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Abstract21

The NASA Artemis program will send humans to the lunar south polar region, in part22

to investigate the availability of water ice and other in-situ resources. While trace amounts23

of ice have been detected at the surface of polar permanently shadowed regions (PSRs),24

recent studies suggest that large ice deposits could be stable below cold traps in the PSRs25

over geologic time. A recent study modeling the rate of ice delivery, ejecta deposition26

and ice loss from cold traps predicted that gigatons of ice could be buried below 100s27

of meters of crater ejecta and regolith. However, crater ejecta vigorously mix the tar-28

get on impact through ballistic sedimentation, which may disrupt buried ice deposits.29

Here, we developed a thermal model to predict ice stability during ballistic sedimenta-30

tion events. We then modeled cold trap ice and ejecta stratigraphy over geologic time31

using Monte Carlo methods. We found that ballistic sedimentation disrupted large ice32

deposits in most cases, dispersing them into smaller layers. Ice retention decreased in33

most cases, but varied significantly with the sequence of ejecta delivery, particularly from34

basin-forming events. Over many model runs, we found that south polar craters Amund-35

sen, Cabeus, and Cabeus B were most likely to retain large deposits of ice at depths up36

to 100m, shallow enough to be detectable with ground-penetrating radar. We discuss these37

findings in the context of the imminent human exploration activities at the lunar south38

pole.39

Plain Language Summary40

Some craters near the South Pole of the Moon contain permanently shadowed re-41

gions (PSRs) which stay cold enough to trap water vapor as ice. Recent studies have pre-42

dicted that large amounts of ice could be buried under thick protective layers of lunar43

soil in the PSRs. Lunar soil is mainly transported by large impacts which launch soil and44

boulders to distances up to hundreds of kilometers. However, when these projectiles land45

they have destructive effects and may melt or redistribute buried ice. We simulated this46

process, called ballistic sedimentation, and predicted the amount of ice it removes. We47

also simulated ice and soil deposition over billions of years to test how much ice is lost48

to ballistic sedimentation over time. We predicted which PSRs are most likely to have49

ice near enough to the surface to detect in future missions. The upcoming Artemis pro-50

gram will send crewed and robotic missions to the lunar south pole region, and our work51

will help with planning where to land, what instruments to bring, and how much ice we52

might find.53

1 Introduction54

The NASA Artemis program will include crewed and uncrewed missions to the lu-55

nar south polar region where water and other volatiles are trapped (NRC et al., 2007).56

Some permanently shadowed regions (PSRs) remain very cold (in some cases, down to57

38 K, Paige et al., 2010) and therefore have the potential to cold trap volatiles such as58

H2O, CO, and S in their solid state. Polar water ice has been detected by a variety of59

independent spectroscopic techniques in addition to the Lunar Crater Observation and60

Sensing Satellite (LCROSS) impact experiment at Cabeus crater (Colaprete et al., 2010;61

Li et al., 2018; Hayne et al., 2015). Lunar water ice is a valuable science target for its62

potential to constrain early sources of water to the Earth-Moon system and to investi-63

gate the evolution of those reservoirs throughout Solar System history (NRC et al., 2007).64

It may also play a critical role as an in-situ resource utilization (ISRU) target for sup-65

porting a sustained human presence on the Moon (i.e., as a source of hydrogen and oxy-66

gen to produce useful compounds, e.g., rocket propellant; Kornuta et al., 2019).67

Lunar polar water ice has been theorized for decades (Watson et al., 1961; Arnold,68

1979), but has only recently begun to be characterized, primarily by remote sensing ob-69

servations (see Lucey et al., 2021, for a review). Remote spectroscopic studies of the op-70
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tical surface have suggested trace amounts of polar H2O (e.g., Hayne et al., 2015; Li et71

al., 2018) which are notably less extensive than ice deposits observed at the poles of Mer-72

cury and Ceres (Moses et al., 1999; Harmon et al., 2011; Deutsch et al., 2017; Chabot73

et al., 2018; Platz et al., 2016). Neutron spectroscopy uncovered a polar hydrogen en-74

hancement in the upper meter of regolith, suggesting up to 1% ice content if water is solely75

responsible (Feldman et al., 2001; Miller et al., 2014). Radar initially failed to find ev-76

idence of subsurface ice deposits (Campbell et al., 2006; Neish et al., 2011), but later found77

backscatter consistent with increased roughness or ice in the upper meters of PSR re-78

golith (Spudis et al., 2013). However, other studies have argued that subsurface rocks/roughness79

could fully explain the observed high radar signatures (Fa, 2013; Fa & Eke, 2018), and80

rather that surfaces that appear smooth in radar may indicate the presence of ice (Jozwiak81

et al., 2022). Other studies have also inferred the presence of subsurface ice based on ge-82

omorphology and roughness of PSR surfaces (Rubanenko et al., 2019; Deutsch et al., 2021;83

Moon et al., 2021). The only diagnostic detection of subsurface polar water ice was recorded84

during the LCROSS experiment in which an expended Centaur rocket impacted and ejected85

material from depths of 6 to 10 meters below the Cabeus PSR (Korycansky et al., 2009;86

Colaprete et al., 2010; Schultz et al., 2010; Hermalyn, 2012; Luchsinger et al., 2021). De-87

spite clear evidence that water ice exists at the lunar poles, key questions remain as to88

the source, distribution, and abundance of ice, both at the surface and potentially buried89

in the subsurface.90

Several recent studies estimated the total abundance of potentially stable water in91

the lunar south polar region, primarily in permanently shadowed “macro” (∼km-scale92

and larger) cold traps (Hayne et al., 2015; Paige et al., 2010; Li et al., 2018), seasonal93

cold traps (Williams et al., 2019), and micro (sub-km scale) cold traps (Hayne et al., 2021).94

However, no massive ice deposits have been detected at the surface (Li et al., 2018; Haruyama95

et al., 2008; Bickel et al., 2022). Some studies have suggested that ice can be buried and96

preserved by impact gardening, the churning of the regolith by constant bombardment97

by meteor impacts (Crider & Vondrak, 2003a, 2003b; Hurley et al., 2012). However, re-98

cent impact gardening models have shown that burial is unlikely to outpace the exca-99

vation and exposure of ice to surface loss processes, suggesting that impact gardening100

has a net destructive effect on polar ice (Costello et al., 2021). A mechanism for preserv-101

ing ice at greater depths was proposed by two recent studies that recognized that sur-102

face ice deposits could be blanketed by ejecta from neighboring craters and thus remain103

protected from surface loss (Kring, 2020; Cannon et al., 2020). Several punctuated episodes104

of ice and ejecta deposition could then lead to a stratigraphic sequence that would re-105

main relatively pristine in the absence of resurfacing processes other than impact cra-106

tering.107

The first model investigating ice and ejecta stratigraphy at the lunar poles was de-108

veloped by Cannon et al. (2020). Through a Monte Carlo approach, they showed that109

ejecta blanketing of cold traps could preserve mining-scale ice deposits over geologic time.110

However, that work neglected the effects of ballistic sedimentation, the vigorous mixing111

of ejecta with local materials, which may rework and volatilize ice rather than strictly112

preserving it (Oberbeck, 1975; Weiss & Head, 2016; Kring, 2020). In this work, we seek113

to understand the effects of ballistic sedimentation on lunar polar ice and ejecta stratig-114

raphy. In order to address this question, we developed a simple thermal model to account115

for volatilization in a particular ballistic sedimentation event. We then developed a Monte116

Carlo polar ice and ejecta stratigraphy model using the same framework of Cannon et117

al. (2020). In addition to ballistic sedimentation, we use the model to explore the effects118

of basin impacts, cometary impactors, and solar wind ice deposition. We predict ice re-119

tention at key cold trap locations in the Artemis exploration zone and discuss the po-120

tential for subsurface ice exploration near the lunar south pole.121

2 Methods & Modules122

Moon Polar Ice and Ejecta Stratigraphy (MoonPIES) is a Monte Carlo model de-123

signed to simulate lunar polar cold trap stratigraphy resulting from ice delivery, ejecta124
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deposition, and ice removal at the lunar poles. Our model extends a previous model by125

Cannon et al. (2020) by introducing basin-scale impacts, ballistic sedimentation effects,126

latitude dependent ballistic hop efficiency, and cometary impactors.127

2.1 Main model128

We developed the MoonPIES model to track ice and ejecta layering within perma-129

nent cold traps over lunar geologic time, recording ice delivered, ice lost, and ejecta de-130

posited to target cold traps in 10 Myr intervals. We limited our study to south polar cold131

traps found within large (D>20 km) craters (Cannon et al., 2020). Each cold trap was132

modeled as a 1D column of unit area at the centroid of its cold trap area (Figure 5; Data133

Set S1).134

At each timestep following its formation age, a given cold trap stratigraphy col-135

umn was updated in the following order:136

1. Ejecta deposited from basins and craters (possible ballistic sedimentation)137

2. Ice deposited (see processes, Figure 1)138

3. Ice removed due to impact gardening (§2.2)139

We ran the full MoonPIES Monte Carlo model from 4.25 Ga to the present 10,000140

times to generate a statistical distribution of possible cold trap stratigraphies. Param-141

eters which were varied on each run included the ages of basins and polar craters (Fig-142

ure 2) as well as the amount of impactor ice deposited in each timestep (see §2.5).143

2.2 Ice loss by impact gardening144

Ice loss from lunar cold traps is poorly constrained, however, Farrell et al. (2019)145

suggested that ice can be fully eroded from the upper 500 nm of a cold trap on ∼2000146

year timescales due primarily to the effects of micrometeorite bombardment. Further-147

more, plasma sputtering and thermal effects may enhance this loss (Farrell et al., 2019).148

Using an analytical model of impact gardening, the constant churning of the regolith due149

to impacts, Costello et al. (2020, 2021) found that buried ice is exposed to near-surface150

loss processes more rapidly than it is buried. Therefore, impact gardening on timescales151

much longer that the surface stability of ice (model timesteps of 10 Myr >> 2 kyr), pro-152

vides buried ice ample opportunity to be exhumed and vaporized, sputtered, or desorbed153

from the surface.154

The previous ice stratigraphy model by Cannon et al. (2020) used impact garden-155

ing to estimate an ice loss rate of 10 cm per 10 Myr, the depth of the heavily mixed “in-156

situ reworking zone” (Costello et al., 2018). In our model, we update this value to 9 cm157

per 10 Myr, with an increase prior to 3 Ga (Costello et al., 2021). Figure 6 of Costello158

et al. (2021) shows an excess reworking depth prior to 3 Ga of approximately 1% of the159

early impact flux relative to the present-day flux (Neukum et al., 2001). Therefore we160

increase the reworking depth by 0.9 mm per 10 Myr before 3 Ga, yielding 20 cm per 10161

Myr in the first model timestep (4.25 Ga). Since the in-situ reworking zone is vigorously162

mixed to homogeneity (Costello et al., 2021), we assume all ice to this depth is exposed163

to surface loss at some point in the 10 Myr and therefore our model removes all ice within164

the upper reworking depth each timestep. A consequence of this treatment is that any165

ejecta within the upper reworking depth preserves underlying ice according to its thick-166

ness (e.g., for a reworking depth of 9 cm, surface ejecta layers at least 9 cm thick will167

preserve underlying ice layers, while 5 cm of near-surface ejecta allows 4 cm of ice to be168

lost). In the pessimistic case where no ejecta preservation occurs, about 9 m of total ice169

thickness could be lost per Gyr in each of the last 3 Ga of model time, while up to 45170

m of ice could be lost over the full 4.25 Gyr when accounting for the deeper reworking171

depth earlier than 3 Gyr (Figure S10). Our simple estimate of ice loss as a function of172

–5–

 21699100, ja, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007567 by N
orthern A

rizona U
niversity, W

iley O
nline L

ibrary on [19/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to JGR: Planets

impact gardening does not account for partial mixing and redistribution of ice deeper173

than the in-situ reworking zone and does not track ice once it leaves one of the model174

stratigraphy columns (see Discussion §4.2).175

2.3 Ejecta deposition176

Ejecta deposition has two main functions in the model: destruction of buried ice177

through ballistic sedimentation (§2.4) and preservation of ice against impact gardening178

and surface loss processes (§2.2). We modeled ejecta emplacement similarly to Cannon179

et al. (2020) with the addition of basin events (Figure 2). We included 24 south polar180

complex craters (D >20 km) and 27 basins (D >300 km), each dated previously by crater181

counting methods (Data Sets S1-S2; Deutsch et al., 2020; Tye et al., 2015; Orgel et al.,182

2018). We calculated ejecta thickness (t) as a function of distance from the crater cen-183

ter (r) and crater radius (R) using the scaling relationship from McGetchin et al. (1973);184

Kring (1995):185

t =

{
0.04 for simple craters,

0.14 for complex craters
×R0.74

( r
R

)−3.0±0.5
(1)

An exponent of -2.8 +/- 0.5 was proposed by Fassett et al. (2011) for basin-size events,186

but that is within the uncertainty of Equation 1. Two caveats of using Equation 1 to187

estimate ejecta thickness are: 1) proximal ejecta may be overestimated due to the raised188

crater rim (Kring, 2007; Sharpton, 2014), and 2) distal ejecta is heterogeneously distributed189

(e.g., as discontinuous rays; Gault et al., 1974) due to instabilities in the ejecta curtain190

(Melosh, 1989). Because none of the craters or basins in our study overlap one another,191

no cold traps lie on or within 1 crater radius of another crater. Furthermore, we restricted192

ejecta deposition to threshold distances at which most impacts produce continuous ejecta193

(Melosh, 1989), setting the threshold distances to be 4 crater radii from the center of each194

crater, for consistency with Cannon et al. (2020), and 5 radii from the center of each basin195

(T. Liu et al., 2020; Xie et al., 2020). Basins that are near enough to deposit ejecta into196

a modeled south polar cold trap crater are indicated with asterisks in Figure 2.197

2.4 Ballistic sedimentation198

Ballistic sedimentation was first formally discussed by Oberbeck (1975) and describes199

the process by which ejecta from a primary crater follows a ballistic trajectory and im-200

pacts the surface at high velocity, mixing with local material to form breccias. A side201

effect of ballistic sedimentation is heating of the mixed ejecta unit. Because we have not202

drilled into ballistic sedimentation breccias on the Moon, we use Earth analogues to con-203

strain the effects of ballistic sedimentation, specifically, the Bunte Breccia Unit within204

Ries crater in Germany (Oberbeck, 1975; Hörz et al., 1977, 1983).205

Ballistic sedimentation only occurs when ejecta reach the surface with sufficient ve-206

locity to mix the target. In the case of Meteor Crater (D=1.25 km; see Kring, 2007, for207

a review), a simple crater on Earth, continuous ejecta is distributed to distances of about208

two crater radii beyond the crater rim. Material deposited at the outer edge of that ejecta209

blanket hit the surface with a velocity of about 11 m/s, which caused some radially out-210

ward skating across the landscape, but no significant erosion and mixing with substrate211

materials or heating. Conversely, the larger Ries crater (D=24 km) has two distinct ejecta212

units. It contains a polymict breccia with fragments of solidified impact melt (known as213

suevite) that has components shocked to >50 GPa and depositional temperatures be-214

tween 500 and 900◦C (Kring, 2005, and references therein). The underlying Bunte brec-215

cia unit represents the bulk of the ejecta and has components shocked to <10 GPa and216

was deposited with no significant increase in temperature. The Bunte Breccia is the bal-217

listically emplaced unit at the Ries Crater (Hörz et al., 1977, 1983). The Bunte Brec-218

cia extended from near the crater rim to at least 36 km from the crater center, about219
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Figure 2. Absolute model ages of craters and basins (inset) incorporated within the Moon-

PIES model. The ages of polar craters were drawn from Tye et al. (2015), Deutsch et al. (2020)

and Cannon et al. (2020). Lunar epochs were defined by the ages of the basins (Orgel et al.,

2018). Asterisks indicate a basin that deposits ejecta into at least one of the modeled craters.
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3 times the basin radius (see Kring, 2005, for a review). We therefore expect the on-220

set of ballistic sedimentation to occur at an ejecta kinetic energy intermediate to those221

at Meteor and Ries craters.222

Since ballistic sedimentation is capable of introducing significant heating and mix-223

ing to target materials, we modeled it as an ice loss process as a function of ejecta ki-224

netic energy, temperature, and depth of mixing.225

2.4.1 Onset of ballistic sedimentation226

To estimate a threshold kinetic energy for the onset of ballistic sedimentation, we
computed the relevant ejecta energy of the Bunte Breccia deposits at the Ries impact
structure (Kring, 2005). We computed ejecta mass per unit area as the product of ejecta
density and thickness, assuming an ejecta density of ρ = 2700 kg/m3 corresponding to
the locally ejected Malmian limestone (Bohnsack et al., 2020) and calculating thickness
using Equation 1 (RRies=12 km). Ejecta velocity at impact was computed using the bal-
listic formula for a spherical body (Vickery, 1986), derived from the half-angular distance
of travel, φ = r/2Rp, which is related to velocity (v) and the ejection angle (θ) by:

tanφ =
v2sinθcosθ

gRp − v2cos2θ
(2)

where g is gravitational acceleration and Rp is planet radius. Solving for velocity227

gives:228

v =

√
gRptanφ

sinθcosθ + cos2θtanφ
(3)

Ballistic kinetic energy is then given by KE=mv2 and is a function of r, Rp, and229

θ. Using the 4 crater radii extent of our ejecta deposits and Equation 3 for the Earth230

(g = 9.81 m/s2; Rp = 6371 km) and assuming the most likely ejecta angle of θ = 45o231

(Shoemaker, 1962), we find that the minimum kinetic energy that produced ballistic sed-232

imentation at the Ries impact structure was ∼1500 MJ/m2 (Figure 3c).233

For comparison, we repeated the above calculation for the 1 km Meteor Crater where234

ballistic sedimentation has not been observed (see Kring, 2007, for a review). The max-235

imum ejecta kinetic energy was ∼10 MJ/m2 at Meteor crater, indicating the onset of bal-236

listic sedimentation is between 10–1500 MJ/m2.237

The lunar case for ballistic sedimentation as a function of crater size is made by238

Oberbeck (1975) who observed the onset of hummocky textures in the continuous ejecta239

of craters larger than 4 km in diameter. Repeating the kinetic energy calculation for the240

Moon assuming an anorthositic target (ρ = 2700 kg/m3; g = 1.624 m/s2; Rp = 1737241

km), we found the kinetic energy for Meteor Crater was smaller than the 4 km lunar crater242

(Figure 3). If the hummocky textures observed by Oberbeck (1975) are indicative of bal-243

listic sedimentation, we would expect the Meteor Crater impact to be energetic enough244

to produce these deposits. However, since the smallest known crater to produce ballis-245

tic sedimentation deposits is the Ries impact, we use it as our conservative model thresh-246

old. The derived ∼1500 MJ/m2 at 4 crater radii corresponds to lunar craters D ≥ 20247

km, and therefore we model ballistic sedimentation for impacts larger than 20 km which248

encountered a modeled south polar cold trap crater (Figure 2) within 4 primary crater249

radii. Although ballistic sedimentation events by craters 4–20 km are not captured in250

our model, those events would primarily influence shallower and younger ice deposits which251

are not the primary focus of this work (see §4.2).252

2.4.2 Ballistic sedimentation depth253

We modeled the depth of influence of ballistic sedimentation events using the lo-254

cal mixing model introduced by Oberbeck (1975) and updated by Petro and Pieters (2004).255
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Figure 3. Modeled ejecta speed (A), thickness (B), kinetic energy (C), and ballistic sedi-

mentation depth (D) with distance from primary crater for the smallest crater and largest basin

depositing ejecta in this work (see §2.3), two reference craters (Oberbeck, 1975), and two terres-

trial analog craters described in §2.4.1. Shaded regions indicate the range of values relevant to

this work. The horizontal dashed line in panel C denotes the kinetic energy input to the Bunte

Breccia unit of the Ries basin impact structure at 4 crater radii. Terrestrial craters are excluded

from panel D because Equation 5 is only applicable to lunar craters

.
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The local mixing ratio, µ, of local material to ejected material was modeled as a func-256

tion of distance traveled, r in km (Oberbeck, 1975), with an adjustment for µ > 5 (Petro257

& Pieters, 2006):258

µ =

{
0.0183r0.87 µ ≤ 5
0.0183

2 r0.87 + 2.5 µ > 5
(4)

We then defined the ballistic sedimentation depth (δ) as the product of ejecta thick-259

ness (Equation 1) and mixing ratio (Petro & Pieters, 2004):260

δ = t× µ (5)

The mixing ratio can also be expressed as the fraction of ejecta relative to total (ejecta261

and local) material as:262

fejecta =
1

1 + µ
(6)

We parameterize ice loss to ballistic sedimentation as a function of fejecta and the263

temperature of the incoming ejecta.264

2.4.3 Fraction of ice volatilized265

We used a 1D heat flow model to derive the fraction of local material volatilized266

(heated beyond a constant ice stability temperature), given the amount of ejecta deliv-267

ered (fejecta) and the initial ejecta and target temperatures.268

The 1D heat flow model assumes vigorous mixing and rapid equilibration, such that269

the ejecta and local material primarily exchange heat through conduction rather than270

radiation (Carslaw & Jaeger, 1959; Onorato et al., 1978). We then solve the 1D heat flow271

equation using the forward Euler method (Euler, 1792) and track the maximum tem-272

peratures encountered during equilibration. We summarize the model in Equations 7 –273

8:274

K =
κ(T )

ρCp(T )
(7)

Ti,n+1 =
K∆t

(∆χ)2
Ti−1,n +

K∆t

(∆χ)2
Ti+1,n − (2× K∆t

(∆χ)2
Ti,n), (8)

where K is the thermal diffusivity, κ(T ) is thermal conductivity (see Equation A4 in Hayne275

et al., 2017), ρ = 1800 kg m−3 is regolith density, Cp(T ) is the heat capacity (see ta-276

ble A1 in Hayne et al., 2017), ∆t = 1 ms is the time step, ∆χ = 10 µm is the spatial277

scale, and i, n are the spatial and time steps, respectively.278

To compute the fraction of water ice volatilized (“volatilized fraction” hereafter),279

we chose a surface ice stability temperature of 110 K (Hayne et al., 2015; Fisher et al.,280

2017). A regolith overburden may increase the ice stability temperature (Schorghofer &281

Aharonson, 2014), however, we do not track the depths of particles in the model and us-282

ing the surface ice stability provides an upper bound on ice mobilized during the rapid283

ballistic sedimentation mixing process. We initialized the 100 element zero-dimensional284

model (closed 1D loop tracking only heat exchanged conductively between participat-285

ing grains) to a nominal surface PSR temperature of 45 K (typical surface temperatures286

of lunar polar cold traps; Paige et al., 2010), and randomly designated a number of ejecta287

elements (dictated by fejecta) a particular initial temperature. We varied the fejecta and288

ejecta temperature from 0–100% and 110–500 K, respectively. We ran the thermal model289
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until equilibration (i.e., all elements within 1 K of each other), or until all elements ex-290

ceeded 110 K (volatilized fraction = 1). We defined the volatilized fraction as the frac-291

tion of local elements that exceeded 110 K in any time step. We randomized the initial292

ejecta positions and ran the model 50 times for each fejecta and ejecta temperature com-293

bination, reporting the mean and standard deviation volatilized fractions of all runs (Fig-294

ure 4; Data Sets S3-S4).295
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Figure 4. Ballistic sedimentation volatilized fraction as a function of initial ejecta fraction

(fejecta) and ejecta temperature. Volatilized fraction is expressed as the mean (left) and stan-

dard deviation (right) cold trap material exceeding 110 K in model simulations, computed over

50 runs with random initial ejecta positions. High temperatures and ejecta fractions result in

high volatilized fractions, as expected. Ranges of volatilized fractions are indicated for ballistic

sedimentation events resulting from craters (blue) and basins (orange, present-cold-moon; red,

warm-ancient-moon; Artemieva & Shuvalov, 2008)

modeled in this work.

2.4.4 Ice lost due to ballistic sedimentation296

To predict ice loss in a particular ballistic sedimentation event, we estimated the297

ejecta and target cold trap temperatures at the time of deposition. Hydrocode simula-298

tions by Fernandes and Artemieva (2012) indicated that ejecta temperatures increase299

with distance from a basin impact due to shock heating, but primarily beyond the 4–300

5 radius distances modeled here. Proximal ejecta temperatures were much more sensi-301

tive to the choice of subsurface thermal profile from about 260 K in the “present-cold-302

Moon” scenario to 420 K for the “ancient-hot-Moon” (Artemieva & Shuvalov, 2008). For303

a conservative treatment, we chose 260 K as the ejecta temperature of basin impact ejecta304

(basin D≥300 km), but note that there is little change in our predicted volatilized frac-305

tion from 260–420 K (Figure 4). For smaller polar complex craters (20 km ≤ D ≤ 110306

km), we chose an ejecta temperature of 140 K, a typical sub-surface polar regolith tem-307

perature (Vasavada et al., 1999; Feng & Siegler, 2021). For each ballistic sedimentation308

event, we then retrieved fejecta (Equation 6) and ejecta temperature (Figure 4) and com-309

puted the ballistic sedimentation depth, δ (Equation 5). We assumed that the derived310

volatilized fraction of ice was volatilized in each layer within δ of the surface. All volatilized311

ice is assumed to be lost from the stratigraphy column in the ballistic sedimentation event312

since each column tracks only the ingress and egress of ice to a permanently shadowed313

macro cold trap. We discuss the implications of this simple treatment of ballistic sed-314

imentation ice removal in §4.2. If multiple ballistic sedimentation events occurred in a315
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Figure 5. Cumulative Kinetic Energy (left) from each of the large age-dated craters, exclud-

ing basins. The kinetic energy contours are plotted over an average solar illumination map of

the south pole (AVGVISIB 75S 120M 201608.LBL; Mazarico et al., 2011). Water ice cold trap

extents (right; Landis et al., 2022).

single timestep, they were applied in δ order from smallest to largest. The ballistic sed-316

imentation events in our model produced δ values ranging from meters to multiple kilo-317

meters depending on the size of primary impact and distance to a particular cold trap318

(Figure 3). Our first order approximation of ballistic sedimentation effects allows us to319

assess incoming ejecta as a removal process, however a method which more precisely mixes320

and redistributes ice may be warranted in future work.321

2.5 Impact ice delivery322

To model ice delivery to the the lunar poles by impacts, we first divide all possi-323

ble impactors into 6 size regimes and two classes: hydrated asteroid and comet. Hydrated324

asteroids in Regimes B–E were modeled consistently with Cannon et al. (2020) as 24%325

hydrated C-types with 10% water content by mass, and adopting consistent fluxes, size-326

frequency distributions, and crater scaling laws, as summarized in Table 1 and Figure327

S10 (Brown et al., 2002; Grün et al., 2011; Neukum et al., 2001; Ong et al., 2010). Ad-328

ditionally, we introduce basin impactor (the new Regime F) and cometary impactor (across329

all regimes) contributions to polar ice for the first time.330

2.5.1 Micrometeorites and comets331

We modeled all micrometeorites (Regime A) as cometary based on dynamical mod-332

els that suggest comets dominate the smallest impactors at 1 AU (Oberst et al., 2012;333

Suggs et al., 2014; Pokorný et al., 2019). For larger impacts, we assumed 5% are cometary,334

which is a conservative estimate within a typical range of 5-17% (Joy et al., 2012; J. Liu335

et al., 2015). To predict the total cometary mass delivered, we used the same scaling laws336

of Regimes B–F (Table 1). We assigned each comet a random velocity from a bi-modal337

velocity distribution (Figure S2) and assumed each comet is 20 wt% water, which has338

been measured for comet 67P/Churyumov-Gerasimenko (Fulle et al., 2017), but is on339

the low end of historical estimates, e.g., 50 wt% (Whipple, 1950), with a conservative340

density of 600 kg m−3 (the density of Comet Shoemaker-Levy 9; Asphaug & Benz, 1994).341
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Regime Population Impact
Frequency
Ref

CSFD
slope

Crater
Diam
(km)

Impactor
Diam
(km)

Crater
Scaling
Law Ref

Model
Treatment

A Micro-
meteorites

Grün et al.
(2011)

N/A N/A 10 nm –
1 mm

N/A Averaged

B Small
Impactors

Brown et
al. (2002)

-3.82 N/A 10 mm
– 3 m

N/A Averaged

C Small
simple
craters

Neukum et
al. (2001)

-3.82 0.1 km
– 1.5
km

N/A Prieur et
al. (2017)

Averaged

D Large
simple
craters

Neukum et
al. (2001)

-1.8 1.5 km
– 15 km

N/A Collins et
al. (2005)

Stochastic

E Complex
craters

Neukum et
al. (2001)

-1.8 15 km –
300 km

N/A Johnson et
al. (2016)

Stochastic

F Basins† Orgel et al.
(2018)

N/A ≥ 300
km

N/A Johnson et
al. (2016)

Individual

†MoonPIES only

Table 1. Cratering Regimes. Regimes A-E are defined following (Cannon et al., 2020). Regime

F, representing basin impactors, was added for this work.

We model the micrometeoritic flux rate at 106 kg/yr (Grün et al., 2011), scaled by342

the lunar chronology function, and assuming complete vaporization and consistent cometary343

hydration of 20 wt%. We note that the micrometeorite flux rate and hydration depend344

on the sizes and source populations of parent comets which have evolved through time345

(Snodgrass et al., 2011; Pokorný et al., 2019). Although we do not model comet pop-346

ulations through time, we use conservative estimates of comet parameters for this work347

and show the relative insensitivity of the model to very icy comets in a 100 wt% comet348

hydration scenario (Figure S6).349

2.5.2 Basins350

Basins included in our model (Figure 2; Data Set S2) were designated as hydrated351

C-type, cometary, or neither at the same probability as other impactors. If a modeled352

basin impactor was icy, it delivered ice in the timestep nearest to its age, randomized353

within model age uncertainties for each run. Although absolute ages and age uncertain-354

ties are debated for several basins, we drew all basin ages from the same source, Orgel355

et al. (2018), noting that the sequence of basin ages is more important for generating an356

accurate stratigraphy than precise absolute ages. We scaled each basin main ring diam-357

eter to its transient diameter using the scaling laws from Croft (1985) and then to im-358

pactor diameter following Johnson et al. (2016). Volatile content and retention rates were359

predicted consistently with other hydrated asteroids and comets in the model.360

2.5.3 Volatile retention361

The fraction of ice retained by the Moon in a hypervelocity impact is primarily a362

function of the impact velocity (Ong et al., 2010). We derived a simple power law fit to363

retention rates computed in impact simulations by Ong et al. (2010) (1.66×104v−4.16,364

where v is velocity in m/s; Figure S3). For consistency with Cannon et al. (2020), we365

retained the assumption that < 10 km/s impacts result in 50% volatile retention for as-366

teroid impactors.367
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2.5.4 Ballistic hopping368

At each timestep, global ice delivery was converted to a local cold trap ice mass369

by employing a ballistic hop efficiency. The ballistic hop efficiency is defined as the frac-370

tion of global ice that comes to rest in a particular cold trap via ballistic hop random371

walks. We took the fraction of total water in the ballistic hop simulations by Moores (2016)372

and normalized by cold trap area. For cold traps not modeled in Moores (2016), we made373

a conservative estimate recognizing that ballistic hop efficiency is related to latitude. For374

Slater, we took the average of the nearest latitude craters, Shoemaker, de Gerlache, and375

Sverdrup. For craters north of Faustini (87.2◦ S), we set the ballistic hop efficiency to376

that of Faustini, recognizing that if the latitude trend holds then this would underesti-377

mate the amount of ice transported to and therefore retained within these cold traps in378

the model (Figure S1; Data Set S5). We note that recent work has called into question379

the present-day lateral transport of ice (Hodges & Farrell, 2022), while other studies sug-380

gest impact-induced transient atmospheres may also play a role in ice delivery (Nemtchinov381

et al., 2002; Stewart et al., 2011). While we use the transient atmosphere formulation382

for volcanic ice delivery (§2.6), we retain the ballistic hop method for impact ice deliv-383

ery for ease of comparison with Cannon et al. (2020).384

2.6 Volcanic ice delivery385

We modeled volcanic ice delivery via a transient atmosphere that deposits ice in386

polar cold traps (Aleinov et al., 2019). Volatiles are deposited at a rate predicted by tran-387

sient atmosphere simulations by Wilcoski et al. (2021), who found 26% of erupted H2O388

is able to be deposited in south polar cold traps when accounting for atmospheric escape389

and sublimation. This treatment of deposition ignores any effect of ballistic hopping as390

the deposited H2O from a transient atmosphere can only persist on the poles and is very391

quickly sublimated away elsewhere on the surface (Wilcoski et al., 2021). We used model392

estimates of Needham and Kring (2017) for total H2O outgassed from mare volcanic provinces393

over time. We converted volatile H2O to ice deposited in the style of Cannon et al. (2020).394

Although Head et al. (2020) presented smaller estimates of outgassed volatile mass, our395

model is insensitive to this choice as neither deposits more ice than is removed by im-396

pact gardening in a given timestep (Figure 6, S10).397

2.7 Solar wind H+ deposition398

We included a treatment of solar wind H+ as a possible source of water in polar399

cold traps (Arnold, 1979). We used solar wind-derived H2O mass flux of 2 g/s H2O (Housley400

et al., 1973; Benna et al., 2019). We note this may be an overestimate since Lucey et al.401

(2020) predicted about 1/1000 of the 30 g/s H+ suggested by Hurley et al. (2017) would402

be converted to H2O. Additionally, historical solar wind H+ flux may have been lower403

when the sun was fainter (Bahcall et al., 2001). However, less than 1 cm of ice is expected404

per model timestep given the 2 g/s H2O rate, which is less than is removed by impact405

gardening each timestep, making our model insensitive to a more precise treatment of406

solar wind ice delivery (Figure 6, S10).407

2.8 Randomness and reproducibility408

To simulate the delivery of ice and ejecta to target cold traps, MoonPIES uses Monte409

Carlo methods to vary the timing and abundance of impacts through lunar geologic his-410

tory. Consistent with the previous model by Cannon et al. (2020), ice delivery was driven411

by impactor size and impactors forming craters smaller than 1.5 km diameter were treated412

as bulk populations, with fluxes drawn from the literature (see Table 1). However, larger413

impactors were modeled individually with compositions (hydrated asteroid, unhydrated414

asteroid, or comet) and speeds each randomly drawn, affecting the ice delivered and re-415

tained in a given timestep (see §2.5). Asteroid speeds were drawn from a Gaussian dis-416
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Figure 6. Mean ice deposited in each timestep per unit area across the south polar region for

each lunar geologic era (log scale, averaged over 100 runs). Whiskers denote the maximum and

minimum ice delivered in a particular timestep. Bars show total ice delivered from all sources

(blue) as well as ice originating from non-basin impactors (orange), basin impactors (green), vol-

canic outgassing (red), and solar wind (yellow). Shaded regions represent upper bounds on ice

loss due to ballistic sedimentation (pink) and impact gardening (gray). In practice, ice loss will

depend on the timing of stochastic ballistic sedimentation events and stratigraphy of each cold

trap at each timestep, since surface ejecta layers may partially or fully preserve underlying ice

from loss (to visualize stochasticity and cumulative deposition, see Figure S10).

tribution (µ=20km/s, σ=6km/s). Comet speeds were drawn from a bimodal distribu-417

tion of two Gaussians to simulate the Jupiter family and long period comet populations418

(µJFC=20km/s, σJFC=5km/s; µLPC=54km/s, σLPC=5km/s) (Chyba, 1991; Jeffers et419

al., 2001; Ong et al., 2010). We assume that Jupiter family comets are 7 times as likely420

as long period comets, though the precise ratio and its evolution over lunar geologic time421

are not well constrained (Carrillo-Sánchez et al., 2016; Pokorný et al., 2019).422

To model individual crater and basin events that deliver ejecta to cold traps, we423

randomly drew ages from the published crater count model ages (Figure 2). Ages were424

drawn from a truncated Gaussian centered on the absolute model age with standard de-425

viation being half of the model age uncertainty (or the average of the upper and lower426

bounds, if asymmetric). The minimum and maximum ages are fixed at the upper and427

lower age uncertainty. Ice delivery was not modeled for individual south polar craters428

since their contributions are already included in the complex crater population. How-429

ever, basins are assigned a probability of being asteroidal or cometary and a random im-430

pact speed to determine ice delivery in a consistent manner with other impactors. Ejecta431

deposition and basin ice delivery then occurs during the nearest timestep in the model432

to the assigned ages for these individual events.433

For reproducibility, MoonPIES generates a configuration file specifying all param-434

eters used to run the model as well as the random seed, allowing a given model run to435

be reproducible. Monte Carlo results presented here were run on MoonPIES v1.1.0 with436

random seeds 1–10000 (see Tai Udovicic et al., 2022a, for full documentation).437

–15–

 21699100, ja, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007567 by N
orthern A

rizona U
niversity, W

iley O
nline L

ibrary on [19/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to JGR: Planets

3 Results438

The ice layering trends predicted by the MoonPIES model were broadly consistent439

with Cannon et al. (2020) when ballistic sedimentation was excluded from the model (e.g.,440

the oldest cold traps often retained “gigaton” ice deposits, §3.2). However, when account-441

ing for ballistic sedimentation, such gigaton ice deposits were disrupted and the quan-442

tity of ice retained was reduced. We also found a location dependence of ice retention,443

with cold traps nearest to the south pole (latitude < −88◦) retaining less ice in general444

when compared to cold traps at greater latitudes (Figure 9). We ran the model 10,000445

times to generate a distribution of ice retention in each cold trap, with the results of the446

Monte Carlo approach shown in Figures 7 and 9. Figure 7 compares the stratigraphic447

columns generated for Faustini, Haworth, and Cabeus craters over three different Monte448

Carlo model runs, while Figure 9 shows the distribution of total ice thickness in each of449

the 10 modeled stratigraphic columns across all 10,000 model runs (Data Set S6).450

0 20 40 60 80 100
Ice in Layer [%]

Ice
Amundsen
Cabeus

Cabeus B
Humorum
Mendel-Rydberg

Nectaris
Nobile
Orientale

Schrodinger
Scott

Shoemaker
Unnamed 1

0

50

100

150

200

250

300

De
pt

h 
[m

]

A
Faustini
4.08 Ga

Haworth
4.18 Ga

Cabeus
3.91 Ga

B
Faustini
4.10 Ga

Haworth
4.18 Ga

Cabeus
3.88 Ga

C
Faustini
4.12 Ga

Haworth
4.17 Ga

Cabeus
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Figure 7. A comparison of Faustini, Haworth and Cabeus cold traps over 3 different Monte

Carlo model runs (including ballistic sedimentation effects). Shading indicates the quantity of

ice in each layer (see reported values in Figure S7). We note that the cold trap ages and strati-

graphic sequence of a particular run differs due to random variation in ejecta ages and ice deliv-

ery. Runs A and B show typical columns for all three cold traps. In run C, the large ice layer in

Faustini and Haworth is the result of a basin-scale cometary impact, while the absence of layering

in Cabeus indicates that it formed later than all possible ejecta sources.

3.1 Effects of ballistic sedimentation451

Ballistic sedimentation reduced the amount of ice retained within most cold traps452

modeled in this study. Figure 8 depicts a single run with and without the effects of bal-453

listic sedimentation, while Figure 9 depicts total ice thickness retained for 10 cold traps454

across 10,000 model runs with and without the effects of ballistic sedimentation. Cold455

traps were grouped by similar age and sorted by latitude within each group.456

When ballistic sedimentation is considered, ejecta from nearby craters and impact457

basins effectively removed pre-existing ice within cold traps, resulting in less preserved458

average ice thickness across all cold traps. Ballistic sedimentation did not remove ice en-459
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Figure 8. Model stratigraphy columns for the same model run with A) ballistic sedimentation

and B) no ballistic sedimentation. Shading indicates the quantity of ice in each layer (see re-

ported values in Figure S8). When ballistic sedimentation was accounted for, large pure ice layers

were lost from the base of the oldest cold traps (Faustini, Haworth and Shoemaker). Shallower

layers retain a similar ice % in both cases. Although this is a representative outcome, it should

be noted that the absolute quantity of ice and stratigraphic sequence changes from run to run

(Figures 7-9).
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tirely, but rather reduced the thickness of ice deposits at and near the surface at the time460

of ejecta implantation. Although impacts that form basins and complex craters both have461

the potential to remove ice due to ballistic sedimentation, basin-sized impacts tended462

to be more effective at melting ice through ballistic sedimentation than complex polar463

craters. Complex polar craters tended to produce ejecta lacking sufficient kinetic ener-464

gies at the distances required to reach nearby polar cold traps, effectively caused a net465

preservation effect rather than a net ice removal effect. The influence of ballistic sedi-466

mentation was most notable for the oldest cold traps in our sample, Haworth, Shoemaker,467

and Faustini. The oldest cold traps retained large ice deposits in nearly all runs with-468

out ballistic sedimentation. After ballistic sedimentation effects were included, ice re-469

tention was reduced and more variable, with cold traps retaining about a tenth of for-470

mer median total ice thicknesses.471

Similarly, Nectarian and Imbrian cold traps saw overall declines in ice retention when472

including the effects of ballistic sedimentation, though not as dramatically as observed473

in the Pre-Nectarian cold traps, which follows from the decline in basin-forming impacts474

during these eras. Eratosthenian cold traps formed after the majority of ice was deliv-475

ered and most large ballistic sedimentation events occurred and therefore retain little476

ice regardless of ballistic sedimentation.477

3.2 Gigaton ice deposits478

We report large ice deposits retained in the model following the “gigaton” termi-479

nology, referring to ice deposits that would exceed 109 metric tons of ice if they filled a480

cold trap with a surface area of at least 100 km2 (Cannon et al., 2020). Assuming a den-481

sity of ice of ∼1000 kg/m3, such deposits must be larger than 10 m thick. Pristine single-482

layer deposits exceeding 10 m were rare in most cold traps and absent from others ex-483

cept when early large ice delivery events occurred in a particular run (Figure 8). We in-484

vestigated the likelihood of retaining layers of a given thickness at depth over the 10,000485

model runs (Figure 10). When excluding effects of ballistic sedimentation, gigaton lay-486

ers (>10 m) emerged at depths of about 100 m. By contrast, when ballistic sedimenta-487

tion was implemented, layers rarely exceeded 10 m and were most commonly < 1 m thick488

(Figure 10).489

We also assessed the total ice retention by each cold trap at all depths (Figure 9).490

Without ballistic sedimentation, we found that the median total ice exceeded 10 m “gi-491

gaton” thickness for all Nectarian and older craters. However, when we accounted for492

ballistic sedimentation, all craters declined in total ice retention, with medians near or493

below 10 m. For Shoemaker, Idel’son L and Amundsen, this decline marked a shift from494

>75% of runs producing gigaton levels of ice to <25% exceeding the 10 m threshold. How-495

ever, other Nectarian and older cold traps retained 10 m of ice in about 50% of runs. The496

youngest cold traps retained the least ice: Imbrian cold traps Slater and Sverdrup re-497

tained at least 1 m of ice in about 15% and 10% of runs, respectively, while Eratosthe-498

nian cold trap Wiechert J exceeded 1 m in only 0.5% of runs. Shackleton never retained499

more than 1 m of ice. In summary, while single layer gigaton deposits were rare, volu-500

metric gigaton deposits occurred for most older cold traps in about 50% of runs.501

3.3 Gardened layer502

The gardened layer (referred to as gardened mantle deposits in Cannon et al. (2020))503

we observed near the surface of most stratigraphy columns ranged in size depending on504

cold trap location and age. We defined the gardened layer as any portion of the column505

influenced by ballistic sedimentation or impact gardening and containing less than the506

100 m “gigaton” ice thickness threshold defined above. For any given cold trap, the to-507

tal thickness of the gardened regolith zone varied significantly across Monte Carlo runs.508

Figure 9 demonstrates that the distribution of total ice thickness for 10,000 model runs509
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Figure 9. Sum total equivalent ice thickness retained in each cold trap stratigraphic column

across 10,000 runs grouped by formation era and sorted by latitude. The width of each violin is

scaled by the total number of runs retaining at least 1 m of ice. Median and quartiles are indi-

cated as dashed lines. Without ballistic sedimentation, total ice thickness is greater, particularly

for Pre-Nectarian and Nectarian cold traps. The difference in ice retention is smaller for Imbrian

cold traps where few basins and local impacts disturb ice. About 1000 runs retained > 1 m for

Wiechert J and only 3 runs retained > 1 m of ice in Shackleton.

varies from 1 to 100 m for Pre-Nectarian and Nectarian cold traps, while younger cold510

traps tend to retain between 1 to 10 m.511

We also observed a slight trend with latitude, finding that median total ice in the512

gardened layer declines towards the South Pole. In particular, Faustini, Cabeus B and513

Cabeus retained the thickest gardened layers with median total ice of ∼20 m. The small-514

est gardened layers occurred in the youngest and most poleward cold traps, namely Shoe-515

maker, de Gerlache, Slater, Sverdrup, Wiechert J and Shackleton, each retaining <10516

m median ice thickness. Wiechert J and Shackleton were the only cold traps which re-517

tained <1 m of total ice in the majority of runs and exceeded this threshold in only 10%518

and 1% of runs, respectively.519

We contrasted our results with 10,000 model runs which did not account for bal-520

listic sedimentation (Figure 9). As expected, the total amount of ice retained in each cold521

trap was greater when ballistic sedimentation was excluded. In addition, thick, pristine522

ice layers were disrupted by ballistic sedimentation, causing the gardened regolith to be523

much more extensive in this work relative to the previous model by Cannon et al. (2020).524

The distributions of total ice thickness for some of the Nectarian cold traps are bi-525

modal in model runs without ballistic sedimentation (Figure 9), with one concentration526

of model runs retaining ∼100 m of ice and another concentration retaining ∼10 m of ice.527

This bimodal distribution is due to the precise timing and sequencing of the Nectarian528

basin ice delivery events that overlap in formation ages. The craters with bimodal ice529

thickness distributions form around the same time as several significant basin formation530

and ice delivery events, whereas the craters with simple ice thickness distributions have531

basin formation and ice delivery events exclusively outside of their age distributions. The532

bimodal thickness distributions are therefore attributed to the precise sequencing of basin533

ejecta delivery, ballistic sedimentation, and ice delivery around the time of cold trap for-534

mation. Therefore, cold trap age and the ages of nearby craters and basins can distin-535

guish a “gigaton” ice deposit from a thin gardened layer ice deposit for Nectarian cold536

traps.537
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Figure 10. Depth and thickness of ice layers for 10,000 model runs with and without ballistic

sedimentation (orange and blue, respectively), represented as kernel density estimation (KDE)

contour plots. Histograms indicate the distribution of depths and layer ice thicknesses as counts

without KDE smoothing applied. Shaded regions indicate “gigaton” zones, where layer thickness

exceeds 10 m. For Cabeus, horizontal lines denote LCROSS maximum excavation depth (Schultz

et al., 2010; Luchsinger et al., 2021).
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In addition to total ice, we also illustrate the possible distributions of ice with depth538

for Faustini, Haworth, Amundsen, Cabeus, de Gerlache, and Slater craters in Figure 10539

using a kernel density estimation (KDE) contour plot of ice thickness vs. depth. The con-540

tours represent the number of times an ice layer of the corresponding thickness was present541

at the corresponding depth over 10,000 model runs, both with (blue) and without (brown)542

ballistic sedimentation effects. Gray boxes in the top two plots indicate the gigaton de-543

posit zone. In this figure, we have indicated two possible excavation depths from the LCROSS544

impact for Cabeus (Schultz et al., 2010; Luchsinger et al., 2021).545

For Faustini, Haworth, and Amundsen, the three oldest cold traps, the blue bal-546

listic sedimentation contours are shifted to the left relative to the brown contours, which547

represent model runs with no ballistic sedimentation. The shift in the blue contours rep-548

resents ice deposits that have been disrupted and reduced in thickness. Individual ice549

layers in the gigaton deposit zone, indicated by gray boxes, only occur in some model550

runs without ballistic sedimentation, and only for Faustini and Haworth craters. The con-551

tour lines for Cabeus, de Gerlache, and Slater are less affected by ballistic sedimenta-552

tion. Faustini and de Gerlache both contain ice deposits within the uppermost 6 m of553

regolith in some model runs, potentially making these craters high priority for missions554

with depth sensitivity greater than 1 m. However, the depth and temporal resolution of555

the MoonPIES model limits its ability to predict surface expression of ice.556

In Figure 11, we present a boxplot of ice concentration for all cold traps within the557

uppermost 6 m and 10 m below the surface. The boxes denote the first and third quar-558

tiles, while the whiskers denote the 99th percentile, and the individual points represent559

outliers above the 99th percentile. At least 75% of model runs predicted no ice reten-560

tion in the uppermost 6 m for all cold traps except for Faustini, Amundsen, and de Ger-561

lache. For comparison, the ∼5% concentration measured during the LCROSS impact into562

Cabeus crater (Colaprete et al., 2010) is indicated with a dashed line in Figure 11. None563

of the cold traps met or exceeded this threshold in the upper 6 m in >75% of model runs564

(Faustini and de Gerlache craters were the most likely at 13% and 6% of model runs,565

respectively). Therefore, the MoonPIES model may underpredict ice near the surface,566

which we discuss in §4.2. However, we observe greater total ice retention at depths of567

100 m, with Cabues B, Amundsen, and Cabeus cold traps exceeding 5% ice in the up-568

per 100 m in at least 25% of model runs. We discuss the implications of these results in569

the following sections.570

4 Discussion571

4.1 Gigaton ice deposit distribution572

Previous work by Cannon et al. (2020) described deposits containing tens to hun-573

dreds of meters of ice as “gigaton” deposits. When accounting for ballistic sedimenta-574

tion in the MoonPIES model, we found that single-layer gigaton deposits no longer form575

(Figure 10). Instead, modeled stratigraphy columns are more likely to contain thinner576

layers that have been disrupted and reduced in size (Figure 10). It was also rare for the577

total ice thickness retained in our model to exceed 10 m throughout the stratigraphy col-578

umn (Figure 9). This typically occurred when large volumes of ice were delivered by large579

icy impactors. Ice retention also depended on the precise sequencing of cold trap forma-580

tion and ballistic sedimentation events.581

4.2 Ice disruption in gardened layers582

Our model predicted that most ice layers stored within polar cold traps would have583

been disrupted by either impact gardening and/or ballistic sedimentation. While impact584

gardening affects the upper centimeters across all of model time, the effects of ballistic585

sedimentation are primarily localized to the Imbrian and earlier time periods and dis-586

rupts up to 10s of meters (Figure 6). We found that cold traps farther from the pole were587

more likely to retain thicker ice deposits, due to the MoonPIES model treatment of bal-588
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Figure 11. Boxplot of ice retained in the upper 6 m (top) and upper 100 m (bottom) of each

modeled cold trap over 10,000 runs (for reference, the LCROSS impact excavated 6–10 m into

Cabeus crater; Schultz et al., 2010; Luchsinger et al., 2021). The top of each box denotes the

third quartile and whiskers denote the 99th percentile. Points denote outliers above the 99th

percentile value. The dashed line indicates 5% ice concentration which was measured in the

LCROSS ejecta plume (Colaprete et al., 2010).
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listic transport to the south polar region, wherein the majority of ballistically transported589

ice comes to rest in the first cold trap encountered (Moores, 2016). We note that our model590

only tracks deposition of ice by primary delivery processes and does not track the rede-591

position of ice that is lost from a particular cold trap, nor the interchange of ice between592

our target cold traps and seasonal or micro cold traps (Kloos et al., 2019; Hayne et al.,593

2021). In addition, ice volatilized during a ballistic sedimentation event may not fully594

escape the stratigraphy column. We tested the sensitivity of our model to ice lost dur-595

ing ballistic sedimentation events and find that at 50% ice lost, ballistic sedimentation596

still degrades the oldest, largest ice deposits, but becomes less effective for Nectarian and597

younger cold traps (Figure S5). Therefore, the gardened layers are conservative estimates598

of total ice storage. Secondary ice mobility processes such as redeposition and thermal599

pumping (Schorghofer & Aharonson, 2014; Schorghofer & Williams, 2020) could result600

in larger ice deposits than those modeled here, particularly in the case of near-surface601

expression of ice deposits.602

In the MoonPIES model, the expression of near-surface ice in a gardened regolith603

was primarily determined by the thickness of the final ejecta deposition event(s) or large604

quantities of ice delivered by impacts near the end of a model run. The lack of surface605

ice observed follows from our treatment of impact gardening, which typically removed606

more ice than the average deposition from all sources in any given timestep post-Nectarian607

(Figure 6, S10). It is worth noting that reworking depth is a nonlinear function of time608

(Costello et al., 2021) and therefore ice loss due to impact gardening is sensitive to the609

chosen model timestep. Shorter timesteps increase the total number of gardening events,610

increasing the total ice loss in the pessimistic case (no ejecta preservation), albeit from611

shallower and easier to preserve reworking depths. For this reason, our model is more612

predictive of deeper ice layers rather than those directly at the surface. The surface ex-613

pression of ice is therefore unconstrained by the MoonPIES model, as seen in Figure 11.614

MoonPIES also does not consider redeposition of lost ice into neighboring cold traps, ther-615

mal pumping, or other ice modification processes that may affect surface expression of616

ice.617

Ice was most commonly retained at the surface in our model was when large icy618

impactors delivered ice very recently. Recent ice delivery has been invoked to explain the619

abundance of polar ice detected at Mercury and Ceres (Moses et al., 1999; Chabot et620

al., 2018; Platz et al., 2016), but not at the Moon (Li et al., 2018; Campbell et al., 2006;621

Neish et al., 2011). Instead, surface ice is more likely the result of present-day produc-622

tion of ice by the solar wind on timescales shorter than 10 Myr (Benna et al., 2019) or623

surface-subsurface exchange (e.g., through thermal pumping Schorghofer & Aharonson,624

2014) not modeled here. Our model is therefore most relevant for subsurface ice explo-625

ration (e.g., depths of 3 m and greater).626

4.3 The nature of buried ice below polar cold traps627

Our model aggregates ice delivery to the south pole from solar wind, volcanic out-628

gassing, and impact delivery. Using published rates of solar wind deposition (Housley629

et al., 1973; Benna et al., 2019) and volcanic outgassing (Needham & Kring, 2017), the630

ice deposition rate in all cold traps is many orders of magnitude smaller than the im-631

pact gardening rate at any point in time (Figure 6, S10). Therefore, our model predicts632

that large buried ice deposits would be primarily sourced from impacts, consistent with633

the conclusions of Cannon et al. (2020).634

Impactors in this work included contributions from both asteroids and comets, an635

update from previous work considering only asteroids (Cannon et al., 2020). We retained636

the asteroid ice delivery assumptions of Cannon et al. (2020), i.e., that 24% of asteroids637

were hydrated C-types with velocity-dependent volatile retention (Ong et al., 2010), ex-638

cept for velocities ≤ 10 km/s in which case heating only volatilized half of the carbona-639

ceous projectile (Figure S3; Svetsov & Shuvalov, 2015). We assumed a constant comet640

proportion of 5% as a conservative estimate of typically reported values (5%– 17%; Joy641
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et al., 2012; J. Liu et al., 2015). At this proportion, comet ice contributions were com-642

parable to asteroid ice due to the greater ice concentration, despite lower retention on643

average due to greater impact speeds (Ong et al., 2010). We also allowed basin impactors644

to be icy at the same rates as other impactors. On average, basins contributed about645

2 m of ice per basin-era timestep (1 m each from asteroidal and cometary basins; Fig-646

ure S4). However, as stochastic events, many runs delivered no basin ice, while rare large647

basin impactors in other runs exceeded all other ice sources. In addition, basin ice de-648

livery events produced deep early ice layers which were more likely to be retained over649

geologic time. Basin ice abundance and retention depended heavily on the sequence of650

basin events, their impactor composition and randomly assigned speed. Improved con-651

straints on the fraction of cometary and asteroidal impactors over lunar history, their652

ice delivery mechanisms, as well as the ages and composition of basin impactors, would653

dramatically improve our understanding of deep water ice deposits at the lunar poles.654

4.4 Implications for lunar ice exploration655

The MoonPIES model explores ice delivery, retention, and removal over geologic656

time scales. However, human exploration occurs on human time scales, during which short657

term ice deposition and removal can occur. These short term ice behaviors can lead to658

surface expressions of ice that are not captured by our model. Additionally, the true ice659

distribution is the result of a long stochastic history that we can only partially constrain,660

as illustrated by the variance in possible outcomes over 10,000 model runs (Figure 9).661

In particular, the bimodal distributions caused by uncertainty in the precise sequenc-662

ing in crater and basin formation events indicate that precise sequencing of crater and663

basin ages is critical to the ability to precisely model and predict the thickness of ancient664

ice deposits.665

Our model predicts that the disruption of ice by impact gardening and ballistic sed-666

imentation would cause large coherent ice deposits at depth to be unlikely. We found667

that the gigaton deposits observed in Cannon et al. (2020) would be rare and, if present,668

likely to be disturbed and present only in incoherent layers. Therefore, well-defined con-669

tacts between lithic and icy layers are unlikely to be detected with radar, consistent with670

inconclusive space-borne radar studies (Spudis et al., 1998; Campbell et al., 2006; Pat-671

terson et al., 2017). If the LCROSS impactor excavated 10 m of material, it could have672

sampled a region that MoonPIES predicts could be populated by ice; however, if it only673

excavated 6 m of material, it would have sampled only the surface expression ice. De-674

posits beyond 6 m may have formed a layer of harder material that prevented excava-675

tion, as suggested by Luchsinger et al. (2021).676

Additionally, ground-penetrating radar (GPR) may present an opportunity to probe677

for ice layers beneath cold traps with deeper penetration depths than orbital radar (Heggy678

et al., 2011; Kring, 2007; Nunes et al., 2018; Richardson et al., 2020; Kring, 2020; Ohtake679

et al., 2021; Sowers et al., 2022; Shoemaker et al., 2022). GPR may also allow thinner680

ice layers to be detected by using higher frequencies than orbital radar. Although our681

predictions indicate that fully coherent thick ice layers are rare, changes in dielectric prop-682

erties or partially preserved layers of ice may be observable with ground penetrating radar.683

While Faustini, Haworth, and Shoemaker retained similar quantities of ice as other cold684

traps over all depths (Figure 9), most ice was concentrated near the base of their columns685

(Figure 10). The most valuable targets for radar assuming penetration depth of at least686

100 m (Fa, 2013; Yuan et al., 2021) would be Amundsen, Cabeus and, Cabeus B, which687

each retained > 3 m of ice in half of model runs and > 5 m of ice in 25% of model runs.688

(Figure 11). Faustini, Haworth, and Idel’son L, which each retained >= 1 m of ice in689

half of model runs may also be targets of interest.690

The Artemis exploration zone is centered on the lunar south pole, which lies on the691

rim of Shackleton crater. Our model does not predict ice retention in Shackleton crater692

in the vast majority of model runs, due to its relatively recent formation age and prox-693

imity to the south pole, consistent with orbital observations (Haruyama et al., 2008; Zu-694

–24–

 21699100, ja, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007567 by N
orthern A

rizona U
niversity, W

iley O
nline L

ibrary on [19/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to JGR: Planets

ber et al., 2012). However, the absence of large subsurface ice layers in our model does695

not preclude the discovery of ice near the surface of Shackleton crater. Ice redistribu-696

tion or a recent icy impactor could result in near-surface ice in the Shackleton cold trap.697

If a significant quantity of ice was discovered at depth below Shackleton, it would sug-698

gest that our model underestimates subsurface ice storage and could indicate that other699

cold traps may also store ice more efficiently than predicted here. Future exploration of700

south polar cold traps would therefore provide crucial constraints on our understand-701

ing of recent and historical ice delivery, as well as the potential for geologic deposits of702

ice at depth.703

5 Conclusion704

Understanding the location, quantity, and form of buried ice is critical for future705

mission planning. Volatile-bearing impacts are thought to be the main source of polar706

ice, while ejecta from impact craters may preserve ice deposits over geologic time. How-707

ever, impact crater ejecta could mix and volatilize ice through ballistic sedimentation.708

We developed a thermal model to predict ice loss due to ballistic sedimentation. We ap-709

plied our findings to a Monte Carlo polar ice and stratigraphy model and determined710

that ballistic sedimentation disrupts “gigaton” style deposits reported by Cannon et al.711

(2020). Ice deposits in our model had smaller volume and layer sizes, particularly for older712

and deeper modeled ice layers.713

We applied our model to cold trap regions within the Artemis exploration zone.714

We found that Amundsen, Cabeus, and Cabeus B craters retained the greatest quan-715

tities of ice potentially detectable with ground penetrating radar. We found significant716

variance in model predictions for near-surface ice deposits, indicating that shorter term717

processes dominate ice retention in the upper 10 m. Although our model is inconclusive718

for surface level deposits, Faustini, de Gerlache, and Amundsen craters retained the great-719

est quantities in the upper 6 m, and may be better targets for instruments with < 10720

m depth sensitivity than other cold traps in this study. Of the modeled cold traps, Shack-721

leton was least likely to retain subsurface ice due to its young formation age, proxim-722

ity to the pole, and lack of preserving ejecta layers deposited after its formation. Model723

variance due to the precise sequencing of cold trap formation, ejecta deposition, and ice724

delivery events will be constrained by dating samples returned by upcoming missions from725

the Artemis program. We showed that basin ice and ejecta delivery play crucial roles in726

retention of ice at the lunar south pole. Buried ice deposits beneath lunar polar cold traps727

have likely been exposed to reworking by ballistic sedimentation, and are thinner and728

less extensive than previously reported.729

Open Research730

The MoonPIES Python package is open source and publicly available on GitHub731

(https://github.com/cjtu/moonpies). The version of the model used in this work (v1.1.0)732

is available at Zenodo (Tai Udovicic et al., 2022a). All data generated in this work (Data733

Sets S1 to S7) are also available at Zenodo (Tai Udovicic et al., 2022b) and are described734

in the supplementary information.735
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