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Purpose The governing question is:

When does a lunar activity stop merely producing knowledge and begin
creating path-dependent commitment?

This map identifies how lunar exploration activity can begin to harden
into infrastructure commitment before subsurface uncertainty has been

sufficiently resolved. This map builds on the lunar signal-to-decision logic: lunar development

is a disturbance-constrained exploration problem in which indirect
sensing remains non-unique, verification often requires surface or
subsurface disturbance, and early acts can create durable path
dependence across mobility, power, logistics, and governance.

It is not a mission design, site plan, or ISRU architecture. Itis a
commitment map.

Its purpose is to show where reversible exploration begins to lose

reversibility, and where a site, corridor, resource assumption, or support
architecture becomes easier to continue than to abandon.

1. Core Irreversibility Chain
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3b

SIGNAL

Orbital and surface
sensing identify a
promising region.
Relevant evidence
may include:
hydrogen
indications
thermal context
radar /
reflectance
response
illumination and
shadow behavior
terrain, slope, and
roughness
« regolith
morphology
« candidate access
geometry

SITE
PREFERENCE

A site becomes
preferred in
planning, mission
discussion,
architecture
diagrams, payload
targeting, or partner
coordination.

This can happen
before landing and
before construction.
A site preference
becomes
commitment-
proximate when it
begins to shape:
e mission
sequencing
* landing logic
traverse planning

@)

ACCESS
REPETITION

A site becomes A
route, approach
path, landing zone,
or traverse begins to
repeat.

Repetition converts
access from a
choice into a
pattern. A pattern
can become a
corridor.

This matters
because the lunar
vertical already
treats corridor
establishment
through repeated
use or design as a
commitment action,
and it identifies first-
access site choice

POWER/
SUPPORT
PLACEMENT

Power,
communications,
navigation, survival
support, data relay,
or logistics assets
begin to privilege
one operating
geometry.

Support systems are
not neutral. They
can make one site
easier to continue
using than to
abandon.

The lunar drilldown
identifies this
directly: power and
resource support
unlock repeated
operations, but also
create dependence

DISTURBANCE

Landing effects,
traffic, excavation,
drilling, trenching,
sampling, plume
interaction, dust
mobilization, or
thermal forcing
change the surface
or subsurface.
Disturbance is the
central lunar
threshold because it
is both epistemic
and structural. It can
produce knowledge
while altering the
environment being
evaluated.

The signal-to-
decision document
states that

CORRIDOR
FORMATION

Repeated
movement, route
conditioning, power
access, navigation
support, or logistics
convenience begins
to organize future
operations around a
corridor.

Corridor formation is
not merely a mobility
issue. It determines
what remains
reachable, what
receives support,
and what becomes
institutionally
favored.

DEPENDENCY

The architecture
begins to depend on
the local resource
assumption.

This occurs when:

* power systems are
sized around
extraction

e logistics assume
local resource
availability

* mobility
concentrates
around expected
deposits

« excavation
planning assumes
accessible material

* processing
architecture

INFRASTRUCTURE
LOCK-IN

The site, corridor,
power geometry,
logistics pattern, and
ISRU assumption
become mutually
reinforcing.

At this stage,
reversal requires
system redesign, not
simply updating the
evidence.

The lunar
website/exemplar
states this clearly:
site becomes fixed,
access pathways
concentrate, surface
is altered,
infrastructure is
anchored, the
system becomes
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S
SITE

PREFERENCE

(4
SIGNAL

At this stage, the e power support
evidence may assumptions
support exploration e ISRU
interest. expectations
It does not yet justify « partner or
infrastructure investor
commitment. narratives At this
stage, the
evidence may
support
exploration
interest.
It does not yet justify
infrastructure
commitment.

Irreversibility
status: low, if site
optionality remains
open.

Irreversibility
status: emerging.

Failure Mode: the
site becomes the
working reference
location before the
evidence has earned
that role.
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ACCESS

REPETITION

and corridor
formation as major
interdependency
drivers.

Irreversibility
status: active.

Failure Mode:
mobility geometry
begins to govern
future operations
before site
adequacy is
resolved.

Decision governance before irreversible physical commitment

POWER /
SUPPORT
PLACEMENT

on one local power
geometry or support
architecture,
narrowing reversible
alternatives.

Irreversibility
status: high.

Failure Mode:
support
infrastructure is
mistaken for
evidence of site
adequacy.

CORRIDOR
FORMATION

D\

DISTURBANCE

disturbance should
be treated as a
potential
commitment trigger
when it changes the
evidentiary baseline,
narrows future
access geometry, or
increases pressure
to continue at the
same location.

Irreversibility
status: severe.

Irreversibility
status: high to
severe.

Failure Mode:
alternatives remain
theoretically
possible but
operationally non-
credible.

Failure Mode:
verification becomes
the first step of
commitment.

£

ISRU

DEPENDENCY

assumes usable
feedstock

« future missions
inherit the resource
model

The lunar exemplar

already captures

this: once ISRU
assumptions enter
the architecture, the
system crosses from
testing the resource
to depending on it.

INFRASTRUCTURE
LOCK-IN

resource-dependent,
and reversal requires
system redesign.

Irreversibility Irreversibility status:
status: severe. lock-in.

Failure Mode: Failure Mode: the

resource promise system becomes
becomes committed to a
infrastructure resource

interpretation that
remains unresolved.

permission without
sufficient evidence.
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2. Lunar Irreversibility Classes

2.1. Class 1— Physical Disturbance Irreversibility

Surface or subsurface alteration changes the
baseline for later evidence, operations, and
governance.

Examples:

regolith disturbance

compaction

excavation

trenching

plume effects

dust mobilization

thermal alteration

contamination or mixing of material

Corerrisk: the site being studied is no longer the
same site after study.

2.2. Class 2 — Subsurface Ignorance Irreversibility

Physical penetration or excavation alters unknown
stratigraphy before it is understood.

Examples:
e drilling into unresolved layering
e trenching through volatile-bearing material
e sampling without preserving context
e disturbing mechanically ambiguous ground

Core risk: verification destroys the evidence
needed for better verification.

The lunar surface/subsurface engine identifies this
as a distinct lunar irreversibility: penetration can
destroy unknown stratigraphy before it is
understood.

2.3. Class 3 — Scientific Foreclosure Irreversibility

Future measurement is degraded, biased, or
invalidated by early disturbance.

Examples:

e post-disturbance measurements treated as
pre-disturbance evidence
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e |ocal operational success misread as site
admissibility

e altered thermal or volatile conditions

e disturbed terrain biasing future planning

Corerisk: the act of learning changes what can later
be known.

2.4. Class 4 — Access [ Corridor Irreversibility

Paths, landing zones, routes, power lines, or
communications geometry fix future use.

Examples:
e repeated rover pathways
e preferred landing approach
e graded or stabilized access zones
e route-linked power or communications

support
e mobility corridors around assumed deposits

Corerisk: exploration geometry becomes logistics
geometry.

2.5. Class 5 — Power / Support Irreversibility

Support assets begin to privilege one local
architecture.

Examples:

fixed power placement
communications relay
navigation markers
survival support
logistics nodes
surface staging assets

Corerisk: support systems begin to decide the site.

2.6. Class 6 — Resource-Dependency
Irreversibility

ISRU assumptions enter mission design before
volatile form, accessibility, continuity, or
concentration is decision-adequate.

Examples:

e excavation plans tied to assumed deposit
geometry
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e processing systems sized around uncertain
feedstock

e |ogistics plans assuming local supply

e mission architecture dependent on volatile
extraction

Corerisk: the system depends on a resource before
the resource has earned that role.

2.7. Class 7 — Governance / Precedent
Irreversibility

First actions normalize behavior before law,
governance, or evidence standards are mature.

Examples:

public declaration of operational presence
primary site designation

safety or exclusion zones

shared infrastructure assumptions

ISRU demonstrations framed as feasibility
proof

The lunar engine identifies governance precedent
and claim signaling as distinct lunar irreversibility
mechanismes: first actions can substitute for law and
physical presence can signal entitlement regardless
of legality.

Corerrisk: the first act becomes the rule.
2.8. Class 8 — Coupled Irreversibility

Individually manageable actions combine into lock-
in.

Examples:

site preference + access repetition
corridor formation + power placement
disturbance + ISRU dependency

partner coordination + public designation
support architecture + resource narrative

Corerisk: no single action appears fatal, but
together they make refusal non-credible.
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3. Commitment Trigger Register — Lunar

These triggers should be treated as commitment-
proximate even before permanent infrastructure
exists.

3.1. T-LUN-1— Site Fixation

A candidate site becomes the working reference
location for planning, sequencing, or repeated
operations.

Triggered by: site naming, design assumptions,
repeated planning around one location, public or
partner focus.

Effect: alternatives lose practical credibility.

3.2. T-LUN-2 — Landing / Access Commitment

A landing zone, approach path, or access route
becomes preferred or repeatedly used.

Triggered by: landing site finalization, approach
rehearsal, repeated surface access, route
improvement.

Effect: access geometry begins to govern future
operations.

3.3. T-LUN-3 — Power / Support Anchoring

Power, communications, navigation, or survival
support begins to privilege one operating geometry.

Triggered by: power node emplacement, relay
support, navigation support, local logistics staging.

Effect: support architecture narrows site optionality.
3.4. T-LUN-4 — Disturbance-Based Verification

Verification alters the surface or subsurface while
producing evidence.

Triggered by: drilling, trenching, excavation,
sampling, plume effects, regolith disturbance, dust
lofting, thermal forcing.

Effect: the evidence baseline changes while local
commitment pressure increases.
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The lunar engine explicitly treats non-contact
effects that alter surface or subsurface state as
disturbance, and attributes third-party or partner-
created irreversibility to the decision holder for
admissibility purposes.

3.5. T-LUN-5 — Corridor Formation

Repeated movement or support logic turns route
selection into future logistics structure.

Triggered by: repeated traverse, route marking,
access support, repeated traffic, mobility

optimization around one path.

Effect: reachable zones and future architecture
begin to inherit the corridor.

3.6. T-LUN-6 — ISRU Dependency Formation

A resource assumption begins to shape architecture.

Triggered by: processing plans, extraction
demonstrations, power/logistics sizing around
expected resources, mission sequencing based on
local availability.

Effect: resource uncertainty becomes architecture
dependency.

3.7. T-LUN-7 — Infrastructure Hardening

Surface systems become fixed or durable enough to
guide future activity.

Triggered by: landing pad preparation, berms, blast
protection, fixed logistics nodes, power placement,
communications nodes.

Effect: site identity becomes operationally
reinforced.

3.8. T-LUN-8 — Programmatic / Governance
Designation

A site, corridor, or resource zone becomes treated
as primary.

Triggered by: public declaration, partner materials,
mission architecture, agency/consortium
designation, operational presence framing.
Sustainable Exploration
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Effect: exit becomes politically, institutionally, or
reputationally costly.

4. Optionality Half-Life

Optionality half-life is the rate at which credible
refusal decays after a commitment trigger is
approached or crossed.

4.1. Long half-life
Reversal remains credible.
Examples:

desktop analysis

broad site comparison

non-hardening orbital prospect ranking
private scenario modeling

early architecture concepts that preserve
alternatives

Governance status: generally reversible.
4.2. Medium half-life

Reversal remains possible but increasingly
contested.

Examples:
e limited rover traverse
e bounded local sensing
e preliminary access concept
e private partner coordination
e non-permanent local support

Governance status: admissible only if bounded by a
clear evidence question.

4.3. Short half-life

Refusal credibility decays quickly.

Examples:
e landing site finalization
e public site designation
e fixed power / support emplacement
e repeated corridor use
e excavation tied to future use

niko@sustainableexploration.earth
sustainableexploration.earth/lunarmaterials



SUSTAINABLE

< EXPLORATION

Decision Governance Before
Irreversible Physical Commitment

e ISRU demonstration framed as feasibility
proof

Governance status: presumptively DEFER unless
evidence is decision-adequate.

4.4. Immediate half-life

Reversal is no longer credible without redesign, loss,
or precedent damage.

Examples:

landing pad preparation

berm / blast protection

permanent infrastructure placement
excavation dependency

operational ISRU dependency

shared infrastructure commitment
exclusion or safety zones around a site

Governance status: inadmissible unless
commitment burden has already been met.
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5. Dominant Coupling

The dominant lunar coupling is:

5.1. Volatile interpretation x access geometry x
power support x disturbance x ISRU dependency

A volatile signal may identify an attractive target.
Access and illumination may make one site
operationally convenient. Power and
communications may then reinforce that site.
Disturbance may produce knowledge while altering
the evidence base. ISRU assumptions can then
convert the site from a prospect into an
infrastructure anchor.

This is the core pathway from signal to lock-in.

The signal-to-decision drilldown already identifies
resource interpretation, access, power, and logistics
as mutually shaping factors, and states that
prospecting, access, power, and logistics co-
produce the lunar surface commitment surface.
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6. Map Form

&
SIGNAL

SITE
PREFERENCE

ACCESS
REPETITION

POWER/
SUPPORT
PLACEMENT

DISTURBANCE

CORRIDOR
FORMATION

£

ISRU
DEPENDENCY

INFRASTRUCTURE
LOCK-IN

Indirect sensing / Promising site Routes and landing Support Verification alters Movement Architecture Reversal requires
volatile indication becomes reference logic repeat architecture evidence and becomes logistics depends on redesign, not
point privileges one terrain structure resource knowledge
geometry assumption
Knowledge Precedent / Access / corridor Power / support Physical / Path-dependence Resource- Coupled
acquisition narrative scientific dependency irreversibility
foreclosure
e H, indications * Preferred site * Repeated * Power node o Drilling / e Recurring * Excavation « Site hardening
« Thermal context language traverse « Relay /nav trenching corridor planning « Fixed logistics
« Radar/ e Recurring e Landing support e Excavation e Route e Processing « Shared
reflectance diagrams approach « Local staging « Plume effects conditioning dependency infrastructure
o Terrain + « Partner focus « Route rehearsal « Survival systems « Regolith  Support-linked « Logistics « Redesign to exit
illumination « Early arch. « Mobility path compaction mobility substitution
assumptions bias « Zone narrowing * Mission
sequencing
Class 1— Physical Class 2 — Class 4 — Access / Class 5 — Power / Class1+2 + 3 Class 4 + 8 — Class 6 — Resource Class 8 — Coupled
Disturbance Subsurface Corridor Support Coupled Dependency
Ignorance | Class 7
— Governance

® Blue Knowledge acquisition / reversible

® Teal Bounded verification

® Amber Commitment-proximate

® Iron Oxide  Lock-in / inadmissible unless evidence

burden is met
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Commitment Trigger Register — Lunar

These triggers should be treated as commitment-proximate even before permanent infrastructure exists.

Triggered by: Site naming, design assumptions, repeated

T-LUN-2  Triggered by: Landing site finalization, approach rehearsal,
T-LUN-1  planning around one location, public or partner focus. Landing / repeated surface access, route improvement.
Site Fixation = Effect: Alternatives lose practical credibility. Access Effect: Access geometry begins to govern future
Commitment  operations.
Triggered by: Power node emplacement, relay support, Triggered by: Drilling, trenching, excavation, sampling,
T-LUN-3 navigation support, local logistics staging. '_T'LUN"‘ plume effects, regolith disturbance, dust lofting, thermal
gOWer /t Effect: Support architecture narrows site optionality. D'Stgrbazce' forcing.
uppor ase N . . .
Anchoring Verification Effect: The evidence bgselme changes while local
commitment pressure increases.
Triggered by: Repeated traverse, route marking, access Triggered by: Processing plans, extraction demonstrations,
T-LUN-5 support, repeated traffic, mobility optimization around one T-LUN-6  power/logistics sizing around expected resources, mission
pp p y op
Corridor  path. 5 'SRdU sequencing based on local availability.
Formation Effect: Reachable zones and future architecture begin to Ifgrer:aggr?y Effect: Resource uncertainty becomes architecture
inherit the corridor. dependency.
Triggered by: Landing pad preparation, berms, blast Triggered by: Public declaration, partner materials, mission
T-LUN-7 protection, fixed logistics nodes, power placement, T‘LUN'S. architecture, agency/consortium designation, operational
communications nodes. Programmatic resence framing.
Infrastrugture dat . . . / Governance P g 9 - P I
Hardening Effect: Site identity becomes operationally reinforced. o Effect: Exit becomes politically, institutionally, or
Y P y Designation .
reputationally costly.
Optionality Half-Life
e Desktop analysis SHORT e Landing site finalization
LONG e Broad site comparison Presumptively e Public site designation
Generally ¢ Non-hardening orbital prospect ranking S\i’;’i’:cuengss e Fixed power / support emplacement
reversible. e Private scenario modeling el e Repeated corridor use
e Early architecture concepts preserving alternatives adequate. * ISRU demo framed as feasibility proof
e Limited rover traverse IMMEDIATE e Landing pad/berm / blast protection
MEDIUM e Bounded local sensing Inadmissible e Permanentinfrastructure placement
Admissible only Prelimi unless 0 . I ISRU d d
if bounded by a e Preliminary access concept commitment e Operationa ependency
clear evidence e Private partner coordination burden has e Shared infrastructure commitment
question. e Non-permanent local support fr:’:t"dy been e Exclusion or safety zones around a site
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Dominant Coupling

Volatile interpretation x access geometry x power support x disturbance x ISRU dependency

Prospecting, access, power, and logistics co-produce the lunar surface commitment surface.

Threshold Rules

A lunar pathway becomes structurally irreversible when early actions make one site, corridor, resource interpretation, or support
CANONICAL . .
architecture harder to abandon than to continue.

A commitment-bearing action is inadmissible when: (1) multiple materially plausible subsurface states remain consistent with
INADMISSIBLE current evidence; (2) those states imply incompatible site, access, support, excavation, or ISRU architectures; (3) the proposed
action would make refusal, re-siting, or re-sequencing non-credible.

DEFER is a non-commitment state. Only bounded evidence acquisition is admissible. No site hardening, corridor normalization,

IS power anchoring, or ISRU dependency formation should occur unless explicitly authorized by a new admissibility determination.

REFUSE is required when learning would require crossing a threshold that makes reversal infeasible before decision-dominant

REFUSE uncertainty can be reduced.

Lunar irreversibility does not begin at full base construction.

It begins when signal, access, support, disturbance, and resource narrative start reinforcing one another.
A site becomes committed when continuing becomes easier than refusing.

Infrastructure should not harden faster than understanding.
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