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ABSTRACT9

The National Aeronautics and Space Administration’s (NASA) Artemis Mission aims to return as-10

tronauts to the Moon and establish a base at the South Pole. Ensuring the safety of long-duration11

habitation requires understanding the threat of meteoroid and micrometeoroid impacts. While me-12

teoroid fluxes are well characterized by ground- and space-based observations, micrometeoroids are13

too small for current monitoring and will impact the lunar surface directly. Using NASA’s Meteoroid14

Engineering Model 3.0 (MEM 3), we estimate micrometeoroid impact rates on a base comparable in15

size to the International Space Station, with assumed dimensions of 100m × 100m × 10m. We find16

that the lunar poles experience ∼1.6 times fewer impacts than the equator. We show that a lunar base17

would be subjected to ∼15,000–23,000 impacts per year, depending on its location on the lunar surface18

– with minima at the lunar poles. To assess the mitigating effect of protection systems, we develop19

a functional relationship describing the number of impacts that penetrate the shielding as a function20

of the maximum meteoroid mass the shield can arrest. We estimate that the use of state-of-the-art21

Whipple shields will protect against ∼99.9997% of impacting micrometeoroids. By running the MEM 322

simulations with a minimum mass equal to the critical mass of modern Whipple shields, we determine23

that a shielded lunar base would be subjected to ∼0.024–0.037 impacts per year, depending on its24

location on the lunar surface – again with minima at the poles. These results indicate that the [1]25

lunar poles are optimal locations for sustained habitation and [2] that current shielding technology26

can reduce micrometeoroid threats by nearly five orders of magnitude making long-duration lunar27

habitation very feasible.28

1. BACKGROUND AND MOTIVATION29

The Artemis program, led by National Aeronautics30

and Space Administration’s (NASA), marks a renewed31

commitment to sustained human presence on the Moon.32

Building upon the legacy of Apollo, Artemis aims not33

only to return astronauts to the lunar surface but also34

to establish a long-term base of operations at the lunar35

south pole. This initiative, in collaboration with inter-36

national and commercial partners, envisions a new era37

of lunar exploration that will serve as a stepping stone38

for missions to Mars and beyond. As planning for sur-39
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face infrastructure advances, assessing the environmen-40

tal risks faced by long-duration lunar assets becomes41

critical.42

Key to this vision is the Artemis Base Camp archi-43

tecture. The base camp concept frames how future lan-44

ders, habitats, logistics, and operations might evolve on45

the lunar surface. To design for longevity, one must46

account for the myriad environmental hazards that a47

long-duration outpost will face — among them radia-48

tion, extreme thermal cycling, regolith dynamics, seis-49

mic shaking, dust, and, of particular importance to this50

work, meteoroid impacts.51

Artemis III, currently planned for ∼2027, will be an52

exploratory mission to the lunar south pole, provid-53

ing reconnaissance for future sustained surface opera-54

tions. NASA has identified the south polar region—55

specifically the Artemis Exploration Zone (AEZ)—as56
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the prime target due to its scientific value and prox-57

imity to Permanently Shadowed Regions (PSRs) that58

may contain accessible water ice (Peña-Asensio et al.59

2024). Building on this framework, Peña-Asensio et al.60

(2024) used a multi-criteria decision analysis to identify61

the Nobile Rim region as a leading candidate for the62

Artemis III landing site. The selection criteria encom-63

pass features such as stable, flat terrain to ensure safety64

during landing and operations; unobstructed communi-65

cation links with Earth to facilitate effective data trans-66

fer and mission management; sufficient solar illumina-67

tion to support power generation; and environmental68

conditions that keep equipment within acceptable tem-69

perature ranges—all aimed at achieving the highest pos-70

sible scientific yield (Peña-Asensio et al. 2024).71

While landing site selection focuses on ensuring the72

safety and scientific value of surface operations, long-73

term mission success will also depend on protecting74

habitats, vehicles, and equipment from the harsh lunar75

environment. One critical consideration in this context76

is shielding against micrometeoroid and orbital debris77

(MMOD) impacts, which pose a persistent hazard to78

both crewed and uncrewed systems.79

1.1. Current MMOD Shielding80

Figure 1. Whipple shield schematic from Ryan et al. (2015).

In establishing a Lunar Base as a part of the Artemis81

Mission, there will inevitably be some meteoroid shield-82

ing protocol. The specific shielding plans for the Artemis83

mission are not yet known; however, reasonable infer-84

ences can be made based on NASA’s current Microme-85

teoroid and Orbital Debris (MMOD) shielding designs.86

The classic MMOD shield (Whipple shield) is composed87

of a thin sacrificial bumper and a rear wall, with some88

interior spacing Christiansen et al. (2009) typically con-89

structed of aluminum (Christiansen et al. 2009). Such90

a configuration is shown in Figure 1. Assuming that91

NASA will use a Whipple shield made of aluminum92

throughout the Artemis mission, we can estimate the93

minimum size of a projectile that would be capable of94

breaking through the shield. We can use the equation95

for critical diameter for a Whipple shield, in high veloc-96

ity space, as presented in Ryan & Christiansen (2010),97

and shown below:98

dc = 3.918F ∗
2

t
2/3
w S1/3 (σ/70)1/3

ρ
1/3
p ρ

1/9
b (V cos θ)2/3

. (1)99

Assuming the projectile is a solid sphere of density ρp,100

the mass is:101

mc =
π

6
ρpd

3
c (2)102

Substituting Equation (1) into the expression for103

mass, we can determine the critical mass of microme-104

teoroid impactor:105

mc =
π

6
(3.918F ∗

2 )
3 t2w S (σ/70)

ρ
1/3
b (V cos θ)2

. (3)106

Here, F∗
2 is the projectile fragmentation efficiency, tw107

is the thickness in cm of the rear wall, S is the spacing108

in cm of the rear wall, σ is the rear wall yield stress109

in ksi, ρp is the density of the projectile, ρb is the den-110

sity of the front bumper, V is the velocity of the pro-111

jectile, and θ is the angle of impact. Using this equa-112

tion and representative parameter values (see e.g., Ryan113

& Christiansen (2010)), a back-of-the-envelope calcula-114

tion for the fastest micrometeoroids – with velocities115

up to 72 km/s – yields a critical shield diameter of ap-116

proximately 0.12 cm. This value should be regarded as117

an order-of-magnitude estimate, indicating that objects118

larger than roughly 0.12 cm in diameter may exceed the119

protective capability of state-of-the-art MMOD shields.120

This underscores the importance of precise and accurate121

modeling of the micrometeoroid environment.122

We note that NASA may ultimately employ novel123

shielding strategies – such as the use of lunar regolith124

in shielding, which will be abundant on the surface – no125

specific plans or experimental data on their performance126

have yet been disclosed. Accordingly, in what follows we127

proceed under the assumption of a Whipple-type shield-128

ing configuration as a representative baseline.129

1.2. Current Lunar Impact Monitoring130

Current lunar impact monitoring techniques employ131

several complementary observational strategies, each132

with distinct strengths and limitations. These include133

topographic mapping through laser altimetry, detection134

of impact-induced optical flashes on the lunar surface,135

and temporal imaging of newly formed craters. Collec-136

tively, these methods have greatly advanced our under-137
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standing of the lunar impact environment, particularly138

within the meteoroid size regime where optical and mor-139

phological signatures are more readily detectable. How-140

ever, despite their demonstrated success in characteriz-141

ing larger impact events, these techniques typically lack142

the sensitivity required to systematically monitor or con-143

strain impacts in the micrometeoroid regime. As noted144

by Speyerer et al. (2016b), “although studies of exist-145

ing craters and returned samples offer insight into the146

process of crater formation and the past cratering rate,147

questions still remain about the present rate of crater148

production.”149

• Temporal Imaging: The Lunar Reconnaissance150

Orbiter Camera (LROC), launched in 2009, cap-151

tures high-resolution images of the Moon’s sur-152

face, enabling the detection of new impact craters153

through temporal image comparisons. Speyerer154

et al. (2016a) identified over 200 new craters,155

with a resolution limit of approximately 10 me-156

ters. Laboratory experiments and dimensional157

analyses show that crater size depends on im-158

pactor size, velocity, gravity, and material prop-159

erties in a well-characterized scaling framework160

(Melosh 1989; Holsapple 1993). For meteor im-161

pactors striking the lunar surface at typical im-162

pact velocities, the final crater diameter is typi-163

cally ∼10–20 times larger than the projectile di-164

ameter. Thus, the LROC temporal imaging data165

is sensitive to craters corresponding to meteors166

roughly 0.5 to 1 meters in diameter. Therefore,167

this technique is insensitive to smaller, microme-168

teoroid impacts and is additionally limited by the169

availability and cadence of suitable image pairs170

• Flash Detection: Earth-based telescopes moni-171

tor the Moon’s nearside hemisphere for brief opti-172

cal flashes produced by hypervelocity meteoroids173

striking the lunar surface. Observations are con-174

strained to nighttime, favorable weather, and spe-175

cific lunar phases when illumination is less than176

50%, which optimize contrast against the dark177

background. The observed flash brightness, of-178

ten modeled as black-body emission, is assumed to179

represent a fraction (the luminous efficiency) of the180

impactor’s kinetic energy; with an estimate of im-181

pact velocity, this enables derivation of the mete-182

oroid’s mass and size. Over the past decades, this183

technique has allowed determination of the flux184

and size distribution of small near-Earth objects185

in the centimeter regime (Madiedo et al. 2014;186

Avdellidou & Vaubaillon 2019). The Lunar Me-187

teoroid Impact Observer (LUMIO) is a CubeSat188

scheduled to launch in 2027 in order to observe189

the lunar farside for light flashes produced by im-190

pacts. By operating at the Earth–Moon L2 point,191

LUMIO’s observations are not limited by weather192

and it eliminates noise from Earth-shine (Cipri-193

ano et al. 2018). LUMIO’s primary science goal194

is to answer “what are the spatial and temporal195

characteristics of meteoroids impacting the Lunar196

surface?” and its sensitivity will extend into the197

micrometeoroid regime (Cervone et al. 2022).198

• Topographic Mapping: The Lunar Orbiter199

Laser Altimeter (LOLA) measures elevation200

changes on the lunar surface via laser altime-201

try to detect large-scale impact events. LOLA202

performs optimally in characterizing the topogra-203

phy at the poles where the LRO orbits converge.204

While highly accurate for broader terrain map-205

ping, LOLA’s spatial resolution limits detection206

to craters larger than approximately 300–400 me-207

ters. Via typical impact scaling relations, these208

craters suggest minimum impactor sensitivity on209

the order of 15–40 meters. This makes it currently210

unsuitable for tracking the small-scale micromete-211

oroid environment for Artemis-era lunar surface212

operations (Smith et al. 2010; Kereszturi 2022).213

These constraints collectively highlight the need for214

more sensitive modeling of the lunar surface prior to the215

establishment of a long-term lunar base and long-term216

human presence on the Moon.217

1.3. NASA’s Meteoroid Engineering Model (MEM 3)218

NASA’s Meteoroid Engineering Model version 3219

(MEM 3) is the agency’s current physics-based model220

of the inner–solar-system meteoroid environment (Mc-221

Namara et al. 2004; Moorhead 2020). Given a user-222

specified, time-dependent trajectory, MEM 3 returns223

velocity-resolved, directional fluxes and a bulk-density224

distribution for meteoroids in the mass range 10−6−101225

grams encountered along that path, explicitly account-226

ing for gravitational focusing and planetary shielding227

near major bodies – Earth, Moon, Mercury, Venus, and228

Mars (Moorhead 2020). These features are essential229

when translating interplanetary fluxes to the near-Moon230

environment, where local gravity from the Earth per-231

turbs meteoroid trajectories and the solid body of the232

Earth occludes part of the sky.233

Compared to prior MEM releases, MEM 3 improves the234

correlation between impact direction and speed, in-235

corporates a bulk-density distribution, updates spo-236

radic source populations, and provides both GUI and237

command-line interfaces for efficient mission analyses238
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(Moorhead 2020; Moorhead et al. 2020b). Model be-239

havior and predicted impact rates have been compared240

against spacecraft records (e.g., LDEF; Pegasus II/III),241

demonstrating good agreement – within a factor of 2-3242

of the MEM 3 prediction (Moorhead et al. 2020b).243

Although MEM 3 is often used for Earth-orbiting satel-244

lites and interplanetary cruise phases, its directional,245

velocity-dependent outputs are applicable to a fixed lu-246

nar installation by treating the habitat as a “spacecraft”247

with a stationary state vector on the Moon’s surface.248

In that configuration, MEM 3 provides the incident flux249

as a function of local time and look direction at the250

site of interest, thereby enabling site-specific penetra-251

tion and damage-risk assessments. Beyond engineering252

usage, MEM-based flux predictions have been leveraged253

in planetary science contexts (e.g., interpreting Bennu’s254

particle-ejection events), demonstrating the model’s rel-255

evance to the near-Earth micrometeoroid population256

(Bottke et al. 2020).257

2. METHODS258

Each run of the MEM 3 code provides outputs for one259

lunar base. To derive the impact rate across the full260

surface of the moon, we draw 1,000 points from a Fi-261

bonacci sphere to create the initial locations of our lunar262

base, in selenographic coordinates, described by ϕ mea-263

sured from the lunar north pole and θ measured from the264

Moon’s prime meridian. Sampling the Fibonacci sphere265

distributes the bases evenly across the moon’s surface,266

with a ϕ distribution that is approximately normal and267

a uniform θ distribution.268

All trajectories start at J2000, or the J∼2451544 Ju-269

lian date, with θ = 0 pointing towards the vernal270

equinox. We calculate the trajectory of the lunar base271

for the draconic period of the moon T = 27.2122 days,272

and calculate 30 snapshots of the lunar base over this pe-273

riod for the trajectory file. MEM 3 allows the coordinate274

system to be centered on the moon, in either ecliptic or275

equatorial coordinates. We choose to run the simula-276

tions in an ecliptic coordinate frame, which requires a277

transformation of our selenographic coordinates. Given278

the initial base location in selenographic coordinates,279

L(t0)=[ϕ0, θ0], defined by ϕ0 and θ0 at time J2000,280

t0, the location at a later time t can be estimated as281

L(t)=[ϕ0, θ0 +ω(t− t0)] for angular velocity ω = 2π/T .282

This location is then converted into Cartesian coordi-283

nates, L(t0)=[x, y, z]. The velocity at a given surface284

location is calculated as the rotational velocity of the285

base due to the Moon’s rotation. The velocity vector is286

given by287

v(t) =
V

|rxy|
[−y, x, 0], (4)288

where289

V = ω rmoon sin(ϕ0), (5)290

and291

|rxy| =
√

x2 + y2. (6)292

for moon radius rmoon. With the base location in293

Cartesian coordinates and the bases’ velocity, we then294

transform these into the ecliptic by rotating the coor-295

dinate system by the moon’s obliquity relative to the296

ecliptic plane, a rotation of ∼1.54◦. This is an approx-297

imation that ignores the libration of the moon, which298

can be up to 7◦. This means our base locations can be299

off by as much as 200 km, which is on the order of the300

separation between our simulated base locations.301

MEM 3 outputs the flux files with a directional depen-302

dent flux. We choose to center our output origin to the303

moon, and use the body-fixed axes. In the body-fixed304

system, the x̂+ direction is always the direction of mo-305

tion of the spacecraft (in our case, the direction that the306

moon is rotating, counterclockwise in the ecliptic plane),307

and ŷ+ is determined by the cross product of r̂, the ra-308

dial vector relative to the moons center, with x̂+. ẑ+ is309

then the cross product of x̂+ and ŷ+, meaning ẑ+ will310

always point in the radial direction, directly away from311

the surface of the moon. This can be seen in Figure 2.312

MEM 3 simulates two distinct meteoroid populations:313

a higher-density component and a lower-density compo-314

nent, denoted here by Fα and Fβ , respectively. Within315

each population, the density is assumed independent of316

speed, direction, and mass. For a given lunar base, the317

total flux is computed as the sum of contributions from318

both populations.319

The MEM 3 model outputs fluxes in units of m−2 yr−1.320

To facilitate comparison with the total flux incident on321

a specific structure, we convert these to units of impacts322

per lunar base per year by scaling with the surface area323

of the base along each plane of impact. Assuming a324

lunar base roughly the size of the International Space325

Station, we take its height, length, and width to be326

h = 10 m, l = 100 m, w = 100 m.327

The total flux from the higher-density population at328

a specific selenographic initial location defined by ϕ0, θ0329

at J2000 is then330

Fα(ϕ0, θ0) = lw [Fα,z+(ϕ0, θ0)]331

+ lh [Fα,x+
(ϕ0, θ0) + Fα,x−(ϕ0, θ0)]332

+ lh [Fα,y+(ϕ0, θ0) + Fα,y−(ϕ0, θ0)], (7)333

where Fα,i±(ϕ0, θ0) denotes the higher-density flux inci-334

dent from the ±i direction, with i ∈ x, y, z, expressed in335

m−2, yr−1 and integrated over all velocities.336
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Figure 2. Schematic showing coordinate system used in the MEM 3 simulations.

Analogously, the total flux from the lower-density pop-337

ulation is338

Fβ(ϕ0, θ0) = lw [Fβ,z+(ϕ0, θ0)]339

+ lh [Fβ,x+
(ϕ0, θ0) + Fβ,x−(ϕ0, θ0)]340

+ lh [Fβ,y+(ϕ0, θ0) + Fβ,y−(ϕ0, θ0)]. (8)341

Finally, the total meteoroid flux incident on the lunar342

base, in units of impacts per year per base, is343

Ftot(ϕ0, θ0) = Fα(ϕ0, θ0) + Fβ(ϕ0, θ0). (9)344

3. RESULTS & DISCUSSION345

3.1. Unshielded Impact Rate346

The MEM 3 model allows the user to specify the min-347

imum meteoroid particle mass, within the range 10−6–348

10 g. As an initial case, we simulate an unshielded im-349

pact rate by including the full range of meteoroid masses350

in MEM 3. This configuration represents the impact flux351

that a lunar base would experience in the absence of352

any protective shielding. While this assumption is phys-353

ically unrealistic—since even minimal structural mate-354

rials would provide some degree of protection—it serves355

as a useful baseline from which to quantify the relative356

benefits of shielding in subsequent analyses.357

As previously described, we simulate 1,000 points358

evenly distributed across the lunar surface as a Fi-359

bonacci sphere. This gives a set of discrete impact rates360

on the lunar surface. To obtain a continuous representa-361

tion of meteoroid impact rates across the lunar surface,362

we interpolate the results of these 1,000 discrete MEM 3363

simulations sampled at different selenographic latitudes364

and longitudes. The interpolation is performed using365

a radial basis function (RBF) scheme implemented in366

the SciPy library (Virtanen et al. 2020a). In this ap-367

proach, each simulated point (ϕi, θi), corresponding to368

latitude and longitude, is associated with a total impact369

rate Fi derived from MEM 3. The function constructs a370

two-dimensional interpolant371

Finterp(ϕ, θ) =

N∑

i=1

wi φ(ri), (10)372

where ri =
√

(ϕ− ϕi)2 + (θ − θi)2 is the great-circle373

distance (in degrees) between evaluation and sample374

points, φ(ri) is the chosen radial basis function, and375

wi are the weights obtained by solving the linear system376

enforced by the known values Fi.377

We employ the “multiquadric” kernel,378

φ(r) =
√
1 + (ϵr)2, (11)379

which provides smooth global interpolation suitable for380

data on a spherical surface. A small smoothing factor381

(smooth=1) is applied to mitigate overfitting due to local382

fluctuations in the discrete model output.383
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This results in the impact rate maps shown in Fig-384

ure 3 and Figure 4 – for Mollweide and polar projec-385

tions, respectively. The sub-Earth point (“x”) on the386

lunar surface was computed at the J2000 epoch using387

Astropy (Astropy Collaboration et al. 2013, 2018, 2022)388

with the DE432s ephemeris. The barycentric positions389

of the Earth and Moon were used to form a Moon–Earth390

vector in the ICRS frame, from which the sub-Earth lon-391

gitude was obtained via θ = tan−1(y/x) and wrapped to392

[−180◦,+180◦] for Mollweide map projection compati-393

bility. Three key trends emerge from this “unshielded”394

lunar base impact rate map: (1) impact rates are high,395

ranging from approximately 15,000 to 23,000 impacts396

per year depending on base location; (2) the lunar poles397

experience systematically fewer impacts than the equa-398

torial regions; and (3) Earth’s gravitational focusing399

dominates over its shielding effect, with the maximum400

impact rate occurring at the sub-Earth longitude (see401

Moorhead et al. (2020a) for further discussion of plane-402

tary gravitational focusing of meteor streams).403
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-45°
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-15°
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15°

30°
45°
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Micrometeoroid Impact Rate (Mollweide Projection)

15000 16500 18000 19500 21000 22500

Impact Rate [ yr−1 base−1 ]

Figure 3. Mollweide projection of “unshielded” impact
rate of micrometeoroids on the lunar surface – i.e., complete
10−6–10 g mass range in MEM 3. The “x” on the map repre-
sents the sub-Earth point on the lunar surface.

3.2. Shielded Impact Rate404

As discussed previously, the performance of a mete-405

oroid shield can be characterized by its critical mass, mc406

(Equation 3), defined as the maximum projectile mass407

that the shield can prevent from penetrating. To evalu-408

ate this parameter, we adopt a conservative approach409

to the ballistic limit function, selecting input values410

that minimize the critical mass and thereby represent411

a worst-case scenario. This ensures that if a shield de-412

sign is predicted to withstand an impact, the assessment413
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Figure 4. Polar projections of “unshielded” impact rate of
micrometeoroids on the lunar surface – i.e., complete 10−6–
10 g mass range in MEM 3.

remains robust under the most adverse, but possible,414

conditions.415

For simplicity, we assume F ∗
2 = 1, which is appro-416

priate for projectiles below the critical diameter of a417

Whipple shield (see Ryan & Christiansen 2010). We418

further assume a normal incidence angle (θ = 0) to419

yield the smallest critical diameter. Additional param-420

eters are adopted from Ryan & Christiansen (2010):421

rear wall thickness tw = 0.48 cm, bumper density422

ρb = 2.851 g cm−3, rear wall yield stress σ = 52 ksi,423

and rear wall spacing S = 11.43 cm.424

Meteoroids are composed primarily of silicate miner-425

als (Si and O), though metallic constituents such as Fe426

and Ni are also common (Jessberger et al. 1988; Love427

& Brownlee 1993; Flynn et al. 2016). To maintain a428

conservative estimate of impact severity, we assume a429

nickel composition for the projectile, corresponding to430

a density of ρp = 8.90 g cm−3 (National Institute of431

Standards and Technology, PML 2025).432

We then are left with the velocity of the impactor as433

the only remaining parameter in our critical mass equa-434

tion. For the simulation suite with the lowest minimum435

particle mass (mmin = 10−6 g), we compute the velocity436

distribution using the MEM 3 model, weighted by direc-437

tionality according to the assumed base geometry, and438

then average the resulting flux over each lunar base lo-439

cation. Our averaged velocity distribution is calculated440

as the flux from both the high and low density contri-441

butions, and is shown in Fig. 5.442

From this velocity distribution, we compute the nor-443

malized cumulative distribution, which allows us to ran-444

domly draw 107 samples. Plugging in this distribution445

into Equation 3 we get a distribution of critical masses446

based on current Whipple shield capabilities, as shown447

in Figure 6. The median critical mass of this distribu-448

tion is mcrit = 10−1.16g.449
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(Equation 3) using the 107 samples from the normalized cu-
mulative averaged velocity distribution (Figure 5) and as-
suming current Whipple shielding capabilities.

We can now evaluate the shielded impact rate in two450

ways: (1) compare a random sample of impacts from451

our MEM 3 simulation to the critical mass to determine452

what fraction of impacts are larger than our median453

critical mass and (2) re-run the MEM 3 simulation with454

the minimum mass equal to the median critical mass,455

mmin = mcrit = 10−1.16 g.456

The ratio of randomly sampled masses from our mass457

distribution compared to the derived critical is shown458

in Figure 7. We find that 99.9997% of these particles459

have masses below the critical mass. Given that this is460

calculated with the average velocity distribution, a base461

on the moon located in an area experiencing fewer than462

the average number of impacts (i.e. near the poles) and463

accounting for the fact that most impacts will not be464

face-on (θ > 0), this implies that current shielding is ca-465

pable of protecting against nearly every micrometeoroid466
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Figure 7. The ratio of randomly sampled masses from our
mass distribution compared to the derived critical. We find
that the vast majority (> 99.99%) of these impacts are pro-
tected by our conservative assumptions for shielding.

impact. Placing a base at the lunar south pole, and as-467

suming that shielding will protect against 99.9997% of468

the 15,000 annual impacts – we can estimate that there469

will be ∼ 0.045 impacts per base per year. This implies470

that only once every ∼ 22 years will an impact break471

through Whipple shielding.472

We also re-run our full MEM 3 model, as previously473

described, but with a minimum mass set to the me-474

dian critical mass, mmin = mcrit = 10−1.16 g – yielding475

the shielded impact rate. We reproduce the impact rate476

map for this “shielded” simulation, as shown in Figure 3477

and Figure 9 – for Mollweide and polar projections, re-478

spectively. Using this “shielded” simulation, we again479

find that the lunar poles are impacted systematically480

less than the equator and that the gravitational focus-481

ing from Earth dominates over its planetary shielding482

as the maximum impact rate occurs at the location of483

the Earth in the lunar sky. With the updated mini-484

mum mass set equal to our estimated critical mass, we485

find that a lunar base will be impacted ∼0.024–0.037486

per year based on its location. At the poles, we esti-487

mate that there will be ∼0.024 impacts per year large488

enough to to break through Whipple shielding or once489

every ∼ 42 years.490

3.3. Varying Shielding Capabilities491

Using the MEM 3 simulation suite, we can estimate the492

number of meteoroid impacts at the lunar south pole as493

a function of the critical shielding diameter. This pro-494

vides a framework for determining the number of un-495

shielded impacts—those that penetrate the protective496

layers—as a function of the shield’s critical performance497

threshold. As Artemis-era surface habitat designs ma-498

ture, such calculations can help identify the critical im-499
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pact mass or size that shielding must withstand to meet500

mission safety requirements.501

To quantify this, we run two additional MEM 3 models502

with minimum particle masses set to mmin = 10−2 g503

and mmin = 10−4 g, complementing our earlier simula-504

tions at 10−6 g and 10−1.16 g. In total, these four MEM 3505

simulation sets provide impact fluxes F (> m|ϕ0, θ0) for506

different minimum masses m at a given (ϕ0, θ0) loca-507

tion on the lunar surface. For each run, we calculate508

the mean impact rate across all locations within 6◦ of509

the lunar south pole, representing the expected flux at510

a notional base site. The resulting mean southern-pole511

impact rates F (> m|ϕsouth, θsouth) are plotted in Fig-512

ure 10 as a function of their respective MEM 3 limiting513

mass m.514

To provide a smooth, physically motivated compari-515

son, we also compute the expected mass-dependent flux516

using the semi-empirical Grün relation (Grün et al. 1985;517

Moorhead 2020), which underlies MEM 3’s baseline inter-518

planetary meteoroid environment model. The Grün re-519

lation describes the cumulative flux of meteoroids with520

mass greater than m (in grams) as521

FGrün(> m) =
[
A(m) +B(m) + C(m)

]
tyr, (12)522

where tyr = 3.154 × 107 s is the number of seconds in523

one year, and524

A(m) = (c4 m
γ4 + c5)

γ5 , (13)525

B(m) = c6
(
m+ c7 m

γ6 + c8 m
γ7
)γ8

, (14)526

C(m) = c9
(
m+ c10 m

γ9
)γ10

. (15)527

The empirical coefficients and exponents are528

c4 = 2.2× 103, γ4 = 0.306,529

c5 = 15, γ5 = −4.38,530

c6 = 1.3× 10−9, γ6 = 2,531

c7 = 1× 1011, γ7 = 4,532

c8 = 1× 1027, γ8 = −0.36,533

c9 = 1.3× 10−16, γ9 = 2,534

c10 = 1× 106, γ10 = −0.85.535

The Grün relation is evaluated continuously over the536

range 10−6 g < m < 101 g. Let FGrün(> m0) denote537

the cumulative Grün flux at the anchor point m0 =538

10−6 g, and F (> m0|ϕsouth, θsouth) the corresponding539

mean southern-pole impact rate from the MEM 3 simu-540

lation at that mass threshold. We then define a scaled541

Grün-based model for the impact rate as542

F (> m|ϕsouth, θsouth)

F (> m0|ϕsouth, θsouth)
=

FGrün(> m)

FGrün(> m0)
. (16)543

This scaling preserves the functional shape of the544

Grün mass–flux relation while normalizing it to the ab-545

solute impact rate derived from MEM 3 at the south pole546

– and allows us to predict F (> m|ϕsouth, θsouth) for any547

m. The resulting smoothed relation, shown in Figure 10,548

provides a continuous estimate of the expected mete-549

oroid flux as a function of particle mass, which can be550

directly applied to evaluate shielding performance for551

various design thresholds.552

4. CONCLUSION553

In this study, we used NASA’s Meteoroid Engineering554

Model 3 (MEM 3) to quantify the micrometeoroid impact555

environment across the lunar surface and evaluate its556

implications for long-duration Artemis-era surface habi-557

tats. By performing 1,000 directional MEM 3 simulations558
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uniformly distributed in selenographic coordinates, we559

derived both “unshielded” and “shielded” impact rates560

for a notional lunar base with dimensions comparable to561

the International Space Station.562

Our unshielded simulations indicate that a base of this563

size would experience approximately 15, 000 to 23, 000564

micrometeoroid impacts per year, with the lunar poles565

receiving roughly 1.6 times fewer impacts than the equa-566

torial regions. This latitudinal dependence is likely567

driven primarily by the geometric effects of the Moon’s568

orientation relative to the meteoroid sources and the569

partial gravitational focusing of fluxes by Earth.570

Using a Whipple-type shield configuration as a con-571

servative baseline, we derived a critical projectile mass572

of mcrit ≈ 10−1.16 g. Simulated impactor mass distri-573

butions show that approximately 99.9997% of particles574

fall below this threshold, implying that current MMOD575

shielding technology can effectively mitigate nearly all576

micrometeoroid impacts. Accounting for modern Whip-577

ple shielding capabilities, we estimate a residual rate578

of ∼0.024–0.037 penetrating impacts per year, corre-579

sponding to a single unprotected impact event every580

27–42 years. We again find that in this regime the lu-581

nar poles receive approximately 1.6 times fewer impacts582

than the equatorial regions.583

To extend these discrete simulations, we scaled the584

empirical Grün meteoroid flux relation to the MEM 3-585

derived impact rate at m = 10−6 g, yielding a smooth586

function for the expected impact frequency as a function587

of limiting mass. This approach enables a continuous588

evaluation of shielding performance across arbitrary de-589

sign thresholds and provides a practical engineering tool590

for mission planners.591

Overall, our results demonstrate that:592

1. The lunar south pole offers a natural reduction in593

impact risk relative to equatorial sites, supporting594

its selection for sustained human presence.595

2. Existing Whipple shielding technology is sufficient596

to suppress micrometeoroid hazards by nearly five597

orders of magnitude, reducing the effective risk to598

a negligible level for current habitat designs.599

Future work should incorporate additional factors600

such as regolith-based or hybrid shielding materials,601

transient meteoroid streams, and local topographic ef-602

fects on flux anisotropy. These refinements will further603
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improve our understanding of the meteoroid threat en-604

vironment for upcoming Artemis surface missions and605

long-term lunar infrastructure.606
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