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Executive Summary

This report details the key scientific findings from NASA's OSIRIS-REx mission to
near-Earth asteroid (101955) Bennu, focusing on the analysis of returned samples.
Central to this analysis is the discovery of water-bearing minerals and a diverse suite
of organic molecules, including amino acids crucial for life on Earth. The investigation
incorporates insights and specific inquiries raised by Hakeem Ali-Bocas Alexander,
PhD, during a detailed discussion on the mission's results. Dr. Alexander's perspective
highlights the significance of Bennu's composition - rich in carbon, marked by past
water activity ', and containing key prebiotic molecules — for understanding the
potential delivery of life's building blocks to early Earth.? The mission timeline, Bennu's
characteristics, the nature of its hydrated minerals (like serpentine), the inventory of
amino acids found (including 14 of the 20 proteinogenic amino acids used in human
biology), and other significant compounds like magnetite and naphthalene are
examined, contextualized by Dr. Alexander's points (e.g., 11:03, 17:12, 41:57, 01:17:15).
The findings confirm Bennu as a primitive remnant from the early solar system ',
whose pristine samples offer unprecedented insights into the materials and processes
present before life emerged on our planet.?

1. Introduction

NASA's Origins, Spectral Interpretation, Resource Identification, Security-Regolith
Explorer (OSIRIS-REx) mission represents a landmark achievement in planetary
science, being the first U.S. mission to collect a sample from an asteroid and return it
to Earth.® The target, (101955) Bennu, is a carbonaceous near-Earth asteroid selected
for its primitive nature and potential to contain molecular precursors to life and Earth's
oceans.? Analysis of the returned samples provides a unique window into the early
solar system, approximately 4.5 billion years ago.? This report synthesizes the major
findings, particularly concerning water-bearing minerals and organic compounds,
comparing the detected amino acids to those fundamental to terrestrial biology. The
analysis is informed by a conversation featuring Hakeem Ali-Bocas Alexander, PhD,
whose inquiries and perspectives guide the examination of the mission's timeline,
Bennu's physical and chemical properties, the specific nature of the detected
minerals and organics, and the overarching astrobiological implications of these
discoveries.



2. The OSIRIS-REx Mission: A Seven-Year Journey

The OSIRIS-REx mission followed a meticulously planned trajectory spanning seven
years from launch to sample return.” Key milestones, queried by Dr. Alexander during
the discussion (e.g., 05:46, 07:54, 08:27), define this journey:

Launch (September 8, 2016): OSIRIS-REx launched aboard an Atlas V 411 rocket
from Cape Canaveral, Florida.® After separating from the Centaur upper stage
approximately 55 minutes post-launch and deploying its solar arrays, the
spacecraft began its interplanetary cruise.®

Cruise and Earth Flyby: The spacecraft performed deep space maneuvers,
including one on December 28, 2016, to position itself for an Earth gravity assist.°
This flyby occurred on September 22, 2017, providing a velocity boost necessary
to reach Bennu.’

Bennu Arrival and Survey (December 3, 2018): After a 1.2 billion-mile (2
billion-kilometer) journey, OSIRIS-REx arrived at Bennu.? It commenced detailed
mapping and survey phases, including Preliminary Survey, Orbital A (achieving the
closest orbit ever around a small body), and Detailed Survey: Baseball Diamond,
to characterize the asteroid and identify a suitable sample site.® This phase
revealed a surprisingly rugged surface with numerous boulders, complicating site
selection.® The "Nightingale" site, located in a relatively young northern crater,
was eventually chosen.®

Sample Collection (October 20, 2020): OSIRIS-REx executed its Touch-And-Go
(TAG) maneuver, briefly contacting Bennu's surface at the Nightingale site with its
robotic arm (TAGSAM - Touch-And-Go Sample Acquisition Mechanism).® The
maneuver successfully collected a substantial amount of regolith (rocks and
dust), later confirmed to be 121.6 grams (4.29 0z), exceeding the mission goal of
60 grams.? The sample was securely stowed in the Sample Return Capsule (SRC)
by October 28, 2020.°

Departure and Return Cruise (May 10, 2021): After completing a final flyby of
Bennu on April 7, 2021, to observe the sample site post-TAG °, OSIRIS-REXx fired its
main engines to begin its 2.5-year journey back to Earth.®

Earth Return (September 24, 2023): The spacecraft released the SRC, which
successfully landed via parachute at the Department of Defense's Utah Test and
Training Range.® The pristine sample was then transported to NASA's Johnson
Space Center for curation and analysis.? Following the sample delivery, the main
spacecraft was renamed OSIRIS-APEX and redirected for an extended mission to
asteroid Apophis, arriving in 2029.°



3. Asteroid (101955) Bennu: A Carbonaceous Time Capsule

Asteroid Bennu, the target of the OSIRIS-REx mission, possesses characteristics that
make it a compelling subject for scientific study, as discussed by Dr. Alexander and
Vega (e.g., 04:28, 10:38, 18:33).

Classification and Composition: Bennu is classified as a B-type asteroid, a
subgroup of carbonaceous (C-type) asteroids.® This classification signifies a high
abundance of carbon, both elemental and within complex organic molecules,
alongside various minerals.’ Its surface is extremely dark, reflecting only about 4%
of incident light, characteristic of carbon-rich bodies.”> Spectroscopic analysis
links Bennu to primitive carbonaceous chondrite meteorites (specifically Cl and
CM types), which are known to contain hydrated minerals and organic
compounds.'? Bennu is considered a primitive object, likely formed within the first
10 million years of the solar system's history (over 4.5 billion years ago) and
having undergone minimal large-scale alteration since.’

Size, Shape, and Structure: Bennu has a mean diameter of approximately 490
meters (about 0.3 miles or 1,610 feet), roughly the height of the Empire State
Building.” It exhibits a distinctive "spinning top" or roughly spheroidal shape, with
a pronounced equatorial ridge."” Bennu is considered a "rubble-pile" asteroid,
meaning it is not a monolithic body but rather an aggregate of rocky debris held
together by gravity, likely formed from the fragments of a much larger parent
asteroid (estimated 60-130 miles or 100-200 km wide) that was shattered by a
collision between 700 million and 2 billion years ago.” It possesses significant
internal porosity, with 20-40% of its volume being empty space.’

Orbit and Potential Hazard Status: Bennu is a near-Earth object (NEO)
belonging to the Apollo group, with an orbit that brings it relatively close to Earth
approximately every six years."” Its semi-major axis is 1.126 AU, and it takes 1.2
years to orbit the Sun.” Bennu is classified as a Potentially Hazardous Asteroid
(PHA) due to its size and proximity to Earth's orbit.” It is listed on the Sentry Risk
Table and holds the third-highest cumulative rating on the Palermo Technical
Impact Hazard Scale.”™ While the Torino Scale is primarily used for potential
impacts within the next 100 years *°, Bennu's potential impact dates lie further in
the future. Current calculations estimate a cumulative 1-in-1,750 ™ to 1-in-2,700
chance of impacting Earth between 2178 and 2290, with the highest probability
on September 24, 2182." Due to the distant timeframe of potential impacts (>100
years), Bennu currently holds a Torino Scale rating of O (No Hazard).?' The
distinction is important: while not an immediate threat warranting a high Torino
score, its long-term potential based on the Palermo scale makes it one of the



most closely monitored asteroids."”

4. Water-Bearing Minerals: Evidence of an Aqueous Past

A cornerstone discovery from the OSIRIS-REx mission, explored by Dr. Alexander (e.g.,
11:03, 11:30, 13:09, 14:07, 15:41, 16:16), is the widespread evidence of hydrated
minerals within the Bennu samples, confirming remote sensing observations and
indicating significant past interaction with liquid water on its parent body.’

Serpentine and Aqueous Alteration: The Bennu samples are dominated by clay
minerals, particularly serpentine.’ Serpentine is a phyllosilicate mineral group
formed through a process called serpentinization. This process involves the
hydrothermal alteration of primary silicate minerals, typically olivine and pyroxene,
when they react with water at moderate temperatures.” The presence of
abundant serpentine is strong evidence that Bennu's parent body hosted liquid
water for a period after its formation, allowing these chemical reactions to occur.'
This process is analogous to alteration seen in terrestrial environments like
mid-ocean ridges.’

Formation Process: The process likely began when Bennu's parent body, having
accreted ice along with rock in the early, cold solar system (potentially beyond
Mars' orbit), experienced internal heating, possibly from the decay of short-lived
radioactive isotopes.” This heating melted the ice, allowing liquid water to
percolate through the rock and react with minerals like olivine and pyroxene,
transforming them into serpentine and other secondary minerals.” The discovery
of mineral veins within Bennu boulders, potentially filled with precipitated
minerals, further supports the idea of fluid flow within the parent body."”

Other Hydrated Minerals and Salts: Beyond serpentine, analysis revealed other
minerals indicative of water activity, including carbonates (like calcite), iron oxides
(like magnetite), iron sulfides, and various salts.” The presence of diverse salts
(chlorides, sulfates, fluorides, carbonates) suggests the evaporation of brines,
possibly in subsurface lakes or pools within the parent body, concentrating these
dissolved species.*

Unexpected Phosphates: A particularly surprising discovery was the presence
of relatively pure, large grains of magnesium-sodium phosphate.' This specific
phosphate composition was not anticipated from remote sensing data and is
uncommon in meteorites.’ Its presence hints at specific geochemical conditions,
potentially involving the concentration of elements in evaporating brines on a
primitive, small "ocean world" ancestor.' Phosphates are critical components of
biochemistry (e.g., in DNA, RNA, ATP), making their discovery in a water-soluble
form on Bennu particularly relevant to prebiotic chemistry.’



Significance: The collective evidence for extensive aqueous alteration confirms
that Bennu's parent body was a water-rich environment early in solar system
history." This watery past is crucial because liquid water is considered essential
for the origin of life as we know it, providing a medium for chemical reactions,
including the synthesis and concentration of organic molecules.” The
confirmation of these conditions on an asteroid parent body supports the
hypothesis that such objects could have delivered both water and complex
chemistry to early Earth.*

5. Amino Acids: Building Blocks of Proteins Found on Bennu

Analysis of the pristine Bennu samples yielded compelling evidence for the presence
of amino acids, the molecular monomers that form proteins in terrestrial life. The
findings, discussed in detail during the conversation (e.g., 17:12, 46:36, 47:05, 48:17,
49:03), provide strong support for the extraterrestrial origin of these vital prebiotic
molecules.*

Inventory: A total of 33 distinct amino acids were identified in the Bennu
samples.’” This diverse suite includes both proteinogenic (used in proteins by life
on Earth) and non-proteinogenic amino acids.

Proteinogenic Amino Acids: Crucially, 14 of the 20 standard amino acids used
by terrestrial biology to construct proteins were detected.” This represents a
significant fraction of the biological toolkit.

Non-Proteinogenic Amino Acids: The remaining 19 amino acids identified are
not typically incorporated into proteins by life on Earth.* Their presence further
highlights the complex abiotic chemistry occurring on Bennu's parent body or in
its precursor materials.

Comparison to Human Biology: The finding of 14 proteinogenic amino acids
directly relevant to human biology within an extraterrestrial sample is highly
significant. It demonstrates that a substantial portion of the molecular building
blocks necessary for life as we know it existed in the early solar system and were
incorporated into asteroids like Bennu.

Confirmation of Extraterrestrial Origin: While amino acids have been found in
meteorites before, concerns about terrestrial contamination often complicate
interpretation.® The OSIRIS-REx mission's meticulous sample collection and
curation procedures ensured the Bennu material remained pristine.* Furthermore,
analysis of chirality (molecular "handedness") showed that the Bennu amino
acids were present in roughly equal mixtures of left-handed (L) and right-handed
(D) forms (racemic or near-racemic).” Since life on Earth almost exclusively uses
L-amino acids, this racemic mixture strongly supports an abiotic, extraterrestrial



origin for the amino acids found on Bennu.**

6. Step-by-Step Amino Acid Synthesis Concepts

The conversation featuring Dr. Alexander included a detailed exploration of the
potential step-by-step chemical synthesis pathways for several specific amino acids
(e.g., 20:43 - 39:15). While these represent plausible terrestrial biochemical pathways
or potential abiotic routes, understanding their structures is key to appreciating the
molecules found on Bennu. The standard amino acids share a common structure: a
central alpha-carbon atom bonded to an amino group (-NH,), a carboxy! group
(-COOH), a hydrogen atom, and a variable side chain (R-group) that defines the
specific amino acid.*®

Glycine (Gly/G): The simplest amino acid, with only a hydrogen atom as its
R-group (R = -H).* Its small size makes it unique and flexible. It is the only
standard amino acid that is not chiral.* On Earth, it can be synthesized from
serine.”’

Alanine (Ala/A): Features a simple methyl group as its side chain (R = -CH,).*° It is
a nonpolar, hydrophobic amino acid. On Earth, it can be synthesized from
pyruvate.*’

Serine (Ser/S): Contains a hydroxymethyl group (R = -CH,OH).*” The hydroxyl
group makes it polar and hydrophilic, capable of hydrogen bonding.*° It serves as
a precursor for glycine and cysteine in terrestrial biosynthesis.*’ It is formed from
3-phosphoglycerate.”

Cysteine (Cys/C): Characterized by a thiol group (R = -CH,SH).”' This
sulfur-containing side chain is reactive and can form disulfide bonds, important
for protein structure. It is polar and synthesized from serine in biological
systems.*

Phenylalanine (Phe/F): Possesses a benzyl side chain (R = -CH,-C,Hs), featuring
an aromatic phenyl ring.“® It is nonpolar and hydrophobic. It is an essential amino
acid for humans and a precursor to tyrosine.*” Biosynthetically, aromatic amino
acids derive from erythrose 4-phosphate and phosphoenolpyruvate.*’

Tyrosine (Tyr/Y): Similar to phenylalanine but with an added hydroxyl group on
the phenyl ring (R = -CH,-C(H,-OH), making it a phenol derivative.*® This hydroxyl
group makes it polar, although it retains aromatic properties.*® It is non-essential
as it can be made from phenylalanine.”” It is involved in signaling and is a
precursor to several important biomolecules.*’

Tryptophan (Trp/W): Features a complex indole ring system attached to a
methylene group (R = -CH,-CgH.N).* It is largely nonpolar/hydrophobic due to the
large aromatic structure.* It is an essential amino acid and a precursor to



serotonin and niacin.*’

Understanding these structures provides context for the specific molecules identified
in the Bennu samples and their potential roles in prebiotic chemistry.

7. Amino Acid Findings: Bennu vs. Synthesis Discussion

Comparing the amino acids constructed step-by-step in the conversation with those
confirmed in the Bennu sample analysis reveals overlaps and differences, as noted by
Dr. Alexander (e.g., 40:29, 41:00).

e Confirmed from Discussion: Of the seven amino acids built during the detailed
synthesis discussion, three were definitively confirmed as present in the Bennu
samples:

o

o

o

@)

Glycine (Gly/G) *

Alanine (Ala/A)

Serine (Ser/S)

(Note: While Cysteine was discussed in synthesis, its specific confirmation in
the Bennu sample is not explicitly stated in the provided snippets summarizing
the findings, although it is one of the 20 proteinogenic amino acids. The 14
found are generally stated as a group.”)

e Not Confirmed from Discussion: Four of the amino acids discussed in the
synthesis segment were not among the specific examples highlighted as found on
Bennu in the primary findings reports or explicitly confirmed during the
conversation segment comparing the lists:

@)

o

o

o

Phenylalanine (Phe/F)

Tyrosine (Tyr/Y)

Tryptophan (Trp/W)

Cysteine (Cys/C) (subject to the note above)

Table 1: Comparison of Synthesized vs. Confirmed Bennu Amino Acids (from
conversation)

Amino Acid Synthesized Chemical Class Confirmed Found on Bennu
(Conversation) (Conversation Refs 40:29,

41:00 & Snippets)?

Glycine (Gly) Nonpolar (Aliphatic) Yes 19




Alanine (Ala) Nonpolar (Aliphatic) Yes

Serine (Ser) Polar, Uncharged Yes
Cysteine (Cys) Polar, Uncharged Not explicitly confirmed in
summary

shippets/conversation refs

Phenylalanine (Phe) Nonpolar (Aromatic) No (per conversation refs)
Tyrosine (Tyr) Polar, Uncharged No (per conversation refs)
Tryptophan (Trp) Nonpolar (Aromatic) No (per conversation refs)

This comparison underscores that while Bennu contains a rich suite of amino acids,
the specific relative abundances or presence/absence might differ from expectations
based solely on terrestrial biochemistry or simple abiotic synthesis models. The
presence of simpler amino acids like glycine and alanine, alongside serine, aligns with
findings in many carbonaceous chondrites. The apparent absence (or lower
abundance making them less prominent in initial reports) of the larger aromatic amino
acids (Phe, Tyr, Trp) in the highlighted findings might suggest formation pathways or
preservation factors favoring smaller, simpler structures, or simply reflect the specific
subset discussed in the conversation.

8. Bennu's Full Proteinogenic Amino Acid Complement Relevant
to Humans

Beyond the amino acids discussed in the synthesis section, the analysis of Bennu
samples identified a broader set of proteinogenic amino acids shared with human
biology. Dr. Alexander prompted the identification of these additional molecules (e.g.,
50:21, 51:48), completing the picture of the 14 biologically relevant amino acids
confirmed present.*

e Other Shared Amino Acids: Based on the conversation prompts and confirmed
by multiple sources reporting the discovery of 14 out of 20 proteinogenic amino
acids *, the following were also identified among the 14 found on Bennu and used
in human biology (in addition to Glycine, Alanine, Serine):

o Aspartic acid (Asp/D)
o Glutamic acid (GIu/E)
o Valine (Val/V)



o Leucine (Leu/L)

o Isoleucine (lle/l)
o Proline (Pro/P)

o Threonine (Thr/T)

e Consolidated List: Combining these with the confirmed Glycine, Alanine, and
Serine, and acknowledging the total count of 14 proteinogenic amino acids found,
provides the inventory of biologically relevant building blocks delivered by Bennu.
The remaining four proteinogenic amino acids detected (to reach the total of 14)
are confirmed by the overall count reported in sources like ** but were not
individually named in the provided conversation summary or snippets listing
specific examples beyond the initial few.

Table 2: The 14 Proteinogenic Amino Acids Found on Bennu (Shared with Human
Biology)

Amino Acid Name 3-Letter Code Chemical Class Found on Bennu?
Glycine Gly Nonpolar, Aliphatic Yes "’
Alanine Ala Nonpolar, Aliphatic Yes
Serine Ser Polar, Uncharged Yes
Aspartic Acid Asp Acidic Yes
Glutamic Acid Glu Acidic Yes
Valine Val Nonpolar, Aliphatic Yes
Leucine Leu Nonpolar, Aliphatic Yes
Isoleucine lle Nonpolar, Aliphatic Yes
Proline Pro Nonpolar, Aliphatic Yes
Threonine Thr Polar, Uncharged Yes




Other 4 (unnamed) Varies Varies Yes **

(Remaining 6) Varies Varies Not Reported

(Note: The table lists the 10 proteinogenic amino acids specifically mentioned in the
conversation/snippets as found, acknowledges the confirmed presence of 4 others to
reach the reported total of 14 *, and indicates the remaining 6 proteinogenic amino
acids were not reported in the Bennu sample.)

The detection of representatives from multiple chemical classes — nonpolar (Gly, Ala,
Val, Leu, lle, Pro), polar uncharged (Ser, Thr), and acidic (Asp, Glu) — among the 14
proteinogenic amino acids is significant. Life on Earth utilizes this chemical diversity to
build proteins with a vast array of structures and functions. Finding such a varied
toolkit already present in extraterrestrial material suggests that the raw ingredients
delivered by asteroids like Bennu were chemically rich and versatile, potentially
providing a robust starting point for complex prebiotic chemistry on early Earth.

9. Additional Significant Findings Highlighted by Dr. Alexander

Beyond the headline discoveries of water and amino acids, the OSIRIS-REx samples
revealed other compounds and features of interest, some highlighted by Dr. Alexander
(e.g., 12:26, 41:57, 01:17:15).

e Magnetite (Fe;0,): This iron oxide mineral was detected both by remote sensing
and in the returned samples.' Magnetite often forms alongside serpentine during
the aqueous alteration of iron-bearing silicate minerals like olivine."” Its presence
further corroborates the extensive water activity on Bennu's parent body.?® The
formation process (serpentinization) can occur under specific redox conditions
and, importantly, can release hydrogen gas (H,) as a byproduct.?® While life itself
was not found on Bennu, the potential generation of chemical energy sources like
hydrogen in these ancient aqueous environments adds another layer to the
potential habitability, or at least prebiotic potential, of Bennu's parent body. Dr.
Alexander's specific mention (12:26) underscores its relevance within the
mineralogical context.

e Naphthalene and Polycyclic Aromatic Hydrocarbons (PAHs): Analysis
detected naphthalene (C,oHs), a simple two-ring PAH, as well as other more
complex PAHs like anthracene, phenanthrene, pyrene, and their alkylated
derivatives (with added carbon chains).* These organic molecules were found in
both the bulk sample collected by the TAGSAM head and in the finer dust found
on the exterior of the collection hardware.>* PAHs are common components of



carbonaceous meteorites and are thought to form in various astrophysical
environments, including stellar outflows and the interstellar medium, as well as
potentially through processes on asteroid parent bodies.* Their presence
alongside simpler organic molecules like amino acids, as noted by Dr. Alexander
(41:57), indicates a complex organic inventory resulting from multiple formation
pathways or stages of chemical evolution, possibly involving both inherited
interstellar material and synthesis/alteration within the parent body's aqueous
environment.

e Phosphates (Revisited): As mentioned previously (Section 4), the discovery of
magnesium-sodium phosphates was unexpected and significant." These
water-soluble phosphates are crucial for life (forming the backbone of DNA/RNA
and energy currency like ATP)." Their presence, potentially linked to evaporating
brines on a primitive ocean world ancestor ', adds a critical ingredient to the
prebiotic soup potentially delivered by Bennu-like asteroids, a point relevant to Dr.
Alexander's broader discussion of implications (01:17:15).

e Presolar Grains: The Bennu samples were also found to contain presolar grains -
tiny mineral particles that formed around other stars before our own solar system
came into existence.” These grains, such as silicon carbide or graphite, survived
the formation of the solar system and were incorporated into asteroids like
Bennu's parent body. Their presence is definitive proof of Bennu's ancient and
primitive nature, confirming it contains materials that directly link us to the
pre-solar epoch and the broader galactic environment from which our solar
system originated.’

10. Synthesis and Astrobiological Implications: Dr. Alexander's
Perspective

The culmination of findings from the OSIRIS-REx mission provides compelling answers
and raises new questions about the early solar system and the origins of life,
resonating with the core themes explored by Dr. Alexander (e.g., 18:00, 19:16).

The evidence converges on a clear picture: Bennu is a fragment of an ancient,
carbon-rich parent body that experienced extensive interaction with liquid water.! This
interaction is recorded in the abundant hydrated minerals like serpentine and clays,
the presence of carbonates and magnetite, and the intriguing discovery of salts and
water-soluble phosphates suggestive of evaporating brines." This ancient aqueous
environment fostered complex organic chemistry, resulting in a rich inventory of
molecules within the asteroid material.

Crucially, the pristine samples returned by OSIRIS-REx confirm the presence of key



building blocks for life, including abundant carbon and nitrogen, ammonia, complex
PAHSs, all five nucleobases required for DNA and RNA, and a remarkable 14 out of the
20 proteinogenic amino acids used by life on Earth." The confirmation of these
molecules, particularly the amino acids in their racemic state, in an uncontaminated
extraterrestrial sample provides the strongest evidence to date supporting the
hypothesis that asteroids and comets could have delivered these essential ingredients
— water, organics, and phosphates - to the early Earth, potentially seeding the planet
for the origin of life.?

The inferred environment of Bennu's parent body — potentially a "muddy ball" #

featuring hydrothermal activity, fluid flow, and perhaps even persistent subsurface
lakes or oceans capped by ice ' — suggests that conditions conducive to complex
prebiotic chemistry may have been relatively common within planetesimals in the early
solar system. The combination of liquid water, diverse minerals, potential chemical
energy sources (like hydrogen from serpentinization %), and a rich organic inventory
points to environments with significant prebiotic potential, existing long before life is
known to have emerged on Earth.

However, questions remain. The Bennu samples contained roughly equal mixtures of
left- and right-handed amino acids.* Why life on Earth developed a strong preference
for the left-handed versions (homochirality) remains a fundamental mystery, and the
Bennu data suggest this bias may not have originated from the initial delivery of
extraterrestrial amino acids.” The precise mechanisms, locations (interstellar medium
vs. parent body), and timing of the formation of Bennu's complex organic suite also
require further investigation.

In essence, the OSIRIS-REx mission, through the lens of analyses informed by
perspectives like those of Dr. Alexander, has validated foundational concepts in
astrobiology. The convergence of carbon, water, and complex organic molecules on a
primitive asteroid like Bennu provides tangible evidence for the availability of life's
ingredients in the early solar system and strengthens the connection between
asteroid impacts and the emergence of life on Earth.

11. References

(Note: This section would typically list full citations for journal articles and NASA web
pages. Based on the provided snippets, key sources include:

e NASA OSIRIS-REx Mission Pages (science.nasa.gov/mission/osiris-rex/,
www.asteroidmission.org, astrobiology.nasa.gov/missions/osiris-rex/, etc.)
e NASA Goddard Space Flight Center (GSFC) pages



Jet Propulsion Laboratory (JPL) Center for Near Earth Object Studies (CNEOS)
pages

Journal Articles (explicitly mentioned or implied):

o Nature*

o Nature Astronomy *

o Meteoritics & Planetary Science'

o lIcarus™

o Science (implied by general high-impact findings)

Conference Proceedings (e.g., LPSC - Lunar and Planetary Science Conference) "’
Other Science News Outlets (Space.com, Astronomy.com, Sciencenews.org,
LiveScience.com, etc.) reporting on primary findings.

Transcript of the conversation featuring Hakeem Ali-Bocas Alexander, PhD (if
formally available))

(Specific Snippet IDs used for reference in the text above):

1

Works cited

1.

8.

9.

Surprising Phosphate Finding in NASA's OSIRIS-REx Asteroid Sample, accessed
April 9, 2025,
https://www.nasa.gov/missions/osiris-rex/surprising-phosphate-finding-in-nasas-

osiris-rex-asteroid-sample/
NASA's Bennu Asteroid Sample Contains Carbon, Water, accessed April 9, 2025,

https://www.nasa.gov/news-release/nasas-bennu-asteroid-sample-contains-car
bon-water/

OSIRIS-REx | Missions - Astrobiology at NASA, accessed April 9, 2025,
https://astrobiology.nasa.gov/missions/osiris-rex/

NASA's Asteroid Bennu Sample Reveals Mix of Life's Ingredients, accessed April 9,
2025,
https://www.nasa.gov/news-release/nasas-asteroid-bennu-sample-reveals-mix-o
f-lifes-ingredients/

Ten Things to Know About Bennu - NASA, accessed April 9, 2025,
https://www.nasa.gov/solar-system/ten-things-to-know-about-bennu/
OSIRIS-REx In Depth - NASA Science, accessed April 9, 2025,
https://science.nasa.gov/mission/osiris-rex/in-depth/

OSIRIS-REx - Wikipedia, accessed April 9, 2025,
https://fen.wikipedia.org/wiki/OSIRIS-REx

OSIRIS-REx Asteroid Sample Return - NASA+, accessed April 9, 2025,
https://plus.nasa.gov/video/osiris-rex-asteroid-sample-return/

Ascent Timeline — OSIRIS-REx Mission - NASA Blogs, accessed April 9, 2025,

https://blogs.nasa.gov/osiris-rex/2016/09/08/ascent-timeline/

10. OSIRIS-REx: A complete guide to the asteroid-sampling mission - Space.com,


https://www.nasa.gov/missions/osiris-rex/surprising-phosphate-finding-in-nasas-osiris-rex-asteroid-sample/
https://www.nasa.gov/missions/osiris-rex/surprising-phosphate-finding-in-nasas-osiris-rex-asteroid-sample/
https://www.nasa.gov/news-release/nasas-bennu-asteroid-sample-contains-carbon-water/
https://www.nasa.gov/news-release/nasas-bennu-asteroid-sample-contains-carbon-water/
https://astrobiology.nasa.gov/missions/osiris-rex/
https://www.nasa.gov/news-release/nasas-asteroid-bennu-sample-reveals-mix-of-lifes-ingredients/
https://www.nasa.gov/news-release/nasas-asteroid-bennu-sample-reveals-mix-of-lifes-ingredients/
https://www.nasa.gov/solar-system/ten-things-to-know-about-bennu/
https://science.nasa.gov/mission/osiris-rex/in-depth/
https://en.wikipedia.org/wiki/OSIRIS-REx
https://plus.nasa.gov/video/osiris-rex-asteroid-sample-return/
https://blogs.nasa.gov/osiris-rex/2016/09/08/ascent-timeline/

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

accessed April 9, 2025, https://www.space.com/33776-0siris-rex.ntml
Asteroid Operations - OSIRIS-REx Mission, accessed April 9, 2025,

https://www.asteroidmission.org/asteroid-operations/
The Unexpected Surface of Asteroid (101955) Bennu - PMC - PubMed Central,

accessed April 9, 2025, https://omc.ncbi.nlm.nih.gov/articles/PMC6557581/
NASA's OSIRIS-REx nabbed over 120 grams of space rocks from ..., accessed April
9, 2025,
https://www.sciencenews.org/article/nasa-osiris-rex-sample-weight-bennu-aster
oid

NASA's OSIRIS-REx Mission to Asteroid Bennu, accessed April 9, 2025,

https://science.nasa.gov/mission/osiris-rex/
101955 Bennu - Wikipedia, accessed April 9, 2025,

https://en.wikipedia.org/wiki/101955_Bennu

101955 Bennu - NASA Science, accessed April 9, 2025,
https://science.nasa.gov/solar-system/asteroids/101955-bennu/facts/

The OSIRIS-REx target asteroid (101955) Bennu: Constraints on its physical,
geological, and dynamical nature from astronomical observations - Sciences and
Exploration Directorate, accessed April 9, 2025,

https://science.gsfc.nasa.gov/sed/content/uploadFiles/publication_files/Lauretta_e

t_al-2015-Meteoritics_&_ Planetary_Sciencel.pdf
Shape model and surface properties of the OSIRIS-REx target Asteroid (101955)

Bennu from radar and lightcurve observations, accessed April 9, 2025,
https://echo.jpl.nasa.gov/asteroids/nolan.etal.2013.bennu.pdf

'Potentially hazardous' asteroid Bennu contains the building blocks of life and
minerals unseen on Earth, scientists reveal in 1st comprehensive analysis | Live
Science, accessed April 9, 2025,

https://www.livescience.com/space/asteroids/potentially-hazardous-asteroid-ben
nu-contains-the-building-blocks-of-life-and-minerals-unseen-on-earth-scientist

s-reveal-in-1st-comprehensive-analysis
Sentry: Earth Impact Monitoring - CNEOS, accessed April 9, 2025,

https://cneos.jpl.nasa.gov/sentry/

Sentry: Earth Impact Monitoring - NASA, accessed April 9, 2025,
https://cneos.jpl.nasa.gov/sentry/details.html

NASA's most wanted: The 5 most dangerous asteroids to Earth | Live Science,
accessed April 9, 2025,

https://www.livescience.com/space/asteroids/nasas-most-wanted-the-5-most-d

angerous-asteroids-in-the-solar-system
What is the 'Torino Scale' when it comes to asteroid impact risk? - FOX Weather,

accessed April 9, 2025,
https://www.foxweather.com/earth-space/torino-scale-asteroid-risk
Asteroid Bennu: Properties Of The Sample Collected By OSIRIS-REx -
Astrobiology, accessed April 9, 2025,

https://astrobiology.com/2024/07/asteroid-bennu-properties-of-the-sample-coll

ected-by-osiris-rex.html
Preliminary Analyses of Asteroid Bennu Samples Returned by NASA's OSIRIS-REXx



https://www.space.com/33776-osiris-rex.html
https://www.asteroidmission.org/asteroid-operations/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6557581/
https://www.sciencenews.org/article/nasa-osiris-rex-sample-weight-bennu-asteroid
https://www.sciencenews.org/article/nasa-osiris-rex-sample-weight-bennu-asteroid
https://science.nasa.gov/mission/osiris-rex/
https://en.wikipedia.org/wiki/101955_Bennu
https://science.nasa.gov/solar-system/asteroids/101955-bennu/facts/
https://science.gsfc.nasa.gov/sed/content/uploadFiles/publication_files/Lauretta_et_al-2015-Meteoritics_&_Planetary_Science1.pdf
https://science.gsfc.nasa.gov/sed/content/uploadFiles/publication_files/Lauretta_et_al-2015-Meteoritics_&_Planetary_Science1.pdf
https://echo.jpl.nasa.gov/asteroids/nolan.etal.2013.bennu.pdf
https://www.livescience.com/space/asteroids/potentially-hazardous-asteroid-bennu-contains-the-building-blocks-of-life-and-minerals-unseen-on-earth-scientists-reveal-in-1st-comprehensive-analysis
https://www.livescience.com/space/asteroids/potentially-hazardous-asteroid-bennu-contains-the-building-blocks-of-life-and-minerals-unseen-on-earth-scientists-reveal-in-1st-comprehensive-analysis
https://www.livescience.com/space/asteroids/potentially-hazardous-asteroid-bennu-contains-the-building-blocks-of-life-and-minerals-unseen-on-earth-scientists-reveal-in-1st-comprehensive-analysis
https://cneos.jpl.nasa.gov/sentry/
https://cneos.jpl.nasa.gov/sentry/details.html
https://www.livescience.com/space/asteroids/nasas-most-wanted-the-5-most-dangerous-asteroids-in-the-solar-system
https://www.livescience.com/space/asteroids/nasas-most-wanted-the-5-most-dangerous-asteroids-in-the-solar-system
https://www.foxweather.com/earth-space/torino-scale-asteroid-risk
https://astrobiology.com/2024/07/asteroid-bennu-properties-of-the-sample-collected-by-osiris-rex.html
https://astrobiology.com/2024/07/asteroid-bennu-properties-of-the-sample-collected-by-osiris-rex.html

Mission - NASA Technical Reports Server (NTRS), accessed April 9, 2025,
https://ntrs.nasa.gov/citations/20240012304

26. Christensen Research GroupOTES finds magnetite and hydrated ..., accessed
April 9, 2025,
https://christensen.asu.edu/updates/otes-finds-magnetite-and-hydrated-mineral
s-on-bennu/

27. Asteroid Bennu sample shows more signs of a watery past - Astronomy
Magazine, accessed April 9, 2025,
https://www.astronomy.com/science/asteroid-bennu-sample-shows-more-signs-
of-watery-past/

28. Historic OSIRIS-REx Asteroid Sample Holds Surprises | APPEL Knowledge
Services, accessed April 9, 2025,
https://appel.nasa.gov/2025/02/27/historic-osiris-rex-asteroid-sample-holds-surp
rises/

29. Asteroid Bennu Holds Traces of Ancient Water — And Maybe Life's Origins -
SciTechDaily, accessed April 9, 2025,
https://scitechdaily.com/asteroid-bennu-holds-traces-of-ancient-water-and-may
be-lifes-origins/

30. Exploring The Mysteries Of Asteroid Bennu - Astrobiology Web, accessed April 9,
2025,
https://astrobiology.com/2025/01/exploring-the-mysteries-of-asteroid-bennu.ht
ml

31. astrobiology.com, accessed April 9, 2025,
https://astrobiology.com/2025/01/exploring-the-mysteries-of-asteroid-bennu.ht

ml#:~:text=Within%20the%20Bennu%20sample%2C%20the.the%20emergence
%200f%20early%20life.

32. Scientists find life's 'building blocks' in asteroid Bennu samples - Astronomy
Magazine, accessed April 9, 2025,
https://www.astronomy.com/science/scientists-find-lifes-building-blocks-in-aster
oid-bennu-samples/

33. Abundant ammonia and nitrogen-rich soluble organic matter in samples from
asteroid (101955) Bennu - NASA Technical Reports Server, accessed April 9, 2025,
https://ntrs.nasa.gov/apil/citations/20250001355/downloads/GlavinAbundantSTl.p
df?attachment=true

34. Scientists Find Amino Acids, Salts and Other Compounds in Samples from
Asteroid Bennu, accessed April 9, 2025,
https://www.sci.news/space/amino-acids-salts-asteroid-bennu-samples-13624.ht
ml

35. Studies Find Life's Building Blocks in Asteroid Samples | AMNH, accessed April 9,
2025, https://www.amnh.org/explore/news-blogs/bennu-asteroid-composition

36. Researchers Discover Building Blocks for Life on Asteroid | Catholic University,
accessed April 9, 2025,
https://www.catholic.edu/all-stories/researchers-discover-building-blocks-life-ast
eroid

37. Life's Building Blocks Found in Bennu Samples - Eos.org, accessed April 9, 2025,



https://ntrs.nasa.gov/citations/20240012304
https://christensen.asu.edu/updates/otes-finds-magnetite-and-hydrated-minerals-on-bennu/
https://christensen.asu.edu/updates/otes-finds-magnetite-and-hydrated-minerals-on-bennu/
https://www.astronomy.com/science/asteroid-bennu-sample-shows-more-signs-of-watery-past/
https://www.astronomy.com/science/asteroid-bennu-sample-shows-more-signs-of-watery-past/
https://appel.nasa.gov/2025/02/27/historic-osiris-rex-asteroid-sample-holds-surprises/
https://appel.nasa.gov/2025/02/27/historic-osiris-rex-asteroid-sample-holds-surprises/
https://scitechdaily.com/asteroid-bennu-holds-traces-of-ancient-water-and-maybe-lifes-origins/
https://scitechdaily.com/asteroid-bennu-holds-traces-of-ancient-water-and-maybe-lifes-origins/
https://astrobiology.com/2025/01/exploring-the-mysteries-of-asteroid-bennu.html
https://astrobiology.com/2025/01/exploring-the-mysteries-of-asteroid-bennu.html
https://astrobiology.com/2025/01/exploring-the-mysteries-of-asteroid-bennu.html#:~:text=Within%20the%20Bennu%20sample%2C%20the,the%20emergence%20of%20early%20life.
https://astrobiology.com/2025/01/exploring-the-mysteries-of-asteroid-bennu.html#:~:text=Within%20the%20Bennu%20sample%2C%20the,the%20emergence%20of%20early%20life.
https://astrobiology.com/2025/01/exploring-the-mysteries-of-asteroid-bennu.html#:~:text=Within%20the%20Bennu%20sample%2C%20the,the%20emergence%20of%20early%20life.
https://www.astronomy.com/science/scientists-find-lifes-building-blocks-in-asteroid-bennu-samples/
https://www.astronomy.com/science/scientists-find-lifes-building-blocks-in-asteroid-bennu-samples/
https://ntrs.nasa.gov/api/citations/20250001355/downloads/GlavinAbundantSTI.pdf?attachment=true
https://ntrs.nasa.gov/api/citations/20250001355/downloads/GlavinAbundantSTI.pdf?attachment=true
https://www.sci.news/space/amino-acids-salts-asteroid-bennu-samples-13624.html
https://www.sci.news/space/amino-acids-salts-asteroid-bennu-samples-13624.html
https://www.amnh.org/explore/news-blogs/bennu-asteroid-composition
https://www.catholic.edu/all-stories/researchers-discover-building-blocks-life-asteroid
https://www.catholic.edu/all-stories/researchers-discover-building-blocks-life-asteroid

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

https://eos.org/articles/lifes-building-blocks-found-in-bennu-samples
Amino Acids on Bennu: NASA's OSIRIS-REx Uncovers Clues to Life's Origins - SETI

Institute, accessed April 9, 2025,
https://www.seti.org/amino-acids-bennu-nasas-osiris-rex-uncovers-clues-lifes-o

rigins

Building blocks of life found in samples from asteroid Bennu - YouTube, accessed
April 9, 2025, https://www.youtube.com/watch?v=D4EgBczzhkw

NASA unveils Amino Acid discovery on Asteroid Bennu — Life's Beginnings
Found!, accessed April 9, 2025, https://www.youtube.com/watch?v=jyAhvWDRRSk
Amino Acids on Bennu! Building Blocks for Life Detected in Asteroid Bennu
Samples, accessed April 9, 2025,
https://www.youtube.com/watch?v=nhstLeQMpeU

Brine From Asteroid Bennu Reveals Conditions Suitable For Life In Early Solar
System, accessed April 9, 2025,
https://www.iflscience.com/brine-from-asteroid-bennu-reveals-conditions-suita
ble-for-life-in-early-solar-system-77833

Life's ingredients have been found in samples from asteroid Bennu - Science
News, accessed April 9, 2025,
https://www.sciencenews.org/article/lifes-ingredients-asteroid-bennu-nasa
Biomolecule Precursors Found in Asteroid Sample - ChemistryViews, accessed
April 9, 2025,
https://www.chemistryviews.org/biomolecule-precursors-found-in-asteroid-sam
ple/

Abundant ammonia and nitrogen-rich soluble organic matter in samples from
asteroid (101955) Bennu - Sciences and Exploration Directorate, accessed April 9,
2025,

https://science.gsfc.nasa.gov/sed/content/uploadFiles/publication_files/Glavin%20

Dworkin%202025.pdf
Amino Acid Study Guide: Structure and Function - Albert.io, accessed April 9,

2025,

https://www.albert.io/blog/amino-acid-study-quide-structure-and-function/

2.2: Structure & Function - Amino Acids - Biology LibreTexts, accessed April 9,

2025,

https://bio.libretexts.org/Bookshelves/Biochemistry/Book%3A_Biochemistry Free
For_All_(Ahern_Rajagopal_and_Tan)/02%3A_Structure_and_Function/202%3A_St

ructure__Function_-_Amino_Acids

Biochemistry, Essential Amino Acids - StatPearls - NCBI Bookshelf, accessed April

9, 2025, https://www.ncbi.nim.nih.gov/books/NBK557845/

Amino acid synthesis - Wikipedia, accessed April 9, 2025,

https://en.wikipedia.org/wiki/Amino_acid_synthesis

Amino acid - Building Blocks, Structure, Functions - Britannica, accessed April 9,

2025, https://www.britannica.com/science/amino-acid/Standard-amino-acids

Amino acid structure and classifications (article) - Khan Academy, accessed April

9, 2025,

https://www.khanacademy.org/test-prep/mcat/biomolecules/amino-acids-and-pr



https://eos.org/articles/lifes-building-blocks-found-in-bennu-samples
https://www.seti.org/amino-acids-bennu-nasas-osiris-rex-uncovers-clues-lifes-origins
https://www.seti.org/amino-acids-bennu-nasas-osiris-rex-uncovers-clues-lifes-origins
https://www.youtube.com/watch?v=D4EgBczzhkw
https://www.youtube.com/watch?v=jyAhvWDRRSk
https://www.youtube.com/watch?v=nhstLeQMpeU
https://www.iflscience.com/brine-from-asteroid-bennu-reveals-conditions-suitable-for-life-in-early-solar-system-77833
https://www.iflscience.com/brine-from-asteroid-bennu-reveals-conditions-suitable-for-life-in-early-solar-system-77833
https://www.sciencenews.org/article/lifes-ingredients-asteroid-bennu-nasa
https://www.chemistryviews.org/biomolecule-precursors-found-in-asteroid-sample/
https://www.chemistryviews.org/biomolecule-precursors-found-in-asteroid-sample/
https://science.gsfc.nasa.gov/sed/content/uploadFiles/publication_files/Glavin%20Dworkin%202025.pdf
https://science.gsfc.nasa.gov/sed/content/uploadFiles/publication_files/Glavin%20Dworkin%202025.pdf
https://www.albert.io/blog/amino-acid-study-guide-structure-and-function/
https://bio.libretexts.org/Bookshelves/Biochemistry/Book%3A_Biochemistry_Free_For_All_(Ahern_Rajagopal_and_Tan)/02%3A_Structure_and_Function/202%3A_Structure__Function_-_Amino_Acids
https://bio.libretexts.org/Bookshelves/Biochemistry/Book%3A_Biochemistry_Free_For_All_(Ahern_Rajagopal_and_Tan)/02%3A_Structure_and_Function/202%3A_Structure__Function_-_Amino_Acids
https://bio.libretexts.org/Bookshelves/Biochemistry/Book%3A_Biochemistry_Free_For_All_(Ahern_Rajagopal_and_Tan)/02%3A_Structure_and_Function/202%3A_Structure__Function_-_Amino_Acids
https://www.ncbi.nlm.nih.gov/books/NBK557845/
https://en.wikipedia.org/wiki/Amino_acid_synthesis
https://www.britannica.com/science/amino-acid/Standard-amino-acids
https://www.khanacademy.org/test-prep/mcat/biomolecules/amino-acids-and-proteins1/a/amino-acid-structure-and-classifications

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

oteins1/a/amino-acid-structure-and-classifications

Essential Amino Acids: Chart, Abbreviations and Structure - Technology
Networks, accessed April 9, 2025,
https://www.technologynetworks.com/applied-sciences/articles/essential-amino-
acids-chart-abbreviations-and-structure-324357

science.gsfc.nasa.gov, accessed April 9, 2025,
https://science.gsfc.nasa.gov/600/public-nuggets/OSIRIS-REx mission analysis 1
1.18.24.pdf

www.hou.usra.edu, accessed April 9, 2025,
https://www.hou.usra.edu/meetings/lpsc2024/pdf/1219.pdf

Recent Bennu Press Stories Need Correction - nasa cneos, accessed April 9,
2025, https://cneos.jpl.nasa.gov/news/news201.html

Asteroid 2024 YR4 - Apni Pathshala, accessed April 9, 2025,
https://apnipathshala.com/daily-current-affairs/daily-current-affairs-english/about
-asteroid-2024-yr4/

Asteroid 2024 YR4 reaches level 3 on the Torino Scale - nasa cneos, accessed

April 9, 2025, https://cneos.jpl.nasa.gov/news/news210.html
Torino Impact Hazard Scale - CNEQS, accessed April 9, 2025,

https://cneos.jpl.nasa.gov/sentry/torino_scale.html
Planetary Defense Conference Exercise - 2025 - nasa cneos, accessed April 9,

2025, https://cneos.jpl.nasa.gov/pd/cs/pdc25/

Near Earth Objects | IAU - International Astronomical Union, accessed April 9,
2025, https://www.iau.org/public/themes/neo/

Abundant ammonia and nitrogen-rich soluble organic matter in samples from
asteroid (101955) Bennu - Sciences and Exploration Directorate, accessed April 9,
2025,

https://ael.gsfc.nasa.gov/sed/content/uploadFiles/publication_files/Glavin%20Dwo

rkin%202025.pdf
Abundant Extraterrestrial Amino Acids in the Primitive CM Carbonaceous

Chondrite Asuka 12236, accessed April 9, 2025,
https://ntrs.nasa.gov/api/citations/20205004699/downloads/Glavin_etal MAPS-34
15_manuscript_FINAL.docx.pdf

Composition of Organics on Asteroid (101955) Bennu, accessed April 9, 2025,
https://ntrs.nasa.gov/api/citations/20210019396/downloads/Kaplan2021 revised.p
df



https://www.khanacademy.org/test-prep/mcat/biomolecules/amino-acids-and-proteins1/a/amino-acid-structure-and-classifications
https://www.technologynetworks.com/applied-sciences/articles/essential-amino-acids-chart-abbreviations-and-structure-324357
https://www.technologynetworks.com/applied-sciences/articles/essential-amino-acids-chart-abbreviations-and-structure-324357
https://science.gsfc.nasa.gov/600/public-nuggets/OSIRIS-REx_mission_analysis_11.18.24.pdf
https://science.gsfc.nasa.gov/600/public-nuggets/OSIRIS-REx_mission_analysis_11.18.24.pdf
https://www.hou.usra.edu/meetings/lpsc2024/pdf/1219.pdf
https://cneos.jpl.nasa.gov/news/news201.html
https://apnipathshala.com/daily-current-affairs/daily-current-affairs-english/about-asteroid-2024-yr4/
https://apnipathshala.com/daily-current-affairs/daily-current-affairs-english/about-asteroid-2024-yr4/
https://cneos.jpl.nasa.gov/news/news210.html
https://cneos.jpl.nasa.gov/sentry/torino_scale.html
https://cneos.jpl.nasa.gov/pd/cs/pdc25/
https://www.iau.org/public/themes/neo/
https://ael.gsfc.nasa.gov/sed/content/uploadFiles/publication_files/Glavin%20Dworkin%202025.pdf
https://ael.gsfc.nasa.gov/sed/content/uploadFiles/publication_files/Glavin%20Dworkin%202025.pdf
https://ntrs.nasa.gov/api/citations/20205004699/downloads/Glavin_etal_MAPS-3415_manuscript_FINAL.docx.pdf
https://ntrs.nasa.gov/api/citations/20205004699/downloads/Glavin_etal_MAPS-3415_manuscript_FINAL.docx.pdf
https://ntrs.nasa.gov/api/citations/20210019396/downloads/Kaplan2021_revised.pdf
https://ntrs.nasa.gov/api/citations/20210019396/downloads/Kaplan2021_revised.pdf

	OSIRIS-REx Mission Findings on Asteroid Bennu: Water, Organics, and Astrobiological Implications – Insights from Hakeem Ali-Bocas Alexander, PhD 
	Executive Summary 
	1. Introduction 
	2. The OSIRIS-REx Mission: A Seven-Year Journey 
	3. Asteroid (101955) Bennu: A Carbonaceous Time Capsule 
	4. Water-Bearing Minerals: Evidence of an Aqueous Past 
	5. Amino Acids: Building Blocks of Proteins Found on Bennu 
	6. Step-by-Step Amino Acid Synthesis Concepts 
	7. Amino Acid Findings: Bennu vs. Synthesis Discussion 
	8. Bennu's Full Proteinogenic Amino Acid Complement Relevant to Humans 
	9. Additional Significant Findings Highlighted by Dr. Alexander 
	10. Synthesis and Astrobiological Implications: Dr. Alexander's Perspective 
	11. References 
	Works cited 



