it’s easy.

But collaboration helps.
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A Giant Step for Returned Samples

“PSD recognizes that the availability of archives and repositories for physical materials that 

meet the SPD-41A guidelines for an SMD-acceptable data repository (see SPD-41A, 

Appendix D) is a work in progress. 

For now, PSD requires that, at a minimum, all physical materials covered by this policy 

must be registered with the International Generic Sample Number (IGSN) Organization 

and the IGSN numbers must be used to cite the physical samples in publications. 

It is acceptable to register physical samples in the National Science Foundation (NSF) 

System for Earth Sample Registration (SESAR), which is an IGSN Allocating Agent.”
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From PSD supplement to SPD-41A:



Proudly Presenting Our Achievements

• A new infrastructure for access & preservation of FAIR laboratory 

analytical data of returned samples.

• Restoration and synthesis of >2 million analytical measurements.

• First applications of advanced data analytics emerging.

• Aligning standards and best practices for laboratory analytical 

data and samples across Earth & Planetary sciences.
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First Results of OSIRIS-Rex Sample Analysis Published 
with links to data in Astromat!

The OSIRIS-REx
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Emerging Applications of the Synthesis

From: Ostroverkhova A et al. 2023:
“Unraveling the Enigma of Ungrouped Chondrites: A 
Data Science Approach for Exploring their Origins.”  
AGU Fall Meeting 2023. San Francisco, CA.

Prissel K et al.: “Feiite: Synthesis, stability, and 
implications for its formation conditions in 
nature.” American Mineralogist 2023 
https://doi.org/10.2138/am-2022-8633

Ilmenite data accessed May 2022 from AstroDB”
(https://search.astromat.org/filter).

https://doi.org/10.2138/am-2022-8633
https://search.astromat.org/filter


The Lessons

• The Value of Sample Curation

• The Need for Expert Data Curation

• The Value of Meaningful Policy

• Don’t ever think it’s easy
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Astromat is Ready for the Next Adventures

New Challenges Ahead!
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Thank You!
astromat.org

info@astromat.org



The Lamont Geoinformatics Research Group

Peng Ji

Juan David 
Figueroa

Sean CaoSara Robinson

Jennifer Mays

Annika Johansson

Lucy ProfetaKerstin Lehnert

Mollie Celnick Saebyul Choe

Griffin Danninger Robert Downs

Stephen Richard Dave Stern

Consultants:



Results from Bennu Samples

“The sample's composition and mineralogy 
indicate substantial aqueous alteration and 
resemble those of Ryugu and the most 
chemically primitive, low-petrologic-type 
carbonaceous chondrites. Nevertheless, we find 
distinct hydrogen, nitrogen, and oxygen isotopic 
compositions, and some of the material we 
analyzed is enriched in fluid-mobile elements. 

Our findings underscore the value of sample 
return—especially for low-density material that may 
not readily survive atmospheric entry—and lay the 
groundwork for more comprehensive analyses.”
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A microscope image of a dark Bennu particle, about a millimeter long, with a crust of 
bright phosphate. To the right is a smaller fragment that broke off. Credit: From Lauretta 
& Connolly et al. (2024) Meteoritics & Planetary Science, doi:10.1111/maps.14227
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