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SCIENTIFIC/TECHNICAL/MANAGEMENT SECTION  

A1. INTRODUCTION 

Impact bombardments in the first billion years of Solar System history determined in large part 
the initial physical and chemical states of the terrestrial planets and their potential to host 
biospheres. The range of physical states and thermal consequences of the impact epoch, 
however, are not well quantified. We propose to apply a global thermal cratering model 
developed under a previous PGG grant to explore the effects of several types of impact 
bombardments on the Earth, Moon, Mars, and Mercury. We would model two types of post-
accretionary bombardments: (i) an exponential decay and (ii) a sawtooth timeline, characterized 
by faster-than-exponential decay and reduced total mass. Likewise, two types of Late Heavy 
Bombardment (LHB) would be modeled: (i) a baseline scenario representing a classic "spike," 
centered at 3.9 Ga and lasting ~100 Myr, and (ii) a more recent concept of a "sawtooth" LHB, 

characterized by an near-instantaneous increase 
in the number of impacts at ~4.1 Ga, overall 
lower delivered mass, and a longer duration, 
with exponential decay extending into the 
Archean. This work addresses key questions in 
Planetary Geology and Geophysics such as: (i) 
What is the bombardment history of the Moon? 
(ii) What thermal role did impacts play on early 
Mars? (iii) How much of Mercury’s crust was 
melted, metamorphosed, and physically 
disrupted by the Late Heavy Bombardment? 
 It is well-established that throughout solar 
system history, impact events have reshaped the 
surfaces of the terrestrial planets and moons. 
Impact processes and their effects on the early 
thermal, geomorphological, chemical and 
(perhaps) biological evolution of rocky worlds 
within the inner solar system is an intensely 
active area of study with broad interest to 
planetary science [e.g., Melosh, 1989; Sleep 
and Zahnle, 1998; Kring and Cohen, 2002; 
Strom et al., 2005]. Impact research is 
experiencing something of a renaissance now 
that, for example: (i)  MESSENGER data were 
returned from the heavily cratered surface of 
Mercury; (ii) the next generation of planetary 
exploration initiatives (e.g., NASA SSERVI) has 
commenced, (iii) remote geophysical 
observations of Mars and the Moon point to the 
presence of vast buried terrains beneath 
regolith, lava flows, and melt sheets that appear 
to preserve a “hidden” ancient impact record 
[e.g., Spudis et al., 1994; Frey, 2006]; (iv) yet 

Figure 1. Three possibilities for the early 
bombardment history of the solar system: (i) Classic 
post-accretionary bombardment, (ii) Classic LHB, 
and (iii) Sawtooth timeline. The y-axis indicates the 
number of craters larger than 20 km in diameter 
formed on the Moon per km2 and Gyr. Modified 
from Morbidelli et al. [2012]. 
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more sophisticated planetary dynamical evolution models are formulated to investigate the early 
orbital evolution of solar system bodies [e.g., Brasser et al., 2016; Morbidelli et al., 2012; 
Gomes et al., 2005], which in turn can be used to explain the size-frequency distribution of 
different impactor populations (asteroids and comets) to the planets over time [e.g., Strom et al., 
2005; Bottke et al., 2005]; and (v) the next generation of analytical [Abramov et al., 2013, 
Richardson et al., 2009a] and hydrocode [Pierazzo et al., 2008] models are implemented and 
refined to quantitatively explore the thermal, physical, and geochemical responses of silicate 
crusts to impacts of various sizes. Hence, we deem that the time is ripe to integrate some of these 
new ideas, as well as other improvements, into a project to explore the various effects of large 
impacts of silicate planetary bodies.  

• Task 1 focuses on comparing an existing analytical method for calculating post impact 
temperature distributions [Abramov et al., 2013], described in this proposal, to iSALE 
hydrocode simulations carried out by Collaborator Marchi. In case a serious discrepancy in 
uncovered anywhere in the examined parameter space, the analytical method will be modified 
for better agreement with hydrocode results.  

• In Task 2, we will implement numerous improvements to the existing global thermal cratering 
model, including: (1) incorporation of ejecta deposition, (2) addition of dynamic geometry to the 
global cratering model whereby the grid size changes as ejecta is deposited, and (3) improved 
model resolution. In addition, the existing ejecta deposition and cooling model will be 
completely reworked, implementing initial temperature variations within ejecta blankets.  

• In Task 3, we will calculate the parameters for bombardment scenerios, including (i) a classic 
post-accretionary exponential decay, (ii) a sawtooth post-accretionary decay, (iii) a classic 
spike-type LHB, and (iv) a "sawtooth" LHB, based on a dynamical model currently under 
development by Collaborator Brasser, and published in preliminary form in Brasser et al. 
[2016]. These parameters include total delivered mass, size-frequency distribution, composition, 
and mean velocity of the impacting population, as well as any changes in impactor flux as a 
function of time.  

• Task 4 will apply knowledge gained from Tasks 1-3 to run the global thermal cratering model 
for the Earth, Moon, Mars, and Mercury. The combined output of these two simulations will be 
used to predict percentage of the surface that is melted, thermally metamorphosed, chemically 
altered, brecciated, and age-reset by impacts. The latter will be compared to the existing 
thermochronological analyses of lunar samples and meteorites as well as ongoing ion 
microprobe analysis of lunar zircons and apatites by Co-I Mojzsis. Thus, the results of this task 
will be used to determine which bombardment models are consistent with observations.  

A1.1 EARLY SOLAR SYSTEM BOMBARDMENTS 
Impact bombardment(s) in the first billion years of the solar system fundamentally altered 
several key aspects of the terrestrial planets, and continues to be the subject of intense research 
interest within and beyond the planetary sciences. Effects of bombardments include: Changes in 
surface morphology, expressed as cratered terrains; chemical composition changes via delivery 
of materials, melt mixing and differentiation; changes to primordial atmosphere compositions 
and atmospheric densities, and thereby of paleoclimate; and perhaps the overall thermal 
structures of terrestrial planets. Indeed, thermal outcomes of impacts may have had important 
biological consequences. Although not a central theme of the research proposed here, the 
consequences of major impacts may have been conducive to ancient biospheres (forming new 
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habitats, such as hydrothermal systems) as well as deleterious (sterilization of the surface by 
large impactors, constraining existing life to the subsurface) on “habitable” rocky worlds. 

A1.2 THE LATE HEAVY BOMBARDMENT (LHB) 
The basis of our current understanding of the timing and intensity of impact metamorphisms in 
the inner solar system comes from the study of lunar samples. Analyses of the lunar crust [e.g., 
Turner et al., 1973; Tera et al., 1974] and impact melts [e.g., Dalrymple and Ryder, 1993, 1996] 
returned by the Apollo and Luna missions, as well as lunar meteorites [e.g. Cohen et al., 2000], 
indicate that rocks in the lunar crust were shock-metamorphosed or brought to melting in events 
that typically group around and/or do not exceed 3.9 Ga in age. These observations have been 
interpreted to be the result of a dramatic increase in the number of impacts in a relatively brief 
time span of 20 to 200 Myr [e.g., Tera et al., 1974; Ryder, 2000]; this is commonly termed the 
Late Heavy Bombardment (LHB). Evidence for the LHB is not limited to the Earth-Moon 
system, as meteorites from multiple bodies in the asteroid belt, as well as the only known sample 
of the ancient martian crust (meteorite ALH 84001), seem to show the effects of impact-induced 
metamorphism at ~3.9 Ga [e.g., Bogard, 1995; Ash et al., 1996; Turner et al., 1997; Kring and 
Cohen, 2002]. Current estimates of material accreted by the Moon, Mars, and Earth during the 
LHB range from about 6 × 1018

 to ~1020
 kg [e.g., Levison et al., 2001; Ryder, 2001, 2002]. These 

estimates require improved constraints. What of a record of the LHB on Earth? Thermal events 
recorded in pre-4.0 Ga terrestrial zircons which cluster at ~3.95 Ga may also be suggestive of the 
bombardment, but there is little definitive evidence from the terrestrial rock record [Trail et al., 
2007; Abbott et al., 2012]. Finally, the population structure of the main asteroid belt appears to 
preserve a record of giant planet migration that triggered the LHB [Minton and Malhotra, 2009]. 
Various lines of evidence have emerged that the LHB happened and there may now be a 
mechanism for its origin [Gomes et al., 2005], but there is much that remains to be done to 
understand its effects. 

A1.3 WAS THERE AN LHB? 
It is important to note that although the LHB hypothesis provides a compelling explanation of 
the observations cited in Sec. A1.2, other interpretations are also possible. Some workers invoke 
a uniform post-accretionary decline, in which the ages of rocks older than 3.9 Ga have been reset 
by the continuous effects of impact cratering over the last 4 billion years [e.g., Baldwin, 1974; 
Hartmann, 1975; Hartmann et al., 2000]. All modeling techniques described in this proposal are 
as applicable to a uniform post-accretionary decline as they are to a spike in the number of 
impacts and both scenarios will be investigated in this project. In fact, the proposed work may be 
able to provide a quantitative estimate of the likelihood of the LHB, as opposed to a uniform 
decline in the number of impactors. This will be accomplished through statistical comparison of 
the lunar crater distribution and accumulated absolute age data (from geochronology) to the 
results of the models, as described below. 

A2. OBJECTIVES OF THE PROPOSED WORK 

The project will use well-established and tested numerical models of impacts, which have been 
formulated and coded by the PI, Co-Is, and Collaborators. The overall goal is to, building on the 
tools and techniques produced under the previous grant, generate a definitive synthesis of the 
thermal, physical, and geochemical effects of impact bombardments on silicate planets, with the 
following objectives in each category:  
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 Thermal: Model thermal effects of a broad range of impactors using well established and 
tested numerical methods. Estimate the degree of melting and metamorphism in planetary crusts. 
Model post-impact crater cooling, with and without water, if applicable. Model thermal 
consequences of global ejecta blankets. Estimate the amounts of water released into the martian 
atmosphere from a range of surface ice and subsurface permafrost estimates.  
 Physical: Model the physical processes of crater formation, degradation, and erasure on the 
terrestrial planets. Compare results to ground-truthed and remote sensing observations. Draw 
conclusions about the impacting population and mass delivered during impact bombardments. 
 Geochemical: Integrate results from our on-going supporting ion microprobe analyses on 
relevant minerals (zircon and apatite) derived from lunar samples and meteorites. These minerals 
preserve geochronological and thermal data under different temperature regimes and the outputs 
of that separately funded work will be used to provide sorely needed time-temperature waypoints 
to the numerical models and thereby expand knowledge of the thermal history of the lunar crust. 

B1. RESEARCH ACCOMPLISHED UNDER THE PREVIOUS AWARD 

Although the proposed research is broad in scope, we will make use of existing and tested tools 
for every aspect of this project so that there is little or no “ramp up” time to formulate new code 
to tackle these problems. As described in the following sections, the thermal modeling we 
propose has already been performed for the Earth and Mars by the PI [Abramov and Mojzsis, 
2009; Abramov et al., 2016], physical modeling has been accomplished for the lunar highlands 
[Richardson, 2009a; Minton et al., 2015], preliminary modeling on the geochemical effects of 
impact bombardment has been done [Abramov et al., 2013], and techniques needed for ion 
microprobe analyses of lunar zircon have been developed [Trail et al., 2007; Abbott et al., 2012].   

B1.1 STOCHASTIC CRATERING MODEL 
A common element that will be used for all aspects of the proposed study is a stochastic 
cratering model [Richardson et al., 2005; Abramov and Mojzsis, 2009], which populates all or 
part of a planetary surface with craters as a function of time within a probability field of 
constraints established from both models and observations. As previously mentioned, the total 

mass delivered to the Earth during the LHB 
was estimated at 1.8 × 1023

 g based on 
dynamical modeling [Gomes et al., 2005], and 
2.2 × 1023

 g based on the lunar cratering 
record [Hartmann et al., 2000; Ryder et al. 
2000b]. For the purposes of our previously 
published early Earth model, the average 
value of 2.0 × 1023

 g was adopted. Impactors 
that bombarded the Earth and Moon were 
likely dominated by main belt asteroids 
[Kring and Cohen, 2002; Tagle, 2005; Strom 
et al., 2005], and the size/frequency 
distribution of the asteroid belt is unlikely to 
have changed significantly since that time 
[Bottke et al., 2005]. Thus, we used the 
size/frequency distribution of the asteroid belt, 
normalized to the total mass of 2.0 × 1023

 g. 
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Figure 2.  Impactor mass distribution for the 
Earth during the LHB, derived from the main belt 
size/frequency distribution and estimates of the 
total mass delivered during the LHB. 
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The mass distribution for the resulting impactor population is shown in Fig. 2. 

B1.2 THERMAL MODELING 
After the stochastic cratering model populates 
the surface with impacts, the next step is to 
assign a temperature distribution to each 
crater using methods described in the 
Proposed Research section (below). The 
crater’s thermal field is introduced into a 3-
dimensional model of the lithosphere and 
allowed to cool by conduction in the 
subsurface and radiation/convection at the 
atmosphere interface. For our early Earth 
model, parameters tested included the 
size/frequency distribution, impact velocities, 
total mass delivered, and duration of the 
bombardment. Results reported in Abramov 
et al. [2013] indicate that most of the Earth’s 
crust was not melted or thermally 
metamorphosed to a significant degree by the 
most likely LHB scenario (Fig. 3). 
 We are confident that our approach is 
robust as preliminary results show good 
agreement between hydrocode- and 
analytical-based post-impact temperature 
distributions (Fig. 4). The advantage of the 
analytical approach is that tens of thousands 
of individual impact simulations can be run 
simultaneously to explore the thermal effects 
of a huge range of impactors over an entire 
planetary surface. However, further model 
validation via quantitative and qualitative 
comparison of post-impact temperature 
distributions generated by analytical methods 
with those generated by hydrocodes with 
identical input parameters will be carried out 
as part of the proposed work. 

B1.3 GEOCHEMICAL MODELING 
Dynamical models such as those of Gomes et 
al. [2005], though powerful and predictive, 
do not have a defined temporal component 
that can provide us either a duration or 
intensity for impact bombardments. We used 
results from the thermal model described in 
Sec. B1.2 scaled to the Moon as well as 
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Figure 3.  Fraction of the Earth’s lithosphere to 
experience a temperature increase of at least x °C as a 
result of the LHB. Solid line represents the baseline 
model; dashed line represents the model with 10X 
delivered mass. 

 
Figure 4. Post-impact temperature distribution after a vertical 
impact of a 2-km asteroid at 8 km/s on Mars. a) Hydrocode-
generated temperature distribution [Pierazzo et al., 2005], b) 
Analytically-generated temperature distribution [using methods 
of Abramov and Mojzsis, 2009]. 
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established equations for cation diffusion in zircon and apatite [Cherniak and Watson, 2001, 
2007; Cherniak et al., 1991, 1997] to estimate amounts of Pb-, Ti-, and REE-loss for these 
minerals in lunar rocks that have experienced impact bombardments [Abramov and Mojzsis, 
2009b]. The objective of this work is to use ground-truth geochemical data from analysis of 
impacted lunar rocks (see B1.5) to refine our understanding of the timing and intensity of 
bombardments to the Moon.  
 In addition to age-resetting in whole rocks, described in the Introduction, isotopic 
disturbances within mineral grains, particularly zircons and apatites, have been increasingly used 
as indicators of the lunar bombardment history (e.g., Pidgeon et al., 2010; Liu et al., 2012). Of 

particular interest is a study by Nemchin et al. 
(2009), which examined four Apollo 14 
breccias and reported that the U-Pb system was 
completely reset at ~3.9 in apatites, but 
undisturbed in zircons. This provides a 
constraint on the thermal history of the 
samples, and suggests that a difference in 
“thermal stability” of zircon and apatite can 
help resolve the impact history of the Moon.  
 Preliminary results from the model are 
shown in Fig. 5 for zircons within ejecta 
blankets. Model results suggest that that there 
is a fairly narrow parameter space that yields 
partial Pb-loss. In the case of zircon grains, 
only a temperature of 1200 °C results in partial 
Pb-loss in zircon grains within the ejecta. Other 
initial temperatures tested (300 °C, 600 °C, and 
900 °C) result in no appreciable Pb-loss. In the 
case of apatite, initial temperatures of 1200 °C 
and 900 °C resulted in complete Pb loss 
throughout most of the ejecta blanket, 300 °C 
resulted in zero Pb-loss, and only 600 °C 
resulted in partial Pb-loss.  
 The effects of shock damage in zircons on 
Pb diffusion were also evaluated, using 
observations from Wittmann et al. [2006] and 
diffusion equations for radiation-damaged 
zircons [Cherniak et al., 1991]. It was found 
that the effects were minimal [Abramov et al., 
2011], because the shock pressure associated 
with the onset of age-resetting in zircon is 
essentially the same as the shock pressure 
associated with the onset of damage (20-30 
GPa). The same is true for apatite, in which 
age-resetting begins at significantly lower 
shock pressures than the onset of damage 
[Cherniak et al., 1991; Nemchin et al., 2009]. 

-100

-80

-60

-40

-20

 0

 0  20  40  60  80  100

D
ep

th
 (

m
)

Pb loss (%)

Pb-loss in damaged zircon - 100 m ejecta blanket

1200 °C
900 °C
600 °C
300 °C

-100

-80

-60

-40

-20

 0

 0  20  40  60  80  100

D
ep

th
 (

m
)

Pb loss (%)

Pb-loss in normal zircon - 100 m ejecta blanket

1500 °C
1400 °C
1300 °C
1200 °C
1100 °C
1000 °C

-350

-300

-250

-200

-150

-100

-50

 0

 0  20  40  60  80  100

D
ep

th
 (

m
)

Pb loss (%)

Pb-loss in normal zircon - 350 m ejecta blanket

1500 °C
1400 °C
1300 °C
1200 °C
1100 °C
1000 °C

b.

a.

c.   
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various initial temperatures and thicknesses. (a) 
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B1.4 GEOCHEMICAL ANALYSES 
Co-I Mojzsis [Trail et al., 2007] and others [Nemchin and Pidgeon, 2008] have used high spatial 
and mass-resolution secondary ion mass spectrometry (SIMS; ion microprobe) to show that the 
crystal cores from some ancient zircon crystals which formed before the LHB can maintain their 
original 207Pb/206Pb ratios through high-temperature thermal events, including impacts. Younger 
zircon mantles (i.e., zones external to the grain’s core), which can be extremely thin (<5 μm 
wide), are able to record the timing, intensity, and temperature of later thermal events that affect 
the crystal. This characteristic of zircons (and related minerals) provides a potentially powerful 
but generally untapped tool for understanding the impact record on the Moon and other bodies. 
This is because once it is determined that a particular zircon from a lunar rock has an old igneous 
core age, we know that it has been a witness to all later thermal events that the parent rock 
experienced. For instance, with those lunar rocks containing zircons as old as 4.4 Ga, which in 
turn preserve younger domains, we combine the U-Pb isotope systematics and trace elements of 
other mineral phases (apatite) formed within the same rock at the same time to track the thermal 
history of that rock. This work helps us to pin down the timing of crustal heating events on the 
Moon, which tell us about the LHB. How is this done?  
 The range of measured Pb diffusivities in minerals provides a quantitative means to 
reconstruct detailed thermal histories using, for example, the U-Pb system. Diffusants, such as 
207Pb and 206Pb, can be mobile long after a mineral has crystallized. The theoretical minimum 
temperature at which the mobility of a diffusant is great enough to reach equilibrium with its 
surroundings, so that its apparent age is reset, is termed the “closure temperature”. Closure 
temperature (Tc) is a function of diffusivity, cooling rate, and effective diffusion radius [Dodson, 
1973] and can be constrained by experimental and field-based empirical studies. Estimates of Tc 

for Pb (and thereby for U-Pb geochronology) in minerals, for typical diffusion radii (1μm-2mm) 
and different cooling rates have been measured [Cherniak et al., 2004]. For zircon, Tc is 
commonly >1000 °C for grain radii >100 μm. Apatite has consistently lower Tc values of 450-
500 °C [Cherniak et al., 1991], and is thus more easily reset by impact heating. What is 
important for our work is that for T<Tc, considerable diffusional exchange still occurs, as a 
function of temperature and time [Cherniak and Watson, 2007]. We have build upon previous 
work [Cherniak and Watson, 2007] to analytically explore Pb-, Ti- and REE-loss behavior due to 
impacts over both short timescales (due to ejecta) and long timescales (due to crustal heating). 
This work is currently underway by PI Abramov and Co-I Mojzsis, using the ion microprobe’s 
depth-profiling mode, allowing analysis of zircon and apatite grains at sub-micron scales. 

B2. PROPOSED RESEARCH 

B2.1 TASK 1 – QUANTITATIVELY COMPARE THE ANALYTICAL MODEL TO 
HYDROCODE SIMULATIONS 

B2.1.1 Thermal model 
The thermal histories of terrestrial planet crusts will be assessed by thermal modeling of the 
lithosphere using existing tools and well-established equations, and monitoring the subsurface 
temperatures throughout the bombardment. The thermal model outputs will be crucial to our 
interpretation of the geochemical analyses. Expected results will describe (i) a fraction of the 
planet’s surface and near-surface that was molten or thermally metamorphosed at any point 
during the LHB; (ii) average length of time a given location remained molten, (iii) volumes in 
active impact-induced hydrothermal environments [e.g. Abramov and Kring, 2004, 2005, 2007] 
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and expected degree of hydrothermal alteration, and (iv) the amount of water injected into the 
atmosphere by impacts and subsequent hydrothermal activity at impact craters. During an impact 
event, several long-term heat sources are generated: shock-heated solid material, impact melt, 
and a central uplift. The relative importance of these heat sources depends on the diameter of the 
crater. The dominant heat source for small, simple craters is shock-emplaced heat, while for 
larger, complex craters, melt sheets and central uplifts become more important, with melt sheets 
contributing significantly more energy than central uplifts [Daubar and Kring, 2001].  
 Temperature distributions for impact craters have previously been calculated by hydrocodes, 
however as previously alluded to, the severe computational constraints of modeling tens of 
thousands of impacts in this planet-wide study prevent us from performing a hydrocode 
simulation for every single impact. Fortunately, temperature distributions can be generated 
analytically with a good degree of agreement with hydrocodes (Fig. 4). Here, shock-deposited 
heat (Fig. 6) will be calculated using the Murnaghan equation of state for specific waste heat 
(ΔEw ), as formulated by Kieffer and Simonds [1980]:   
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where P is the peak shock pressure, K0 is the adiabatic bulk modulus at zero pressure, n is 
the pressure derivative of the bulk modulus, and V0 is the specific uncompressed volume (1/ρ0), 
all parameters that are well established for granite,  anorthosite, and basalt, the dominant 
crustal and mantle lithologies of interest. (Very few impacts excavate planetary mantles, 
however [Melosh, 1989]). Shock pressure P drops off with distance r from the impact center 
according to the power law: 

                                                                

n

prR

r
AP













                                                               (2)  

where Rpr is the radius of the projectile, n is the decay exponent, and A is pressure at r=Rpr 

[e.g., Pierazzo and Melosh, 2000]. The decay exponent n varies as a function of impact angle 
[Pierazzo and Melosh, 2000], allowing the simulation oblique impacts, and A depends on target 
and impactor properties. 

Figure 6. The final 
temperature distribution is 
obtained by calculating ΔT 
due to shock (top left), 
eliminating surface relief 
(top right), and adding it to 
the geothermal temperature 
and ΔT due to uplift. 
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 To obtain the final temperature increase, specific waste heat ΔEw is divided by the heat 
capacity of the target, which will be basaltic for most surfaces considered in this proposal. When 
temperatures are sufficiently high to melt rock, latent heat of fusion will also be taken into 
account. Melt volumes would be calculated by this method and a number of other analytical 
expressions [e.g., Grieve and Cintala, 1992; Abramov et al., 2012], tabulated, and cross-checked. 
 The heat contributed by the central uplift can be estimated based on its vertical extent and 
the thermal gradient. The height of the stratigraphic uplift, based on observations at terrestrial 
craters, is estimated by: 
                                                                  hsu  0.06D1.1                                                               (3) 
where D is the crater diameter in kilometers [Grieve et al., 1981]. Hydrocode simulations of 
crater formation [Pierazzo et al., 2005] suggest that this expression does not depend on gravity.  
 For the purposes of comparing the above analytical method to hydrocode simulations, we 
will adopt a suite of simulations with the Simplified Arbitrary Lagrangian Eulerian shock-
physics code [iSALE; Wuennemann et al., 2006; www.isale-code.de] that were generated by 
Collaborator Marchi [Marchi et al., 2014]. iSALE computes shock pressure and temperature of 
target particles, tracks their motions, exchange of energy, and thermo-physical state. The outputs 
of these simulations are saved in binary format and will be processed by Collaborator Marchi to 
extract temperatures and other relevant quantities. These 2D simulations encompass a significant 
range of impact velocities (10, 15, 20, 25 km/s) and impactor sizes (10, 50, 100, 200, 400, 800, 
1000 km), suitable for our purposes. The runs were stopped once the final crater (after collapse) 
were formed. Note that oblique impacts are approximated by simulating head-on collisions using 
the vertical component of vi, following a standard practice [Wuennemann et al., 2006, and refs 
therein]. iSALE simulations have a resolution of ~1/100 of the projectile's diameter. Note that we 
will perform comparisons to analytical predictions generated using the same parameters. In case 
a serious discrepancy in uncovered anywhere in the examined parameter space, the analytical 
method will be modified for better agreement with hydrocode results.   
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Figure 7. The degree of melting in the upper 20 km of the Earth’s crust as the classic “spike-type” LHB 
progresses. Derived from a three-dimensional transient thermal model. (a) The effects of Baseline, 40 km 
s-1, 10X, and 10 Myr LHB scenarios with a geothermal gradient of 12 °C km-1. (a) The effects of 
Baseline, 40 km s-1, 10X, and 10 Myr LHB scenarios with a geothermal gradient of 70 °C km-1. (From 
Abramov et al. [2013]) 
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 Post-impact cooling of impact craters is a well-understood process and has been modeled by 
a number of workers [e.g., Turtle et al., 2003; Abramov and Kring., 2007; Abramov and Mojzsis, 
2009]. In our work, thermal conduction modeling will be performed using the computer code 
HEATING, a general-purpose, three-dimensional, finite-difference heat transfer program written 
and maintained by Oak Ridge National Laboratory. HEATING can solve transient heat 
conduction problems, and allows for input of multiple (target) materials, such as basalt and 
granite the most common igneous rock types in the crust. The physical and thermal properties of 
each material (e.g., thermal conductivity, density, and specific heat) may be both time- and 
temperature-dependent, which allows approximate accounting for hydrothermal activity. The 
importance of impact-induced hydrothermal activity as a heat removal mechanism is fairly well 
understood [e.g., Abramov and Kring, 2005] and can be accounted for in an approximate way, 
such as by temporarily increasing thermal conductivity in hydrothermally active regions of the 
newly formed crater. Materials are also allowed by the HEATING code to undergo changes of 
phase, permitting the inclusion of impact melt (Fig. 7). The boundary conditions are also 
flexible, allowing for a bottom boundary with a prescribed heat flux and a surface where heat is 
transferred by radiation and/or forced and natural convection, although our recent work 
[Abramov and Mojzsis, 2009] has shown that particular surface heat transfer mechanism does not 
play a major role in crater cooling.  
 A 3-dimensional thermal conduction model representing the Mars lithosphere during the 
LHB is shown in Fig. 8. We will construct similar models for the Earth, Moon, and Mercury.  
 A common element that will be used for both thermal and physical modeling is a stochastic 
cratering model (Sec. B1.1), which will be used to populate planetary surfaces with craters 
within a broad probability field of constraints established from cratering records [e.g., Strom et 
al., 2005], geochronological analyses of ancient lunar minerals (Sec. A1.2, B1.5, B2.2), as well 
as dynamical models [e.g., Gomes et al., 2005]. The stochastic cratering model accepts the size 
distribution of the impactor population, divided into regularly spaced bins, and given as the 
probability of an impact from a particular sized impactor per year per square kilometer on the 
target surface. Once begun, the simulation then uses a random number generator and the supplied 
impact probabilities to produce a series of random impactor sizes and impact locations on the 
surface as a function of time. Crater size, depth, and ejecta production are computed for each 
impact via a set of crater-volume and ejecta-velocity scaling-laws. 

B2.2 TASK 2 – IMPLEMENT IMPROVEMENTS TO THE GLOBAL CRATERING 
MODEL 
Numerous additions and improvements to the model are planned for this project. Specific 
improvements will include (1) incorporation of ejecta deposition into the global cratering model 
which will allow more realistic modeling of the distribution of thermally metamorphosed 
material on the Moon as well as accounting for the thermal insulating effects of the ejecta, (2) 
addition of dynamic geometry to the global cratering model whereby the grid size changes as 
ejecta is deposited, (3) better model resolution on the vertical axis, and, in particular, 
incorporation of fine-scale resolution (on the order of 10 m) near the surface for modeling of 
ejecta cooling, (4) better resolution on the horizontal axes, allowing incorporation of impactors 
smaller than 2.5 km in diameter, which is the current limit of the model, and (5) tracking of 
displaced and ejected material due to individual impact events, allowing for determination of the 
original depth from which a given material was derived. 
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Figure 8. A 3-dimensional model representing the Mars lithosphere at (a) 25 Myr, (b) 50 Myr, (c) 75 
Myr, and (d) 100 Myr out of the 100 Myr baseline LHB. Only impactors larger than 10 km are included. 
Dark areas denote crater imprints. Upper surface shows temperatures at a depth of 4 km. Light blue 
represents the cryosphere, dark blue represents the habitable zone.  
 
 In this study, we will improve on the previous method by explicitly calculating ejecta 
thickness and temperature as a function of distance from the crater. New ejecta velocity scaling 
relationships developed by Co-I Richardson [Richardson et al., 2007] permit us to directly 
compute surface ejection velocity as a function of projectile and target material properties, 
impact parameters, and distance from the impact site. This method of modeling impact ejecta 
blankets has been recently implemented in Co-I Richardson’s Cratered Terrain Evolution Model 
(CTEM) [Huang et al., 2017], which be used in this project both for testing and as a source of 
ready-to-run code. This analytical solution will be applied to a discretized model of the 
excavation flow-field’s hydrodynamic streamlines [Maxwell and Seifert, 1974; Maxwell, 1977], 
in order to compute excavated mass as a function of distance from the impact site and ejection 
velocity. These discrete, ejected mass segments will be followed in post-ejection flight through a 
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set of ballistics equations in order to compute ejecta blanket thickness h as a function of distance 
from the final crater rim, as described by a simple kinematic model of the ejecta flow field called 
the Maxwell-Z model [Maxwell and Seifert 1974; Maxwell 1977], in which streamlines of 
constant velocity are computed. These streamlines are described by the following equation in 
polar coordinates:  
                             r = r0(1 – cos θ)1/(Z-2)                 (3) 
where r0 is the radial distance from the center of the crater, and r0= 1 is the transient crater rim, θ	
is measured from local vertical below the point of impact, and Z~3 [Melosh 1989]. A set of four 
streamlines is computed from the four corners of the 1x1 pixel ejecta block that define a four-
sided stream tube. Every stream tube originates in the impact point, dips under the surface, then 
emerges some fraction of the way to the transient crater rim, so each ejecta block contains a mix 
of material along that curved path (see the dark red-shaded stream tube in Fig. 9, right panel). 
Ejecta blanket thickness for this calculation will be cross-checked against previously-established 
ejecta scaling laws based on observations at lunar craters [McGetchin et al., 1973] and 
dimensional analysis [Housen et al., 1983].  
 By overlaying a provenance map of the thermal profile of the material contained in the 
transient crater volume (Fig. 9, left panel), and calculating the volume of intersection with any 
particular stream tube, we can determine an average temperature in each set of adjacent 
streamlines. This sets the temperature profile of the ejecta blanket at time of emplacement.  
 

B2.3 TASK 3 – CALCULATE BOMBARDMENT SCENARIOS 
In this work we will use state-of-the-art dynamical models developed by Collaborator Brasser to 
assess the current impact rates, and their past evolutions. The current impact rates for Mercury 
and the Earth/Moon system will be derived by computing the average target impact probability 
with a synthetic de-biased population of near-Earth objects (NEOs). The advantage of using de-
biased populations vs catalogs of observed objects are numerous. For instance, the de-biased 
population allows for a better estimate of the impactor size-frequency distribution, and their 
impact speed distribution. The model simulates the orbital evolution of test particles placed in 
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Figure 9. Illustration of a planned model improvement. (left) Graphical illustration of how ejecta temperatures are currently 
calculated. Transient crater (white line), with dimensions derived from Pi-group scaling laws, is superimposed on a post-
impact temperature distribution. Temperatures within the transient cavity above the excavation depth (dashed line) are 
volumetrically averaged. (right) Proposed improvement. Schematic cross section view of the ejecta emplacement model to be 
contributed by Collaborator Minton. Excavated material from within the transient crater is highlighted in light red. The 
implementation of this method will allow calculation of temperature distributions within ejecta blankets. 
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the main belt (the major reservoir of NEOs). Size dependent effects, such as Yarkowsky, are also 
taken into account. Test particles are then tracked, accounting for the perturbations of the 
terrestrial planets and the gas giants, in their evolution toward the terrestrial planet space. Their 
impact probabilities with terrestrial bodies are computed. A key feature of the model is that the 
synthetic population of NEO is compared with the actual observed population to ensure the latter 
is accurately represented. 
 This approach is particularly important for targets such as Mercury where NEOs on low 
aphelion orbits may not be properly sampled by current surveys. Moreover, it allow us to study 
the impact flux of small objects (e.g. below the completeness detection level, that is about ~1 km 
for Mars). These methods have been widely used in the past [e.g., Brasser et al., 2016; Bottke at 
al., 2002; Marchi et al., 2009; Le Feuvre et al., 2011], and here we will update previous 
computations by using a recent NEO model that significantly improve previous NEO models 
[e.g., Bottke et al., 2014].  
 For Mars, a significant fraction of impactors is represented by the Mars crosser population, 
which is not included -by definition- in the NEO model. We will compute relevant impact 
parameters (such as, speed, size-frequency distribution) using both NEOs and Mars crossers, 
which are included in the dynamical simulations above (even if they are not formally present in 
the NEO population).  
 The current impact rates will be propagated in the past using a recent lunar impact flux model 
[Morbidelli et al., 2012]. This model -- calibrated on radiometric ages and crater densities on 
lunar terrains -- allows a reliable estimate of the impact flux down to beginning of the late heavy 
bombardment, that is ~4.1-4.2 Ga [e.g., Bottke et al., 2012; Marchi et al., 2013]. Prior to that 
time, the lunar impact flux is based on a dynamical model of terrestrial planet formation [Walsh 
et al., 2011], calibrated using lunar highly siderophile elements that provide the total mass 
accreted by the moon delivered by impactors. This model has been recently extrapolated to 
Mercury and the Earth [Marchi et al., 2013; 2014], and here will be extrapolated to Mars. For the 
impact flux during the LHB, we will use the results from Bottke et al., 2012 (the so-called E-Belt 
model). Prior to ~4.2 Ga, we simply rescale the lunar flux for the different impact probability, as 
derived from terrestrial planetary formation models [Walsh et al, 2011]. This may be a rough 
extrapolation for Mercury and Mars, nevertheless it is acceptable for our purposes given the 
uncertainties associated with the formation of these terrestrial planets. We will also look at the 
impact rates due to leftovers of accretion in more recent terrestrial planets formation models [e.g. 
Jacobson et al., 2014], although we do not expect a significant variation with respect to our 
rescaling above.  

B2.4 TASK 4 – RUN THE IMPROVED CRATERING MODEL FOR EARTH, MOON, 
MARS, AND MERCURY 
Our previous work assessed the effects of a classic spike-type LHB on the young Earth's crust as 
well as the likelihood that a record of such effects could be preserved in the oldest terrestrial 
minerals and rocks [Abramov et al, 2013]. A comprehensive array of impact-produced heat 
sources was evaluated which includes shock heating, impact melt generation, uplift, and ejecta 
heating, with the results indicating that ~1.5–2.5 vol.% of the upper 20 km of Earth's crust was 
melted in the LHB, with only ~0.3–1.5 vol.% in a molten state at any given time. The model 
predicted that approximately 5–10% of the planet's surface area was covered by >1 km deep 
impact melt sheets, and a global average of ~600–800 m of ejecta and ~800–1000 m of 
condensed rock vapor is predicted to have been deposited in the LHB. Global age distributions 
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for zircons entrained in the crust and impact ejecta were also predicted. In the proposed work, we 
would run an improved model for three other bombardment types.  
 Anorthosite, the main component of the ancient lunar highlands crust, will be used as a 
primary lithology for all lunar thermal calculations. The model will have a geothermal gradient 
of 13 °C km-1

 based on the heat flux estimated for the early Moon of 32.5 mW m-2
 [Toksőz and 

Solomon, 1973] and a surface boundary with the mean lunar equilibrium surface temperature of - 
50 °C as estimated by Vasavada et al., [1999]. As standard procedure, however, sensitivity tests 
will be performed for all parameters that are not well constrained, and appropriate error ranges 
will be carried through all subsequent calculations. Latent heats for calculating impact-induced 
melting and vaporization are implemented using the method of Jaeger [1968]. A velocity-
dependent shock-decay exponent will be used [Ahrens and O’Keefe, 1987]. An impact angle of 
45° will be assumed in the proposed investigation because it is the most probable impact 
trajectory [Gilbert, 1893; Shoemaker, 1962]. The proposed study will also evaluate whether the 
classic spike-type LHB could have delivered sufficient heat to the Moon to affect mare 
volcanism. The total energy delivered during this type of LHB was about 5 × 1026

 J, sufficient to 
raise the temperature of the entire Moon by about 5 K which is negligible. However, localized 
thermal effects to the crust and upper mantle would have been much greater, repeatedly 
puncturing through any “stagnant lid” and potentially facilitating volcanism.  
 An additional useful constraint on this part study will be ion microprobe analyses of lunar 
zircons and apatites (Sec. B1.5) separately funded to Co-I Mojzsis. When used in conjunction 
with the thermal models and established diffusion equations (Sec. B1.5), this lab work can place 
constraints on the impact heating history of the lunar crust by measuring the degree of Pb-, Ti-, 
and REE-loss in zircon and apatite crystals on sub-micron scales using depth-profiling. For 
example, the difference in diffusion rates for co-genetic zircon vs. apatite explains the results of 
Nemchin and Pidgeon [2008] for complete age re-setting in lunar apatite, and no apparent 
alteration in zircon in the same sample. 
 Although the surface of Mars appears to have been cold and dry throughout most of its 
history, ancient valley networks, some of which are interpreted as surface runoff [e.g., Craddock 
and Howard, 2002], as well as chemical, mineralogical, and structural data from the Opportunity 
rover [Squyres et al., 2004], indicate that liquid water was present and stable on the surface (at 
least episodically) in the Noachian epoch, during which these bombardments took place. Early 
impact bombardments likely resurfaced Mars, forming most of the craters observed in the 
martian highlands [Kring and Cohen, 2002], and probably resulted in cycles of vaporization of 
any surface water or ice following very large impacts (forming craters at least 600 km in 
diameter) [Segura et al., 2002], as well as widespread impact-induced hydrothermal activity 
[e.g., Newsom, 1980]. The degree to which the martian crust was melted or thermally 
metamorphosed during impact bombardments will be evaluated using our thermal model.  
 We also wish to apply our models to the study of Mercury. Mercury has a heavily cratered 
surface, which is superficially similar to that of the Moon. However, Mercury also has 
moderately cratered regions classified as intercrater plains and lightly cratered regions classified 
as smooth plains. Intercrater plains were likely formed due to volcanic activity during and after 
the LHB [e.g., Malin et al., 1976], while smooth plains almost certainly post-date the LHB and 
are likewise volcanic in origin [e.g., Kieffer and Murray, 1987]. Another common surface feature 
on Mercury is lobate scarps, which are the surface expression of thrust faults and are commonly 
thought to be due to global thermal contraction of Mercury [e.g., Solomon, 1976]. Estimates of 
contractional strain in the lobate scarps range between ~0.04% and 0.10% [Strom et al., 1975], 
which corresponds to ~1-2 km of planetary radial contraction. This distance provides a constraint 
for thermal models [e.g. Hauck et al., 2004] which aim to decipher Mercury’s thermal history 
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from accretion to present day. Another constraint is provided by the measurement of Mercury’s 
magnetic field by Mariner 10, which suggests that the present-day core is partially molten. 
Mapping results from MESSENGER will prove additional crater-counting constraints.  

B3. SIGNIFICANCE AND PERCEIVED IMPACT 

The proposed work will make a significant contribution to the knowledge of the thermal histories 
of terrestrial planets, particularly their crusts. In particular, estimates of the extent of crustal age 
resetting by impact events have wide-ranging implications to the radiometric ages of planetary 
surfaces. By providing better estimates of the amounts of water released by impacts on Mars, this 
study will add to the understanding of impact-induced climate change, which may hold the key 
to explaining most fluvial features and mineral signatures associated with water observed on the 
ancient surfaces of Mars. It will contribute to the understanding of how impacts affect 
habitability, in both positive and negative ways. It will also supply initial conditions to a new set 
of models that evaluate effects of large impacts on mantle convection and core dynamos [e.g., 
Watters et al., 2009; Roberts et al., 2009], as well as provide improved constraints on the new 
Nice-2 dynamical model of early solar system evolution. Finally, this work will improve our 
understanding of the lunar (and thus the inner-solar system) bombardment history, and thus 
weigh in on the LHB vs. uniform decline debate. 

C1. INVESTIGATOR ROLES 

The Principal Investigator (Abramov) will carry out thermal modeling using HEATING and 
other tools described in this proposal. Co-Investigator Mojzsis, who is an expert on impact 
bombardments, thermal effects of impacts, radiometric dating, and ion microprobe analyses, will 
serve as an advisor and consultant for all stages of the project. Co-I Mojzsis will co-direct and 
participate in analyses of output data for impact bombardment simulations carried out by PI 
Abramov. In addition, Co-I Mojzsis will share results of ion microprobe analyses of lunar, 
terrestrial and martian zircons and apatites to use as model constraints. Co-I Richardson will 
lead in the development, testing, and running of the enhanced CTEM. Collaborator Brasser 
will provide bombardment scenarios (impactor frequency, size-frequency distributions, 
composition, velocity, timing, etc.) that will be tested for plausibility using the techniques 
described therein. Collaborator Marchi will provide iSALE hydrocode results that will be used 
to verify and possibly calibrate the analytical model of impact heat deposition. Collaborator 
Minton will contribute an ejecta deposition model. 

D1. WORK PLAN 

 First year: Fine-tune the methods used to calculate post-impact temperature distributions 
through hydrocode comparisons (Task 1). Revise and make improvements to the global thermal 
cratering model (Task 2). Continue ion microprobe analyses of lunar zircons and apatites, and 
use results to further constrain the lunar bombardment models.  
 Second year: Calculate bombardment scenarios (Task 3). Synthesize data from modeling, 
observations, and lab work to decipher the lunar bombardment history.  
 Third year: Apply the global thermal cratering model to Earth, Moon, Mars, and Mercury, 
model thermal effects of global ejecta blankets, explore the thermal and physical effects of 
impact cratering (Task 4). Prepare a synthesis describing how impact bombardments, and LHB 
in particular, affected terrestrial planets.  
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