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Beyond Meteorites: Sample Return Missions

Analysis of meteorites is
complicated by lack of context on
their origin and potential
contamination and weathering
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Different Sources of Asteroids
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OSIRIS-REX

Origins

Return and analyze a sample of pristine carbonaceous asteroid regolith
Spectral Interpretation

Provide ground truth for telescopic data of the entire asteroid population
Resource ldentification

Map the chemistry and mineralogy of a primitive carbonaceous asteroid
Security

Measure the Yarkovsky effect on a potentially hazardous asteroid
Regolith Explorer

Document the regolith at the sampling site at scales down to the sub-cm
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TAGSAM (LM)

Ay Collects the sample

OSIRIS~-REX

REXIS (MlT) Student N:{e (LM) Returns

Experiment maps the
elemental abundances

OCAMS (UA) PolyCam

>500K-km range, high-
resolution imaging of the
surface, SamCam images the \
sample site and TAG, Ma-pCam \ km and maps the asteroid
provides landmark-tracking,

shape and surface topography

the sample

filter photometry.

OTES (ASU) maps the — - \ NavCams (MSSS)

navigates the surface of Bennu

thermal flux and spectra from
5-50pum

OVIRS (GSFC) rmapsthe ——

reflectance albedo and spectra nghly capable,
from 0.4 -4.3 um nimble spacecraft
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Early Concept
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Volume 2 of the Step 2 Proposal

LR

SEsenG

39—,

Path to Launch

Discovery 11 Proposal  July 16, 2004
Non-selection Feb 2, 2005

Discovery 12 Proposal  Mar 27, 2006

Down Select (KDP-A) Oct 30, 2006
Step 2 Proposal June 20, 2007
Site Visit Aug 21, 2007

Non-selection Dec 11, 2007

New Frontiers 3 Proposal July 31, 2009

Down Select (KDP-A) Dec 17, 2009
Step 2 Proposal Jan 28, 2011
Site Visit Apr 14, 2011
Selection (KDP-B) May 25, 2011
MDR May 8-10, 2012
PDR Mar 4-8, 2013
Confirmation (KDP-C) June 1, 2013
CDR (KDP-D) Apr 1-9, 2014
Start of ATLO March 23, 2015
PER Oct 14-16, 2015
PSR May 10-11, 2016
Ship to KSC May 20, 2016
FOR /ORR Jun 21-24, 2016
SMSR Aug 9, 2016
MRB / KDP-E Aug 18, 2016
FRR Sep 1, 2016 r} gm aen WL F | ] ) J - 5 gV,
LRR Sep 6, 2016 ’ ) ,_~; o Al ‘| = |/ fuel load 1199 9 kg N,H,

Launch Sep 8, 2016 -.-;;_ Sl L SN IS 3.8 kg He pressurant
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Simulation

Jan 2135

Refined Bennu Impact Probability

Bennu

Cumulative probability of 1 in 1750 (32 approaches, 2179-2300)

10
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Comparing Asteroids

Vi A
ot 0 g Jd e
e < %ﬁj : SR ==
. 1. R (25143) Itokawa . (162173) Ryugu § y (101955) Bennu ‘ ol
\'5 gy 0->x0.3x0.2 km s 5oL 1 km Bus: | Bl 4xlm 0.5 km '
Hayabusa 2005 et e s Hayabusa2 2018 et mass: B00 kg OSIRIS-REx 2018 =0

Yox¥ax¥s km Rubble Pile, Bilobar, 2 Spin Axes 1 km Rubble Pile, Spinning Top, Retrograde % km Rubble Pile, Spinning Top, Retrograde
Earth-Crossing, 1.32 AU Semimajor Axis Earth-Crossing, 1.19 AU Semimajor Axis Earth-Crossing, 1.13 AU Semimajor Axis

Flora Dynamical Family Eulalia or Polana Dynamical Family Eulalia or Nysa-Polana Dynamical Family
1.9 g/mL 1.19 g/mL 1.19 g/mL
23% Albedo, Class S 4.4% Albedo, Class C, 4.6% Albedo, Class B

Dehydrated pyroxenes Dehydrated phyllosilicates, carbonate Hydrated phyllosilicates, carbonate, pyroxene xenoliths
After Oba, et al. (2023) Nature Communications, 14:3107 12
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OSIRIS~-REX

Among the youngest impact features

Spectrally redder in VISNIR than the average surface
Mid-latitude (56°,43") location

Limited peak T ~360 K (versus ~390 K at equator)

Flight Imagery gng perived from Flight Data



TAG Crater OSIRIS-APEX

APOPHIS EXPLORATION MISSION

N

OSIRIS-REX

e ~ —

* Crater:9.0 X 6.5 m « Bulk density of 500 to 700 kg/m?3

0.68 = 0.1 m deep « Nearly cohesionless (<0.001 Pa) granular material
... Displaced volume is 12.2 £ 0.9 m3 Ciant Tragery



Flight Imagery
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How has the sample changed since collection?

OSIRIS-REX

Except, the closed canister lid trapped some SRC
debris which had an opportunity to mix with
1.24% of bulk sample on the avionics deck during
transportatlon even under the cIosest supervision.

Dworkin et al. in prep 18



121.6g of Sample

ﬁ;}’ Requirement: Collect and return 60g from asteroid Bennu

OSIRIS-REX

Lauretta & Connolly, et al. (2024) Meteoritics and Planetary Science 59:2453



OSIRIS~-REX

What is the Bennu sample like?

Smell is very strong (sulfur, gun-powder
and burned marshmallows)

Dark black with some lighter/white
particles throughout and shimmery
particles (different lighting changes
appearance)

Very fine powders that stick to everything
and are very challenging to remove from
surfaces

Some pieces are very angular, and some
are very hummocky

Density varies

-

‘\

' Rachel Funk, J



Flight Imagery Curation Image 21



Scott Eckley, JSC OREX-800027-0 134 mg



Sample Distribution

Up to 25% 0.55% & 4% & >85%
+(10.25% actual) v 1 contact pad 1 contact pad (Remainder)

Lesatiors of Samphe Aomiyuts PociThe fae e USTLS 22: M.

<

+ Canadian Space  Agence spatiale
= Agency canadienne




Sample Scrence

Fourier Transform Infrared 2D Gas Chromatography High .Liqoi Chro'matography Fourier Gas Chromatography \WERS Compound Specrfrc Isotop|cRat|0
Microscopy Resolution Mass Spectrometry Transform Mass Spectrometry Spectrometry Mass Spectrometry

Transmission Electron Electron Microprobe Analysis Inductively Coupled Plasma Mass  Nanoscale Secondary lon Mass - V|5|ble nght Microscopy
Microscopy Spectrometry Spectrometry

Scanning-Electron Microscopy X-ray Absorption Near-Edge Structure Accelerator Mass Spectrometry >85% for the Future

Energy-Dispersive X-ray Spectroscopy curator.jsc.nasa.gov/osirisrex
Spectroscopy 24



Locations of Sample Analysis Facilities for the OSIRIS-REx Mission

SRC 2
” 1 13 gu RASE-BSFC

5”16
4 1718

Il Arizona 19

sumelkan University 10 University of Winnipeg 17 Planetary Science In
lokyo / JAXA / JAMSTEC 11 Utah Test and Training Range 18 University of Arizo

12 ":'jj ice Science Institute
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2728 2930
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37

Legend

T OSIRIS-REX Sample Return Capsule
o Core Analytical Centers

© Sample Analysis Facllity

32 |

34 Universil
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38 University of Mo
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33 ETH Zurich
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Sample Organics Analysis Working Group
(SOAWG)

OSIRIS~-REX

66 Team Members from 30 Institutions
NASA Goddard Space Flight Center, USA
American Museum of Natural History, USA
Brown University, USA
Cal State San Marcos, USA
Caltech, USA
Carnegie Institution of Washington, USA
Chicago Field Museum of Natural History, USA
Helmholtz Zentrum Munich, Germany
Hokkaido University, Japan
JAMSTEC, Japan
Jet Propulsion Laboratory, USA
Keio University, Japan
Kyushu University, Japan
Lawrence Berkeley National Lab, USA
Max Planck Institute for Extraterrestrial Physics, Germany
NASA Ames Research Center, USA
NASA Johnson Space Center, USA
Pennsylvania State University, USA
Rowan University, USA
Smithsonian Natural History Museum, USA
Southwest Research Institute, USA
Stanford University, USA
Technical University Munich, Germany
Tohoku University, Japan
UC Berkeley, USA
University of Arizona, USA
University of Chicago, USA
University of Maryland, Baltimore County, USA
University of Rochester, USA
Washington University in St. Louis, USA




SOAWG Analysis Chart

6.137 g — 0.022 g (1t triage/QL) — 0.055 g
(aggregate A4) — 0.018 g (aggregate Japan) =
Baseline 6.042 g (homogenized sample)
[ o=

Techniques

https://osiris-rex.atlassian.net/wiki/spaces/\WG/pages/48103764/Data+Products+and+Publication+Plan




Processing Bennu Aggregate at JSC

June 17-20, 2024

Work Area Hand Crush in Mortar (3 batches)

-

28
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OSIRIS-REX



How does the sample compare with observations from the spacecraft at Bennu?

OSIRIS-REX

Bennu Is elementally similar to a Cl meteorite and Ryugu
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Lauretta & Connolly, et al. (2024) Meteoritics and Planetary Science 59:2453



; ; v Phy — Phyllosilicate
_(w X R D M — Magnetite
_ Py — Pyrrholite
~] Pt — Pentlandite
D — Dolomite
O - Olivine

Two Main Rock
Types (Angular
and Hummocky)

s
[0
—
3
A
)
c
)
.
A=

50000

Mg,Na-phosphate
rich materials

Degrees (20 Co Ka)

(Mottled)
Bulk Mineralogy (vol. %) .
80% Phyllosilicates (saponite and serpentinite) ;" ; UL
R

9% Sulfides (primarily pyrrhotite and pentlandite)

5% Magnetite

3% Carbonates (calcite, dolomite, magnesite, bruennerite)
2% Olivine

. . . . Lauretta & Connolly et al. (2024) Meteorit. Planet. Sci. 59:2543
0,
<1% Phosphates, phosphides, chromite, ilmenite Zega et al. (2025) Nature Geosci. 18:832



Fluid comp.

Bennu evaporites formed from room
temperature alkaline (pH ~8-9) fluids
over several million years like those y

found on the surface of Ceres Out

Ca carb

Major control
on phases

Fe oxide

Mg carb
Ca,Mg carb
Ca,Na carb
Mg,Na phos
Na sulf

Na carb

Na chior

K chior

Na fluor

Trona
Na;H(CO,)2-2H,0
(Searles Lake, California)

.~

T -.‘ ‘?u
'y 4
R e 5 é

! B N

, y
5\ »*‘;)!_, 15

Bennu
McCoy & Russell et al. (2025) Nature 637:1072

Evidence for Late-Stage Evaporation of Brine
Fluids in Bennu Samples

& ."9\ e _\“@
& N
o > &
&7 o

5 Increasing alkalinity > b
& &
l: Water-rock reactions ——————— | «— Evaporation —»
Ca,CO, Fe Mg Na P 0, K.Cl F

Fe,Mn Ca Mg,P SO, CO,KCl NaF
I —
r—————
=
R s T
=
pg
L}
=
=
i
L
T T T T ] T E (i
10 20 30 40 50 60 70

Sequentially precipitating evaporite minerals observed in

Bennu implies alkaline pH, high concentrations of dissolved
inorganic carbon and fluid temperatures < 55°C.




Asteroid Bennu is Rich in Organic C and N!
“An Astrobiologist’s Dream”

— 7’a:"
OSIRIS-REX

Organic n’aﬁo"glob.ﬁles- e N
. S L i Y ”v" 0
visible by yellow . E 4.5 Wt. ? C
fluorescence A . 0.25wt.% N
B o e VT 5 AAs ’ = W Bennu
: .‘. .{ . o ..’. ol '.‘ - : . CZ -—— -
\ '. | e L ey . 4 ._ " | Tarda A A !_‘_3!
: Ve e § . '_' ._ o ] . .
2 .' - -. . ” . . "3 o Y B - d ,a 0’2 A CZ
: . . & - . O\ . CI A .
* - m- § - 1 N - & © Tagish Lake
» ' o ‘.. LN : v ¢ :» : X g E CM '—i—ll . ( Ryugu
> o ! I L2V . ‘.: & - 3 Z r_-al .
SRS T o 0,1 1 CR mill Il"iJ ..
O i S0 & TIIER S 3'&7 .1-"'—| ]
4 ’ : \ : > . : IS § 545 .‘L Il!l. .
.. .-' o. ~ . “« WA 0?..‘ ) '-'t v | CR1
o Vi 0% AL GRO 95577
> .. - 0,0 T T T T T T T T T T T T T T T T T T T T T T T T 1
» 0] 1 2 K] 4 )
. C (wt.%)
Optical (left) and UV fluorescence imaging data (right) from S. Clemett (NASA JSC) EA-IRMS data from D. Foustoukos and C. Alexander

(Carnegie Institution for Science)

Lauretta & Connolly et al. (2024) Meteoritics and Planetary Science 59:2543
Glavin & Dworkin et al. (2025) Nature Astronomy 9:199

Clemett et al. (2026) Geochim. Cosmochim Acta , in review

Foustoukos et al. (2026) Geochim. Cosmochim Acta 424:113



oes the sample contain

rebiotic organic molecules
that could have influenced
the origin of life?




How did Life Emerge on the Earth ~4 Gya?

Levo-
Left 4
Abiotic Reactions |

on the ) Origin of Homochirality?
= A
primitive Earth \

Dextro-
Right

Modern

pre-RNA _, RNA " hNavProtein

World World

World

Extraterrestrial
Input
Asteroids/Comets

Laboratory analyses of prebiotic organics in pristine astromaterials will
reveal more secrets about the pathway to life’s chemistry



Hummocky

X New wet chemistry pyrolysis GCMS developed by Angel
Mojarro at Goddard used as a sample triage method. =%
& Derived from SAM instrument on Mars Curiosity Rover

First confirmation of chemical building blocks of life in Bennu samples

* Bennu samples contain all canonical nucleobases (A, C, G, T, and U) found
in life’s genetic code.

* Bennu contains 15 of the 20 amino acids used to build proteins, including
first detection of tryptophan in any extraterrestrial material.

* Missing 5 protein amino acids (Lys, Arg, GIn, Cys, His)

Mojarro, A. et al. (2025) Proceedings of the National Academy of Science, USA 122:€2512461122

Evidence of Prebiotic Chemistry in the
Bennu Samples

Tryptophan is the most complex amino acid used in
terrestrial biology. Its presence in Bennu samples tells
us that carbon-rich asteroids could create more complex
organic molecules than previously thought.

= CMN Scince  Swen L vt cweh oo O (el %

Scientists found tryptophan, the ‘sleepy’ amino
acid, in an asteroid. Here’s what it means

https://iwww.cnn.com/2025/11/27/science/tryptophan-asteroid-bennu-nasa-sample 36
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e —— QOREX-501006-0 PG4
2 20-
© e« »
/ o 15 ¢
S ©
) % 10 e »
5 s &
& 5 1 3
Spectrum acquired by microprobe two-step laser C '
desorption mass spectrometry (u-L2MS) of several - { | “ .
109 um grains pressed in.to I.<Br.window at JSC 010' 22 '1'5' ' '2'0' 43 '2'5' 30
using vacuum UV photoionization at 118 nm
Mass (m/z)

. . . : —L2MS dat S. Clemett (JSC
Ammonia and formaldehyde are important chemical precursors for the formation “ ata from 5. Clemett (JSC)

of amino acids, N-heterocycles and other soluble organic molecules. Ammonia was
heterogeneously distributed across the Bennu particles on the 5 um scale.

Glavin & Dworkin et al. (2025) Nature Astronomy 9:199



Abundant 1°N-rich Ammoniain Bennu Samples
Suggests Icy Outer Solar System Origin

Ammonia (nmol/g)

40,000
NH, N ~ 4722 mm
(NH,%) B Cold water nature astronomy
‘ ’ ] CH,Cl,/CH,OH Glavin & Dworkin et al. (2025) Nature Astronomy 9:199
Abundantammonia and nitrogen-rich
soluble organic matter insamples from
asteroid (101955) Bennu
20,000
. Potential sources of Bennu ammonia:
10,000 . o
1) Ammonium salts H)\DNH
2) Ammoniated clays ¢
I . 3) N-rich insoluble organic matter
0 L—— || B - - B 4) Hydrated Ammonium Mg-rich Phosphate (HAMP) grains
e reramoio o e e T ke R e 5) Mineral fluid inclusions (iron sulfide minerals)

Laize-Générat et al. (2024) Geochimica et Geophysical Acta 387:1
Yoshimura et al. (2023) Nature Communications 14:5284
*Estimated from Pizzarello and Williams (2012) Astrophysical Journal 749:161



Glycine formation pathway in the formose-like reaction

1 ﬁ THL
5! A {
0. ~ W Ox:a.mon o /\( + H, O

x2
Glycolaldehyde

1

Glyoxylic acid N-Oxalylglycine Glycine

Formaldehyde
% dimerization

N2 ~11 times
glass ampoules 6 days 270 275 280

Retention time (min)

60 °C

in the air or Mtrogen-purged

After Koga & Naraoka (2022) ACS Earth and Space Chemistry 6:1311

Aldol condensation and formose reaction with ammonia

R
wEnJ S
condensanon
lOH lmme

R R =~ Murchison

— | meteorite
Aromatization R /
Alkylpyndme

mh%‘ R\ ~ R

R« duction

NAlkylp yrrolldlne ,,

H
-H,0 /\/ \
R 2NH '. )
ZHO _’ RcduchonR/ N

Atkyhm;dazole Alkylimidazoline

RR\ A\~ »
RW AIkyIpyrroIe\A RQJ) {:J{ Alkylplpondmo
O OH fl)

After Naraoka et al. (2017) ACS Earth and Space Chemistry 1:540



Bennu Nucleobase Distribution Hints at Possible
Cold Molecular Cloud Origin

All 5 nucleobases in DNA/RNA in Bennu and Ryugu!

6
Bennu (OREX-800044-101) T
1 m Murchison | §i P
5 - Ryugu (A0480) R HN" SN N
| S Ryugu (C0370) \ /f‘}‘h/
6M HCl extract ~ Cation-exchange HPLC-Orbitrap MS o ,’,ﬁﬁ”‘““‘p}
110°C for 12 h chromatography (Thermo Q Exactive) - 4 4 o T~
(17.75 mg) (AG50W-X8) = 2
c T~
9 Q
: : : : © 3 - HN
>23 N-heterocycles (including all 5 biological nucleobases) = A
) L , ] : - S {07
found in Bennu. Violation of Chargaff’s rules (1:1 ratio of purines Q H
to pyrimidine bases in DNA) and biologically rare N-heterocycles S 27 o) y e
indicate a non-terrestrial origin. O HN NH, N—Z>N
| <\ J
o Néj NN
1 - v l
. . . . I A
Single-ring pyrimidine bases more abundant than double-ring ] I " H -
purines in Bennu (>2:1 ratio) suggesting preferential synthesis in 0 = '_ . B m B I} e .

ammonia-rich ices from the outer solar system. Uracil Thymine Cytosine Adenine  Guanine

Koga et al. (2024) Geochimica et Cosmochimica Acta 365:253



. N
H,O extract
100°C for 24 h

(25.6 mg)

Amino acid

Chiral
Fluorescent Tag

Acid hydrolysis and

desalting OPA/NAC-amino

acid derivative

LC-FD/HRMS
(Thermo QExactive)

most abundant amino acid in Bennu samples
33 amino acids were found (including 15 of the 20 protein AAs)

* Racemic (D = L) alanine indicates no terrestrial biological
L-protein amino acid contamination

e All chiral non-protein amino acids in Bennu were racemic
B-ABA and isovaline = extraterrestrial origin.

e Origin of in Bennu unclear. Analyses underway to
determine if the L-excess is from contamination or not.

Glavin & Dworkin et al. (2025) Nature Astronomy 9:199

c Amino Acid (m/z 337.08527 £+ 5 ppm)
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Gly
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Amino Acid Chirality “Handedness” @&

0
g "'L'"'OH
- 25%
/ NH,
Lisovaline Bennu and Ryugu results challenge theory of
o
any early Solar System bias toward left-handed
o | [] amino acids prior to the origin of life on Earth
n 15%
x
'-5 10% - | e
= No L-excess! ;
3 5% A *
3 1
5
0% J-{-- - | e s
) ? ’ racemic (D = L) ‘ é
- 14 “OH
NH; 50
D-isovaline Ryugu Bennu Orgueil SCO 06043 GRO 95577 Winchcombe  Kolang Murchison Tagish Lake Tagish Lake Tarda QUE 9177  EET 92042 A-12236
<> (A0106) (OREX-803001-0) (CI1.1) (CM1.2) (CR1.3) (CM1.3/1.4)  (CM1.4) (CM1.6) 5b (C1.9)  11h(C2.1) (C2.2) (CR2.4) (CR2.5) (CM3.0)
Bennu
\ A g teration oss water
asteroids alteration alteration
A c., (Cl1-like)
@«
B om
®

Glavin & Dworkin et al. (2025) Nature Astronomy 9:199



Bio-Essential Sugars Found in Bennu Samples Q‘”ﬁ%

TOHOKU
Bennu sample prepared at
. a Pent 5 H 6
NASA, then extracted in 2% — P:g v (CCLO BROSN 1N
HCl and H,0, derivatized and Hou A, O /!‘OH HO,
analyzed by GC-MS/MS at
Ty,
Tohoku University. [ o8
OH OH
Ribose Lyxose Xylose  Arabinose Glucose Galactose
. e -5
RNA Mqlec‘tiar C—o—mpone'n't's;n_ Bé_nnu Genetic Code for Protein Synthesis | -
GUANINE h Risonucec ACio BRibose
0 mLyxose
& ;
</”\fL£ 28 lmxose
NN 8§
P, ® "g
ADENINE | e 8 3
NH; \ € ®
N <N o
</ l M '
/) ............................................... RNA Nucleobases:
u N Guanine, Cytosine, Adenine, Uracil
S5

Bennu (1]
Formose-type

reaction

Ribose and ghocose sre sugars essential 1o Meon Earth,
RMNA uses ribose Tor its structure. Glucase provides cells
with energy and is usad ta make fibers like celhsiose.

A team of Japanese and US stientists have found ribose
and ghucase In samples of astercid Benng (collected by
NASAS OSIRIS REx mission), suggesting that these ssmple ¥
sugaes were brought to the early Eaeth by meteorites § OH Q[P) ‘zm

~ * Credit: NASA/Goddard/University of Arizona/Dan Gallagher

Furukawa et al. (2026) Nature Geoscience 19:19

Detection of ribose (RNA sugar) but not 2-deoxyribose (DNA sugar), supports the RNA world hypothesis



H,O extraction Desalting Chemical Derivatization GC-TQMS and
(100°C for 24 h) (Cation-exchange) GC-MS/IRMS

13 carboxylic acids C,-C, (mostly straight-chained) identified in four
different Bennu sample hot water extracts consistent with synthesis
during parent body aqueous alteration (Buckner et al. 2026)

0 o) 0 o 0 0
H J\DH )J\DH \‘)LDH /\)]\DH \/\-)J\OH /\/\‘).I\DH
Branched carboxylic acids in Bennu aggregate may indicate some
0 0
Long-chain carboxylic acids (up to C,,) identified in 0.1M NaOH
extracts of Bennu (Huang et al. Nat. Comm. in fevision) 0

. e
= Rl H-\"H_-""-' i 1.\-L"‘w—-"'-d. - D H

Carboxylic Acids in Bennu Formed Through
Interstellar and Parent Body Processes

Bennu

03

(WAmews | Beenu
| B Amino Acids ’ /_‘t'—_*_!‘o“xm"o)
| I¥ Carbaxylic Acl o

e
~

Bulk Nitrogen (wt. %)

Bulk Carbon (wt.%)

Prebiotic relevance:
Carboxylic acids are lipid
membrane subcomponents
and key for metabolism

Glavin & Dworkin et al. (2025) Nature Astronomy 9:199
Buckner et al., (2026) Astrobiology Science Conference Abstract 409-04



Bennu Polyphosphates Could Provide Energy for
Early Prebiotic Chemistry

ATP molecule for energy transfer in terrestrial biology

NH,
~NN .
adenine
&
Bennu grains Violet Fluorescent Water
phosphate grain . o1 lon Chromatograph-Orbitrap MS =
(Thermo ICS-6000 & Q Exactive) ;
HO—'PI—O' ribose
OH m/z 96.9696
- Polyphosphates including diphosphate and triphosphate, L
principal components in ADP and ATP respectively, were O O
identified up to heptaphosphate (P-) in the water extracts of Ho—'lr'-o—'lf'—o-
Bennu samples using ultrahigh-resolution mass spectrometry. OH OH . m/z 176.9359
- T
- The polyphosphates were associated with the occurrence of o 0o 0
Na-bearing Mg phosphate, which was likely formed in the brine HO—P—0—P—0—FP—0
of the parent body of Bennu. OH OH OH . m/z 256.9023
- All components (adenine, ribose, triphosphate) were available Ho—ﬁ—o—g—o—g—o ﬁ -
to make an A'I_'P molecule as energy currency for e B Jn g m/z 336.8686
protometabolism on the early Earth. T
30 ) 60

Naraoka et al. (2026) 40 Time (min)



Phosphoesters in Bennu Provide Evidence of
Abiotic Phosphorylation in Nature

. |C-HRMSA,a;|,y31§9‘g . 1
. — F ‘ =

= -

3 ‘ _ . /

Alky! phosphate (Phosphoester)

Methyl oﬁosphale Ethyl phﬁsphate C'O'P bond

 Phosphoesters are key structures for all life on Earth, however g ,
they have not been previously detected in extraterrestrial samples. CHy = HiC

Methyl phosphonate  Ethyl phosphonate Propyl phosphonate

H,C
3 Alkyl phosphonate

« Several organophosphorus compounds, including alkyl
phosphates with C-O-P bonds essential for energy transfer and
nucleic acid structure in biology.

- The results provides evidence of abiotic phosphorylation in il
Bennu’s parent body, likely during evaporation of phosphate- parent body
rich fluids and organics.

aqueous alteration stage dehydration stage

Hirakawa et al. (2026) Nature, in review



- Chemical Ingredients for Life Formed ~4.5 Gyr
= in a Wet and Salty World!

PRECURSOR MOLECULES | SALT & CLAY‘MINERALS

* Ingredients for Organic Synthesis < ' Catalysts for Synthesis & Polymerization

: il B e e
) L L AR S
WAER TRONA [bapoeReMiferl) w5,
. £ Sn
. o — .
<N N PDSIATE

+ sugars, carboxylic
acids/lipids, ‘
: 3 pOIYp h O p h ates, Guanine Cytosine Adening fh}ﬁlﬁb ' Uracll
- - | alkyl phosphates, ... , X i
o ; /,(TT',\\ A T
AMINO ACIDS o NUCLEOBASES U AN

Buliding Blacks of Protaing - K.\/_ F4 Banetic Companents of DNA & RNA

. N ) ‘ Glavin & Dworkin et al. (2025) Nature Astronomy 9:199
Credit: NASA/Goddard/University of Arizona/Dan Gallagher McCoy & Russell et al. (2025) Nature 637:1072



Isotope Anomalies and °N-rich Organic Matter Point
to an Outer Solar System Origin of Bennu

40t

Large (~100 km diameter) icy outer solar

system bodies may have been an important zor &
source of volatiles in the inner solar system - m«’#; Benn
. .. . Cl
required for the origin of life of NC “m Ryugu
~ . Bennu&Ryugu T
=~ \pirent bodies uoOTi

\ 3
®
A

Main Belt Giant planet growth and migration

Bottke et al. (2015) Icarus 247:191

Hopp et al. (2022) Science Advances 8:eadd8141

Brennecka et al. (2024) Goldschmidt Conference, Abstract 22852
Barnes & Nguyen et al. (2025) Nature Astronomy 9:1785
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S Is Bennu a Remnant.of an lcy Ocean World or
Fragment of an Extlnct Comet?

Undifferentiated

Salty R A Salty
Very Cold R Cold
(101955) Bennu Extensive rock-water interaction
Ammonia Other CIass B aster0|ds are active Ammonia
lcy : Wet

107P/(4015) Wilson- Harrlngton

< ? >

: Future sample return from a comet nucleus and an ! |
S = icy world important to investigate chemical links HEaes Enceladus
Comet between active asteroids and primitive icy bodies. Ocean Worlds



Implications for the Origin and Search for Life

« Volatile-rich asteroids like Bennu contain biologically important organic molecules that
were spread throughout the early Solar System.

 Bennu’s parent body could qualify as a habitable world (Ceres or Enceladus-like)
Mild temperatures (T, < 55°C)

Salty (evaporite minerals)

Alkaline fluids (pH ~ 8.2)

WEN(EEVS)

High soluble carbon, nitrogen, phosphorous, and sulfur
Organic molecules essential for life as we know it

VVVYVYVY

Why didn’t prebiotic chemistry advance further in Bennu’s parent body to form
larger organic polymers? What did the early Earth have that Bennu didn’t?

dipeptides nucleosides nucleotides ATP Phospholipids

NHz

NH, NH,

I\

S Y . P 9 9 g N \/\/\/\/\/Y‘\

N <’f o /fN HO-P-0-P-0-P-0 ¢ ™
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Thank youl!

We are grateful to the entire OSIRIS-REX Team for making
the return of samples from asteroid Bennu possible!

NASA.gov/OSIRIS-REx NASASolarSystem

NASASolarSystem NASASolarSystem

'ﬁ@, AsteroidMission.org
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