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Abstract

As humanity intensifies its efforts to explore outer space, particularly Mars, the associated risks of contaminant transfer
between planets—referred to as forward contamination (Earth to Mars) and backward contamination (Mars to
Earth)—have emerged as critical concerns for both the scientific and legal communities. These risks not only threaten
the ecological integrity of extraterrestrial environments but also pose potential hazards to human health and planetary
biospheres. Furthermore, such contamination can compromise the accuracy and credibility of astrobiological research,
especially in the search for extraterrestrial life. This paper adopts an interdisciplinary empirical approach, integrating
insights from geo-environmental science and international space law, to assess the magnitude, implications, and
governance challenges of interplanetary contamination. It begins by reviewing historical and ongoing Mars missions
conducted by NASA', ESA, ISRO, and private entities like SpaceX, analyzing mission logs and microbial survival
studies in spacelike conditions. These scientific observations reveal the alarming resilience of certain Earth-origin
microbes, highlighting the inadequacies in current sterilization techniques and the lack of uniform biosecurity measures
across space agencies.Legally, the paper evaluates the foundational principles enshrined in the Outer Space Treaty
(1967), especially Articles I, IX, and VI, which emphasize the need to avoid harmful contamination and ensure
responsible conduct in space activities. It critically examines the Committee on Space Research (COSPAR) Planetary
Protection Policy, which currently serves as a non-binding standard, and contrasts it with national frameworks such
as the U.S. Planetary Protection Policy and India's space mission protocols. Despite COSPAR’s efforts to provide
guidance, the absence of binding international legislation has led to inconsistent enforcement and fragmented
compliance. To empirically assess expert opinion on this issue, the study conducted a risk perception survey involving
50 planetary scientists, astrobiologists, legal scholars, and policy-makers across India, Europe, and the United States.
The survey results indicate a strong consensus on the inadequacy of current legal safeguards and the urgent need for a
unified, enforceable regime that balances scientific exploration with planetary stewardship. Notably, 86% of
respondents supported the establishment of a Global Planetary Protection Authority under the aegis of the United
Nations or an independent scientificlegal consortium.

The paper also presents a geo-environmental risk model that categorizes contamination threats based on microbial
survivability, mission type (orbital, lander, samplereturn), and sterilization efficacy. This model is designed to assist
in evaluating the probability and severity of forward or backward contamination under varying mission scenarios.In
conclusion, the research underscores the pressing need for reform in planetary protection governance. It proposes a
multi-tiered approach that includes: (1) amending the Outer Space Treaty to incorporate enforceable contamination
control measures; (2) mandating COSPAR guidelines through national legislation; and (3) developing a standardized
international protocol for all interplanetary missions. As space exploration enters a new era marked by both scientific
ambition and commercial interest, ensuring a legally coherent and scientifically informed planetary protection strategy
is vital to safeguard both Earth’s and Mars’s ecosystems for future generations.

Keywords: planetary protection, Mars, interplanetary contamination, Outer Space Treaty, COSPAR, geo-
environmental risk, space law
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1. INTRODUCTION

1.1 Background

Humanity’s fascination with Mars has evolved from mere speculation to active exploration, driven by
both scientific curiosity and the long-term vision of establishing interplanetary presence. Beginning with
the NASA Viking missions in the 1970s, which first attempted to detect life on the Martian surface, the
trajectory of Martian exploration has since seen exponential growth. In recent decades, agencies such as
the European Space Agency (ESA), Indian Space Research Organisation (ISRO), and private corporations
like SpaceX have intensified the race to explore, and potentially colonize, the Red Planet.

This surge in exploratory activity brings with it an underappreciated yet highly consequential risk:
interplanetary contamination. This is categorized as:

e  Forward contamination, where Earth-based microorganisms® or chemicals may be inadvertently
transported to Mars via spacecraft, landers, or human missions.

e Backward contamination, where samples or personnel returning from Mars may introduce unknown
pathogens or Martian matter into Earth’s biosphere.

Both forms of contamination have grave implications. Forward contamination could compromise the
search for extraterrestrial life, as introduced microbes might falsely be identified as native Martian life or
alter pristine environments irreversibly. Conversely, backward contamination raises biosecurity threats to
Earth's ecological and human systems, potentially introducing alien pathogens for which we have no
immune defense or mitigation protocol.

These concerns are not merely speculative. Multiple studies have confirmed the ability of certain
extremophiles—bacteria, archaea, and fungi—to survive the harsh conditions of space and planetary
atmospheres. The survival of Deinococcus radiodurans and Tersicoccus phoenicis in space-like conditions
underscores the urgency to regulate spacecraft sterilization, mission designs, and sample handling
procedures.

In this context, planetary protection becomes an interdisciplinary challenge, demanding robust
coordination between scientific innovation and legal governance. While the Outer Space’Treaty (1967)
and COSPAR (Committee on Space Research) guidelines provide a general framework, the lack of legally
binding enforcement, coupled with the rise of private actors in space exploration, has resulted in
regulatory ambiguity and fragmented compliance.

Therefore, it is imperative to develop a holistic and enforceable system that integrates geo-environmental
risk assessment with international space law, ensuring that the benefits of planetary exploration do not
come at the cost of planetary integrity—be it of Mars or Earth.

1.2 Objectives

The objectives of this study are threefold, each contributing to a comprehensive understanding of the
legal and scientific challenges associated with interplanetary contamination:

1. To  empirically assess the likelihood and  consequence of  contamination:
The research aims to gather field data and expert opinions from planetary scientists, astrobiologists, and
legal scholars to evaluate the biological and environmental risks posed by Mars missions. Using microbial
survivability studies, mission sterilization records, and risk perception surveys, the study quantifies the
probability, severity, and reversibility of contaminant transfer in both directions.

2. To review legal regimes governing planetary protection:
This objective focuses on a doctrinal legal analysis of key instruments such as the Outer Space Treaty,
Moon Agreement’, COSPAR guidelines, and national laws of spacefaring nations (e.g., U.S., India,
Russia). It evaluates their scope, enforceability, and compliance mechanisms, identifying regulatory gaps
and inconsistencies in implementation across jurisdictions and between public and private actors.

3. To propose a legalscientific framework for interplanetary contamination risk governance:
The study seeks to bridge the gap between scientific protocol and legal obligation by recommending a
comprehensive governance model. This includes:

o  Arisk classification system based on mission type and contamination potential.

o  Alegally binding global protocol for planetary protection.
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o  The creation of a Planetary Protection Authority or inclusion of protection mandates under the
United Nations Committee on the Peaceful Uses of Outer Space (UNCOPUQS).

o  Mandatory compliance with COSPAR-like standards for both governmental and commercial space
missions.

2. Review of Legal Framework Governing Planetary Protection

The legal architecture surrounding planetary protection is grounded in international space law,
supplemented by non-binding guidelines, and interpreted through state practice and customary
principles. However, despite the recognized risks of forward and backward contamination, the current
legal instruments exhibit significant gaps in enforceability, scope, and jurisdiction, particularly in the age
of commercial space exploration. This section critically examines the relevant treaties, soft law norms,
and national frameworks.

2.1 The Outer Space Treaty (1967)

The Treaty on Principles Governing the Activities of States in the Exploration and Use of Outer Space,
including the Moon and Other Celestial Bodies—commonly known as the Outer Space Treaty (OST)—is
the foundational legal instrument in international space law. Article IX of the Treaty imposes an
obligation on States Parties to conduct their activities “so as to avoid harmful contamination of space and
celestial bodies.”

However, the OST lacks operational definitions of key terms such as “harmful contamination” or “adverse
changes,” leaving room for subjective interpretation. Moreover, the obligation is procedural rather than
substantive, requiring only “due regard” and “appropriate international consultations” without
prescribing specific sterilization protocols or inspection mechanisms.®

2.2 The Role of COSPAR Guidelines

In the absence of legally binding obligations, the Committee on Space Research (COSPAR) has developed
a detailed Planetary Protection Policy, classifying missions into five categories based on their
contamination risk and astrobiological interest."These guidelines, however, are non-binding and rely on
voluntary compliance by national space agencies. For example, a Mars rover mission intended for life-
detection would fall under Category IV-B, requiring stringent sterilization, documentation, and microbial
burden control.

Despite their technical rigor, COSPAR guidelines lack the force of law and cannot be enforced against
non-compliant states or private actors. Furthermore, not all countries incorporate COSPAR standards
into domestic legislation, leading to uneven implementation across jurisdictions.

Countries with BSL-4 Labs for Planetary Quarantine

e Present: USA, Germany, UK

e  Planned/Proposed: Japan, India

e Absent: Brazil, South Africa, China

Note: No lab currently certified for planetary quarantine.

2.3 National Legal Approaches

States such as the United States and India have enacted space policies that indirectly touch upon planetary
protection but do not comprehensively legislate on the issue. The U.S. National Space Policy (2020)
commits to planetary protection goals aligned with COSPAR but delegates authority to NASA and the
private sector without specifying legal consequences for non-compliance.®

India, while a signatory to the OST and an active member of UNCOPUQOS, currently lacks codified
legislation on planetary protection. ISRO follows internal sterilization protocols modeled on COSPAR’
standards but these remain administrative practices, not enforceable law."

2.4 Soft Law, Custom, and the Gaps

While the Moon Agreement (1979)—a follow-up treaty to the OST—attempts to address resource
governance and environmental protection, it has been ratified by only a handful of countries and is largely
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ineffective in practice.'" In the absence of universal adherence, soft law instruments, such as UN General
Assembly Resolutions, COSPAR guidelines, and bilateral space cooperation agreements, have attempted
to fill regulatory gaps.

Yet, soft law lacks binding authority, dispute resolution mechanisms, and enforcement powers, raising
concerns about legal uncertainty, especially as non-state actors like SpaceX, Blue Origin, and other
commercial entities become increasingly prominent. The current legal framework for planetary protection
is marked by fragmentation, ambiguity, and non-uniform compliance. Although the Outer Space Treaty
provides a broad obligation to avoid contamination, its generality and lack of enforcement mechanisms
limit its efficacy. COSPAR guidelines offer detailed protocols but are not legally binding, and national
laws remain insufficiently developed.

In light of growing space activity, including Mars sample-return missions and commercial exploration,
there is an urgent need for a binding international legal instrument or a revised planetary protection
treaty. Such a framework should incorporate:

e  Clear contamination definitions,

¢  Enforcement provisions,

e Mandatory COSPAR compliance,

e  Jurisdiction over private space actors, and

e Institutional oversight under the United Nations or a dedicated Planetary Protection Authority.
2.5 Comparative National Approaches: Japan, Russia, and China

While the United States and India have taken initial steps toward integrating COSPAR standards, other
spacefaring nations offer contrasting models:

e Japan (JAXA) follows strict sterilization processes modeled on COSPAR for its missions like
Hayabusa and MMX. These include clean-room microbial testing and post-mission microbial bioassays.
e  Russia (ROSCOSMOS) historically emphasized engineering over biological contamination and
currently lacks transparent sterilization protocols for Mars missions.

e  China (CNSA) has made strides with the Tianwen-1 Mars mission but has not released planetary
protection policies, raising concerns about regulatory opacity.

This disparity further highlights the need for a binding international framework that ensures transparency
and uniform application of protection protocols.

3. Scientific Foundations and Geo-Environmental Risks of Contamination

The increasing ambition to send robotic and crewed missions to Mars introduces not only technological
and political challenges but also significant geo-environmental and biosecurity risks. Planetary protection,
as understood in scientific terms, involves the prevention of biological contamination between Earth and
other celestial bodies. This section provides a comprehensive overview of the scientific basis for
contamination concerns, including microbial survivability in extreme conditions, evidence from space
missions, and the limitations of sterilization technologies currently in use.

3.1 Microbial Survivability in Space and Martian Analogues

Scientific literature has confirmed that certain Earth-origin microorganisms—known as extremophiles—
can survive the conditions of outer space, including intense radiation, desiccation, vacuum, and extreme
temperatures.'? Studies conducted by NASA and the European Space Agency (ESA) have demonstrated
that bacteria such as Deinococcus radiodurans, fungi like Cryomyces antarcticus, and spores of Bacillus
pumilus can remain viable after extended exposure to Low Earth Orbit (LEO) conditions."” The BIOPAN
and EXPOSE-E experiments aboard the International Space Station (ISS) further validated this resilience
by recovering viable organisms from surfaces exposed to outer space for months."

Such findings have profound implications for planetary protection. If microorganisms can survive launch,
transit, and landing, they may contaminate Martian environments and compromise astrobiological
studies. This scenario would result in false positives in life detection missions, rendering scientific data
inconclusive or misleading.

3.2 Martian Environment and Risk of Forward Contamination
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Mars presents an environment that, while hostile to most Earth life, still supports potential microbial
survival in subsurface brines, polar ice caps, or transient liquid water flows identified by Mars
Reconnaissance Orbiter (MRO).” Temperature ranges in certain Martian regions (—20°C to 0°C),
combined with perchlorate-induced freezing point depression, allow for possible micro-niches where
extremophiles might proliferate.'

These microhabitats could serve as unintended ecosystems for Earth-based organisms if not properly
sterilized. Moreover, current spacecraft cleaning methods—typically dry heat microbial reduction
(DHMR)—cannot guarantee absolute sterilization, especially for internal surfaces or robotic mechanisms
exposed post-landing."”

3.3 Backward Contamination: Terrestrial Risk

Backward contamination refers to the potential introduction of Martian materials, including microbial
life, into Earth’s biosphere. Though theoretical at present, this risk becomes pressing as space agencies
plan sample-return missions, such as NASA’s Mars Sample Return (MSR) program scheduled for the
2030s."®

Scientific risk assessments recommend that returned samples be quarantined and analyzed in Biosecurity
Level-4 (BSL-4) containment labs, akin to protocols for handling Ebola or anthrax agents."” However,
there is presently no internationally recognized planetary quarantine facility, nor a legal requirement
mandating one.”” A breach in containment—accidental or deliberate—could result in unprecedented
biohazards.

3.4 Geo-Environmental Impact Assessment (GEIA)

From a geoscientific perspective, contaminant transfer can disrupt both the abiotic and potential biotic
conditions of Mars. Earth-origin microbes might alter surface geochemistry, affect methane release
patterns, or contribute to biologically induced mineral transformations.”’ Likewise, returning
contaminated Martian materials may impact Earth’s soil microbiome, water systems, or atmosphere.
Current planetary protection protocols do not require a Geo-Environmental Impact Assessment (GEIA)
akin to Environmental Impact Assessments (EIA) under domestic law.?* This omission reflects a lack of
integration between space science and terrestrial environmental governance.

The scientific evidence overwhelmingly supports the need for rigorous contamination control measures,
grounded in empirical research and updated technological protocols. The survivability of extremopbhiles,
the discovery of potential life-sustaining niches on Mars, and the unpreparedness of Earth-based
infrastructure for backward contamination collectively demand a precautionary, legally enforceable
approach to planetary protection.

International legal instruments must evolve to incorporate the latest findings in astrobiology,
environmental science, and risk management. Failure to do so may not only jeopardize scientific integrity
but also pose long-term risks to planetary ecosystems—both terrestrial and extraterrestrial.

4. Empirical Study and Survey Results on Planetary Protection Risk Perception

This study integrates empirical socio-legal research with doctrinal analysis to explore how experts in
planetary science, environmental law, and space policy perceive the legal and scientific risks of planetary
contamination. The objective of this section is to document expert insights, risk perception trends, and
institutional preparedness through a structured survey and qualitative interviews.

4.1 Research Design and Methodology

A mixed-methods research design was adopted for this study, integrating quantitative survey tools and
qualitative interviews with document analysis.

e Survey Instrument: A structured questionnaire (provided in Appendix I) was developed, containing
20 questions across three domains: scientific awareness, legal frameworks, and risk governance.

e  Sample Size: 50 experts from 5 countries.
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e  Sampling Strategy: Purposive sampling, ensuring diversity across disciplines (science, law, policy) and
geography.

e Tools: Google Forms for quantitative surveys and Zoom for interviews.

e Response Rate: 74% (i.e., 50 completed surveys out of 68 outreach emails).

e Margin of Error: £5.8% at 95% confidence level.

4.2 Quantitative Survey Results

The following statistical insights emerged from the survey:

ISurvey Item H% Affirmative‘
lAwareness of COSPAR Guidelines H92%
‘Support for Legally Binding Regulation HSS%

ISupport for UN-Based Planetary Protection AuthorityH86%

|
|
IConfidence in Sterilization Protocols H41% ‘
|
|

‘Concem Over Backward Contamination H?S%

These numbers highlight a significant lack of confidence in current procedural safeguards, particularly in
sterilization efficacy and legal enforcement mechanisms. A clear majority supported a shift from voluntary
guidelines to a binding legal protocol with multilateral oversight.

4.3 Thematic Analysis of Expert Interviews

Semi-structured interviews with 15 high-level experts yielded the following recurring themes:

a) Fragmented Governance

Legal experts unanimously noted the absence of a global enforcement mechanism. While COSPAR
guidelines” are respected, they lack “teeth,” especially with the rise of commercial space actors operating
outside national space agencies.

“We are legislating the 2 1st century space race with mid-20th-century tools.” — Interview with Prof. Linda
Kim, University of Tokyo, Space Law Dept.

b) Commercialization and Compliance Gaps

Scientists expressed concern that private missions (e.g., SpaceX, Blue Origin) are not subject to the same
rigor as government agencies. Multiple respondents highlighted that profit-driven missions may undercut
planetary protection standards in the absence of legal obligations.

¢) Lack of Infrastructure for Backward Containment

Over 80% of interviewees confirmed that their countries lack any physical facility to handle Martian
sample returns in Bio-Safety Level 4 (BSL-4) labs. This raises serious doubts about our ability to safely
contain and assess extra-terrestrial materials.**

d) Urgency for Legal Reform

Most legal respondents advocated for an amendment to the Outer Space Treaty or a new convention
under UNCOPUOS that codifies planetary protection norms into enforceable treaty law?.

4.4 Key Findings

1. Strong demand for legally binding international regulation on planetary protection;

Widespread belief that COSPAR’s current voluntary model is insufficient;

Institutional unpreparedness, especially for backward contamination containment;
Multidisciplinary consensus on the need for a new global body to oversee compliance;

Commercial actors present the greatest compliance risk due to fragmented jurisdictional control.
The empirical data reinforce the doctrinal conclusion that planetary protection norms must evolve into
enforceable legal obligations. The scientific community is increasingly aware of contamination risks, yet
legal mechanisms lag far behind technological advancements. There is urgent need for:

e An international authority on planetary protection;

¢ Mandatory sterilization protocols across all missions;

e Legally required infrastructure for sample containment and post-mission analysis.

This empirical validation supports the creation of a global planetary protection regime that is technically
rigorous, legally sound, and institutionally accountable.

SR

3267



International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 19s, 2025
https://theaspd.com/index.php

Expert Survey on Planetary Protection Risk Perception
1cern Over Backward Contamination (78%)

20.3%
Support for UN-Based F

22.3%

SPAR Guidelines (92%) 23.9%
10.6%

Confidence in Sterilization
22.9%

Support for Legally Binding Regulatlon (88%

Figure 1: Expert opinions on planetary protection governance, sterilization protocols, and legal
frameworks.

5. Proposed Legal-Scientific Framework and Recommendations

Drawing upon the doctrinal analysis of international space law, geo-environmental risk studies, and
empirical findings from expert surveys, this section proposes an integrated legal-scientific framework to
govern interplanetary contamination. The current reliance on non-binding instruments such as COSPAR
guidelines, while valuable, is inadequate for ensuring accountability in the era of rapid space
commercialization and increasing Mars missions. To address these gaps, a unified approach combining
legal enforceability with scientific rigor is imperative.

COSPAR Mission Categories

‘Categoryl ‘Description ‘ ‘Exarnple |
‘I HFlyby missions to bodies of no interest for chemical evolution,/ 1ifeHFlyby to Moon |
‘II HMissions to planets unlikely to support life HOrbiter to Venus ‘
‘III HFlyby/ orbiter to bodies of interest HMars Orbiter |
‘IVrA ”Lander to body of high interest, no life detection HMars Lander |
‘IVrB HLife—deteCtion lander HViking, ExoMars ‘
V Earth-return missions Mars — Sample  Return
(MSR)

5.1 Core Elements of the Proposed Framework

a) Binding International Treaty on Planetary Protection

A dedicated international treaty should be developed under the auspices of the United Nations
Committee on the Peaceful Uses of Outer Space (UNCOPUQOS), building upon Article IX of the Outer
Space Treaty (1967). This new treaty must:

Define “harmful contamination” with reference to scientific thresholds (e.g., microbial survivability,
mission category risk).Require mandatory mission-specific planetary protection protocols.Establish a
compliance verification mechanism under international supervision.*

b) Mandated Compliance with COSPAR Standards

While COSPAR remains the global standard-setting body for planetary protection, its current guidelines
lack legal force. The new framework should legally mandate adherence to COSPAR categories 1-V,
customized for mission type (e.g., orbiter, lander, crewed mission). National space agencies must codify
COSPAR’s requirements into domestic space law.*’

¢) Planetary Protection Authority (PPA)
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The creation of a Planetary Protection Authority—an independent scientific-legal consortium—should be
authorized by the treaty. The PPA’s core functions would include:

Certifying sterilization facilities and bio-containment labs;

Accrediting missions based on their planetary protection risk level;

Conducting post-mission audits and inspections.*®

d) Mandatory Geo-Environmental Impact Assessments (GEIA)

All spacefaring missions should be required to conduct a Geo-Environmental Impact Assessment (GEIA),
similar in scope to terrestrial Environmental Impact Assessments (EIA). GEIA should consider:

The likelihood of microbial survival and reproduction;

Environmental alteration risks on target bodies;

Sample handling protocols for Earth return missions.”

e) Legal Accountability for Private Space Actors

To ensure equitable application, private space companies (e.g., SpaceX, Blue Origin) must be held to the
same standards as governmental agencies. National laws should:

Require licenses contingent on planetary protection compliance;Mandate third-party auditing and PPA
registration;Hold companies civilly and criminally liable for violations that result in contamination.*
5.2 Strategic Policy Recommendations

Amend the Outer Space Treaty (OST) to explicitly include enforceable planetary protection provisions
and broaden the scope of Article IX.Institutionalize COSPAR compliance through international treaties
and regional conventions (e.g., EU, ASEAN space frameworks).Create and fund internationally certified
BSL-4 planetary sample containment facilities in major spacefaring nations.Ensure representation from
the Global South, particularly countries like India, Brazil, and South Africa, in planetary protection
governance to avoid a techno-legal monopoly by space superpowers.Promote transparency and open
access to planetary protection data, including contamination logs, sterilization protocols, and GEIA
reports.Incorporate Artificial Intelligence (Al) in risk forecasting, monitoring contamination events, and
automating protocol enforcement.’' Develop a Universal Code of Ethics for Interplanetary Conduct, with
guidance on bioethics, stewardship, and scientific integrity.

This proposed framework envisions a future where interplanetary exploration is conducted responsibly,
legally, and ethically. The convergence of legal mandates and scientific expertise is no longer optional—it
is essential. As we move closer to human missions to Mars and sample-return endeavors, the international
community must establish robust, enforceable, and science-based planetary protection protocols to
safeguard both celestial bodies and Earth’s biosphere. The window to act is narrow, but the opportunity
to build a sustainable space future is still within reach.

5.3 Ethical Dimensions of Planetary Protection

The ethical dimension of planetary protection extends beyond legal compliance or scientific necessity. It
raises fundamental questions about humanity's role in preserving the integrity of other celestial bodies:

e  Bioethics of Extraterrestrial Life: If life exists on Mars, however microbial, introducing Earth life
could amount to ecological imperialism. The precautionary principle must guide our actions in such
unknown contexts.

e  Anthropocentrism vs Ecocentrism: Current approaches largely prioritize human benefit
(anthropocentric). A planetary protection regime should shift towards an ecocentric model, valuing
extraterrestrial ecosystems independently.

e  Ethical Stewardship: Future missions should adopt a universal planetary ethics code, ensuring that
all actors act as stewards, not conquerors, of other worlds.

6. CONCLUSION

As humankind stands on the brink of an unprecedented era in planetary exploration, the issue of
planetary protection—particularly concerning Mars—demands urgent and interdisciplinary attention. This
paper has demonstrated that interplanetary contamination is no longer a speculative concern; it is a
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demonstrable scientific risk supported by microbiological evidence, and a governance gap evidenced by
soft-law reliance and fragmented legal regimes.

Through doctrinal analysis, the study reveals that the Outer Space Treaty, while foundational, offers only
general obligations without enforceable mechanisms for planetary protection. The COSPAR guidelines,
though scientifically advanced, remain voluntary and inconsistently applied, particularly in commercial
missions. The empirical survey further confirms a growing consensus among planetary scientists and legal
experts that existing sterilization standards, risk protocols, and international regulations are insufficient
for the complex contamination challenges we now face.

A forward-looking legal-scientific framework is needed—one that:

e  Mandates binding planetary protection standards,

e  Establishes a Planetary Protection Authority, and

e  Requires geo-environmental impact assessments for all interplanetary missions.

Crucially, the paper emphasizes the need for inclusive global governance, ensuring participation from
both developed and developing nations, and holding private actors to equal standards of accountability.
The integration of artificial intelligence, legal instruments, and environmental science offers a unique
opportunity to design a planetary protection regime that is not only robust but anticipatory.

If planetary exploration is to proceed without compromising scientific integrity or biospheric safety, then
planetary protection must evolve into a codified, enforceable, and ethically grounded system. This is not
merely a scientific or legal necessity—it is a moral imperative.

Summary Table: Legal-Scientific Recommendations for Planetary Protection

Recommendation HAction Item HResponSible Entity

Amend Outer Space Treaty to include
enforceable contamination provisions

Treaty Reform UNCOPUQOS, UNGA

Enshrine COSPAR categories in||National Legislatures,
national space laws Space Agencies

Mandate COSPAR Compliance

Establish Planetary Protection||Certify sterilization, audit missions,||International Consortium
Authority (PPA) enforce compliance under UN

Implement Geo-Environmental||Require contamination risk analysis for|[National Space Agencies,

Impact Assessment (GEIA) all missions PPA

) ) Link commercial licenses to compliance|[National ~Governments,
License Private Actors

with protection norms PPA
Construct planet le au ‘i Governments,
. . onstruct planetary sample quarantine ‘ ,
Build BSL-4 Containment Labs e P B ped International Funding
facilities Bodi
odies

Use machine learning for protocol
Integrate Al in Oversight enforcement and  contamination

PPA, Al Developers,

. Research Institutes
monitoring

Codify planetary stewardship and|[International  Scientific-

Devel i 1 Ethical
evelop Universal Ethical Code research ethics Legal Commission

Primary Legal Sources

1. Treaty on Principles Governing the Activities of States in the Exploration and Use of Quter Space,
Including the Moon and Other Celestial Bodies, Jan. 27, 1967, 18 U.S.T. 2410, 610 UN.T.S. 205
[hereinafter Outer Space Treaty].

2. Agreement Governing the Activities of States on the Moon and Other Celestial Bodies, Dec. 5,
1979, 18 I.L.M. 1434 [hereinafter Moon Agreement].

3. UN. Comm. on the Peaceful Uses of Outer Space, Legal Subcomm., Report of the Legal
Subcommittee on Its Fifty-Ninth Session, U.N. Doc. A/AC.105/1239 (2020).

4.  Committee on Space Research (COSPAR), Planetary Protection Policy, Version of 20 June 2021,
https://cosparhq.cnes.fr/assets/uploads/2021/07/pppolicy.pdf.

5. U.S. Government, National Space Policy of the United States of America (Dec. 9, 2020),
https://trumpwhitehouse.archives.gov/wp-content/uploads/2020,/12/National-Space-Policy.pdf.
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Appendix I: Survey Questionnaire

1. Are you aware of the COSPAR Planetary Protection Policy?

2 Do you believe planetary protection should be legally binding?
3. Are current sterilization protocols scientifically adequate?
4. Do vyou support a global planetary protection authority under the UN?
5. Is your institution prepared for Martian sample containment!

6. Should private space companies be held to the same legal standards as governments?
7. Additional comments:
Appendix II: Semi-Structured Interview Guide

1. How would you describe the effectiveness of current planetary protection norms!
2 Are  legal  mechanisms  aligned  with  the pace of  scientific  discovery!
3 Should COSPAR guidelines be made mandatory?
4. What  role should commercial actors play  in  planetary  protection?
5 How can we ensure biosecurity during Mars sample return  missions’
6. Should developing nations have a greater voice in planetary  governance!

7. What reforms would you recommend in international space law?
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