1
9th IAA Planetary Defense Conference – PDC 2025
5-9 May 2025, Stellenbosch, Cape Town, South Africa

(
IAA-PDC-25-0X-XX

SPACE DEBRIS AND THE CONSEQUENCES OF PLANETARY DEFENSE OPERATIONS
SEENU TIWARI (1)
(1) Ph.D. Scholar, NATIONAL LAW INSTITUTE UNIVERSITY, BHOPAL, INDIA, seenutiwari.phd@nliu.ac.in
Keywords: Near-Earth Objects (NEOs), Shared Responsibility
Abstract: Planetary defense has become crucial for protecting earth from catastrophic impact of Near-Earth Objects (NEOs). As humans’ ability to detect and mitigate threat from Near-Earth Objects (NEOs) has improved over time, the method employed for planetary defense operation such as nuclear deflection, kinetic impactors and gravity tractors has raised significant concern regarding environmental impact, particularly generation of space debris. Space debris which incorporates rocket stages, fragment from collision and defunct satellite poses a threat to spacecraft, satellite and future space mission. Additionally, the debris created by planetary defense operation could exacerbate this issue thereby complicating space operation sustainability. Kinetic impactors, alter the asteroids trajectory by deliberately colliding it with spacecraft and thereby increasing the risk of generating more space debris from asteroids surface or fragments. Nuclear deflection, involves detonation at asteroid surface or nearby of nuclear device thus leading to higher risk of generating numerous smaller asteroid fragments. The gravity tractor, it utilizes spacecrafts gravitational pull to impact asteroid and is less violent method as compared to the above-mentioned methods. The debris created is less as compared to the other planetary defense operation but still there exist risk of collision from existing space junk.

The legal and environmental repercussions of planetary defense operation are profound. Space law treaty, particularly Outer Space Treaty and the Convention on International Liability for Damage Caused by Space Objects, held nation responsible for their activity including damages and space debris. Space debris associated with planetary defense operation has led to liability dispute and space traffic management requires global cooperation. Additionally, long term sustainability of outer space operation depends widely on minimizing of space debris and ensuring planetary defense operation do not impair functional spacecraft, satellite and future space missions.


Certain strategy such as modelling and simulation, international cooperation on debris management, debris removal technology could be utilized to mitigate the risk associated with planetary defense operations. Furthermore, non-destructive method like gravity tractors should be prioritized. Coordination and cooperation among space agencies and government is crucial in order to develop planetary defense operation that not only protect earth but also preserve long-term sustainability of outer space operation ns. This article discusses the complex balance between space, debris and planetary defense accentuating the need for global coordination and responsible to guarantee both sustainability and protection of space activities
Introduction: Recently, planetary defense concept has gained prominence because of its improved ability to detect and mitigate potential threat arising from comets and asteroid. Planetary defense initiatives are essential to save our life on earth due to eventual possibility of catastrophic effect from Near-Earth Objects (NEOs). However, it has significant environmental, operational and legal challenges, especially concerning the growing issues of space debris.


Space debris: Space debris is referred to space junk, which range from small piece of paint fleck to large dysfunctional defunct satellite i.e., spent rocket stages, fragment from collision, discarded equipment etc. Furthermore, they orbit around the earth at such high velocity thereby posing threat to functional satellite and future space missions. As a number of space faring nation are increasing, so the amount of space debris. The problem of space debris is aggravated with the fact that it remains in orbit for decade or centuries before debiting or burning in atmosphere. According to 2024 data, there are more than 35,000 object larger than 10 cm in earth’s orbit and millions of small fragments orbiting around earth posing threat to operational spacecraft and future space operation, including Planetary defense.


Planetary Defense And Space Debris: 
By its very nature, planetary defense are space-based technologies, aiming at destroying and deflecting comets or asteroid which are potentially hazardous to earth. There are wide range of planetary defense strategies such as kinetic impactors, gravity tractors and nuclear deflection. Although planetary defense strategies, provide a hope for preventing a future disaster, they could inadvertently contribute to space debris growth.


1) Collision in Space: Kinetic Impactors:
It is one of the extensively discussed method used to alter the trajectory of incoming comets or asteroids. The main idea behind this strategy is to change the course of asteroids or comets by launch of spacecraft in order to collide with asteroids at such a high speed which may lead to transfer momentum to the object. The formation of space debris is inevitable in the event of collision or near miss. It could scatter throughout the space depending on its size and location. In addition to it, it could pose threat to nearby spacecraft and satellite. It is noteworthy that scientist do calculate the trajectory in order to minimize the risk associated with collision, but still the threat is inherent in the strategy. A successful kinetic impact based planetary defense strategy would be deflecting the asteroids without generating the cloud of debris that might jeopardize outer space operation
.


2) Fallout and Fragment: Nuclear Deflection:
For planetary defense, nuclear explosion has long been considered a potential solution. It detonates a nuclear device on or near an asteroid, thereby creating an energy that could either vaporize part of asteroid or could alter its trajectory by exerting enormous force. However, it carries considerable risk of creating additional space debris. The destroyed or broken pieces of asteroid could pose a danger to both satellite and spacecraft in the vicinity. In addition to it, the smaller fragment created depending on its size and velocity could further exacerbate the space debris issue. Furthermore, the local space environment could potentially be contaminated by radiation caused from nuclear explosion, complicating future defense efforts and space mission.
3) Slow but Steady: Gravity Tractor:
Planetary defense method, utilizing gravity tractor is much less likely to create space debris as compare to other methods. It utilizes gravitational pull of spacecraft to alter the course of asteroids. However, this method is not without potential risk as spacecraft should remain in close proximity with asteroid for long duration which could lead to collisional risk with existing space debris. In addition to it, problem could be compounded if any failure in tractor's navigational controls or propulsion system occurs as it could lead to formation of debris from spacecraft itself.


Legal and Environmental Concern: 
The menace associated with space debris particularly from planetary defense operation have not gone unnoticed. The magna carta of space law i.e., Outer Space Treaty, 1967 have emphasized the need for responsible space operation
,
, stating the nation must avoid contamination of celestial bodies and outer space
. While the growing threat of space debris resulting from planetary defense mechanism has presented a new challenge for interpretation of these laws.
The paramount concern with respect to law and environment includes:


1) Liability for Space Debris: 
According to Convention on International Liability for Damage Caused by Space Objects (1972), countries are responsible for their own space activities which also incorporate damage caused by it including debris formation
. With respect to planetary defense method, if debris created leads to another countries satellite or infrastructure damage, the responsible nation may be held liable. This triggers concern about global management of insurance and liability, especially concerning space mission designed to prevent global disaster.


2) Space Traffic Management: 
As space faring nation have increased so the number of satellites and space mission, therefore making space traffic management a priority. Methods adopted by planetary defense mechanism such as high-speed impactors or explosive methods have added another layer of complexity to it. Potentially a new treaty focusing on planetary defense and international cooperation for coordinating safe passage of spacecraft in order to prevent collision and to manage space debris will be necessary.


3) Long-term Sustainability of Space Operation:
The long-term sustainability of outer space operation and its environment is widely dependent on nations ability to minimize debris. Due to development of planetary defense technology, it will be pivotal for space agencies and nation to undertake initiative for developing space debris mitigation strategies, incorporating technologies for space debris removal, safe disposal method for defunct satellite and space debris minimizing guidelines during planetary defense operation.

Mitigating the Impact of Planetary Defense on Space Debris: 
There are various approaches to mitigate the impact of planetary defense on space debris.
1) Advanced Modelling and Simulation:
Prior to proceeding planetary defense operations, extensive simulation can model various planetary defense methods such as ‘kinetic impactors’ or ‘nuclear deflection’ impact on space debris environment. It will help in predicting and minimizing the creation of debris formation
.
2) Debris Removal Technologies: 
Due to pressing issue of space debris, technology evolved for space debris removal, such as robotic arms or magnetic tethers, can be employed to clean up debris created by planetary defense operation.
3) International Cooperation: 
Space agencies and government must work hand-in-hand to establish guidelines and international norms on planetary defense operation and their possibility of creating space debris. Agreement must be drafted, enclosing “Shared Responsibility” clause for space debris mitigation, management and cleanup.


4) Non-Destruction method:
Priority should be given to non-destruction, planetary defense techniques whenever possible. Techniques involving gradual deflection overtime such as gravity tractors, which carry lower risk of debris formation over violent method like nuclear explosion should be prioritized.


Conclusion: Although planetary defense offers an assurance of protecting our planet from catastrophic impact of asteroid and comets but it is evident that such efforts do not come without legal and environment challenges specially in terms of space debris issues. With the development of technologies planetary defense operation needs responsible planning. Space debris mitigation and international cooperation has become more crucial than ever. The scientific community must work collaboratively to protect earth not only from extraterrestrial danger but should also preserve the long-term sustainability of space operation and infrastructure by developing such methods of planetary operation which minimizes the risk of debris formation.



� Daly, R.T., Ernst, C.M., Barnouin, ‘Successful kinetic impact into an asteroid for planetary defense’ (2023) Nature 616 <https://doi.org/10.1038/s41586-023-05810-5> accessed 20 March 2025  


�Treaty on Principles Governing the Activities of States in the Exploration and Use of Outer Space, including the Moon and Other Celestial Bodies (adopted January 1967, entered into force October 1967) UNGA Res 2222(XXI) (OST) art I





�Treaty on Principles Governing the Activities of States in the Exploration and Use of Outer Space, including the Moon and Other Celestial Bodies (adopted January 1967, entered into force October 1967) UNGA Res 2222(XXI) (OST) art VII





�Treaty on Principles Governing the Activities of States in the Exploration and Use of Outer Space, including the Moon and Other Celestial Bodies (adopted January 1967, entered into force October 1967) UNGA Res 2222(XXI) (OST) art IX





�Convention on International Liability for Damage Caused by Space Objects (entered into force September 1972) UNGA Res 2777 (XXVI) (liability convention) art II








� Austin D Semmel,’ �HYPERLINK "https://journals.sagepub.com/doi/10.1177/15485129251328044"��Evaluating the implementation of operational readiness and maintenance policies in US Army aviation�’  (25 March 2025)The Journal of Defense Modeling and Simulation (JDMS) < https://journals.sagepub.com/home/dms/> accessed 30 march 2025





