
IMPACT INDUCED COMPOSITIONAL VARIATIONS ON MERCURY: IMPLICATIONS FOR PRI-
MORDIAL INTERIOR STRUCTURE.  E. G. Rivera-Valentin, A. C. Barr, Dept. of Geological Sciences, Brown 
University, Providence, RI; Center for Lunar Origin and Evolution, Southwest Research Institute, Boulder, CO.  

 
Introduction:  Multispectral data from MESSEN-

GER have revealed the presence of low reflectance 
material (LRM) on Mercury’s surface that may be en-
riched in spectrally neutral iron-bearing phases [1,2]. 
The LRM is concentrated in impact and basin ejecta; 
however, not all ejecta blankets contain LRM, indicat-
ing primordial crustal heterogeneities [1]. Recent work 
on the origin of large terrestrial impactors suggests the 
inner solar system experienced a prolonged two-stage 
bombardment with a pulse of later material arriving at 
nearly twice the characteristic velocity [3,4]. Here we 
show that this bombardment history results in the re-
distribution of mercurian LRM, for which iron is a 
proxy, and that the current LRM distribution in ancient 
cratered terrains is indicative of primordial crustal 
composition and thickness. 

Impactor Population:  The number of lunar basins 
and terrestrial impact spherule beds suggests the terres-
trial planets experienced a prolonged bombardment 
from ~4.1 to 2 Gya composed of asteroidal material 
from the main belt and E-belt, an extinct asteroid 
population located interior to the present-day belt [3]. 
This bombardment occurs in two stages: (i) a pre-LHB 
of remnant planetesimals and E-belt objects scattered 
inward by Mars, which impact Mercury at 25.7 km/s; 
(ii) an LHB of E-belt and main belt asteroids excited to 
higher velocities by giant planet migration, which im-
pact Mercury at 44.7 km/s [3,5]. Both these popula-
tions follow the primordial main belt distribution, with 
a dN/dm∝m-1.7 for bodies with diameter <100 km and 
dN/dm∝m-2.2 for bodies with diameter >100 km [6]. A 
total of 6.4×1022 g of material impacts Mercury [4,5]. 

We use Monte Carlo methods to select impactor 
populations consistent with this size-frequency distri-
bution (SFD) in conjunction with Pi scaling laws to 
estimate crater sizes arising from this bombardment 
history. The SFD on the mercurian heavily cratered 
terrain [7,8] is found to be similar to this synthetic dis-
tribution, supporting the extended bombardment from 
main belt and E-belt objects.  

Crater and Ejecta Formation:  Consider a body of 
diameter Di with velocity vi and density ρi impacting at 
an angle of Θ a surface with initial iron volume frac-
tion of ϕt. It produces a transient crater of diameter [9] 
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Material at a maximum depth DT/8 is excavated and 
deposited into a continuous ejecta blanket whose radi-
us is Rej=2RT, where RT=DT/2 [10]. Following ballistic 
emplacement of excavated material within RT<r<Rej of 
the impact point, the primary ejecta is mixed with local 

material [10,11]. Although deposition will mostly oc-
cur near the crater rim, for simplicity we assume the 
material is evenly mixed throughout the continuous 
ejecta blanket, which has an average thickness 
<δejb>~π/100 DT

0.74. The impact will produce a blanket 
with an iron volume fraction of: 
φejb = φt 1+γ( )                (2), 

where 
γ = DT 36 δejb( )                (3). 

Average LHB conditions (vi=44.7 km/s, Di=20 km, 
Θ=45°, DT=175 km) would incur a value of γ~3.4. As-
suming a two-layered surface (crust+mantle) with 
crustal thickness δt, and crustal and mantle composi-
tion ϕt and ϕm, an impact produces an ejecta blanket 
with iron volume fraction of: 
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Within a quasi-spherical region of radius χ(Di/2), 
buried at depth ξ(Di/2), (where χ=3(vi/40 km/s)0.674 and 
ξ=2.52(vi/40 km/s)0.674), the surface is melted to >50% 
melt fraction [12,13]. Within this region, iron consoli-
dates and sinks to the core [12,13]. 

Equations (2) and (4) imply that large impacts will 
produce ejecta blankets enhanced in LRM, consistent 
with observations [1]. Repeated impacts, though, will 
weaken this correlation. To quantitatively understand 
this effect, we developed a 3-D Monte Carlo model 
that tracks the evolution of LRM via melting and im-
pact excavation. 

 
Fig. 1: A) Simulated surface iron abundance in wt%. Note 
crater sizes are transient crater diameters. B) 3-D global 
snapshot of the iron abundance C) Ejecta blanket iron con-
centration vs transient crater diameter per impactor.  
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Simulations:  Transient crater production and exca-
vation of subsurface material is modeled on the surface 
of a 3-D Cartesian sphere [14]. Impactors are selected 
using a Monte Carlo method to match the primordial 
main belt SFD. During the pre-LHB, impact velocities 
are Rayleigh distributed around <vi>=25.7 km/s, while 
during LHB, <vi>=44.7 km/s [3,5]. Impact angle is 
accounted for by using the equivalent vertical projec-
tile scaling [9,14] distributed as sin2Θ and impact posi-
tion is selected by randomly choosing a longitude and 
a co-latitude distributed as dλ=sin2λ [14]. 

We performed two sets of simulations. In S1, the 
crustal thickness is varied from 20 – 100 km in 20 km 
increments to determine the relationship between crus-
tal thickness and final composition. In S2, the initial 
surface iron abundance is varied from 0 – 11 wt% to 
determine the relationship between primordial crustal 
composition and final composition. 

Initial Conditions: MESSENGER data indicates an 
outer shell (crust+mantle) density of 3.65 ± 0.23 g/cm3 
with a total bulk density of 5.45 g/cm3, a mean radius 
of 2440 km, core radius of ~2000 km, and crustal 
thickness varying from 20 – 80 km with a mean of 50 
km [15]. The surface iron abundance of Mercury is 
low, with an average value between 2 – 4 wt% [16,17].  

 
Fig. 2:  Average surface iron frequency distribution from 100 
simulations with δt=50 km. Diamonds are binned model data, 
the solid line is a Gaussian fit, and the vertical dashed lines 
from left to right is the initial crustal, average ejecta, maxi-
mum average ejecta, and mantle Fe abundance. 

 
Fig. 3:  A) Difference between the maximum Fe wt% and the 
total surface average Fe wt% from 100 simulations for an 
initial surface composition of 3.3 wt% (solid), 1.6 wt% 
(dashed), and 0 wt% (dotted).  B) Monte Carlo results of 
average surface Fe wt% with respect to initial values for 
crustal thickness of 20, 50, and 100 km.  

Results:  Fig. 1 shows an example post-
bombardment iron distribution as a map (1A) and 
global snapshot (1B). The crust was 50 km thick with 
an initial crustal and mantle iron abundance of 3.3 wt% 
and 12.8 wt% respectively. These are chosen to satisfy 
the crust+mantle density condition [15]. The average 
post-bombardment iron abundance was 4 wt%, con-
sistent with observations by Nittler et al. [16]. LRM 
abundance is not strongly correlated with crater diame-
ter (Fig. 1C) because the final composition depends on 
both the transient diameter, which controls the excava-
tion depth, and also the surface composition, which 
itself varies over time. The frequency distribution of 
iron abundance is nearly Gaussian (Fig. 2).  

Simulations in S1 show that crustal thickness pri-
marily affects the maximum iron abundance and Δθ, 
the maximum iron wt% minus the mean, is characteris-
tic of crustal thickness and primordial composition 
(Fig. 3A). Simulations in S2 indicate impacts enhance 
average surface iron abundance (Fig. 3B). To repro-
duce current observations, we require an initial crustal 
iron abundance of 3.3 wt% (S2.1) to obtain the upper 
maximum value of 4 wt% implied by XRS [16], and 
1.6 wt% (S2.2) to obtain the regional average of 1.9 
wt% implied by the GRS [17]. Crustal thickness in S2 
affected the maximum iron wt%, which ranged from 
9.5 – 15.5 wt% for S2.1 and 4.8 – 11.2 wt% for S2.2.  

Conclusions:  Maps of the iron abundance in the 
heavily cratered terrains and frequency distribution 
plots (e.g. Fig 2) based on MESSENGER data may 
help elucidate Mercury’s primitive composition. The 
distribution of LRM on the surface is indicative of 
primordial conditions with the difference between the 
maximum and mean iron abundance depending on 
crustal thickness and primordial composition. Surface 
and subsurface heterogeneities can be created from a 
uniform crustal and mantle composition; primordial 
heterogeneity is not required. Modeled moment of in-
ertias match the MESSENGER observations (0.346 
[18]). The iron transported to the core does not affect 
core size or heat flux at the core-mantle boundary.  
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